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Preface

The Fifth HEIDELBERG International Conference on Dark Matter in Astro-
and Particle Physics, DARK 2004, took place at Texas A&M University,
College Station Texas, USA, October 3–9, 2004. It was, after Cape Town
2002, the second conference of this series held outside Germany. The earlier
meetings, starting in 1996, were held in Heidelberg.

Dark Matter is still one of the most exciting and central fields of astro-
physics, particle physics and cosmology. The conference covered, as usual for
this series, a large range of topics, theoretical and experimental.

Theoretical talks covered SUSY/SUGRA phenomenology, which provides
at present a preferred theoretical framework for the existence of cold dark
matter. Also included were other possible explanations of dark matter such
as SUSY Q balls, exciting New Symmetries, etc.

The most important experiments in the underground search for cold and
hot dark matter were presented. Talks describing the current experimental
dark matter bounds, what might be obtained in the near future, and the
reach of future large (i.e. one ton) detectors were given. The potential of
future colliders to correlate accelerator physics with dark matter searches
was also outlined. Thus the reader will be able to see the present status and
future prospects in the search for dark matter.

The exciting astronomical evidence for dark matter and corresponding
observations concerning the Milky Way’s black hole, high-redshift clusters,
wakes in dark matter halos were other important topics at the conference.

A considerable fraction of the conference was taken by presentations on
cosmology and baryogenesis. The status and perspectives of the search for
dark energy from supernovae, leptonic CP violation and baryon asymmetry
and a new type of baryogenesis, Q-genesis, were discussed. Finally a possible
special property of neutrinos (which are known now to contribute to hot dark
matter) in dense matter – neutrino spin light – was presented.

We are confident that the present Proceedings give a useful overview of
this exciting field of research, and its fundamental connections to various
frontier disciplines of particle physics and cosmology. We hope that this book
may also be a kind of handbook for students.

The organizers express their thanks to all colleagues from many countries,
who contributed so actively to the success of the meeting. We also thank
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those speakers who helped carry our field into public attention by the evening
lectures open to the public given during the conference.

Thanks go to the George P. and Cynthia W. Mitchell Institute For Fun-
damental Physics of Texas A&M University and the Max Planck Institut
für Kernphysik in Heidelberg for their generous financial support. We thank
all people who contributed in one way or another to the organization of
the conference, and in creating a pleasant and inspiring atmosphere dur-
ing the conference. We are indebted in particular to Beverly Guster, Ron
Bryan, Ching-Ming Chen, James Dent and Gang Zhao for their help in the
scientific organisation. Particular thanks go to the Scientific Secretary, Dr.
Irina Krivosheina, who unfortunately could not participate because of visa
problems. To the latter we are also indebted for preparing this Proceedings
volume.

Last but not least, one of the Cochairmen would like to give his personal
thanks to Professor Richard Arnowitt for making this successful event pos-
sible, while the other Cochairman would like to thank Professor Hans V.
Klapdor-Kleingrothaus for choosing Texas A&M as the conference site for
this second DARK conference outside Germany.

Heidelberg, Germany H.V. Klapdor-Kleingrothaus
College Station, USA R. Arnowitt
April 2005
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Part I

Astronomical Evidence for Dark Matter



The Milky Way’s Black Hole and the Central
Stellar Cluster: Variable Emission from SgrA*

A. Eckart1, R. Schödel1, C. Straubmeier1, T. Viehmann1,
J.-U. Pott1,2, and N. Mouawad1

1 I. Physikalisches Institut, University of Cologne, Zülpicher Str. 77, D-50937
Köln, Germany
eckart@ph1.uni-koeln.de

2 European Southern Observatory, ESO Headquarter Garching,
Karl-Schwarzschild-Str. 2, D-85748 Garching, Germany

Abstract. The dark mass located at the center of the Milky Way is currently the
very best candidate for a super massive black hole in our immediate vicinity. The
strongest evidence for this is provided by measurements of stellar orbits and strongly
variable NIR and X-ray emission from Sagittarius A* at the center of the cental
stellar cluster. As proven by the Keplerian orbits of several of the high velocity stars
within the central arcsecond the Galactic Center harbors a ∼ 3.5× 106M� massive
black hole at the position of the compact radio source SgrA*. Simultaneous NIR/X-
ray observations of SgrA* in 2003/2004 have revealed first insights into the emission
mechanisms of both the powerful near-infrared flares and the “quiescent” emission
from within a few ten to one hundred Schwarzschild radii of the super-massive
black hole at the center of the Milky Way. The central source shows synchronous
NIR/X-ray flare variation and indications of quasi-periodicity within the NIR flares.

1 Introduction

The compact radio source Sagittarius A* is located within a dense central
stellar cluster – surrounded by a ∼1′′ diameter cusp. In this contribution we
summarize some of the most intriguing characteristics of the central dark
mass associated with SgrA* and the stars in its vicinity. Our knowledge on
the Galactic Center (GC) profits greatly from the very recent results obtained
with large 8–10 m class ground based telescopes that operate in the infrared.
At these wavelengths the dust and gas along the ∼8 kpc line of sight towards
the center can be penetrated, resulting in detailed data on the stars and the
infrared counterpart of SgrA*.

The central stellar cluster is extremely dense, with an unusual observed
stellar population consisting mainly (80% of all K≤14 stars; Ott et al. 1999)
of late-type red giants, many of which are suspected to lie on the asymptotic
giant branch (AGB), as well as young massive stars with energetic winds
(see Fig. 1; e.g. Krabbe et al. 1995, Najarro et al. 1997). Spectra of AGB
stars show strong 2.3 µm CO bandhead absorption and the massive, hot and
windy stars (“He-stars”) exhibit He/H emission and interact strongly with
the local ISM. The emission line stars appear to dominate the central few
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IRS3

Mini−Spiral/ Northern Arm

Central Cusp Region

Fig. 1. NACO L band image of the Galactic Center region with a K-band zoom
into the central arcsecond.

arcseconds, where the bright IRS 16 cluster is located. These stars are gener-
ally classified as Ofpe/WN9, although some of them might be luminous blue
variables (LBV) and a few show characteristics of Wolf-Rayet stars. A third,
less numerous component of the Galactic Center stellar cluster consists of lu-
minous, extended objects with steep, red and featureless (K-band-) spectra
and a strong infrared excess. They are likely bow-shock sources with the im-
plication that they are linked to luminous, windy WR or He-stars (Tanner et
al. 2002, 2003, Rigaut et al. 2003, Eckart et al. 2004, Viehmann et al. 2005).
In addition the detection of a stellar cusp (Genzel et al. 2003b) supplies evi-
dence for the presence of a spherical potential which is neither Keplerian nor
harmonic. In such a potential orbits will precess resulting in rosetta shaped
trajectories on the sky and the assumption of non-Keplerian orbits is a more
physical approach. It is also the only approach through which cusp mass in-
formation can be obtained via stellar dynamics of the cusp members. First
results of modeling such a system are now available (Mouawad et al. 2003a,
2003b, 2004).
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The investigation of the dynamics of stars within the central cluster is
a key for the investigation of the mass distribution in that area. Over the
last decade, these investigations have provided compelling evidence for the
existence of a massive black hole (MBH) at the center of the Milky Way
(Eckart & Genzel 1996, Genzel et al. 1997, 2000, Ghez et al. 1998, 2000,
2003a, 2003b, Eckart et al. 2002, Schödel et al. 2002, 2003). However, Sgr A*
is remarkably faint in all wavebands other than the radio region, challenging
current theories of matter accretion and radiation surrounding black holes. It
is unclear whether the feeble emission (10−8 of the Eddington rate) is due to
a low accretion rate, inefficient angular momentum transport, low radiation
efficiency, or a combination of these. Intense discussion among the theoretical
community at present focuses on radiatively inefficient accretion flow models
(RIAFs: Yuan et al. 2004, including ADAFs: Narayan et al. 1995, CDAFs:
Ball et al. 2000, ADIOSs: Blandford & Begelman 1999), jet models (Markoff
et al. 2001), and Bondi-Hoyle models (Melia & Falke 2001).

The observation of variable emission from SgrA* is also a key element
for the understanding of this compact object. These observations result in
additional strong evidence for a massive black hole at that position. A major
result is here the discovery of interim-quiescent (or IQ) and flare activity from
that position both in the X-ray and recently in the near-infrared wavelength
domain (Baganoff et al. 2001, 2003, Eckart et al. 2003, 2004, Porquet et al.
2003, Goldwurm et al. 2003, Genzel et al. 2003a, Ghez et al. 2004). Especially
the discovery (Genzel et al. 2003a) of powerful NIR flares from SgrA* has now
opened the possibility for an improved study of the emission mechanisms. The
IR flares occurred at the remarkable rate of 4(±2) times a day, at least twice
the rate of X-ray flares detected by Chandra and XMM-Newton between 2000
and 2002.

Eckart et al. (2004) have recently reported on the first successful simul-
taneous NIR/X-ray campaign using NACO and Chandra as well as quasi-
simultaneous mm-data from BIMA (see below). Coincident with the peak
of the about 6×1033 erg/s X-ray flare a fading NIR flare of Sgr A* with
>2 times the interim-quiescent flux was detected (Fig. 2). The event implies
that the NIR/X-ray flare emission was coupled with a time lag not larger
than 15 min and probably originated from the same ensemble of electrons.
Compared to 8 h before the flare a 10% increased mm-flux density was mea-
sured about 8 h after the event. However, a remarkable property discovered
in two of the brightest K-band flares is a quasi-periodic substructure with
a period of 17 minutes. If this periodicity is a fundamental property of all
flares, it most likely arises from the relativistic modulation of gas emission
orbiting just outside the event horizon. In that case, the inevitable conclusion
is that the Galactic center black hole has at least half of the maximum (Kerr)
spin. The X-ray flares have similar durations as the IR-flares and some also
do show minute-scale substructure. The reanalysis of the two most power-
ful ones in the framework of disk modes indicates high spin parameters as
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well (Aschenbach et al. 2003, 3004). NACO time studies will be a powerful
tool for exploring the physics and space time structure in the strong gravity
regime around a super-massive black hole. The observational data obtained
with NACO and Chandra in July 2005 is very much consistent with the
previously obtained results.

SgrA*

S 1

S 2
SgrA*

S 1

S 2

Sagittarius A* Flare

S 11

S 10

S 9
S 8

20 June 2003 UT: 00 16 21.50 20 June 2003 UT: 00 55 12.25

Fig. 2. Two characteristic images that demonstrate the infrared variability event
described in Eckart et al. (2004). This event was the first one to be detected si-
multaneously in the X-ray domain using Chandra. Shown is the average of eight
Lucy-Richardson deconvolved and beam restored images taken at two different in-
tervals. The universal times of the first image in each series are indicated in the
panels. Sgr A* can be seen as a flaring source in the left panel. The field of view is
1.43′′ (72 light days) times 0.85′′ (43 light days).

2 Alternatives to the Black Hole Scenario?

The so called “fermion ball” and the “boson star” scenarios are two “dark
particle matter” models that have been under discussion as an alternative to
a super-massive black hole at the center of the Milky Way. Here we will briefly
summarize their properties and discuss whether they are suitable descriptions
of the extreme mass concentration found at the position of SgrA* (see also
Fig. 3).

The fermion ball as an attempt to explain large compact nuclear masses
observed at the centers of galaxies was introduced by Viollier et al. (1992).
A motivation for the development of the neutrino ball scenario was that a
resolved mass – and therefore a gravitational potential that decreases near
the very center – would allow to account for a decreasing radiative efficiency
towards its center. This would have helped to explain the low luminosity
of Sgr A*. These objects are stabilized by the degeneracy pressure of the
corresponding fermion candidates, e.g. neutrinos. The self-gravity of a ball
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S2 orbit

100 milli−acrsec
BH cluster < 10**7 yr
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R(Plummer)
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Fig. 3. A comparison of size scales at the Galactic Center near Sgr A*. Left:
Indicated are the core radii of hypothetical dense clusters (Plummer models): A
cluster of 3 M� black holes with a life time of 107 yr, marked by a dashed line, and
a dark cluster that could marginally fit the gravitational potential as constrained by
the orbit of S2. The latter cluster, marked by a dotted line, would have a life time
of less than 105 yr. The radius of a neutrino ball composed of degenerate 17 keV
neutrinos is indicated by a circle with a solid line. These models are excluded
by the observed orbit of S2 and life time arguments. Right: Indicated are the size
constraints due to the duration of the observed X-ray and NIR flares with a duration
of the order 60 min (outer circle, marked by “flares:duration”), the size inferred
from 7 mm interferometry (Bower et al. 2004; Science), the size limit imposed by the
variability (rise-and-fall time) time of the flares (dotted line), and the Schwarzschild
radius RS , of a 3.6 × 106 M� black hole.

of degenerate fermions can be balanced by the degeneracy pressure of the
fermions due to the Pauli principle. In this case, the relation between the
mass M and the radius R of a fermion ball, composed of fermions with mass
m and degeneracy g, can be described by the non-relativistic Lane-Emden
equation. The maximum mass of a degenerate fermion ball is given by the
Oppenheimer-Volkoff limit For a given fermion mass m all objects heavier
than MOV must be black holes.

In case of the GC, the Oppenheimer-Volkoff limit gives us maximum
fermion masses of 351 keV for g = 4 and 417 keV for g = 2. The orbit of
S2 tells us M = 3.6× 106 M� and R = 0.00055 pc = 0.655 ld. Therefore, we
obtain as a minimum fermion mass 48 keV for g = 4 and 57 keV for g = 2. The
most massive central dark object currently known is located at the center of
M87, with a mass of > 3 × 109 M�. The Oppenheimer-Volkoff limit would
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allow a maximum neutrino mass of 14 keV in that case. Comparing this value
with the above derived constraints on the properties of a putative neutrino
ball at the Galactic Center, one can exclude the possibility that all compact
dark objects at the centers of galaxies can be explained by a neutrino ball
model.

A further significant drawback of that scenario is that it does not explain
what happens to the permanently in-falling (baryonic) matter. It appears
plausible that it will be trapped and condense at the bottom of the potential
well, where it might eventually form a seed black hole. This scenario defeats
the purpose of having a ball of degenerated matter (especially neutrinos;
Melia & Falcke 2001). A neutrino ball could not account for the compactness
of Sgr A* observed at radio/mm wavelengths. Observations of X-ray and NIR
flares from Sgr A* (Baganoff et al. 2001, Baganoff et al. 2003, Eckart et al.
2003, Porquet et al. 2003, Goldwurm et al. 2003, Ghez et al. 2004, Genzel
et al. 2003a) suggest that the emission comes from structures smaller than
about ten Schwarzschild radii of a 3.6×106 M� million solar mass black hole.
This is more than two orders of magnitude more compact than the radius of
a neutrino ball with a neutrino mass of 48 keV.

Another model that could explain a very compact mass is the boson star
scenario. It is the only dark particle matter explanation that cannot be ruled
out by the present data, since such a ball of bosons could form a very compact
configuration that is difficult to distinguish from a black hole. However, it
would be hard to understand how the bosons managed to cool sufficiently in
order to settle down into such a small volume, and did not form a black hole
during that process (Maoz 1998). Boson stars (Kaup et al. 1968) are supposed
to be supported by the Heisenberg uncertainty principle. Ruffini & Bonazzola
(1969) showed that – e.g. for a boson mass of 1GeV – a stable object of total
mass of 10−19M� and 1 fm diameter could be formed. If a hypothetical weak
repulsive force between bosons is introduced (ad hoc) (Colpi et al. 1986), it
would be possible to form objects with total masses as large as they are found
in galactic nuclei (Colpi et al. 1986). For a large range of hypothetical boson
masses they can have sizes of only several times their Schwarzschild radii.
This makes it difficult to clearly distinguish observationally between boson
stars and black holes as candidates for super-massive objects at the nuclei of
galaxies (see also Torres et al. 2000, Mielke & Schunck 2000).

However, during its lifetime, even if a boson star had formed at the cen-
ter, it should eventually have collapsed to a black hole through accretion of
the abundant gas and dust in the Galactic Center. Therefore we conclude
that similar to the fermion ball solution, a super-massive boson star is not an
astrophysically attractive explanation for the high mass concentration at the
center of the Milky Way. As for possibilities of definitely ruling out the boson
star scenario, simultaneous multi-wavelength measurements of the emission
from Sgr A* (see Eckart et al. 2004) will allow to constrain the emission mech-
anism and therefore the compactness of the emitting region around Sgr A*



The Milky Way’s Black Hole and the Central Stellar Cluster 9

Fig. 4. Schematic representation of the ESO Paranal site showing the locations of
the 8.4m diameter UTs and the possible locations of the ATs with the delay line
tunnel. The stellar object IRS 3 at the Galactic Center was observed with MIDI on
the 47m baseline between UT2 and UT3.

even further. Probably within the next decade it will be possible to image
the ’shadow’ cast by the putative black hole through deflection of light rays
using global radio interferometry at sub-millimeter wavelengths. Such an ex-
periment will involve very long baseline interferometry in the sub-mm regime
(Falcke et al. 2000, Melia & Falcke 2001).

The future for Galactic Center research lies in high angular resolution ob-
servations at all accessible wavelengths. For radio wavelengths, progress will
be made with VLBI at mm-wavelengths. In the infrared wavelength domain
interferometry is now possible with large aperture interferometers that will -
in the near future - allow to observe SgrA* with a resolution of a few milliarc-
seconds. These are the Very Large Telescope Interferometer (VLTI; Fig. 4),
the Keck Interferometer, and the Large Binocular Telescope. Recently - on 8
July 2004 - Eckart, Pott et al. have carried out first mid-infrared interferomet-
ric observations of a number of bright 10 µm sources within the central stellar
cluster using MIDI (Leinert et al. 1998) and the 47 m UT2/UT3 baseline. In
these observations fringes on the first Galactic Center source were obtained
on the stellar source IRS3 (see Fig. 1). In the very near future further infrared
interferometer measurements in the Galactic Center area will be possible.
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Viemann, T., Eckart, A., Schödel, R., Moultaka, J., Straubmeier, C., L- and
M -band Imaging Observations of the Galactic Center Region, 2005, A&A
in press

Viollier, R. D., Leimbruber, F. R., and Trautmann, D., 1992, Physics Letters
B, 297, 132

Yuan, F., Markoff, S. & Falcke, H. 2002, Astron.Astrophys. 854, 854.
Yuan, F., Quataert, E. & Narayan, R., 2004, Ap.J. 606, 894.
Yuan, F., Quataert, E. & Narayan, R. 2003, Ap.J. 598, 301.
Zhao, J.-H., et al., 2003, Ap.J. 586 L29.



Indirect Evidence for WIMP Annihilation
from Diffuse Galactic Gamma Rays

Wim de Boer

IEKP, Univ. of Karlsruhe
Postfach 6980, D-76131 Karlsruhe
Germany
Wim.de.Boer@cern.ch

1 Introduction

Cold Dark Matter (CDM) makes up 23% of the energy of the universe, as
deduced from the WMAP measurements of the temperature anisotropies in
the Cosmic microwave Background, in combination with data on the Hubble
expansion and the density fluctuations in the universe [1]. The Dark Matter
(DM) has to be much more widely distributed than the visible matter, since
the rotation speeds do not fall off like 1/

√
r, as expected from the visible

matter in the centre, but stay more or less constant as function of distance.
For a “flat” rotation curve the DM has to fall off slowly, like 1/r2, instead
of the exponential drop-off for the visible matter. The fact that the DM
is distributed over large distances implies that its properties must be quite
different from the visible matter, since the latter clumps in the centre owing to
its rapid loss of kinetic energy by the electromagnetic and strong interactions
after infall into the centre. Since the DM apparently undergoes little energy
loss, it can have at most weak interactions. In addition its mass is probably
large, as deduced from the formation of stars as soon as a few hundred million
years after the Big Bang. This time scale of star formation could be deduced
from the polarization of the Cosmic Microwave Background, which is thought
to originate from Compton scattering of the CMB on the electrons from the
ionized plasma in stars [1]. Such an early formation of stars can only be
explained, if the DM became non-relativistic in the early universe and started
to cluster by gravity after decoupling from other particles roughly 10−9 s after
the Big Bang. The baryonic matter fell then into these potential wells of DM
after decoupling from the photons 380.000 years after the Big Bang. Given
its weak interactions and heavy mass the DM particles are generically called
WIMP’s, Weakly Interacting Massive Particles.

According to the rules of particle physics weakly interacting particles can
annihilate, yielding predominantly quark-antiquark pairs in the final state,
which hadronize into mesons and baryons. The stable decay and fragmen-
tation products are neutrinos, photons, protons, antiprotons, electrons and
positrons. From these, the protons and electrons disappear in the sea of many
matter particles in the universe, but the photons and antimatter particles may
be detectable above the background, generated by particle interactions. Such
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searches for indirect Dark Matter detection have been actively pursued, see
e.g the review by Bergström [2] or more recently by Bertone, Hooper and
Silk [3].

The present analysis on diffuse galactic gamma rays differs from previous
ones by considering simultaneously the complete sky map and the energy
spectrum, which allows us to constrain both the halo distribution and the
WIMP mass. The WIMP annihilation cross section from cosmology is dis-
cussed in Sect. 2, while the constraints on the mass and the DM halo profile
from the EGRET excess are discussed in Sect. 3, followed by the expectation
from Supersymmetry in Sect. 4. The summary is given in Sect. 5.

2 DM Annihilation Cross Section from WMAP
and Photon Flux

In the early universe all particles were produced abundantly and were in ther-
mal equilibrium through annihilation and production processes. At tempera-
tures below the mass of the WIMP’s the number density drops exponentially.
The annihilation rate Γ =< σv > nχ drops exponentially as well, and if it
drops below the expansion rate, the WIMP’s cease to annihilate. They fall
out of equilibrium (freeze-out) at a temperature of about mχ/22 [4] and a
relic cosmic abundance remains.

For the case that < σv > is energy independent, which is a good approx-
imation in case there is no coannihilation, the present mass density in units
of the critical density is given by [5]:

Ωχh
2 =

mχnχ

ρc
≈
(

2 · 10−27cm3s−1

< σv >

)
. (1)

One observes that the present relic density is inversely proportional to the
annihilation cross section at the time of freeze out, a result independent of
the WIMP mass (except for logarithmic corrections). For the present value
of Ωχh

2 = 0.113 ± 0.009 the thermally averaged total cross section at the
freeze-out temperature of mχ/22 must have been around 2 · 10−26cm3s−1.

From this cross section the differential gamma flux in a direction forming
an angle ψ with the direction of the galactic center can be calculated:

φχ(E,ψ) =
〈σv〉
4π

∑
f

dNf

dE
bf

∫
line of sight

Bl
1
2
〈ρ2

χ〉
M2

χ

dlψ (2)

where bf is the branching ratio into the tree-level annihilation final state,
while dNf/dE is the differential photon yield for the final state f . The WIMP
mass density enters critically in the prediction for the flux, since the number
of WIMP pairs is equal to 1/2 ρ2

χ/M
2
χ. The factor Bl is the boost factor,

which represents the local enhancement of the number density with respect
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to the average by the expected clustering of DM. For the present analysis
Bl is assumed to be the same in all directions ψ, although near the centre
of the galaxy the DM clusters may have been tidally disrupted by the flyby
of nearby stars, thus reducing the boost factor towards the centre. However,
this will only modify the density profile near the centre and not affect the
overall analysis. Since the average of ρ2

χ can be significantly larger than 〈ρχ〉2
the boost factor can enhance the flux by one or two orders of magnitude [6].

As mentioned above and discussed further in the section on Supersymme-
try, the dominant final state is always into quark pairs. These quarks will be
mono-energetic, since the non-relativistic WIMP’s annihilate practically at
rest. Therefore one has to consider only one final state and the corresponding
gamma spectrum from mono-energetic quarks is well known from electron-
positron colliders1, so in principle the only free parameters left are the WIMP
mass, the halo profile, i.e. the distribution of the DM density ρχ in space and
the boost factor. The EGRET data are precise enough to determine these.

3 Indirect Dark Matter Detection

The neutral particles play a very special role for indirect DM searches, since
they point back to the source. The charged particles change their direction
by the interstellar magnetic fields, energy losses and scattering. Therefore
the gamma rays provide a perfect means to reconstruct the intensity (halo)
profile of the DM by observing the intensity of the gamma ray emissions in
the various sky directions. Of course, this assumes that one can distinguish
between the gamma rays from DMA the ones from the background, which
is possible because of the different energy spectra: the gamma rays from the
mono-energetic quarks from DMA produce a significantly harder spectrum
than the gammas from nuclear interaction, which are produced by the inter-
actions between quarks with a steeply falling power law spectrum (∝ E−2.7).

The spectral shape of the gamma rays from either the backgrounds or the
mono-energetic quarks are well known from accelerator experiments and can
be obtained from the well-known PYTHIA code for quark fragmentation [7].

A very detailed gamma ray distribution over the whole sky was obtained
by the Energetic Gamma Ray Emission Telescope EGRET, one of the four
instruments on the Compton Gamma Ray Observatory CGRO, which col-
lected data during nine years, from 1991 to 2000. The EGRET telescope was
carefully calibrated in the energy range of 0.1 to 30 GeV, but using Monte
Carlo simulations the energy range was recently extended up to 120 GeV [8]
with a correspondingly larger uncertainty, mainly from the self-vetoing of the

1The annihilation is preferentially into heavy b-quarks, which yield a slightly
harder gamma spectrum than the light quarks. This is the spectrum, which will be
used. In case of light quarks the fit to the data would require a somewhat heavier
WIMP mass to obtain the same spectrum.
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detector by the back-scattering from the electromagnetic calorimeter into the
veto counters for high energetic showers.

It was already noticed in 1997 that the EGRET data showed an excess in
the galactic disk [9] of gamma ray fluxes for energies above 1 GeV if compared
with conventional galactic models and repeated later for all sky directions [8].
This analysis was repeated recently [10, 11] using a different analysis tech-
nique on the publicly available EGRET data, namely by comparing the data
not with the absolute fluxes from galactic models, but only with the shape
of the gamma energy spectra from the galactic background, which is much
better known and allows to take the strongly correlated systematic normaliza-
tion errors between the different energy points of the spectrum into account.
Simultaneously to the galactic background the shapes of Dark Matter An-
nihilation and the extragalactic background are fitted. Fitting these three
contributions yielded astonishingly good fits with the free normalization of
the background agreeing reasonably well with the absolute predictions of the
galactic models [12, 13] for the energies between 0.1 and 0.5 GeV. Above these
energies a clear contribution from Dark Matter annihilation is needed, but
the excess in different sky directions can be explained by a single WIMP mass
and a single boost factor, as shown in Fig. 1 for 6 different sky directions.

Alternative explanations for the excess have been plentiful. Among them:
locally soft electron and proton spectra, implying that in other regions of the
galaxy the spectra are harder, thus producing harder photon spectra.

A summary of these discussions have been given by Strong et al.[8], who
find that hard proton spectra are incompatible with the antiproton yield and
hard electron spectra are incompatible with the EGRET data up to 120 GeV,
which they analyzed. However, they find that by modifying the electron and
proton injection spectra simultaneously, they can improve the description of
the data, as noted also recently by Kamae et al.[14].

The problem with these “solutions” is that they give a too large (small)
contribution at low (high) gamma ray energies, i.e. the shape of the energy
spectra is not well reproduced. But it is exactly the shape, which was well
measured by EGRET, because the quoted normalization errors of 15% are
common to all energy points. If one calculates the probability of the “op-
timized” model, taking the correlations between the energy points into ac-
count, the probability is below 10−14! Two other arguments, independent of
the EGRET errors, against “optimized” models are: 1) the energy loss time
of protons above 10 GeV is above 1011 yrs, i.e. longer than the lifetime of the
universe. Therefore it is hard to image that protons, accelerated in the centre
of the galaxy by the many supernovae there, would have a significant different
spectrum after diffusion to the solar neighbourhood in about 108 yrs, a time
much shorter than the energy loss time 2) if the proton spectrum is neverthe-
less inhomogeneous over our galaxy, it is very surprising that the excess has
the same energy shape towards the outer galaxy, where there are practically
no supernovae and towards the centre of the galaxy. An alternative way of
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Fig. 1. The diffuse gamma-ray energy spectrum of the disc regions (top row, from
left to right): (a): towards the galactic centre (latitudes 0◦ < |b| < 5◦; longitudes
0◦ < |l| < 30◦), (b): the outer disc (latitudes 0◦ < |b| < 5◦; longitudes 30◦ < |l| <
330◦), (c): the galactic anticentre (0◦ < |b| < 10◦; 90◦ < |l| < 270◦) and outside the
disc (bottom, from left to right): (d): intermediate latitudes I (10◦ < |b| < 20◦; 0◦ <
|l| < 360◦), (e): intermediate latitudes II (20◦ < |b| < 60◦; 0◦ < |l| < 360◦), and
(f): the Galactic pole regions (60◦ < |b| < 90◦; 0◦ < |l| < 360◦), as measured by the
EGRET space telescope. The solid straight line represents the fitted contribution
from the extragalactic background, while the dotted line indicates the contribution
from the annihilation from 65 GeV WIMP’s with a boost factor around 70. The
total background is indicated by the light (yellow) and the DMA by the dark (red)
shaded area, respectively. In the top left panel the various contributions to the
background are indicated as well, while the uncertainties from the background are
indicated by the medium shaded (blue) area. One observes that the χ2/d.o.f. for
the fit including DMA is significantly better than the fit for the background only.

formulating this problem: if the EGRET excess can be explained prefectly in
all sky directions by a gamma contribution originating from mono-energetic
quarks, it is very difficult to replace such a contribution by an excess of quarks
(or electrons) with a power law spectrum.

To exemplify these problems we consider the shape of the background from
a recent analysis by Kamae et al.[14]. They use a harder proton spectrum
than locally observed (a power law with index 2.5 instead of 2.7 observed
locally) and an updated pp cross section including diffractive scattering and
scaling violation. They claim this can describe the EGRET data towards the
galactic centre. However, there is a clear overshoot at low energies. Fitting
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only their shape to the EGRET data, i.e. with a free normalization, still leaves
a significant excess, as shown in the left panel of Fig. 1. Here the upper edge
of the medium shaded (blue) area corresponds the hardest possible spectrum
from Kamae et al.[14] with the power index of 2.5, while the lower edge
corresponds to the conventional GALPROP model [8]. Note that the hard
spectrum overshoots the highest EGRET point, which was not yet available
during the analysis by Kamae et al. In summary, also for the “conventional”
explanations [8, 14] the fit to all sky directions can be much improved, if DM
is added, since then both the low and high energy range can be perfectly
described. Thus different backgrounds just change the normalization of the
DM contribution.

The quality of the EGRET data is better appreciated if one plots only
the statistical errors. Figure 2 shows the excess for five different sky regions:
only at high latitudes the errors start to be visible. The curves are just spline
fits through the data and were used to determine the systematic point-to-
point errors by leaving a given energy point out of the fit and determine its
variance. The point-to-point error is about 7% for most energy points. In the
previous plot the WIMP mass was kept constant at 65 GeV. The right hand
side of Fig. 2 shows the plot for a WIMP mass of 100 GeV, which clearly
overshoots the high energy data. Therefore a rough estimate of the WIMP
mass from the EGRET excess is between 50 and 100 GeV.

From the excess in the various sky directions one can obtain the halo
profile under the assumption that the clustering of the DM is similar in
all sky directions. The result is surprising: in addition to the 1/r2 profile
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between the data and the fitted background contribution for 5 of the panels of
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100GeV.
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Fig. 3. 3D-distributions of the 1/r2 haloprofile in the galactic xy-plane (top row)
and xz-plane (bottom row) without (left) and with (right) rings.

expected for a flat rotation curve the EGRET excess show a substructure in
the form of toroidal rings at 4 and 14 kpc, as shown in Fig. 3: on the left hand
side the contribution from the 1/r2 profile is shown, while for the right hand
side the ring structure is added. The need for these additional rings is most
easily seen by comparing the longitudinal profiles in the galactic plane and
towards the galactic poles. As shown in Fig. 4 the pole regions are described
reasonably well without rings, but for the galactic plane the 1/r2 profile only
describes the data towards the centre. For the larger latitudes one needs the
rings, as indicated by the right top panel. Note that for each bin only the flux
integrated for data above 0.5 GeV has been plotted. The normalization of the
background has been obtained from a fit to the flux integrated between 0.1
and 0.5 GeV.
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Fig. 4. Top row: the longitude distribution of diffuse gamma-rays in the disc of the
galaxy (latitudes 0◦ < |b| < 5◦) for the 1/r2 profile without (left) and with rings
(right). The points represent the EGRET data. Bottow row: as above for the polar
regions of our galaxy (latitudes 20◦ < |b| < 90◦).

The position and shape of the inner ring coincides with the ring of molec-
ular hydrogen. Molecules form from atomic hydrogen in the presence of dust
or heavy nuclei. So a ring of neutral hydrogen suggests an attractive gravi-
tational potential. The position and shape of the outer ring coincides with
the ring of stars, discovered in 2003 by two independent groups [15, 16]. This
ring is thought to originate from the infall of a dwarf galaxy, so additional
DMA is expected there.

To prove that the enhanced gamma ray density is indeed connected to
non-baryonic mass the rotation curve was reconstructed from the excess of
the diffuse gamma rays in the following way: since the flux determines the
number density of DM for a given boost factor and since the mass of each
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Fig. 5. The rotation curve from our galaxy with the DM contribution determined
from the EGRET excess of diffuse gamma rays. The data are averaged from [10].

WIMP is between 50 and 100 GeV, one can determine the mass in the ring
and consequently predict the rotation curve2. The two ring model describes
the peculiar change of slope at 11 kpc well, as shown in Fig. 5. The contri-
butions from each of the mass terms have been shown separately. The basic
explanation for the negative contribution from the outer ring is that a tracer
star at the inside of the ring at 14 kpc feels an outward force from the ring,
thus a negative contribution to the rotation velocity. It has often been argued
that the outer rotation curve cannot be taken seriously, because the errors
are large due to the fact that the absolute values of the rotation velocities
strongly depend on the value of R0, the distance between the solar system
and the galactic centre. This is true, as shown by Honma and Sofue [17], but
they show that the change in slope at about 1.3R0 is independent of R0. In
addition, it has been argued that the inner and outer rotation curve are dif-
ficult to compare, since the methods are completely different. The methods
are indeed different, but the first 3 data points from the outer rotation curve
(between 8 and 11 kpc) show the same slope as the ones from the inner rota-

2For the outer ring a total DM mass of a few times 1010 solar masses was found
in comparison with about 109 solar masses in the form of stars.
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tion curve, so there seems to be no systematic effect related to the different
methods.

4 Comparison with Supersymmetry

Supersymmetry [18] presupposes a symmetry between fermions and bosons,
which can be realized in nature only if one assumes each particle with spin
j has a supersymmetric partner with spin |j − 1/2| (|j − 1/2| for the Higgs
bosons). This leads to a doubling of the particle spectrum. Obviously SUSY
cannot be an exact symmetry of nature; or else the supersymmetric part-
ners would have the same mass as the normal particles. The mSUGRA
model, i.e. the Minimal Supersymmetric Standard Model (MSSM) with su-
pergravity inspired breaking terms, is characterized by only 5 parameters:
m0, m1/2, tanβ, sign(µ), A0. Here m0 and m1/2 are the common masses
for the gauginos and scalars at the GUT scale, which is determined by the
unification of the gauge couplings. Gauge unification is still possible with the
precisely measured couplings at LEP [19]. The ratio of the vacuum expecta-
tion values of the two Higgs doublets is called tanβ and A0 is the trilinear
coupling at the GUT scale. We only consider the dominant trilinear couplings
of the third generation of quarks and leptons and assume also A0 to be uni-
fied at the GUT scale. The absolute value of the Higgs mixing parameter µ is
determined by electroweak symmetry breaking, while its sign is taken to be
positive, as preferred by the anomalous magnetic moment of the muon [19].

The lightest supersymmetric particle (LSP) is stable, if the multiplicative
quantum number R-parity, which is +1 for SM particles and -1 for SUSY
particles, is conserved. Non-conservation of R-parity would lead to rapid pro-
ton decay [18]. The LSP is a perfect candidate for Dark Matter and it can
self annihilate into fermion-antifermion pairs by Higgs or Z-exchange in the
s-channel or sfermion, chargino and neutralino exchange in the t-channel.
The dominant first three possibilities have amplitudes proportional to the
fermion mass, so heavy final states are preferred. For values of tanβ ≈ 50 the
annihilation cross sections into bb quarks are indeed of the order of magnitude
required by WMAP, as shown in Fig. 6. For m1/2 ≈ 175 GeV, corresponding
to a neutralino mass of about 70 GeV, as required by the EGRET data, the
scalar masses have to be in the TeV range for a thermally averaged annihi-
lation cross section σv ≈ 2.10−26 cm3/s, as required by (1).

This point of parameter space respects in addition all constraints from the
direct searches on Higgs and charginos and electroweak precision observables,
as shown in Fig. 7. The relic density has been calculated with the program
MicroMegas [20]. If m0 is small compared with m1/2 the lightest lepton (usu-
ally the stau) can be lighter than the neutralino, which happens in the left
top corner on the left hand side of Fig. 7. In the region adjacent to it the
stau cannot decay fast into a neutralino and tau, in which case a stau and
neutralino can annihilate into a tau plus photon. This coannihilation reduces
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Fig. 6. The first two rows show the thermally averaged annihilation cross section
times velocity for neutralino annihilation as function of m0 and m1/2 for tan β=

50 and bb, tt, W+W−, and ττ final states (clockwise from top left). The last row
shows the total cross section or tan β= 5 (left) and 50 (right). The neutralino mass
equals ≈ 0.4m1/2 in the CMSSM, so the neutralino varies from 40 to 400 GeV along
the front axis. Note the strong decrease of the cross section for heavier SUSY mass
scales and the different vertical scales.
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Fig. 7. The light shaded (blue) line in the region allowed by WMAP in the m0, m1/2

plane for tan β = 51, µ > 0 and A0 = 0. The excluded regions, where the stau
would be the LSP or EWSB fails or are indicated by the dots. The large central
region, where the boost factor would be above 100, has been indicated as well. The
region for m1/2 ≈ 180 and m0 ≈ 1400 all constraints from EGRET, WMAP and
electroweak data are fulfilled. The evolution of the particle spectrum from the GUT
scale is shown on the right hand side, showing that the squarks and sleptons have
masses in the TeV range, while the gluinos and charginos are relatively light.

the relic density to values required by the WMAP data, but these regions
require large boost factors, since in the present galaxy the NLSP’s have de-
cayed and only the self annihilation contributes. The regions, where the boost
factors are above 100 are shown in Fig. 7 together with the regions where
the annihilation cross section is consistent with the WMAP data. For boost
factors below 100 only two regions are allowed: one around m1/2 = 400 GeV
and one around m1/2 = 180 GeV. Only the latter is compatible with the
EGRET excess. It requires m0 to be above 1 TeV, which yields squark and
slepton masses above 1 TeV. The gluinos and charginos are relatively light, as
shown on the right hand side of Fig. 7. It should be noted that the EGRET
data combined with the WMAP cross section select basically a single point
in parameter space. Compared with scans over the multidimensional SUSY
parameter space, even with millions of points, it is very easy to miss such
a single point, as demonstrated by recent scans [21, 22], which missed the
EGRET point.

5 Summary and Outlook

In summary, the EGRET data shows an intriguing hint of DM annihilation,
since it explains many unrelated facts simultaneously:
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(a) An excess of diffuse galactic gamma rays which shows a spectrum
consistent with the expectation from WIMP annihilation into mono-energetic
quarks.

(b) The excess is present in all sky directions with the same spectrum,
thus excluding that it originates from anomalous contributions in the centre
of the galaxy.

(c) The excess shows a strongly increased intensity at positions where
extra DM is expected, namely at two doughnut shaped structures at radii of
14 and 4 kpc from the centre of the galaxy. At 14 kpc one has observed a ring
of stars thought to originate from the infall of a dwarf galaxy, while at 4 kpc
one finds an enhanced concentration of molecular hydrogen thought to form
from atomic hydrogen in the presence of dust or heavy nuclei, which can be
collected in the gravitational potential of a ring of DM.

(d) The enhanced excess of gamma rays cannot be due to additional gas
in these rings as proven by the rotation curve calculated from the gamma
ray excess: the mass in the rings perfectly describe the hitherto unexplained
change of slope in the rotation curve at a distance of about 11 kpc. The
amount of visible matter is far too low to have such an impact on the rotation
curve.

In this analysis only the known spectral shapes of the various processes
with arbitrary normalizations are fitted, so the analysis becomes largely
model independent. Interestingly, the normalization factors come out to be
in excellent agreement with expectations, both for the WIMP signal and the
background.

Alternative models trying to explain the EGRET excess have to assume
that the locally measured fluxes of protons and electrons are not representa-
tive for our galaxy, in which case these spectra outside our local bubble can
be tuned to obtain the more energetic gamma rays needed for the EGRET
excess, although these models provide significantly worse fits to the data, if
one takes the strong correlations in the errors between the different energy
bins into account. In addition such models cannot explain simultaneously the
stability of the ring of stars at 14 kpc and the change of slope in the rotation
curve at r ≈ 11 kpc.

The results mentioned above make no assumption on the nature of the
Dark Matter, except that its annihilation produces hard gamma rays con-
sistent with the fragmentation of mono-energetic quarks between 50 and
100 GeV. WIMP masses in this range and the observed WIMP self anni-
hilation cross section are consistent with WIMP’s being the Lightest Super-
symmetric Particle predicted in the Minimal Supersymmetric Model with
supergravity inspired symmetry breaking, called the mSUGRA model.

Within this supersymmetric model one finds a spin-independent cross
section for elastic scattering of a WIMP on a proton of about 10−43 cm2,
which is within reach [23] of future experiments as shown in Fig. 8. This
elastic scattering cross section was calculated with Darksusy [24].
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future direct DM detection experiments.

Direct and indirect detection experiments do not prove the supersym-
metric nature of the WIMP’s. If the WIMP’s are indeed the lightest super-
symmetric particle, then this will become clear at the future LHC collider
under construction at CERN in Geneva, where supersymmetric particles of
the mass range deduced from the EGRET data should be observable from
2008 onwards, if they exist.

The statistical significance of the EGRET excess of at least 10 σ combined
with all features mentioned above provides an intriguing hint that DM is not
so dark, but visible by its annihilation.
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1 Introduction

In recent years gravitational lensing has moved from being an obscure curios-
ity to being a fundamental tool in astronomy. If you look at the sophisticated
uses and complicated formalisms that have developed around gravitational
lensing it may be surprising that everything in lensing comes from the very
simple Einstein light bending formula,

∆θ =
4GM
bc2

, (1)

where b is the impact parameter, M is the mass of the lens and G is Newton’s
constant. This simple light bending causes distant light sources to split into
several images, magnify, move around, and shear in predictable ways. Since
it is the total mass-energy that does the light bending, gravitational lensing
is just as sensitive to non-shining dark substances as it is visible stars and
galaxies. Therein lies the power of gravitational lensing. In astrophysical the-
ories, mass is usually more fundamental than the more commonly measured
luminosity.

In this short talk I cannot possibly cover all the recent progress in the
uses of gravitational lensing. For example, I won’t talk about strong lens-
ing in clusters of galaxies, where arcs give the mass and density profiles of
the clusters. This allows dark matter to be directly measured in clusters of
galaxies, which are the largest known gravitationally bound structures. Also,
I won’t talk about weak lensing, where small distortions in the shapes of many
background galaxies are statistically analyzed to measure the gravitational
shear. This is potentially a very powerful technique and can measure the dark
matter power spectrum, the growth of structure, and cosmological parame-
ters such as the vacuum energy equation of state, etc. I also will only touch
briefly on the uses of quasar lensing, where multiple quasar images allow one
to measure the Hubble parameter and dark halo substructure. For the bulk
of the talk I will concentrate on what I know best, that is the microlensing
of stellar mass objects. This allows one to take an inventory of all compact
objects in the Milky way, including faint stars, stellar remnants, planets, etc.
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2 Microlensing of Dark Matter?

So far four collaborations have returned dark matter results from microlens-
ing surveys, but the results are still ambiguous as I will describe. These ex-
periments work by monitoring millions of stars in nearby galaxies. They try
to prove or disprove the hypothesis that the dark matter of the Milky Way
consists of some Massive Astrophysical Compact Halo Objects (Machos). If
this was the case, then occasionally such a compact object would cross in
front of one the stars being monitored and act as a gravitational lens. As
the Macho passed near to the line-of-sight to the background source star, the
source star would brighten, reach a peak brightness, and then return to its
ordinary brightness. This transient brightening is called a microlensing event
and these are what the microlensing collaborations search for. Unfortunately
such events are rare, and so many millions of stars must be monitored for
many years to discover a significant number of events. This is especially true
in the search for Macho dark matter, since one needs target stars that are suf-
ficiently far away that the line-of-sight passes through a significant portion of
the dark halo. Thus for dark matter work, the collaborations monitor either
the Large or Small Magellanic Clouds (LMC/SMC), or the nearby galaxy
M31.

The four collaborations that have returned results are: MACHO [1] who
have returned strong evidence in favor of LMC microlensing, but the dark
matter interpretation is still unclear, EROS [2], who have returned evidence
against substantial LMC microlensing and against Macho dark matter, but
still consistent with the MACHO results, MEGA [3] who report evidence in
favor of microlensing towards M31, and moderate evidence in favor of Macho
dark matter, and POINT/AGAPE [4] who monitor M31 and report weak
evidence against Macho halo dark matter.

2.1 MACHO Results on Dark Matter

The MACHO collaboration monitored 12 million stars for 6 years and found
13–17 microlensing events. They did a careful efficiency and likelihood analy-
sis. The lightcurves of several of their events follow the expected functional
form of microlensing very well and are beautiful examples of microlensing.
So there is no doubt that they have observed microlensing towards the LMC.
Their events are spread out over the LMC and occur on random stars in the
color-magnitude as expected from microlensing. The distribution of maxi-
mum magnifications is also as expected, arguing that the bulk of the events
they select are indeed microlensing. Using these 13 (or 17 depending upon
selection criteria) events, their likelihood analysis prefers a total mass in Ma-
chos of between 8% and 40% (95% confidence level) of the total dark matter
in the halo (The central value is f = 0.2). This corresponds to a total mass in
Machos of 8 to 10 ×1010M�. We should note that one of the events (LMC-23)
bumped again after 7 years, and so is now known to be a variable star. Thus
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the halo fractions (and optical depths) reported by the MACHO collabora-
tion [1] should be reduced by 8%, the contribution of this event to the total
microlensing signal. Having contamination of one variable star is consistent
with the contamination systematic error which was estimated at 17%, but it
is worrying that a lightcurve which looked very much like microlensing was in
fact a variable star. In any case, given that the total mass of the Milky Way
disk is around 6 × 1010M�, this Macho component, if it exists, would be a
major component of the Milky Way. Also, it is very clear from this measure-
ment that the bulk of the dark matter cannot consist of compact halo objects,
but must be something else such as undiscovered exotic elementary particles.
The likelihood analysis also prefers that the Macho objects have masses in
the 0.1 to 1.0 M� range. Now, before accepting this experimental result at
face value it is important to consider some problems. What could such a large
amount of solar mass objects be? Certainly they can’t be main sequence stars
or they would be seen. Stellar remnants such as white dwarfs, neutron stars,
or black holes have been suggested, but there are severe problems with each
of these. In particular, an enormous number of early generation stars would
be needed to leave such a large number of remnants. Such an early generation
of stars would over-enrich the interstellar medium with heavy elements and
would have created lots of background light which is not seen. Primordial
black holes are a possibility, but these do not naturally occur in any model.
So there are no natural candidates for this Macho population.

However, there is an alternative explanation. In performing its likelihood
analysis, The MACHO collaboration calculated the number of microlensing
events expected from known stellar populations. They expected to find 0.4
events from Milky Way disk stars, 0.2 events from the thick disk, 0.2 events
from the spheroid, and between 1.2 and 2.2 events from LMC self-lensing, for
a total of 2–3 events from known stellar sources. This is much larger than the
13 events actually seen; however, if the LMC has an extended halo of faint
stars that has not yet been detected, then this could account for the LMC
microlensing [5]. Since careful searches for this extended LMC halo have not
yet been successful, for now, the source of the LMC microlensing remains a
mystery.

2.2 EROS Results on Dark Matter

The EROS collaboration [2] monitored 17.5 million stars in the LMC for 2
years and 5.3 million stars for 6 years, as well as several million stars in the
SMC. They found 3 microlensing events in their 50 LMC fields and 4 events
in their 10 SMC fields. They interpret their results only as an upper limit on
the Macho contribution to the dark matter halo. In the mass range 0.1M� to
1.0M� they limit Machos to being less than 25% of the dark halo, inconsistent
with larger values of the MACHO allowed region, but consistent with the
central value and the lower regions. Over the mass range between 10−6M�
and 10−1M� they limit the total contribution of Machos to the dark matter
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to be less than 20%. The MACHO collaboration also ran analysis in this mass
range and found similar limits, for example objects in the 3.5 × 10−7M� to
4.5 × 10−5M� make up less than 10% of the dark matter [6].

2.3 Results on Dark Matter Towards M31

The MEGA [3] collaboration found 4 microlensing candidates on sources in
the M31, the Andromeda galaxy. M31 microlensing is especially promising,
since there is a clever way to distinguish halo lenses from disk lensing. Since
M31 is tilted on the sky with respect to our location, the line-of-sight to the
northeast side of M31 goes through the bulk of M31’s dark matter halo, while
the line-of-sight towards the southwest side of M31 does not. Thus if Machos
make up the halo of M31, one expects many more events from the back side
as compared to the front side. Three of the four events found by the MEGA
collaboration are from the back side and one is from the front side. Thus they
can then perform a likelihood analysis and find a Macho dark matter halo
fraction of f = 0.29+0.30

−0.13, consistent with the MACHO collaboration result.
However, with only four events, this is not yet a very significant result.

On the other hand, the POINT-AGAPE [4] collaboration is also monitor-
ing stars towards M31 and have found 3 events. They interpret these events
as an upper limit and find f < 0.25 for 0.0001 < m < 0.1M�, and f < 0.6, for
0.1 < m < 1M�. Thus they find weak evidence against a Macho contribution
to the M31 dark halo.

2.4 Summary of Halo Microlensing Results

Putting all the dark matter results together we plot Fig. 1 (by hand, for
illustration purposes only!). Experimentally the situation is still not clear.
We need more results and more conclusive results. A microlensing experiment
from space such as DIME [7], if approved, could solve the problem by finding
parallax events and solving for the distance to the lenses, or if we are willing
to wait for the Space Interferometry Mission, the distances could be found
using astrometric microlensing. If one can measure the distances to only
2 or 3 LMC lenses as being at 10 kpc, that would prove that substantial
Macho dark matter exists. Alternatively, if the distances to 3 or 4 random
LMC lenses were found to be at 50 kpc, the LMC seslf-lensing hypothesis
would be proved. In the near term we are waiting for more results from the
MEGA and POINT-AGAPE collaborations on M31 microlensing, and from
the SuperMacho collaboration [8] for more LMC microlensing events.

Theoretically there are also problems. A 10% Macho contribution to the
Milky Way dark halo is consistent with Ωbaryon = 0.04, but such a contribu-
tion would cause problems with star and galaxy formation scenarios.
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Fig. 1. Rough illustration of current limits on Macho dark matter.

3 Other Microlensing Results

While microlensing was originally conceived as a search for dark matter its
sensitivity to all compact objects have made it useful for several other pur-
poses.

3.1 Bulge Microlensing

Three collaborations have returned results on microlensing towards the center
of the Milky Way galaxy: OGLE [9], EROS [10], and MACHO [11, 12]. When
looking towards the bulge, one looks through the disk of the Galaxy where
there are many stars to serve as lenses. So one expects there to be a large
number of microlensing events in this direction [13, 14]. This has been born
out in practice where there are now more than 1000 bulge microlensing events
reported. Due to time, I will discuss only the recent work by the MACHO
collaboration, where we reported on the final analysis of 7 years of monitoring
over 50 million stars. We found over 450 high quality microlensing events, 60
of which were on clump giant source stars. We found around 40 potential
binary lens events, events with parallax and extended source signals, as well
as lensing of periodic variables. Using the 60 clump giant source events we
calculated a new value for the optical depth towards the bulge. Clump giant
stars are very bright and thus are much less affected by blending. Blending
greatly complicates the calculation of optical depth because one does not
know how many stars one is monitoring, and the microlensing fit parameters
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are distorted if the source star is heavily blended. Our new optical depth
measurement is currently the world’s best and is

τ = 2.18+0.45
−0.38 × 10−6 (2)

This value is smaller than previous MACHO collaboration measurements,
larger the current EROS measurements, but very consistent with current
model estimates (e.g. Gould and Han [15] τ = 1.63 × 10−6). We also for the
first time measured the optical depth as a function of galactic latitude, and
reported on events that are probably from the Sag dwarf galaxy.

3.2 Planet Microlensing

This is a big subject now, and I won’t have time to talk much about it. Suffice
it to say that after years of effort, the first planet has now been discovered by
microlensing. The event is OGLE 2003-BLG-23/ MOA 2003-BLG-53, and has
a planet-star mass ratio of 0.0039. Since the star has a likely mass of 0.4M�,
this means that the planet has a likely mass of our 1.5 Jupiter masses. It
is also seems that the future of planet finding by microlensing is in space.
Several missions have been proposed, and studies have been done. It is clear
that for Earth mass planets microlensing is the most sensitive of any proposed
planet finding method, especially for planets that are a distance of 1AU or
more from their stars.

4 Lensing and Substructure

Very briefly, let me mention one other lensing subject that is very relevant
to dark matter. This is work done by my student Neal Dalal when he was
at UCSD, as well as Chris Kochanek of Harvard. In my opinion, this work,
(which was done also by several other groups) solved one of the nagging
problems of the cold dark matter (CDM) structure formation scenario.

For some time now, N-body simulations of dark matter halos of large
galaxies show that these form by aggregating many smaller dark matter ha-
los. The net result of this hierarchical clustering is that a dark matter halo for
a galaxy such as the Milky Way consists of a smooth dark matter component
as well as hundreds of smaller sub-halos that have not yet been disrupted.
The problem with this scenario, is that the Milky Way galaxy does not have
hundreds of dwarf galaxies swarming around it, but only a handful. This
order-of-magnitude discrepency between the predictions of the CDM simu-
lations and the observations has led to suggestions that the CDM scenario
may be wrong.

What Dalal and Kochanek (along with others such as Metcalf) did was
show that these dark matter sub-halos do in fact exist, even though no visible
dwarf galaxy can be seen. They did not do this for the Milky Way galaxy,
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but for distant galaxies that are acting as gravitational lenses for background
quasars. They noted that when workers tried to model the mass distribution
of the lenses, they typically had a hard time finding an adequate model.
In particular when two of the lens images of the galaxy are very near each
other, one can show that any smooth mass distribution predicts the image
brightnesses should be the same. In many observations, this was not the
case. Dalal, Kochanek, Metcalf, and others realized that one possible cause
of this was small scale structure in the mass distribution, that is, sub-halos.
They calculated what fraction of the total halo mass would have to be in
sub-structure to match the frequency of the quasar image mis-matches and
found a number (2%) that was in good agreement with the predictions from
the CDM simulations. There were several other potential explanation of the
lensing observations, but these have been gradually ruled-out, leaving the
halo sub-structure explanation as the most likely.

5 Conclusions

Lensing has a bright future for the observation of dark objects. It actually
can’t be beat for this purpose, and will probably become more and more
important in the future. We see several large projects that will have lensing
as a main component: SIM, LSST, SNAP, etc. and expect that more will be
conceived of in the future.
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Summary. During the last ten years astrophysical cosmology has brought three
remarkable results of deep impact for fundamental physics: the existence of non-
baryonic dark matter, the (nearly) flatness of space, the domination of the density
of the universe by some gravitationally repulsive fluid. This last result is probably
the most revolutionizing one: the scientific review Sciences has considered twice
results on this question as Breakthrough of the Year (for 1998 and 2003). However,
direct evidence of dark energy are still rather weak, and the strength of the standard
scenario relies more on the “concordance” argument rather than on the robustness
of direct evidences. Furthermore, a scenario can be build in an Einstein–de Sitter
universe, which reproduces as well as the concordance model the following various
data relevant to cosmology: WMAP results, large scale structure of the universe,
local abundance of massive clusters, weak lensing measurements, most Hubble con-
stant measurements not based on stellar indicators. Furthermore, recent data on
distant x-ray clusters obtained from XMM and Chandra indicates that the observed
abundances of clusters at high redshift taken at face value favors an Einstein de
Sitter model and are hard to reconcile with the concordance model. It seems wise
therefore to consider that the actual existence of the dark energy is still an open
question.

1 Introduction

1.1 On the Determination of Cosmological Parameters

The determination of cosmological parameters has always been a central
question in cosmology. However, this problem has become more and more
important in recent years due to the deep implications it can lead to. One of
the most spectacular results established in recent years are for instance the
existence of a dominant form of non-baryonic matter in the clustered con-
tent of the universe. After a very long debate on whether evidence for non
baryonic dark matter universe were sufficiently robust, it is nowadays almost
unanimously admitted that there are enough evidences to consider it as an
established fact (such a conclusion has strongly contributed to emphasize the
deep couplings that exist between astrophysical cosmology and fundamental
physics). As long as no direct evidence is found (from laboratory experiments)
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doubts are still possible and indeed few researchers still maintain the point
of view that modified theories of gravitation could do the job as well.

A second essential result in recent modern cosmology is the evidence for
the (nearly) flatness of the Universe which comes from the Cl curve of the
CMB. The Saskatoon experiment was probably the first one to provide ev-
idence for the presence of a peak around l ∼ 200 [34], which was shown to
provide a statistically significant indication for the flatness of the universe,
a conclusion drawn as early as 1997: [28] see also [22]. This conclusion has
been firmly established by second generation experiments, including those of
Boomerang [14], Maxima [21], DASI [20], Archeops [2], allowing tight cos-
mological constraints [3]. Of course all these results have been superseded
by WMAP measurements [26, 4]. It should be realized that these CMB mea-
surements provide an observation (basically the position of the Doppler peak)
which is predicted by models, involving standard physics, consistent with flat
models. It is not a direct measurement of curvature of space (as could be
obtained from a triangulation measurement for instance). The two above re-
sults are therefore the unavoidable consequences of the existing observations,
if they have to be interpreted within standard physics as we know it by now.
Rejecting these conclusions is possible, but only at the expense of modifying
fundamental laws of physics as we know them by now.

The third result which has emerged in recent years, and which is rev-
olutionizing for fundamental physics : the dominance of the density of the
universe by some “dark energy”, i.e. a fluid with very exotic equation of
state: p = wρc2 with w ∼ −1 [16, 49]. There is a large consensus around this
so-called concordance model, which leads to the idea that the determination
of cosmological parameters has been achieved with a rather good precision,
may be of the order of 10%. Indeed this model does fit an impressive set
of independent data, the most impressive been: local estimation of the den-
sity of the universe, CMB Cl curve, most current matter density estimations,
Hubble constant estimation from HST, apparent acceleration of the Universe,
good matching of the power spectrum of matter fluctuations. However, the
necessary introduction of a non zero cosmological constant is an extraordi-
nary new mystery for physics, or more exactly the come back of one of the
ghost of modern physics since its introduction by Einstein. Here the situation
is slightly different from the two previous cases: the introduction of a non-
vanishing cosmological constant is a major modification of a fundamental law
of physics (gravity). Although the cosmological constant certainly allows one
to fit easily the Hubble diagram of distant SNIa, its introduction is not un-
avoidable, given the data. Rather, trusting fundamental physical laws as we
know them lead to the conclusion that distant SNIa are, for some unknown
reason, intrinsically fainter than local ones. There is no argument that dismiss
this “fact”. Therefore, in order for the SNIa Hubble diagram to be regarded
as a convincing evidence for a cosmological constant, one should provide a
convincing independent evidence that the luminosity of a distant SNIa is
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directly comparable to a local one without any correction. It is therefore the
opinion of the author, that in order to consider SNIa as an argument in favor
a cosmological constant, evidence for the absence of astrophysical corrections
to SNIa luminosity has to be demonstrated (and one should remember there
that the “absence of evidence “ is not “an evidence of absence”...).

The possible detection of a cosmological constant from distant super-
novae has brought the first direct piece of evidence largely comforting the
so-called concordance model: the apparent luminosity of distant supernovae
now appears fainter, i.e. at larger distance, than expected in any decelerating
universe [42, 39] and can therefore be explained only within an accelerat-
ing universe. There is a set of fundamental assumptions in this reasoning,
that is that SNIa are standard candles which are not affected by any bias,
any evolution, any obscuration. Although the data are well consistent with
this hypothesis, it is almost impossible to demonstrate that it is actually
right, i.e. that data are not biased by some astrophysical process. A more
problematic point is that astrophysical processes in an Einstein de Sitter
universe, if roughly proportional to the look back time may mimic rather
well an apparent cosmological constant, producing an Hubble diagram that
is almost indistinguishable from the standard diagram of the concordance
model (see Fig. 1). This means that SNIa argument is relatively weak by

Fig. 1. Difference of magnitude between an Einstein de Sitter Universe and the
concordance (full line) versus look back time. Any process which would produce an
apparent dimming proportional to this look back time may mimic the presence of
a cosmological constant (dashed line).
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itself. For instance would the SNIa Hubble diagram points toward a negative
matter content, Ωm < 0., it would probably be interpreted by everybody as
an evidence for some astrophysical process affecting SNIa luminosity...

I have already discussed in some detail the various arguments that may
raise doubts on the validity of the concordance model [6, 5] (before WMAP
results): for most observations which match the concordance model, there is
some other evidences which go in a different direction (for instance different
upper limits on the cosmological constant uncomfortably below the present
preferred value were published in the past, including one coming from the
SNIa in the SCP! [38]. I would like to add one recent example: the Hubble
constant. Several measurements based on non stellar distance indicators lead
to a lower value for Hubble constant than that has been derived from HST
key-Project [19]. A recent analysis of the Cepheid distances suggests that
one bias exist which when corrected would lead to a value 20% lower for the
Hubble constant [37]. Such a value would imply, in combination with CMB
a matter density parameter close to 0.5, ruining the nice concordance of the
standard paradigm.

1.2 What the CMB does Actually Tell Us?

Since the discovery of the CMB fluctuations by COBE [48] the idea that early
universe physics has left imprints revealed by these fluctuations has gained an
enormous attention. In this respect, DMR results have played a fundamental
role in modern cosmology comparable to the discovery of the expansion of
the universe or the discovery of the microwave background by Penzias and
Wilson. The remarkable results of the WMAP experiment, are often quoted
as providing a direct evidence for an accelerating universe. This is incorrect:
cosmological constraints as established by the WMAP team [49] entirely rely
on the powerlaw spectrum asumption. Therefore these conclusions could be
erroneous [27, 23]. Indeed, relaxing this hypothesis, i.e; assuming non power
law power spectrum allows to produce Cl curve which as good as the concor-
dance model. This is illustrated by Fig. 2 on which 3 models are compared to
the WMAP data, two being Einstein de Sitter models. Such models not only
reproduce the TT spectrum, but are also extremely close in term of ET and
EE spectra. Furthermore the matter power spectrum are similar on scales
probed by current galaxies surveys. An un-clustered component of matter
like a neutrino contribution or a quintessence field with w ∼ 0 is necessary
to obtain an acceptable amplitude of matter fluctuations on clusters scales
[9]. Such models require a low Hubble constant ∼ 46 km/s/Mpc. Such a
value might be look as terribly at odd with central HST key program value
( ∼ 72 km/s/Mpc) but is actually only ∼ 3σ away from this value. Given
the above mentioned uncertainties (which raised the preferred value to lie
∼ 1.75σ away, this can certainly not be considered as a fatal problem for an
Einstein-de Sitter universe. The introduction of non-power law power spec-
trum might appear as unnatural. This is a somewhat subjective question.
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Fig. 2. The TT spectrum of the WMAP data compared to three different mod-
els: one is the concordance, the two others are Einstein de Sitter models, one of
which comprises neutrino contribution of ∼ 10% corresponding to three degenerate
families with mν ∼ 0.7eV. Courtesy of M.Douspis.

However, present measurement of Cl curve is testing the initial spectrum
over 3 order of magnitude in length. The existence of distinct features in
the primordial spectrum are suggested by present WMAP data [50], which
could be the consequences of early physics on super-Planck scales [32], as
scales which are now accessible to the observations are very likely to be sub-
planckian before inflation. This argument could be regarded as an argument
for which non-power-law models are to be preferred (although this is not
giving any support to our –specific– model, given our poor knowledge of the
relevant physics). This argument is strengthened by the global value of the χ2

from the WMAP Cl : a point that is not much emphasized, is that the global
value of the χ2 is not good. In fact, the χ2 for TT data has only a probability
of 3% [49]. The conclusion in such a situation is that the hypotheses in the
model are probably to be abandoned! An other option is that the data are still
suffering from unsubstracted systematics (which is the proposed explanation
given by the WMAP team).

1.3 Motivation for the XMM-Ω Project

If one keeps an open mind, one should consider that the existence of a cos-
mological constant is not yet a scientific fact established beyond reasonable
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doubt or to be more precise, that the case for its actual existence is not as
strong as the case for non-baryonic dark matter (furthermore it is always
healthy to have an alternative model to the dominant paradigm). It is there-
fore of high interest to have a reliable measurement of the matter content
of the universe, which in conjunction with the CMB data provides a case
for or against a non-vanishing cosmological constant, depending on the value
obtained for ΩM . Most of existing measurements are local in nature, i.e. they
actually provide mass to light ratio (M/L) from finite and relatively small
entities, like clusters, which occupy a tiny fraction of the universe: massive
clusters cover only 10−5 of the total volume of space! Therefore using the
M/L argument relies on an extrapolation over five orders of magnitude... The
baryon fraction has been argued as favoring a low density universe. However,
this relies on some specific value of the estimation of mass of x-ray clusters
which is uncertain. Consequently, given this uncertainty the baryon fraction
is actually consistent as well as with a high density universe [44].

The evolution of the number of clusters of a given mass is a sensitive
function of the cosmological density of the Universe, very weakly depending
on other quantities when properly normalized [7], therefore offering a powerful
cosmological test [35]. The XMM-Ω project [1] was designed in order to
provide an accurate estimation of the possible evolution of the luminosity–
temperature relation at high redshift for clusters of medium luminosity which
constitutes the bulk of X-ray selected samples, in order to remove a major
source of degeneracy in the determination of ΩM from cluster number counts
in flux limited number counts.

2 Observed Evolution of the L − T Relation
of X-ray Clusters

For the first time a measurement of the L − T evolution with XMM has
been obtained. D.Lumb et al. (2004) [30] present the results of the X-ray
measurements of 8 distant clusters with redshifts between 0.45 and 0.62. By
comparing to various local L−T relations, clear evidence for evolution in the
L − T relation has been found. The possible evolution has been modeled in
the following way:

Lx = L6(0)
(

T

6keV

)α

(1 + z)β (1)

where L6(0)
(

T
6keV

)α
is the local L−T relation. β is found to be of the order

of 0.6± 0.3 in an Einstein-de Sitter cosmology [30, 52]. This result is entirely
consistent with previous analyzes [45, 56] and others XMM data (see Fig. 3).
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Fig. 3. Temperature–luminosity of X-ray clusters: crosses are local clusters from
a flux selected sample [10], grey diamonds are distant clusters from Chandra [56]
in the redshift range 0.4 ≤ z ≤ 0.625, large dark diamonds are clusters from the
XMM Ω project, squares are other XMM clusters within the same redshift range.

3 Cosmological Interpretation

Attempts to apply directly the test of the evolution of the abundance of
clusters have been performed but still from a very limited number of clus-
ters (typically 10 at redshift 0.35) [25, 18, 51, 10]. In [10] it was found
that ΩM = 0.86 ± 0.25 (1σ), so that a concordance model is away at only
a 2-σ level, while systematics differences explain the values obtained from
the various authors. On the other hand, number counts allow one to use
samples comprising much more clusters. Indeed using simultaneously dif-
ferent existing surveys: EMSS, SHARC, RDCS, MACS NEP and 160 deg2

[24, 43, 41, 17, 33, 55] one can use information provided by more than 300
clusters with z > 0.3 (not necessarily independent). In order to model clus-
ters number counts, for which temperatures are not known, it is necessary to
have a good knowledge of the L − T relation over the redshift range which
is investigated, which information has been provided by XMM and Chandra.
Number counts can then be computed:

N(> fx, z, 2∆z) = Ω
∫ z+∆z

z−∆z
∂N
∂z (Lx > 4πD2

l fx)dz

= Ω
∫ z+∆z

z−∆z
N(> T (z))dV (z)

= Ω
∫ z+∆z

z−∆z

∫ +∞
M(z)

N(M, z)dMdV (z) (2)

where T (z) is the temperature threshold corresponding to the flux fx as
given by the observations, being therefore independent of the cosmological
model. For most surveys the above formula has to be adapted to the fact
that the area varies with the flux limit, and eventually with redshift. Several
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ingredients are needed: the local abundance of clusters as given by the tem-
perature distribution function (N(T )), the mass-temperature relation and its
evolution, the mass function and the knowledge of the dispersion. Uncertain-
ties in these quantities result in -systematics- uncertainties in the modeling
which have been found to be comparable to statistical uncertainties. Figure 4

Fig. 4. Theoretical number counts in bins of redshift (∆z = 0.1) for the different
surveys: RDCS, EMSS, MACS and 160deg2-high flux (corresponding to fluxes fx >
2 10−13 erg/s/cm2). Observed numbers are triangles with 95% confidence interval
on the density assuming poissonian statistics (arrows are 95% upper limits). The
upper curves are the predictions in the concordance model (model B). The lower
curves are for critical universe (model A). Uncertainties on σ8 and on L−T evolution
lead to the grey area (see [53]).
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illustrates [53] the counts obtained with a standard mass temperature rela-
tion:

T = 4keVM2/3
15 (1 + z) (3)

the SMT mass function [47], and the L− T relation observed by XMM with
its uncertainty. These counts were computed for different existing surveys
to which they can be compared. Several likelihood analyzes have been per-
formed. Among the various conclusions that were found are: all existing x-ray
clusters surveys systematically point toward high ΩM , statistical uncertain-
ties allow a determination of ΩM with a 10% precision: 0.9 < ΩM < 1.07(1σ).
During this analysis numerous possible source of systematics were investi-
gated with great detail (local samples, normalization of the M − T relation,
local L−T relation, dispersion in the various relations). The dominant source
of systematic uncertainty is coming from the uncertain calibration of the
mass temperature relation. This uncertainty can be greatly removed using the
method based on a self consistent adjustment to the baryon fraction [8]. With
this method the likelihood obtained is wider and the precision is decreased
down to 15% (see Fig. 5). In addition the distribution is non-Gaussian: with
the above prescription, although one conclude that ΩM ∼ 0.975 ± 0.15, the
concordance model is still ruled out at 7σ level. Remaining systematics have
been added in quadrature and are also representing roughly an additional
15% uncertainty. This means that global uncertainty is roughly 20%. We
have also check that the local luminosity in our models is in good agreement
with local surveys (without requesting it explicitly).

Fig. 5. Final likelihood from x-ray cluster number counts obtained with indepen-
dent samples: MACS, EMSS, NEP, 160 deg2. The M − T relation was treated self
consistently as in [8].
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4 Looking for Loopholes

4.1 Systematics

I have mentioned above that the source of various systematics have been
investigated and lead to a ∼ 17% uncertainty. This value is larger than the
statistical uncertainty ∼ 10%. It is therefore very important to investigate
one by one this systematics and what typical amplitude may restore the con-
cordance. Special attention has been paid to selection functions. For instance
if flux limit, or identically flux calibration in faint surveys, is erroneous by
a factor of 2–3 the concordance would be much closer to existing surveys.
However typical uncertainty is considered to be of the order of 20%. This
provides a typical number: if the value of one of the systematic effects is ten
times larger than estimated amplitude, then the concordance would accom-
modate the data.

4.2 Comparison with Previous Works

A comment that is heard sometimes in conferences, is that we are the only
group who find such a high value for ΩM . This an incorrect statement: when
dealing with the N(T ) evolution, [54] did found a high central value, close to
our best one. Major differences with previous analyzes to [10] were explained
in term of systematics. As those results lie within the 2σ range found in
[10], one can conclude that the problem is yet open. However, the redshift
distribution of X-ray clusters using normalization from the local temperature
distribution has been investigated in the past. With the analysis presented
in [36, 45], there has been three different independent analyzes [11, 40], each
leading to consistent results with EMSS as well as with ROSAT. All these
analyzes indicate that redshift number counts are consistent with a high ΩM

and at odd with value of the order of 0.3 (note that [12] have obtained an
acceptable fit to RDCS distribution, but at the price of unacceptable local
abundance).

Our new analyzes basically recover identical results to the one mentioned
above. However, the statistical significance is now much better: these sam-
ples contains ∼ 300 clusters. Each sample is individually well fitted, this is
a very important point: any large unidentified systematics affecting data,
would have to affect the different surveys (from different groups and different
methodology, on both ROSAT and EMSS data) in different way to mimic
the Einstein de Sitter case, a somewhat tricky coincidence. I conclude that
this new analysis is much mores robust than previous one, both in term of
statistic and in term of control on systematics.

4.3 Is Cluster Gas Physics Essentially Non-Gravitational?

We have identified only one possible realistic way to reproduce number counts
in a concordance model, that is by assuming that the redshift evolution of
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the M − T relation is not standard:

T ∝M
2/3
15 (4)

(i.e. removing the standard 1 + z factor appearing in equation 3). This is
conceivably possible if a large fraction of the thermal energy of the gas in
present day clusters originates from other processes than the gravitational
collapse and has been continuously injected during recent past (although it
remains to be shown that this is actually possible in a realistic way). It is
possible to test observationally this latter possibility: heating processes of the
gas will obviously heat the gas but not galaxies. The quantity:

β−1 ∝ Tx

σ2

should therefore evolve with redshift accordingly to (1 + z)−1 if the M − T
relation evolved accordingly to the above non-standard scheme while it should
remains constant in the standard case. Note that this conclusion persists even
if galaxies velocity dispersion are a biased version of the dark matter one [15].
In order to test whether existing data do provide some indication on such a
possible evolution, we have collected some existing measurements of velocity
dispersion σ for massive clusters using BAX cluster data base [46] with further
recent measurements: we selected clusters with temperature greater than 6
keV for which velocity dispersion was available. The result is shown on Fig. 6.
We found no sign of such a non-standard behavior which is in principle ruled
out at the 3–σ level at least.

5 Conclusions

The major results obtained with the Ω project are the first XMM measure-
ment of the evolution of the luminosity-temperature with redshift. A positive
evolution has been detected, in agreement with previous results including
those obtained by Chandra [56]. The second important result is that this
evolving L− T produced counts in the concordance model which are incon-
sistent with the observed counts in all existing published surveys. This is in
principle the signature of a high density universe, but might be as well due
to a deviation of the expected scaling of the M − T relation with redshift.
Our investigation of the ratio Tx

σ2 shows no sign of such deviation. Therefore,
the distribution of x-ray selected clusters as known at present day favors a
high density universe, alleviating the need for a cosmological constant.
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Fig. 6. The ratio between thermal energy of the gas measured by Tx and the kinetic
energy of galaxies measured by their velocity dispersion for a sample of clusters with
Tx ≥ 6 keV with redshift spanning from 0 to 1.2. No sign of evolution is found. The
best fit is the continuous line, grey area is the formal one σ region, dashed line is
the level necessary to make the concordance in agreement with the x-ray clusters
counts.
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Summary. I discuss the dynamical interaction of galactic disks with the surround-
ing dark matter halos. In particular it is demonstrated that if the self–gravitating
shearing sheet, a model of a patch of a galactic disk, is embedded in a live dark halo,
this has a strong effect on the dynamics of density waves in the sheet. I describe
how the density waves and the halo interact via halo particles either on orbits in
resonance with the wave or on non-resonant orbits. Contrary to expectation the
presence of the halo leads to a very considerable enhancement of the amplitudes of
the density waves in the shearing sheet. This effect appears to be the equivalent of
the recently reported enhanced growth of bars in numerically simulated stellar disks
embedded in live dark halos. Finally I discuss the counterparts of the perturbations
of the disk in the dark halo.

1 Introduction

Dark halos are usually thought to stabilize galactic disks against non-
axisymmetric instabilities. This was first proposed by Ostriker & Peebles
(1973) on the basis of – low–resolution – numerical simulations. Their phys-
ical argument was that the presence of a dark halo reduces the destabilizing
self–gravity of the disks. Doubts about an entirely passive role of dark halos
were raised by Toomre (1977), but he (Toomre 1981) also pointed out that a
dense core of a dark halo may cut the feed–back loop of the corotation am-
plifier of bars or spiral density waves and suppress thus their growth. Recent
high-resolution numerical simulations by Athanassoula (2002, 2003), also in-
herent in the work of Debattista & Sellwood (2000), have shown that quite
the reverse, a destabilization of disks immersed in dark halos, might be actu-
ally true. Athanassoula (2002) demonstrated clearly that much stronger bars
grow in the simulations if the disk is embedded in a live dark halo instead of a
static halo potential. This is attributed to angular momentum transfer from
the bar to the halo via halo particles on resonant orbits. Angular momentum
exchange between disk and halo has been addressed since the pioneering work
of Weinberg (1985) in many studies theoretically or by numerical simulations
and I refer to Athanassoula (2003) for an overview of the literature. Toomre
(1981) has shown how the bar instability can be understood as an interference
of spiral density waves in a resonance cavity between the corotation amplifier
and an inner reflector (cf. also Fuchs 2004b). Thus it is to be expected that
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a live dark halo will be also responsive to spiral density waves and develop
wakes. That this is indeed the case has been demonstrated by Fuchs (2004a)
employing the shearing sheet model. This adds to the confidence in the results
of the numerical work on bar growth in galactic disks.

The shearing sheet (Goldreich & Lynden–Bell 1965, Julian & Toomre
1966) model has been developed as a tool to study the dynamics of galactic
disks and is particularly well suited to describe theoretically the dynamical
mechanisms responsible for the formation of spiral arms. For the sake of
simplicity the model describes only the dynamics of a patch of a galactic
disk. It is assumed to be infinitesimally thin and its radial size is assumed to
be much smaller than the disk. Polar coordinates can be therefore rectified to
pseudo-Cartesian coordinates and the velocity field of the differential rotation
of the disk can be approximated by a linear shear flow. These simplifications
allow an analytical treatment of the problem, which helps also in the present
case to clarify the underlying physical processes operating in the disk.

2 Shearing Sheet Model

The basic disk model is the stellardynamical shearing sheet, which describes
the local dynamics of a patch of a thin, differentially rotating stellar disk.
Stellar orbits are calculated in a frame at a distance r0 from the galactic
center, rotating with an angular velocity Ω0. Pseudo–Cartesian coordinates
x and y point in the radial direction and tangential to the direction of galactic
rotation, respectively. The differential rotation of the disk is approximated
as a parallel shear flow, v = −2Ax, with A denoting Oort’s constant. The
surface density Σ0 is assumed to be constant over the entire region. As is well
known (cf. Julian & Toomre 1966) the stellar orbits in this model are simply
epicyclic orbits and the phase space distribution function of the stars f0, as
derived from the time-independent Boltzmann-equation, is a Schwarzschild-
distribution. A cartoon of the shearing sheet model is shown in Fig. 1.

The disk is subjected to potential perturbations

Fig. 1. The shearing sheet model.
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δΦ =
∫
dω

∫
dkx

∫
dkyΦk,ωe

i(ωt+kxx+kyy), (1)

and the response of the disk, f1, is calculated from the linearized Boltzmann-
equation

∂f1

∂t
+ [f0, δΦ] + [f1,H0] = 0 , (2)

written in general form with Poisson brackets. H0 denotes the Hamiltonian of
the stellar orbits in the unperturbed disk. In order to obtain self–consistent
perturbations the response density has to be inserted into the Poisson-
equation

∆δΦ = 4πG
∫
d2vf1, (3)

where G is the constant of gravitation. Unfortunately, the disk response to
a single Fourier component of the potential perturbation (1) is not a Fourier
component of the general disk response. I follow therefore Kalnajs (1971) and
take scalar products,

1
4π2

∫
dx

∫
dy e−i(k′

xx+k′
yy)... , (4)

of both sides of the Poisson-equation with conjugate basis functions of the
Fourier transform. Details of the evaluation of the quadratures, which are
carried out using action and angle variables are given in (Fuchs 2001). The
result is that the Poisson-equation is converted to an integral equation of
Volterra-type, which is equivalent to the integral equation given by Julian &
Toomre (1966), although it is not formulated in shearing coordinates,

Φk′,ω =
∫ k′

x

−∞
dkxK(kx, k

′
x, k

′
y, ω)Φkx,k′

y,ω, (5)

with a kernel K that can be expressed analytically (Fuchs 2001)1. By Fred-
holm discretization (5) can be transformed into a set of algebraic equations.
The kernel K vanishes on the diagonal, so that the triangular coefficient ma-
trix of this set of equations has an unity diagonal, implying a non-vanishing
determinant. Thus the homogenous integral equation (5) has no eigensolu-
tions, indicating that there exist in the shearing sheet no – except ringlike
(k′y = 0) – proper spiral modes in the sense of rigidly rotating spatial pat-
terns with well defined growth rates. External potential perturbations or
initial (t = 0) density or velocity perturbations of the basic state of the disk
are represented by an inhomogeneous term in the integral equation (5), or
the corresponding integral equation for the surface density

Σk′,ω =
∫ k′

x

−∞
dkxK(kx, k

′
x, k

′
y, ω)Σkx,k′

y,ω + rk′,ω. (6)

1Positive wave numbers k′
y will be assumed in the following.
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The resolvent kernel R(kx, k
′
x, k

′
y, ω) of the inhomogeneous integral equation

(6) can be obtained as a Neumann series. Solutions of (6) are then found
in a unique way by a convolution of R with the inhomogeneous terms rk′ .
Transforming these solutions back from ω- to time-domain one can show that
the resulting spatial pattern is a superposition of ‘swinging’ density waves,
shearing with the general flow, but exhibiting transient growth as they swing
by until they finally decay. Figure 2, taken from Fuchs (1991), illustrates this
for single plane sinusoidal waves, rk′ ∝ δ(k′x − kin

x ), all of the same initial
radial wave number kin

x .

Fig. 2. Amplitudes of swing amplified density waves with initial radial wave
numbers kin

x = −1 (leading waves). Wave numbers are given in units of kcrit =
κ2/2πGΣ0, where κ denotes the epicyclic frequency. Time is in units of (2Aky)

−1.
The Toomre stability parameter is Q = 1.4, and an Oort constant of A = Ω0/2 is
assumed.

The resulting spatial pattern evolves then as

Σ(x, y, t) = δ(t)ei(kin
x x+k′

yy) + R̃(kin
x , kin

x + 2Ak′yt)e
i[(kin

x +2Ak′
yt)x+k′

yy] , (7)

where the swinging around of the wave crests of the density waves is described
by the growth of the effective radial wave number kin

x + 2Ak′yt with time. As
is well known, amplification is high for density waves, which are initially
leading, but low for initially trailing waves.
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Fig. 3. Snapshots of the growth of density waves in a numerical simulation of
the dynamical evolution of the shearing sheet. The sheet was seeded initially with
random noise as shown in the left panel. The right panel shows the sheet after
an elapsed time of one epicyclic period. Length unit is the critical wave length
λcrit = 2π/kcrit.

A visual impression of density waves growing from initial random fluctu-
ations of the surface density of the sheet is given in Fig. 3., where snapshots
of a numerical simulation of the dynamical evolution of the shearing sheet
are shown (Fuchs, Dettbarn & Tsuchiya, in preparation).

3 The Shearing Sheet Immersed in a Live Dark Halo

The evolution of the distribution function of the disk stars in phase space is
described by the linearized Boltzmann equation

∂fd1

∂t
+ u

∂fd1

∂x
+ v

∂fd1

∂y
− ∂Φd0 + Φh0

∂x

∂fd1

∂u
− ∂Φd0 + Φh0

∂y

∂fd1

∂v

−∂Φd1 + Φh1

∂x

∂fd0

∂u
− ∂Φd1 + Φh1

∂y

∂fd0

∂v
= 0 , (8)

where (u, v) are the velocity components corresponding to the x and y co-
ordinates, respectively. Equation (8) has been derived from the general 6–
dimensional Boltzmann equation assuming delta–function like dependencies
of the distribution function on the vertical z coordinate and the vertical w ve-
locity component, respectively, and integrating the Boltzmann equation with
respect to them. A perturbation Ansatz of the form
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fd = fd0 + fd1 , Φd = Φd0 + Φd1 , Φh = Φh0 + Φh1 (9)

is chosen for the distribution function of the disk stars and the gravitational
potentials of the disk and the halo, respectively, and the Boltzmann equation
(8) has been linearized accordingly.

Similarly the linearized Boltzmann equation for the halo particles can be
written as

∂fh1

∂t
+ u

∂fh1

∂x
+ v

∂fh1

∂y
+ w

∂fh1

∂z
− ∂Φd0 + Φh0

∂x

∂fh1

∂u
− ∂Φd0 + Φh0

∂y

∂fh1

∂v

−∂Φd0 + Φh0

∂z

∂fh1

∂w
− ∂Φh1 + Φd1

∂x

∂fh0

∂u
− ∂Φh1 + Φd1

∂y

∂fh0

∂v

−∂Φh1 + Φd1

∂z

∂fh0

∂w
= 0 . (10)

The choice of the dark halo model was lead by the following considerations.
One of the deeper reasons for the success of the infinite shearing sheet model
to describe spiral density waves realistically is the rapid convergence of the
Poisson integral in self–gravitating disks (Julian & Toomre 1966). Consider,
for example, the potential of a sinusoidal density perturbation

Φ(x, y) = −G
∫ ∞

−∞
dx′

∫ ∞

−∞
dy′

Σ10 sin (kx′)√
(x− x′)2 + (y − y′)2

, (11)

Φ(x, y = 0) = −4GΣ10 sin (kx) lim
xL→∞

Si(kxL)
k

= −2πGΣ10 sin (kx)
k

. (12)

The sine integral in (12) converges so rapidly that it reaches at kxL = π
2

already 87% of its asymptotic value. Thus the “effective range” of gravity is
about only a quarter of a wave length. The shearing sheet models effectively
patches of galactic disks of such size. The wave lengths of density waves are
of the order of the critical wave length

λcrit =
2π
kcrit

=
4π2GΣ0

κ2
, (13)

where κ denotes the epicyclic frequency of the stellar orbits andΣ0 the surface
density of the disk. In the solar neighbourhood in the Milky Way, for instance,
the critical wave length is λcrit = 5 kpc. Thus it is reasonable to neglect over
such length scales, like in the shearing sheet model, the curvature of the
mean circular orbits of the stars around the galactic center or the gradient
of the surface density. The curvature of the stellar orbits due to the epicyclic
motions of the stars, on the other hand, cannot be neglected and is indeed
not neglected in the shearing sheet model. The radial size of an epicycle is
approximately given by σu/κ, where σu denotes the radial velocity dispersion
of the stars, and the ratio of epicycle size and critical wave length is given by

σu

κλcrit
= 0.085Q (14)



Wakes in Dark Matter Halos 53

in terms of the Toomre (1964) stability parameter Q which is typically of
the order of 1 to 2. Concurrent to these approximations I have assumed a
dark halo which is homogeneous in its unperturbed state. Accordingly the
curvature of the unperturbed orbits of the halo particles is neglected on the
scales considered here and the particles are assumed to be on straight–line
orbits. The equations of motion of the halo particles are the characteristics of
the Boltzmann equation. In a homogeneous halo ẍ = ∇(Φd0 +Φh0) = 0, and
in accordance with this assumption I neglect the force terms ∇Φd0 and ∇Φh0

in the Boltzmann (10). This simplifies its solution considerably. The disad-
vantage of such a model is that there are no higher–order resonances of the
orbits of the halo particles with the density waves as described by Weinberg
(1985) or observed in the high–resolution simulations by Athanassoula (2002,
2003). However their effect was shown to be much less important than the
main resonances of the particles with the density waves, which are properly
described in the present model.

Fig. 4. Sketch of the disk and halo model.

3.1 Halo Dynamics

The Boltzmann equation (10) can be viewed as a linear partial differential
equation for the perturbation of the distribution function of the halo particles,
fh1, with inhomogeneities depending on the perturbations of the gravitational
potentials of the disk and the halo, ∇Φd1 and ∇Φh1, respectively. Thus the
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equation can be solved for the disk and halo inhomogeneities separately and
the solutions combined afterwards by superposition. It was shown by Fuchs
(2004a) that the Boltzmann equation with the inhomogeneity ∇Φh1 describes
just the Jeans instability of the dark halo. However, dark halos are thought
to be dynamically hot systems and their Jeans lengths will be of the order
of the size of the halos themselves. Thus this part of the solution of the
Boltzmann equation (10) is uninteresting in the present context and will be
not considered in the following.

More interesting is the remaining part of the Boltzmann equation (10),

∂fh1

∂t
+ u

∂fh1

∂x
+ v

∂fh1

∂y
+ w

∂fh1

∂z
(15)

−∂Φd1

∂x

∂fh0

∂u
− ∂Φd1

∂y

∂fh0

∂v
− ∂Φd1

∂z

∂fh0

∂w
= 0 ,

which describes the halo response to a perturbation in the disk. If the grav-
itational potential perturbation of the disk is Fourier expanded the Fourier
terms have the form (cf. (33) of Fuchs 2001)

Φdk||e
i(ωt+kxx+kyy)−k|||z| (16)

with k|| = |k||| =
√
k2
x + k2

y. This can be converted to Fourier coefficients of
the halo potential in 3–dimensional k–space as

Φdk =
1
2π

∫ ∞

−∞
dzΦdk||e

−ikzz−k|||z| =
1
π

k||
k2
|| + k2

z

Φdk|| . (17)

Notice that the coordinate y, which is defined in the reference system of the
disk, is related to the y coordinate in the reference system of the halo due to
the motion of the center of the shearing sheet as

y → y − r0Ω0t . (18)

The further solution of the Boltzmann equation is straightforward and is
described in full detail in Fuchs (2004a). The distribution function is then
integrated over velocity space to obtain the Fourier coefficients ρhk of the
density perturbation of the dark halo. Next the gravitational potential asso-
ciated with this density distribution is calculated from the Poisson equation,

−k2Φhk = 4πGρhk . (19)

Since the gravitational forces in (8) have to be taken at the midplane z = 0, it
is necessary to convert the solution of the Boltzmann equation Φhk from the
representation in k space to a mixed representation in (k||, z) space leading
to two contributions
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Φnr
hk||(z = 0) =

∫ ∞

−∞
dkz

k||
(k2

|| + k2
z )2

Φdk
4Gρb

σ2
h

×
{

1 + i
√
π
kyr0Ω0 − ω√

2kσh

erf
(
i
kyr0Ω0 − ω√

2kσh

)
exp− (kyr0Ω0 − ω)2

2k2σ2
h

}
(20)

due to halo particles not in resonance with the potential perturbation and

Φres
hk||(z = 0) = −

∫ ∞

−∞
dkz

k||
(k2

|| + k2
z )2

Φdki
√
π

4Gρb

σ2
h

×ω − kyr0Ω0√
2kσh

exp− (kyr0Ω0 − ω)2

2k2σ2
h

(21)

due to non–resonant halo particles. ρb and σh denote the mean spatial density
and the velocity dispersion of the halo particles, respectively. The final result
can be formally written as

Φhk||(z = 0) = Υ (ω − kyr0Ω0, k||)Φdk|| , (22)

where the real and imaginary parts of Υ are defined by (20) and (21), respec-
tively. Thus for any given frequency there is a contribution both from the
non–resonant and the resonant halo particles.

3.2 Disk Dynamics

The halo response (22) to the perturbation in the disk has to be inserted
into (8). Solving the Boltzmann equation (8) is greatly facilitated by the fact
that its form is identical to the case of an isolated shearing sheet with the
replacement

Φdk → (1 + Υ )Φdk (23)

and one can use directly the results of Fuchs (2001) even though the Boltz-
mann equation is treated there using action and angle variables instead of
the Cartesian coordinates as in (8). In particular the factor 1 + Υ is carried
straightforward through to the fundamental Volterra integral equation ((68)
of Fuchs 2001)

Φk′,ω =
∫ k′

x

−∞
dkxK (kx, k

′
x) (1 + Υ (kx, k

′
y, ω))Φkx,k′

y,ω + rk′,ω , (24)

where the kernel K is given by (67) of Fuchs (2001). rk′ describes an inho-
mogeneity of (24) related to an initial non–equilibrium state of the shearing
sheet. Equation (24) is separating in the circumferential wave number k′y. In
(24) the wave numbers are expressed in units of the critical wave number
kcrit. This implies that the Volterra equation describing a shearing sheet em-
bedded in a rigid halo potential is formally the same as that of an isolated
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shearing sheet, because in this case Υ = 0 and the halo mass affects only the
numerical values of the critical wave number kcrit and the stability parameter
Q. It is advantageous to consider (24) transformed back from frequency to
time domain. Splitting off the ω–dependent term exp iω kx−k′

x
2Ak′

y
from the ker-

nel and making use of the convolution theorem of the Fourier transform of
products of two functions leads to

Φk′,t =
∫ k′

x

−∞
dkxK̃ (kx, k

′
x)
{∫ ∞

0

dt′Φkx,k′
y,t′δ

(
t− t′ +

kx − k′x
2Ak′y

)
+
∫ ∞

0

dt′Φkx,k′
y,t′F

(
Υ (kx, k

′
y, ω)e

iω
kx−k′

x
2Ak′

y

)
t−t′

}
+ rk′,t , (25)

where the operator F denotes the Fourier transform from ω to time domain.
In (33) I have assumed an initial perturbation of the disk at time t = 0 so that
Φkx,k′

y,t′<0 = 0. The Fourier transform F is given by (34) of Fuchs (2004a).
If this is inserted into (25) it takes the form

Φk′,t =
∫ k′

x

−∞
dkxK̃ (kx, k

′
x)

{
Φ

kx,k′
y,t+

kx−k′x
2Ak′y

+
∫ t+

kx−k′
x

2Ak′
y

0

dt′Φkx,k′
y,t′F

(
Υ (kx, k

′
y, ω)e

iω
kx−k′

x
2Ak′

y

)
t−t′

⎫⎬⎭+ rk′,t . (26)

Equation (26) can be integrated numerically with very modest numerical
effort. In Fig. 5 I illustrate the response of the shearing sheet now embedded
in a live halo to an initial sinusoidal perturbation of unit amplitude. For this
purpose I use the inhomogeneity term of the Volterra equation

rk′,ω =
∫ k′

x

−∞
dkxL (kx, k

′
x) fkx,k′y(0) (27)

derived in Fuchs (2001) with fkx,k′y(0) ∝ δ(kx − kin
x ). The response of the

shearing sheet to this initial impulse is a swing amplification event as de-
scribed in Sect. (2). The radial wave number kx evolves as

kx = kin
x + 2Ak′yt , (28)

while the circumferential wave number k′y is constant, which means that
the wave crests swing around from leading to trailing orientation during the
amplification phase. Around t = 6 the amplitudes become negative which
indicates that the swing amplified density wave is also oscillating. As can
be seen from Fig. 5 comparing the evolution of shearing sheets embedded
either in a rigid halo potential or a live halo this characteristic behaviour of
the density wave is not changed by the responsive halo, but the maximum
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Fig. 5. Swing amplified density wave in the shearing sheet. The upper diagram
shows the evolution in a shearing sheet embedded in a static halo potential triggered
by an impulse with unit amplitude and wave vector kin = (−2, 0.5)kcrit. Time is
given in units of (2Akin

y /kcrit)
−1. The middle diagram shows the evolution of a

shearing sheet embedded in a live dark halo triggered by the same impulse. The
lower diagram shows the difference. The model parameters are A/Ω0 = 0.5, Q =
1.4, σd : σh = 1 : 5, Gρb/κ2 = 0.01, and r0Ω0 : σd = 220 : 44.
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growth factor of the amplitude of the wave is enhanced by a surprisingly large
amount.

The enhanced maximum growth factor of swing amplified density waves
due to a responsive halo seems to be the equivalent of the enhanced growth of
bars of stellar disks embedded in live dark halos seen in the numerical simula-
tions. However, the interaction of the shearing sheet and the surrounding halo
is not only mediated by the resonant halo particles, but the non–resonant halo
particles play an important role as well. The amplification of density waves
depends critically on the Toomre stability parameter Q. This is illustrated in
Fig. 6 where the response of the shearing sheet to the same initial impulse
as in the previous example is shown, but assuming a stability parameter of
Q = 2. As can be seen in Fig. 6 there is neither effective amplification of
density waves in a shearing sheet in a rigid halo potential or in a shearing
sheet embedded in a live dark halo.

4 Wakes in Dark Matter Halos

The perturbations of the gravitational potential and the surface density of
the shearing sheet have their counterparts in the dark matter halo. From (19)
one obtains

ρhk||(z, ω) = −
∫ ∞

−∞
dkz

k2

4πG
Φhke

ikzz , (29)

where the Fourier coefficients Φhk derived in Sect. (3.1) have to be inserted,

ρhk||(z, ω) = −
∫ ∞

−∞
dkz

k||
k2
|| + k2

z

Φdk||
ρb

πσ2
h

eikzz (30)

×
{

1 + i
√
π
kyr0Ω0 − ω√

2kσh

(
1 + erf

(
i
kyr0Ω0 − ω√

2kσh

))
exp− (kyr0Ω0 − ω)2

2k2σ2
h

}
.

Equation (30) can be Fourier transformed back from frequency to time do-
main in the same way as (35) of Fuchs (2004a) was Fourier transformed back
to time domain by a convolution of Φdk||(t’) with the Fourier transform of
the remaining terms under the integral with respect to kz. To these terms
the operator ∫ ∞

−∞
dωei(ω−kyr0Ω0)t . . . (31)

is applied and the integral over ω is evaluated with the help of formulae
(6.317) and (3.952) of Gradshteyn & Ryzhik (2000) leading effectively to
expression (34) of Fuchs (2004a) with t− t′ + kx−k′

x
2Ak′

y
replaced by t− t′ only.

The integral over kz can be then calculated using formulae (3.723) and (3.896)
of Gradshteyn & Ryzhik (2000) with the result
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Fig. 6. Same as in Fig. 5, but adopting Q = 2.

ρhk||(z, t) = −ρb

σ2
h

{
2πΦdk||(t)e−k|||z| (32)

+
√

8πσhk||

∫ t

−∞
dt′Φdk||(t′)e

− 1
2 σ2

hk2
||(t−t′)2eikyr0Ω0)(t−t′)e

− z2

2σ2
h(t−t′)2

}
,

and finally I convert the potential perturbation of the disk to the perturbation
of its surface density with the relation k||Φdk|| = −2πGΣdk|| (cf. Fuchs 2001)
and obtain
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Fig. 7. Vertical profile of the density perturbation in the dark halo induced by
a density wave in the sheet, which is at maximal amplification, exactly above the
density wave crest. The relative density contrast ρhk/ρb|peak is given in terms of
the relative density contrast of the surface density of the sheet Σdk/Σ0|peak.

ρhk||
ρb

=
2πGΣd

σ2
h

{
2π
k||

Σdk||(t)
Σd

e−k|||z| (33)

+
√

8πσh

∫ t

−∞
dt′

Σdk||(t′)
Σd

e−
1
2 σ2

hk2
||(t−t′)2eikyr0Ω0)(t−t′)e

− z2

2σ2
h(t−t′)2

}
.

The time integral in (33) has been calculated numerically. At the time of
maximal amplification of the density wave I find, adopting the same parame-
ters used to calculate Fig. 6, ρhk/ρb|peak = 0.6Σdk/Σ0|peak. Figure 7 shows
the vertical profile of the density perturbation of the dark halo according to
(33). As can be seen from Fig. 7 the profile indicates a density enhancement
of dark halo matter close above the density wave crest. At larger distances
above the midplane there is a density deficit above the density wave crest,
which means that the cloud of dark matter particles is lagging behind like a
trail of smoke.

The existence of wakes in dark matter halos might have quite practical
implications. For instance the bar in the Milky Way focusses dark matter par-
ticles dynamically into some regions in phase space and depopulates others,
which may very well affect the flux of dark matter particles through detec-
tors on Earth. Such features have been observed as “star streams” in velocity
space among the stars in the solar neighbourhood (Dehnen 2000, Mühlbauer
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& Dehnen 2003). These stars are, of course, stars members of the Milky Way
disk, but similar effects are to be expected among halo objects.
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We study the gravitational clustering of big bang relic neutrinos onto existing
cold dark matter and baryonic structures within the flat ΛCDM model. We
then discuss the implications of clustering for scattering-based relic neutrino
detection methods, ranging from flux detection via Cavendish-type torsion
balances, to target detection using accelerator beams and cosmic rays.

1 Introduction

The standard big bang theory predicts the existence of 1087 neutrinos per
flavour in the visible universe. This is an enormous abundance unrivalled by
any other known form of matter, falling second only to the cosmic microwave
background (CMB) photon. Yet, unlike the CMB which boasts its first de-
tection in the 1960s and which has since been observed and its properties
measured to high accuracy in a series of experiments, the relic neutrino con-
tinues to be elusive in the laboratory. The chief reason for this is of course the
feebleness of the weak interaction. The smallness of the neutrino mass also
makes momentum-transfer-based detection methods highly impractical. At
present, the only evidence for the relic neutrino comes from inferences from
other cosmological measurements, such as big bang nucleosynthesis, CMB
and large scale structure (LSS) data (e.g., [2]). Nevertheless, it is difficult to
accept that these neutrinos will never be detected in a more direct way.

In order to design feasible direct, scattering-based detection methods, a
precise knowledge of the relic neutrino phase space distribution is indispens-
able. In this connection, it is important note that an oscillation interpretation
of the atmospheric and solar neutrino data (e.g., [3]) implies that at least two
of the neutrino mass eigenstates are nonrelativistic today. These neutrinos
are subject to gravitational clustering on existing cold dark matter (CDM)
and baryonic structures, possibly causing the local neutrino number density
to depart from the standard value of n̄ν = n̄ν̄ 
 56 cm−3, and the momentum
distribution to deviate from the relativistic Fermi–Dirac function.

1Talk given by Yvonne Y.Y. Wong at DARK2004, College Station TX, USA.
Based on [1].
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In this talk, we describe a method that allows us to study the gravitational
clustering of relic neutrinos onto CDM/baryonic structures. We calculate the
present day neutrino overdensities in general CDM halos and in the Milky
Way, and then discuss their implications for scattering-based relic neutrino
detection methods – from flux detection via Cavendish-type torsion balances,
to target detection using accelerator beams and cosmic rays.

2 Vlasov Equation

The standard procedure for any clustering investigation involving gravity
only is to solve the Vlasov, or collisionless Boltzmann, equation (e.g., [4, 5]),

Dfi

Dτ
≡ ∂fi

∂τ
+ ẋ · ∂fi

∂x
+ ṗ · ∂fi

∂p
= 0 . (1)

The single-particle phase density fi(x,p, τ) is defined so that dNi = fi d
3x d3p

is the number of i type particles (e.g., CDM, neutrinos) in an infinitesimal
phase space volume element. The variables x = r/a(t), p = amiẋ, and
dτ = dt/a(t) are the comoving distance, its associated conjugate momentum,
and the conformal time respectively, with a as the scale factor and mi the
mass of the ith particle species. All temporal and spatial derivatives are taken
with respect to comoving coordinates, i.e., ˙≡ ∂/∂τ , ∇ ≡ ∂/∂x.2

In the nonrelativistic, Newtonian limit, (1) is equivalent to

∂fi

∂τ
+

p

ami
· ∂fi

∂x
− ami∇φ · ∂fi

∂p
= 0 , (2)

with the Poisson equation

∇2φ = 4πGa2
∑

i

ρi(τ)δi(x, τ) , (3)

δi(x, τ) ≡
ρi(x, τ)
ρi(τ)

− 1, ρi(x, τ) =
mi

a3

∫
d3p fi(x,p, τ) , (4)

relating the peculiar gravitational potential φ(x, τ) to the density fluctuations
δi(x, τ) with respect to the physical mean ρ̄i(τ).

The Vlasov equation expresses conservation of phase space density fi

along each characteristic {x(τ),p(τ)} given by

dx

dτ
=

p

ami
,

dp

dτ
= −ami∇φ . (5)

The complete set of characteristics coming through every point in phase space
is thus exactly equivalent to (1). It is generally not possible to follow the whole

2Unless otherwise indicated, comoving spatial and temporal quantities are used
throughout the present work. Masses and densities, however, are always physical.
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set of characteristics, but the evolution of the system can still be traced, to
some extent, if we follow a sufficiently large but still manageable sample
selected from the initial phase space distribution. This forms the basis of
particle-based solution methods.

3 Solution Method and Halo Density Profiles

A “first principles” approach to neutrino clustering requires the simultane-
ous solution of the Vlasov equation (1) for both CDM and neutrinos. This
is usually done by means of multi-component N -body simulations. In our
treatment, however, we make two simplifying approximations:

1. We assume only the CDM component ρm contributes to φ in the Pois-
son equation (3), and ρm to be completely specified by halo density
profiles from high resolution ΛCDM simulations [6]. The neutrino com-
ponent is treated as a small perturbation whose clustering depends on
the CDM halo profile, but is too small to affect it in return. This as-
sumption is well justified, since, on cosmological scales, LSS data re-
quire ρν/ρm = Ων/Ωm < 0.2 [2]. On cluster/galactic scales, neu-
trino free-streaming ensures that ρν/ρm always remains smaller than
Ων/Ωm [7].

2. Given that assumption 1. holds, it follows that not only will the CDM
halo be gravitationally blind to the neutrinos, the neutrinos themselves
will also have negligible gravitational interaction with each other.

These approximations together allow us to track the neutrinos one at a time
in N independent simulations, instead of followingN particles simultaneously
in one single run. We shall call this “N -one-body simulation” [1].

For the halo density profiles, we use the “universal profile” advocated by
Navarro, Frenk and White (hereafter, NFW) [8, 9],

ρhalo(r) =
ρs

(r/rs)(1 + r/rs)2
. (6)

The parameters rs and ρs are determined by the halo’s virial mass Mvir and
a dimensionless concentration parameter c ≡ rvir/rs, where rvir is the virial
radius, within which lies Mvir of matter with an average density equal to δTH

times the mean matter density ρ̄m at that redshift, i.e.,

Mvir ≡
4π
3
δTHρ̄ma

3r3vir =
4π
3
δTHρ̄m,0r

3
vir , (7)

where ρ̄m,0 is the present day mean matter density. The factor δTH is
the overdensity predicted by the dissipationless spherical top-hat collapse
model,
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δTH 
 18π2 + 82y − 39y2

Ωm(z)
, y = Ωm(z) − 1 , (8)

with Ωm(z) = Ωm,0/(Ωm,0 +ΩΛ,0a
3) [10].

Furthermore, halo concentration correlates with its mass. At z = 0, the
trend

c(z = 0) 
 9
(

Mvir

1.5 × 1013h−1M�

)−0.13

(9)

was found in [11]. In addition, for a fixed virial mass, the median concen-
tration parameter exhibits a redshift dependence of c(z) 
 c(z = 0)/(1 + z)
between z = 0 and z = 4.

4 Clustering in NFW Halos

Using the NFW halo profile (6) as an input, we find solutions to the Vlasov
equation in the limit ρν � ρm. The CDM distribution is modelled as follows:
We assume a uniform distribution of CDM throughout space, with a spherical
NFW halo sitting at the origin. For the neutrinos, we take their initial distri-
bution to be the homogeneous and isotropic Fermi–Dirac distribution with no
chemical potential. The initial redshift is taken to be z = 3, since, at higher
redshifts, a sub-eV neutrino has too much thermal velocity to cluster effi-
ciently. The cosmological parameters used are {Ωm, ΩΛ, h} = {0.3, 0.7, 0.7}.

We solve the Vlasov equation using N -one-body simulations, as well as a
semi-analytical linear method.3 The essential features of the results (Figs. 1
and 2) can be understood in terms of neutrino free-streaming, which causes
nν/n̄ν to flatten out at small radii, and the mass density ratio ρν/ρm to drop
substantially below the background mean. Both nν/n̄ν and ρν/ρm approach
their respective cosmic mean of 1 and ρ̄ν/ρ̄m at large radii.

Furthermore, we find that the linear method systematically underesti-
mates the neutrino overdensities over the whole range of halo and neutrino
masses considered here. Reconciliation with N -one-body simulations can only
be achieved if we impose a smoothing scale of > 1 Mpc, or if nν/n̄ν < 3÷ 4.
This finding is consistent with the standard lore that perturbative methods
fail once the perturbations exceed unity and nonlinear effects set in.

5 Clustering in the Milky Way

In order to calculate the neutrino overdensity in the Milky Way and, espe-
cially, their phase space distribution at Earth (r⊕ ∼ 8 kpc from the Galactic

3The linear approximation [12] consists of replacing ∂f/∂p with ∂f0/∂p in (1),
where f0 is the unperturbed Fermi–Dirac function.
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Fig. 1. Relic neutrino number density per flavour, nν = nν̄ , normalised to n̄ν =
n̄ν̄ � 56 cm−3, for the indicated neutrino and halo virial masses. Results from N -
one-body simulations are denoted by red (solid) lines. Dotted lines correspond to
overdensities calculated with the linear approximation.

Fig. 2. Mass density ratio ρν/ρm normalised to the background mean ρ̄ν/ρ̄m

obtained from N -one-body simulations for the indicated neutrino and halo masses.
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Fig. 3. Relic neutrino number density per flavour, nν = nν̄ , in the Milky Way for
various neutrino masses. All curves are normalised to n̄ν = n̄ν̄ � 56 cm−3. The top
curve in each plot corresponds to the MWnow run, and the bottom to the NFWhalo
run. The enclosed region represents a possible range of overdensities at z = 0.

Centre), we need, in principle, to know the complete assembly history of the
Milky Way. Theory suggests that the galactic bulge and disk grew out of
an NFW halo via baryonic compression [13, 14]. Our strategy, then, is to
conduct two series of simulations, one for the present day Milky Way mass
distribution (MWnow) [15, 16] which we assume to be static, and one for the
NFW halo (NFWhalo) that would have been there, had baryon compression
not taken place. The real neutrino overdensity should then lie somewhere be-
tween these two extremes. Figure 3 shows the possible ranges of overdensities
at z = 0.

In all cases, the final momentum distribution at r⊕ is almost isotropic,
with a zero mean radial velocity 〈vr〉, and second velocity moments that
satisfy approximately the relation 2〈v2

r〉 = 〈v2
T 〉. Hence, we plot the coarse-

grained phase space densities f̄(r⊕, p) only as functions of the absolute ve-
locity.

The coarse-grained spectra in Fig. 4 show varying degrees of deviation
from the relativistic Fermi–Dirac function, but share a common feature that
f̄ ∼ 1/2 up to the momentum state corresponding to the escape velocity from
the Milky Way at r⊕. This agrees with the requirement that the final coarse-
grained density must not exceed the maximal initial fine-grained distribution,
f̄ ≤ max(f0) [17, 18, 19, 20, 21]. For neutrinos, max(f0) = 1/2 at p = 0.
Thus, our f̄ not only satisfies but completely saturates the bound up to pesc,
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Fig. 4. Momentum distribution of relic neutrinos at r⊕ for various neutrino masses.
The red (solid) line denotes the MWnow run, while the dashed line represents the
NFWhalo run. The relativistic Fermi–Dirac function is indicated by the dotted line.
The escape velocity vesc =

√
2|φ(r⊕)| is 490 km s−1 and 450 km s−1 for MWnow

and NFWhalo respectively, corresponding to “escape momenta” yesc ≡ mνvesc/Tν,0

of (5.9, 4.4, 3.0, 1.5) and (5.4, 4.1, 2.7, 1.4) for mν = (0.6, 0.45, 0.3, 0.15) eV.

forming a semi-degenerate state that can only be made denser by filling in
states above pesc.4

6 Relic Neutrino Detection

6.1 Flux Detection

The relic neutrinos’ low average momentum 〈p〉 = 〈y〉Tν,0 corresponds to a
de Broglie wavelength of macroscopic dimension, λ– = 1/〈p〉 = 0.12 cm/〈y〉.
Therefore, one may envisage scattering processes in which many target atoms
act coherently [22, 23] over a macroscopic volume λ–3, so that the elastic
scattering rate is proportional to the square of the number of target atoms
in λ–3. Compared to the case where the neutrinos are elastically scattered
coherently only on the individual target nuclei, the new rate is enhanced by
a factor of

NA

A
ρt λ–3 
 6 × 1018

(
100
A

)(
ρt

g/cm3

)(
λ–

0.1 cm

)3

, (10)

4This degeneracy should not be confused with that arising from the Pauli ex-
clusion principle.
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where NA is the Avogadro constant, A is the atomic mass, and ρt is the mass
density of the target material.5

Exploiting this effect, a practical detection scheme for the local relic neu-
trino flux is based on the fact that a test body of density ρt at Earth experi-
ences a neutrino wind force through random scattering events, leading to an
acceleration given, for Dirac neutrinos, by [22, 23, 27, 28]

at 

∑
ν,ν̄

nν vrel︸ ︷︷ ︸
flux

4π
3
N2

A ρt r
3
t σνN 2mν vrel︸ ︷︷ ︸

mom. transfer


 2 × 10−28

(
nν

n̄ν

)(
10−3 c

vrel

)(
ρt

g/cm3

)(
rt

�/(mνvrel)

)3

cm s−2 ,(11)

with rt < λ–, σνN 
 G2
F m2

ν/π is the elastic neutrino–nucleon cross section,
vrel = 〈|v−v⊕|〉 the mean neutrino velocity in the detector’s rest frame, and
v⊕ 
 2.3× 102 km s−1 
 7.7× 10−4 c the Earth’s velocity through the Milky
Way. For nν/n̄ν ∼ 20, (11) gives at ∼ 10−26 cm s−2. For Majorana neutrinos,
at is further suppressed by a factor of (vrel/c)2 
 10−6 for an unpolarised
target, and vrel/c 
 10−3 for a polarised one.

To digest these estimates, we note that the smallest measurable accelera-
tion at present is > 10−13 cm s−2, using conventional Cavendish-type torsion
balances. Possible improvements with currently available technology to a sen-
sitivity of > 10−23 cm s−2 have been proposed [29, 30]. However, this is still
off the prediction (11) by three orders of magnitude. Therefore, we conclude
that an observation of this effect will not be possible in the next decade, but
can still be envisaged in the foreseeable future (thirty to forty years according
to [32], exploiting advances in nanotechnology), if our known light neutrinos
are Dirac particles. Should they turn out, in the meantime, to be Majorana
particles, flux detection via mechanical forces will be a real challenge.

Lastly, the background contribution to the acceleration (11) from the solar
pp neutrinos [flux ∼ 1011 cm−2s−1, 〈Eν〉 ∼ 0.3 MeV (e.g., [31])], aν sun

t 

10−27 cm s−2 [27], may be rejected by directionality. The background from
weakly interacting massive particles (WIMPs χ, with mass mχ) [27],

aWIMP
t 
 nχ vrel︸ ︷︷ ︸

flux

NA A σχN 2mχ vrel︸ ︷︷ ︸
mom. transfer

(12)


 6 ×10−29

(
ρχ

0.3 GeV/cm3

)( vrel
10−3 c

)2
(

A

100

)( σχN

10−45 cm2

)
cm s−2 ,

should they be the main constituent of galactic dark matter with mass density
ρχ ≡ nχmχ 
 0.3 GeV cm−3 at r⊕, can be neglected as soon as the WIMP–
nucleon cross section σχN is smaller than ∼3 × 10−45 cm2. This should be
well established by the time relic neutrino direct detection becomes a reality.

5In the case of coherent scattering, it is possible, in principle, to measure also
the scattering amplitude itself [24, 25, 26], which is linear in GF . However, a large
lepton asymmetry is required for a non-negligible effect.
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6.2 Target Detection

Detection methods based on the scattering of extremely energetic particles
(accelerator beams or cosmic rays) off the relic neutrinos as a target take
advantage of the fact that, for centre-of-mass (c.m.) energies,

√
s =

√
2mν Ebeam 
 4.5

(mν

eV

)1/2
(
Ebeam

10 TeV

)1/2

MeV , (13)

just below the W - and Z-resonances, the weak interaction cross sections grow
rapidly with the beam energy Ebeam.

At accelerators Target detection using accelerator beams does not seem vi-
able. For a hypothetical beam energy of 107 TeV and an accelerator ring of
ultimate circumference L 
 4 × 104 km around the Earth, the interaction
rate is roughly one event per year. See [1] for details.

With cosmic rays It was pointed out by Weiler [33, 34] (for earlier sugges-
tions, see [35, 36, 37, 38, 39]) that the resonant annihilation of extremely ener-
getic cosmic neutrinos (EECν)—with E > 1020 eV—with relic anti-neutrinos
(and vice versa) into Z-bosons appears to be a unique process having sensi-
tivity to the relic neutrinos. On resonance,

Eres
ν =

m2
Z

2mν

 4 × 1021

(
eV
mν

)
eV , (14)

the associated cross section is enhanced by several orders of magnitude,

〈σann〉 =
∫
ds σZ

νν̄(s)/m2
Z 
 2π

√
2GF 
 4 × 10−32 cm2 , (15)

leading to a “short” mean free path �ν = (n̄ν 〈σann〉)−1 
 1.4 × 105 Mpc
which is only about 48h times the Hubble distance. Neglecting cosmic evo-
lution effects, this corresponds to an annihilation probability for EECν from
cosmological distances on the relic neutrinos of 2h−1%.

The signatures of annihilation are (i) absorption dips [33, 34, 40] (see also
[41, 42, 43]) in the EECν spectrum at the resonant energies, and (ii) emission
features [44, 45, 46, 47, 48] (Z-bursts) as protons and photons with energies
spanning a decade or more above the Greisen–Zatsepin–Kuzmin (GZK) cutoff
at EGZK 
 4 × 1019 eV [49, 50]. This is the energy beyond which the CMB
is absorbing to nucleons due to resonant photopion production.6

The possibility to confirm the existence of relic neutrinos within the next
decade from a measurement of the aforementioned dips in the EECν flux
was recently investigated in [40]. Presently planned neutrino detectors (Pierre
Auger Observatory [55], IceCube [56], ANITA [57], EUSO [58], OWL [59],

6The association of Z-bursts with the mysterious cosmic rays observed above
EGZK is a controversial possibility [44, 45, 46, 47, 48, 51, 52, 53, 54].
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and SalSA [60]) operating in the energy regime above 1021 eV appear to be
sensitive enough to lead us, within the next decade, into an era of relic neu-
trino absorption spectroscopy, provided that the EECν flux at the resonant
energies is close to current observational bounds and the neutrino mass is
> 0.1 eV. In this case, the associated Z-bursts must also be seen as post-
GZK events at the planned cosmic ray detectors (Auger, EUSO, and OWL).

What are the implications of relic neutrino clustering for absorption and
emission spectroscopy? Firstly, absorption spectroscopy is predominantly sen-
sitive to the relic neutrino background at early times, with the depths of the
absorption dips determined largely by the higher number densities at z  1.
Since neutrinos do not cluster significantly until z < 2, clustering at recent
times can only show up as secondary dips with such minimal widths in en-
ergy [61] that they do not seem likely to be resolved by planned observatories.

On the other hand, emission spectroscopy is directly sensitive to the relic
neutrino content of the local universe (z < 0.01 ⇔ rGZK < 50 Mpc). However,
since the neutrino density contrasts approximately track those of the under-
lying CDM above the neutrino free-streaming scale k−1

fs , it is clear that there
cannot be a substantial neutrino overdensity over the whole GZK volume
(∼r3GZK). Indeed, given the local CDM distribution inferred from peculiar
velocity measurements (smeared over ∼5 Mpc), we estimate the correspond-
ing neutrino overdensity to be < 2 (Fig. 5). Hence the overall emission rate
cannot be significantly enhanced by gravitational clustering.

Another possibility is to exploit the fact that there are several galaxy clus-
ters (> 1014M�) within the GZK zone with significant neutrino clustering.
One could then search for directional dependences in the emission events as
a signature of EECν–relic ν annihilation. For example, AGASA has an an-

Fig. 5. “Large scale” overdensities (i = ν, CDM) in the local universe, with the
Milky Way at r = 0. The black solid line corresponds to the local CDM distribution
inferred from peculiar velocity measurements [62] (see also [63]) smeared over the
surface of a sphere with radius r [48]. The dotted line is the neutrino overdensity
for mν = 0.6 eV, short dash 0.3 eV, long dash 0.15 eV, and dot-dash 0.04 eV.
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gular resolution of ∼2◦ [64]. This is already sufficient to resolve the internal
structures of, say, the Virgo cluster (distance ∼15 Mpc, Mvir ∼ 8× 1014M�)
which spans some 10◦ across the sky. From Fig. 1, the average neutrino over-
density along the line of sight towards and up to Virgo is estimated to be ∼45
and ∼5 for mν = 0.6 eV and 0.15 eV respectively, given an angular resolution
of ∼2◦. The corresponding increases in the number of events coming from
the direction of the Virgo cluster relative to the unclustered case, assuming
an isotropic distribution of EECν sources, are given roughly by the same
numbers, since protons originating from ∼15 Mpc away arrive at Earth ap-
proximately unattenuated. The numbers improve to ∼55 and ∼8 respectively
with a finer ∼1◦ angular resolution.

7 Conclusion

We have conducted a systematic and exhaustive study of the gravitational
clustering of big bang relic neutrinos onto existing CDM and baryonic struc-
tures within the flat ΛCDM model. Our main computational tools are (i) a
restricted, N -one-body method, in which we neglect the gravitational interac-
tion between the neutrinos and treat them as test particles moving in an ex-
ternal potential generated by the CDM/baryonic structures, and (ii) a semi-
analytical, linear technique, which requires additional assumptions about the
neutrino phase space distribution. In both cases, the CDM/baryonic gravi-
tational potentials are calculated from parametric halo density profiles from
high resolution N -body studies and/or from realistic mass distributions re-
constructed from observational data.

Using these two techniques, we track the relic neutrinos’ accretion onto
CDM halos ranging from the galaxy to the galaxy cluster variety (Mvir ∼
1012 → 1015M�), and determine the neutrino number densities on scales
∼1 → 1000 kpc for a range of neutrino masses. We find that the linear
method systematically underestimates the neutrino overdensities over the
whole range of halo and neutrino masses considered. Reconciliation with N -
one-body simulations can only be achieved if we impose a smoothing scale
of > 1 Mpc, or if the overdensity is no more than three or four. We there-
fore conclude that the linear theory does not generally constitute a faithful
approximation to the Vlasov equation in the study of neutrino clustering on
galactic and sub-galactic scales (< 50 kpc). However, it may still be useful
for finding the minimum effects of neutrino clustering in other contexts not
considered in this work (e.g., the nonlinear matter power spectrum [65]).

Next we estimate the neutrino phase space distribution in the Milk Way,
especially in our local neighbourhood at Earth r⊕, taking also into account
contributions to the total gravitational potential from the galactic bulge and
disk. We find a maximum overdensity of ∼20 per neutrino flavour in our
immediate vicinity, provided that the neutrino mass is at its current upper
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limit of 0.6 eV. For neutrino masses less than 0.15 eV, the expected over-
density from gravitational clustering is less than two. The associated coarse-
grained momentum spectra show varying degrees of deviation from the rel-
ativistic Fermi–Dirac function, but share a common feature that they are
semi-degenerate, with phase space density f̄ ∼ 1/2, up to the momentum
state corresponding to the escape velocity from the Milky Way at r⊕. This
means that the neutrino number densities we have calculated here for r⊕
are already the highest possible, given the neutrino mass, without violating
phase space constraints. In order to attain even higher densities, one must
now appeal to non-standard theories (e.g., [66]).

In terms of scattering-based detection possibilities, this meager enhance-
ment in the neutrino number density in the Milky Way from gravitational
clustering means that relic neutrinos are still far from being detected in fully
earthbound laboratory experiments. For flux detection methods based on co-
herent elastic scattering of relic neutrinos off target matter in a terrestrial
detector, a positive detection could be thirty to forty years away, provided
that light neutrinos are Dirac particles. For light Majorana neutrinos, another
∼103 times more sensitivity would be required in the detector for a positive
signal. Target detection methods using accelerator beams seem equally hope-
less, unless the accelerator is the size of the Earth and operates at an energy
of ∼107 TeV.

Meanwhile, target detection using extremely energetic cosmic neutrinos
(EECν,> 1021 eV) remains the only viable means to confirm the existence of
big bang relic neutrinos within the next decade or so. Resonant annihilation
of EECν on relic neutrinos can be revealed as absorption dips in the EECν
flux (e.g., [40]), or as emission features in the Z-decay products. However,
since absorption spectroscopy is largely insensitive to late time (z < 2) relic
neutrino clustering, our findings here have little impact on the conclusions
of [40]. On the other hand, emission spectroscopy is sensitive to the relic
neutrino content of the local GZK zone, VGZK ∼ 503 Mpc3. While we find
no significant large scale clustering within VGZK and therefore no significant
enhancement in the overall emission rates, it is still conceivable to exploit
the considerable neutrino overdensities in nearby galaxy clusters, and search
for directional dependences in the post-GZK emission events. For the Virgo
cluster, for example, we estimate the event rate from the central 1◦ region
to be ∼55 and ∼8 times the unclustered rate for neutrino mass mν = 0.6 eV
and 0.15 eV respectively, assuming an isotropic distribution of EECν sources.
Planned observatories such as the Pierre Auger Observatory [55], EUSO [58]
and OWL [59] will have sufficient angular resolution to, in principle, see
this enhancement. However, considering the rapidly improving constraints
on both the EECν flux and neutrino masses, it remains to be seen if the
enhancement can indeed be observed with enough statistical significance [67].
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Abstract. Recently Holz & Wheeler [1] considered a very attracting possibility to
detect retro-MACHOs, i.e. retro-images of the Sun by a Schwarzschild black hole.
In this paper we discuss glories (mirages) formed near rapidly rotating Kerr black
hole horizons and propose a procedure to measure masses and rotation parameters
analyzing these forms of mirages. In some sense that is a manifestation of gravi-
tational lens effect in the strong gravitational field near black hole horizon and a
generalization of the retro-gravitational lens phenomenon. We analyze the case of a
Kerr black hole rotating at arbitrary speed for some selected positions of a distant
observer with respect to the equatorial plane of a Kerr black hole. We discuss glo-
ries (mirages) formed near rapidly rotating Kerr black hole horizons and propose
a procedure to measure masses and rotation parameters analyzing these forms of
mirages. Some time ago Falcke, Melia & Agol [2] suggested to search shadows at
the Galactic Center. In this paper we present the boundaries for shadows calculated
numerically. We also propose to use future radio interferometer RADIOASTRON
facilities to measure shapes of mirages (glories) and to evaluate the black hole spin
as a function of the position angle of a distant observer.

Recently Holz & Wheeler [1] have suggested that a Schwarzschild black
hole may form retro-images (called retro-MACHOs) if it is illuminated by
the Sun. We analyze a rapidly rotating Kerr black hole case for some selected
positions of a distant observer with respect to the equatorial plane of the
Kerr black hole. We discuss glories (mirages) formed near a rapidly rotating
Kerr black hole horizon and propose a procedure to measure the mass and
the black hole spin analyzing the mirage shapes. Since a source illuminating
the black hole surroundings may be located in an arbitrary direction with re-
spect to the observer line of sight, a generalization of the retro-gravitational
lens idea suggested by Holz & Wheeler [1] is needed. A strong gravitational
field approximation for a gravitational lens model was considered recently in
several papers [3, 4, 5, 6, 7, 8, 10, 11, 12, 13, 14, 15]. However, if we consider
the standard geometry for a gravitational lens model, namely if a gravita-
tional lens is located between a source and observer, then the probability to
have evidences for strong gravitational field effects is quite small, because
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the probability is about P ∼ τGL × RG/DS where, τGL is the optical depth
for gravitational lensing and the factor RG/DS corresponds to a probabil-
ity to have a manifestations for strong gravitational field effects (RG is the
Schwarzschild radius for a gravitational lens, DS is a distance between an ob-
server and a gravitational lens). Therefore, the factor RG/DS is quite small
for typical astronomical cases. However, these arguments cannot be used for
the cases of a a source located nearby a black hole.

First, it is necessary to explain differences of a considered geometry, stan-
dard geometry of gravitational lensing (when a gravitational lens is located
roughly speaking between a source and an observer) and a model introduced
by Holz & Wheeler [1] when an observer is located between a source (Sun)
and a gravitational lens that is a black hole. In this paper we will consider
images formed by retro-photons, but in contrast to Holz & Wheeler [1] we
will analyze forms of images near black holes but not a light curve of an
image formed near black hole as Holz & Wheeler [1] did. In our consideration
a location of source could be arbitrary in great part (in accordance with a
geometry different parts of images could be formed),1 for example, accretion
flows (disks) could be sources forming such images. Since in such cases im-
ages formed by retro-photons are considered, we call it like retro gravitational
lensing even if a source is located near a gravitational lens (a black hole) in
contrast to a standard gravitational lens model.

As usual, we use geometrical units with G = c = 1. It is convenient also
to measure all distances in black hole masses, so we may set M = 1 (M
is a black hole mass). Calculations of mirage forms are based on qualitative
analysis of different types of photon geodesics in a Kerr metric (for references
see [16, 17, 18, 19]). In fact, we know that impact parameters of photons are
very close to the critical ones (which correspond to parabolic orbits). One can
find some samples of photon trajectories in [20, 17]. This set (critical curve) of
impact parameters separates escape and plunge orbits (see [16, 17, 18, 19] for
details) or otherwise the critical curve separates scatter and capture regions
for unbounded photon trajectories. Therefore the mirage shapes almost look
like to critical curves but are just reflected with respect to z-axis. We assume
that mirages of all orders almost coincide and form only one quasi-ring from
the point of view of the observer. We know that the impact parameter corre-
sponding to the π deflection is close to that corresponding to a nπ deflections
(n is an odd number). For more details see Holz & Wheeler [1] (astronomical
applications of this idea was discussed by De Paolis et al. [21] and its gener-
alizations for Kerr black hole are considered by De Paolis et al. [22]). We use
prefix “quasi” since we consider a Kerr black hole case, so that mirage shapes
are not circular rings but Kerr ones. Moreover, the side which is formed by
co-moving (or co-rotating) photons is much brighter than the opposite side
since rotation of a black hole squeeze deviations between geodesics because

1However, if a source is located between black hole and an observer, images
formed by retro-photons and located near black holes could be non-detectable.
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of Lense – Thirring effect. Otherwise, rotation stretches deviations between
geodesics for counter-moving photons.

The full classification of geodesic types for Kerr metric is given in [18]. As
it was shown in this paper, there are three photon geodesic types: capture,
scattering and critical curve which separates the first two sets. This classifi-
cation fully depends only on two parameters ξ = Lz/E and η = Q/E2, which
are known as Chandrasekhar’s constants [17]. Here the Carter constant Q is
given by Carter [23]

Q = p2
θ + cos2 θ

[
a2
(
m2 − E2

)
+ L2

z/sin
2 θ
]
, (1)

where E = pt is the particle energy at infinity, Lz = pφ is z-component of its
angular momentum, m = pip

i is the particle mass. Therefore, since photons
have m = 0

η = p2
θ/E

2 + cos2 θ
[
−a2 + ξ2/sin2 θ

]
. (2)

The first integral for the equation of photon motion (isotropic geodesics) for
a radial coordinate in the Kerr metric is described by the following equation
[23, 17, 18, 24]

ρ4(dr/dλ)2 = R(r) ,

where

R(r) = r4 + (a2 − ξ2 − η)r2 + 2[η + (ξ − a)2]r − a2η , (3)

and ρ2 = r2 +a2 cos2 θ,∆ = r2 −2r+a2, a = S/M2. The constants M and S
are the black hole mass and angular momentum, respectively. Equation (3)
is written in dimensionless variables (all lengths are expressed in black hole
mass units M).

We will consider different types of geodesics on r – coordinate in spite of
the fact that these type of geodesics were discussed in a number of papers and
books, in particular in a classical monograph by Chandrasekhar [17] (where
the most suited analysis for our goals was given). However, our consideration
is differed even from Chandrasekhar’s analysis in the following items.

(i) Chandrasekhar [17] considered the set of critical geodesics separating
capture and scatter regions as parametric functions η(r), η(r), but not as the
function η(ξ) (as we do). However, we believe that a direct presentation of
function η(ξ) is much more clear and give a vivid illustration of different
types of motion. Moreover, one could obtain directly form of mirages from
the function η(ξ) (as it will be explained below).

(ii) Chandrasekhar [17] considered the function η(r) also for η < 0 and
that is not quit correct, because for η < 0 allowed constants of motion corre-
spond only to capture (as it was mentioned in the book [17]). This point will
be briefly discussed below.

If we fix a black hole spin parameter a and consider a plane (ξ, η) and dif-
ferent types of photon trajectories corresponding to (ξ, η), namely, a capture
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region, a scatter region and the critical curve ηcrit(ξ) separating the scatter
and capture regions. The critical curve is a set of (ξ, η) where the polynomial
R(r) has a multiple root (a double root for this case). Thus, the critical curve
ηcrit(ξ) could be determined from the system [18, 24]

R(r) = 0 ,
∂R

∂r
(r) = 0 , (4)

for η ≥ 0, r ≥ r+ = 1+
√

1 − a2, because by analyzing of trajectories along the
θ coordinate we know that for η < 0 we have M = {(ξ, η)|η ≥ −a2 + 2a|ξ| −
ξ2,−a ≤ ξ ≤ a} and for each point (ξ, η) ∈ M photons will be captured. If
instead η < 0 and (ξ, η) ∈̄ M , photons cannot have such constants of motion,
corresponding to the forbidden region (see, [17, 18] for details).

One can therefore calculate the critical curve η(ξ) which separates the
capture and the scattering regions [18, 24]. We remind that the maximal value
for ηcrit(ξ) is equal to 27 and is reached at ξ = −2a. Obviously, if a → 0,
the well-known critical value for Schwarzschild black hole (with a = 0) is
obtained.

Thus, at first, we calculate the critical curves for chosen spin parameters a
which are shown in Fig. 1. The shape of the critical curve for a = 0 (Schwarz-
schild black hole) is well-known because for this case we have ηcrit(ξ) = 27−ξ2
for |ξ| � 3

√
3, but we show the critical curve to compare with the other cases.

By following this approach we can find the set of critical impact para-
meters (α, β), for the image (mirage or glory) around a rotating black hole.
The sets of critical parameters form caustics around black holes and it is
well-known that caustics are the brightest part of each image (numerical
simulations of caustic formations were done by Rauch & Blandford [25]). We
remind that (α, β) parameters could be evaluated in terms of (ξ, ηcrit) by the
following way [17]

α(ξ) = ξ/ sin θ0 , (5)

β(ξ) = (ηcrit(ξ) + a2 cos2 θ0 − ξ2 cot2 θ0)1/2

= (ηcrit(ξ) + (a2 − α2(ξ)) cos2 θ0)1/2 . (6)

Actually, the mirage shapes are boundaries for shadows considered by Falcke,
Melia & Agol [2] (see also [26]).

We note that the precision we obtain by considering critical impact para-
meters instead of their exact values for photon trajectories reaching the ob-
server is good enough. In particular, co-rotating photons form much brighter
part of images with respect to retrograde photons. Of course, the larger is the
black hole spin parameter the larger is this effect (i.e. the co-rotating part of
the images become closest to the black hole horizon and brighter).
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Fig. 1. Different types for photon trajectories and spin parameters (a = 1., a =
0.5, a = 0.). Critical curves separate capture and scatter regions. Here we show also
the forbidden region corresponding to constants of motion η < 0 and (ξ, η) ∈̄ M as
it was discussed in the text.

This approximation is based not only on numerical simulation results of
photon propagation [27, 28, 29, 30, 31, 41, 43, 38, 39, 40] (about 109 photon
trajectories were analyzed) but also on analytical results (see, for example
[17, 18]).

Let us assume that the observer is located in the equatorial plane (θ =
π/2.). For this case we have from (5) and (6)

α(ξ) = ξ, (7)

β(ξ) =
√
ηcrit(ξ) . (8)

As mentioned earlier, the maximum impact value β = 3
√

3 corresponds to
α = −2a and if we consider the extreme spin parameter a = 1 a segment
of straight line α = 2, 0 < |β| <

√
3 belongs to the mirage (see images

in Fig. 2 for different spin parameters). It is clear that for this case one
could easy evaluate the black hole spin parameter after the mirage shape
reconstruction since we have a rather strong dependence of the shapes on
spins. As it was explained earlier, the maximum absolute value for |β| =
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Fig. 2. Mirages around black hole for equatorial position of distant observer and
different spin parameters. The solid line, the dashed line and the dotted line corre-
spond to a = 1, a = 0.5, a = 0 correspondingly.

√
27 ≈ 5.196 corresponds to α = −2a since the maximum value for η(ξ)

corresponds to η(−2a) = 27 as it was found by Zakharov [18]. Therefore, in
principle it is possible to estimate the black hole spin parameter by measuring
the position of the maximum value for β, but probably that part of the mirage
could be too faint to be detected.

If the observer is located along the polar axis we have θ0 = 0 and from
(6) we obtain

β(α) = (ηcrit(0) + a2 − α2(ξ))1/2. (9)

or

β2(α) + α2 = ηcrit(0) + a2 . (10)

Thus, mirages around Kerr black hole look like circles and even for this case
in principle we could evaluate the black hole spin (if the black hole mass is
known) taking into account that radii of these circles weakly depend on the
black hole spin parameter (Fig. 3). However, one should mention that due to
the small difference between radii for different spins, even in the future it is
unlikely to be able to measure black hole spins in this way (see Table 1).

Let us consider different values for the angular positions of a distant
observer θ = π/2, π/3 and π/8 for the spin parameter a = 0.5 (Fig. 4) and
θ = π/2, π/3, π/4 and π/6 for a = 1. (Fig. 5). From these Figures one can
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Fig. 3. Mirages around a black hole for the polar axis position of distant observer
and different spin parameters (a = 0, a = 0.5, a = 1). Smaller radii correspond to
greater spin parameters.

Table 1. Dependence of η(0) and mirage radii Rcirc = (η(0) + a2)1/2 on spins.

a 0 0.2 0.4 0.5 0.6 0.8 1.

η(0) 27 26.839 26.348 25.970 25.495 24.210 22.314

Rcirc 5.196 5.185 5.14 9 5.121 5.085 4.985 4.828

see that angular positions of a distant observer could be evaluated from the
mirage shapes only for rapidly rotating black holes (a ∼ 1), but there are no
chances to evaluate the angles for slowly rotating black holes, because even
for a = 0.5 the mirage shape differences are too small to be distinguishable
by observations. Indeed, mirage shapes weakly depend on the observer angle
position for moderate values of a black hole spin.

According to the schedule the space radio telescope RADIOASTRON
will be launched in 2006 or 2007. This project was initiated by Astro Space
Center (ASC) of Lebedev Physical Institute of Russian Academy of Sciences
(RAS) in collaboration with other institutions of RAS and RosAviaKosmos.
Scientists from 20 countries develop the scientific payload for the satellite and
will provide a ground base support of the mission. The project was approved
by RAS and RosAviaKosmos and is smoothly developing. This space based
10-meter radio telescope will be used for space – ground VLBI measurements.
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Fig. 4. Mirages around black hole for different angular positions of a distant
observer and the spin a = 0.5. Solid, dashed and dotted lines correspond to
θ0 = π/2, π/3 and π/8, respectively.

The measurements will have extraordinary high angular resolutions, namely
about 1–10 microarcseconds (in particular about 8 microarcseconds at the
shortest wavelength 1.35 cm and a standard orbit and could be about 0.9
microarcseconds for the high orbit at the same wavelength. For observations
four wave bands will be used corresponding to λ = 1.35 cm, λ = 6.2 cm,
λ = 18 cm, λ = 92 cm.

The fringe sizes (in micro arc seconds) for the apogee of the above-
mentioned orbit and for all RADIOASTRON bands are given in Table 2.

Thus, there are non-negligible chances to observe such mirages around
the black hole at the Galactic Center and in nearby AGNs and microquasars
in the radio-band using RADIOASTRON facilities.

Observations of Sgr A∗ in radio, near-infrared and X-ray spectral bands
develop very rapidly [44, 45, 46, 47, 48, 49, 50, 52, 51]2 also because it har-
bours the closest massive black hole. The mass of this black holes is estimated
to be 4×106 M� [51, 54, 55, 56] and its intrinsic size from VLBA observations
at wavelengths λ = 2 cm, 1.3 cm, 0.6 cm and 0.3 cm [51].

Similarly to Falcke, Melia & Agol [2] we propose to use VLBI technique
to observe the discussed mirages around black holes. They used ray-tracing

2An interesting idea to use radio pulsars to test a region near black hole horizon
was proposed in [53].
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Fig. 5. Mirages around black hole for different angular positions of a distant ob-
server and the spin a = 1. Solid, long dashed, short dashed and dotted lines corre-
spond to θ0 = π/2, π/3, π/6 and π/8, respectively.

Table 2. The fringe sizes (in micro arc seconds) for the standard and advanced
apogees Bmax (350 000 and 3 200 000 km correspondingly).

Bmax(km)\λ(cm) 92 18 6.2 1.35

3.5 × 105 540 106 37 8

3.2 × 106 59 12 4 0.9

calculations to evaluate the shapes of shadows. The boundaries of the shad-
ows are black hole mirages (glories or “faces”) analyzed earlier. We use the

length parameter rg =
GM

c2
= 6 × 1011 cm to calculate all values in these

units as it was explained in the text. If we take into account the distance
towards the Galactic Center DGC = 8 kpc then the length rg corresponds to
angular sizes ∼5µas. Since the minimum arc size for the considered mirages
are about 2rg, the standard RADIOASTRON resolution of about 8 µas is
comparable with the required precision. The resolution in the case of the
higher orbit and shortest wavelength is ∼ 1µas (Table 2) good enough to
reconstruct the shapes. Therefore, in principle it will be possible to evaluate
a and θ parameters after mirage shape reconstructions from observational
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data even if we will observe only the bright part of the image (the bright
arc) corresponding to positive parameters α. However, Gammie, Shapiro &
McKinney [57] showed that black hole spin is usually not very small and
could reach 0.7–0.9 (numerical simulations of relativistic magnetohydrody-
namic flows give a ∼ 0.9). Taking into account detections of 106 day cycle in
Sgr A∗ radio variability seen at 1.3 cm and 2.0 cm by Zhao, Bower & Goss
[58] at Very Large Array (VLA), Liu & Melia [59] suggested a procedure to
evaluate the black hole spin assuming that the variability could be caused by
spin induced disk precession. Moreover, the recent analysis by Aschenbach et
al. [60] of periodicity of X-ray flares from the Galactic Center black hole gives
an estimate for the spin as high as a = 0.9939+0.0026

−0.0074. Actually, the authors
used generalizations of the idea proposed by Melia et al. [61] that the mini-
mum rotation period for Schwarzschild black hole (for an assumed black hole
mass of 2.6 × 106M�) is about P0 ≈ 20 minutes and could be in the range
P0 ∈ [2.6, 36] minutes depending on the black hole spin and prograde and
retrograde accretion flows generating the quasi-periodic oscillations. Using
this idea and analyzing quasi-periodic variabilities in a infrared band Genzel
et al. [46] concluded that the black hole spin should be a ∼ 0.5. However,
this conclusion is based on the assumption that the emitting region is located
at the marginally stable orbit, therefore if the periodicity is related to the
emitting gas motion around the black hole, we should conclude that the black
hole spin is a � 0.5. One could also mention that such a determination of the
black hole spin is indirect and actual typical frequencies for real accretion
flows could be rather different from frequencies considered by the authors.
We may summarize by saying that there are indications that the spin of the
Galactic Center black hole can be very high, although this problem is not
completely solved up to date.

As stated earlier, the part of Kerr quasi-rings formed by co-rotating pho-
tons is much brighter with respect to the opposite side (i.e. the part of the
image formed by counter-rotating photons) and in principle can be detected
much more easily. However, even the bright part of the quasi-ring can give in-
formation about mass, rotation parameter and inclination angle of the black
hole. Of course, if the black hole – observer distance is unknown, the black
hole mass can be evaluated in units of the distance. Even if the faint part of
image (which is formed by counter-rotating photons) is not detectable, one
can try to reconstruct the shape of the total image searching for the best fit
of the full image using only the bright part of the image.

Of course, we have such superpower laser (greater than Gigawatt) which
Holz & Wheeler [1] wanted to use to investigate a black hole by an active
way and, in principle, it is possible to infer the spin parameter and inclination
angle by analyzing of mirage shapes formed by retro-photons.

Holz & Wheeler [1] mentioned that the structure of such retro-Macho im-
ages will be unresolvable, because of even for very close black holes (say at
the age of the solar system), the angular extent of retro-Macho images remain
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less than a milliarcsecond. If we we could assume that this black hole could be
at the edge of the solar system. We could not restrict ourselves to speculate
on future observational facilities. For example, future Space Interferometry
Mission (SIM)3, GAIA satellite4 and FAME5 could resolve such images, be-
cause they will have a sufficient angular resolution for our example (for ex-
ample, over a narrow field of view SIM could achieve an accuracy of 1 µas, a
similar accuracy will have GAIA), but unfortunately its limiting magnitude
will be about 20 mag (the limiting magnitude for GAIA V ∼ 20), and since
the limiting distance to discover such phenomenon is restricted by Holz &
Wheeler [1]

DL = 0.02pc ×
[
10(m−30)/2.5(M/M�)2

]1/3

, (11)

thus, for SIM limiting magnitude and even for massive black hole (M =
10M�), we obtain that such a retro-Macho should be inside of solar system
since DL ∼ 10−4pc. Therefore, to discover such phenomenon we need instru-
ment like SIM concerning angular resolution, but limiting magnitude should
on 10 mag better than SIM. In this case there is a possibility not only to
observe such retro-Macho at the the edge of the solar system but also to
determine its angular momentum.

We could summarize that angular resolution of the space RADIOAS-
TRON interferometer will be high enough to resolve radio images around
black holes therefore analyzing the shapes of the images one could evaluate
the mass and the spin a for the Kerr black hole inside the Galactic Center
and a position angle θ0 for a distant observer and as it is clear a position
angle could be determined by more simple way for rapidly rotating black
holes a ∼ 1 (in principle, measuring the mirage shapes we could evaluate
mass, inclination angle and spin parameter if we know the distance toward
the observed black hole. Otherwise one can only evaluate the spin parameter
in units of the black hole mass since even for not very small spin a = 0.5 we
have very weak dependence on θ0 angle for mirage shapes and hardly ever one
could determine θ0 angle from the mirage shape analysis. Moreover, we have
a chance to evaluate parameters a and θ (for rapidly rotating black holes) if
we reconstruct only bright part of the mirages (bright arcs) corresponding to
co-moving photons (α > 0). However, for slow rotating black holes α � 0.5 it
would be difficult to evaluate parameters a and θ because we have very slow
dependence of mirage shapes on these parameters.

However, there are two kind of difficulties to measure mirage shapes
around black holes. First, the luminosity of these images or their parts (arcs)
may not be sufficient to being detectable by RADIOASTRON. However, nu-
merical simulations by Falcke, Melia & Agol [2], Melia & Falcke [54] give

3http://planetquest.jpl.nasa.gov/SIM/
4http://astro.estec.esa.nl/gaia
5The FAME Concept study. Report by Johnson et al. [62] is available at

http://www.usno. navy.mil/FAME/publications, see also [63].
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hope that the luminosity could be not too small at least for arcs of images
formed by co-rotating photons (α > 0). Second, turbulent plasma could give
essential broadening of observed images [51], the longest interferometer base-
line bmax ∼ 350000 km (or for higher orbit bmax ∼ 3.2 × 106 km) and for
this case we have similar to [51] length scale in the scattering medium is
l = (Dscattering/DGC) × bmax ∼ 4.4 ∗ 103 km (or l = 4.4 × 104 km for the
higher orbit). Thus, the scale could be less or more than the predicted and
measured values of the inner scale, which are in the range 102 to 105.5 km
[64, 65, 51], thus the broadening the images could be essential but it is not
very easy to calculate it in details for such parameters.

Recent observations of simultaneous X-ray and radio flares at 3 mm, 7
mm, 1.3 cm and 2 cm with the few-hundred second rise/fall timescales gave
indirect evidences that X-ray and radio radiation from the close vicinity of Sgr
A∗ was detected because of that is the most natural interpretation of these
flares. However, another interpretations of these flares could not be ruled out
and in this case an optical depth for radio waves at 1.3 cm wavelength toward
Sgr A∗ may be not very small.

Few years ago a possibility to get images of nearby black holes in X-
ray band was discussed by White [66], Cash et al. [67], moreover Cash et
al. [67] presented a laboratory demonstration of the X-ray interferometer.
If the project will be realized, one could get X-ray images of black holes
with 0.1× 10−6 arcsec resolution, thus using this tool one could detect X-ray
images around the Galactic Centre and around the black hole in M87 Galaxy.

One could mention also that if the emitting region has a degenerate po-
sition with respect to the line of sight (for example, the inclination angle of
an accretion disk is � 850) strong bending effects found by Matt, Perolla &
Stella [68] and analyzed later by Zakharov & Repin [37] do appear.

In spite of the difficulties of measuring the shapes of images near black
holes is so attractive challenge to look at the “faces” of black holes because
namely the mirages outline the “faces” and correspond to fully general rela-
tivistic description of a region near black hole horizon without any assump-
tion about a specific model for astrophysical processes around black holes (of
course we assume that there are sources illuminating black hole surround-
ings). No doubt that the rapid growth of observational facilities will give a
chance to measure the mirage shapes using not only RADIOASTRON facili-
ties but using also other instruments and spectral bands (for example, X-ray
interferometer [66, 67] or sub-mm VLBI array [69]).
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Abstract. Nuclear double beta decay provides an extraordinarly broad potential
to search for beyond-standard-model physics. The occurrence of the neutrinoless
decay (0νββ) mode has fundamental consequences: first total lepton number
is not conserved, and second, the neutrino is a Majorana particle. Fur-
ther the effective mass measured allows to put an absolute scale of the neutrino
mass spectrum. In addition, double beta experiments yield sharp restrictions also
for other beyond standard model physics. These include SUSY models (R-parity
breaking and conserving), leptoquarks (leptoquark-Higgs coupling), compositeness,
left-right symmetric models (right-handeld W boson mass), test of special relativity
and of the equivalence principle in the neutrino sector and others. First evidence
for neutrinoless double beta decay was given in 2001, by the HEIDEL-
BERG-MOSCOW experiment. The HEIDELBERG-MOSCOW experiment is
the by far most sensitive 0νββ experiment since more than 10 years. It is oper-
ating 11 kg of enriched 76Ge in the GRAN SASSO Underground Laboratory. The
analysis of the data taken from 2 August 1990–20 May 2003, is presented here.
The collected statistics is 71.7 kg y. The background achieved in the energy region
of the Q value for double beta decay is 0.11 events/ kg y keV. The two-neutrino ac-
companied half-life is determined on the basis of more than 100 000 events to be
(1.74.+0.18

−0.16) × 1021 years. The confidence level for the neutrinoless signal is
4.2 σ level (more than 5σ in the pulse-shape-selected spectrum). The half-
life is T 0ν

1/2 = (1.19+0.37
−0.23)×1025 years. The effective neutrino mass deduced is

(0.2–0.6) eV (99.73% c.l.), with the consequence that neutrinos have degenerate
masses, and consequently still considerably, and contribute to hot dark matter in
the Universe. The sharp boundaries for other beyond SM physics, mentioned above,
are comfortably competitive to corresponding results from high-energy accelerators
like TEVATRON, HERA, etc. Some discussion is given on future ββ experiments.

1 Introduction

Since 40 years huge experimental efforts have gone into the investigation of
nuclear double beta decay which probably is the most sensitive way to look
for (total) lepton number violation and probably the only way to decide the
Dirac or Majorana nature of the neutrino. It has further perspectives to probe
also other types of beyond standard model physics. This thorny way has been
documented recently in some detail [29, 39, 31].
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With respect to half-lives to explore lying, with the order of 1025 years,
in a range on “half way” to that of proton decay, the two main experimental
problems were to achieve a sufficient amount of double beta emitter material
(source strength) and to reduce the background in such experiment to an
extremely low level. In both directions large progress has been made over the
decades. While the first experiment using source as detector [35], had only
grams of material to its disposal (10.6 g of CaF2), in the last years up to
more than 10 kg of enriched emitter material have been used. Simultaneously
the background of the experiments has been reduced strongly over the last
40 years. For example, compared to the first Germanium ββ experiment [45],
working still with natural Germanium, containing the double beta emitter
76Ge only with 7.8%, 40 years later the background in the HEIDELBERG-
MOSCOW experiment is reduced by a factor of 104.

The final dream behind all these efforts was less to see a standard-model
allowed second-order effect of the weak interaction in the nucleus – the two-
neutrino-accompanied decay mode – which has been observed meanwhile for
about 10 nuclei – (see e.g. [29]) but to observe neutrinoless double beta decay,
and with this a first hint of beyond standard model physics, yielding at the
same time a solution of the absolute scale of the neutrino mass spectrum.

2 Performance of the Experiment and Data Taking

2.1 General

The HEIDELBERG-MOSCOW experiment, proposed already in 1987 [9],
has been looking for double beta decay of 76Ge since August 1990 until No-
vember 30, 2003 in the Gran Sasso Underground Laboratory. It was using
the largest source strength of all double beta experiments at present, and has
reached a record low level of background, not only for Germanium double
beta decay search. It has demonstrated this during more than a decade of
measurements and is since more then ten years the most sensitive double beta
decay experiment worldwide. The experiment was since 2001 operated only
by the Heidelberg group, which also performed the analysis of the experiment
from its very beginning.

The experiment has been carried out with five high-purity p-type detec-
tors of Ge enriched to 86% in the isotope 76Ge (in total 10.96 kg of active
volume). These were the first enriched high-purity Ge detectors ever pro-
duced. So, the experiment starts from the cleanest thinkable source of double
beta emitter material, which at the same time is used as detector of ββ events.

A description of the experimental details has been given in [1, 2, 3, 10].
This will not be repeated in this paper, instead we concentrate on the results
and their consequences. But let us just mention some of the most important
features of the experiment here.
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1. Since the sensitivity for the 0νββ half-life is T 0ν
1/2 ∼ a× ε

√
Mt

∆EB (and
1√
T 0ν

∼ 〈mν〉), with a denoting the degree of enrichment, ε the efficiency of
the detector for detection of a double beta event, M the detector (source)
mass, ∆E the energy resolution, B the background and t the measuring time,
the sensitivity of our 11 kg of enriched 76Ge experiment corresponds to that of
an at least 1.2 ton natural Ge experiment. After enrichment – the other most
important parameters of a ββ experiment are: energy resolution, background
and source strength.

2. The high energy resolution of the Ge detectors of 0.2% or better, assures
that there is no background for a 0νββ line from the two-neutrino double beta
decay in this experiment, in contrast to most other present experimental
approaches, where limited energy resolution is a severe drawback.

3. The efficiency of Ge detectors for detection of 0νββ decay events is
close to 100% (95%, see [2]).

4. The source strength in this experiment of 11 kg is the largest source
strength ever operated in a double beta decay experiment.

5. The background reached in this experiment, is 0.113 ± 0.007 events/
kg y keV (in the period 1995-2003) in the 0νββ decay region (around Qββ).
This is the lowest limit ever obtained in such type of experiment.

6. The statistics collected in this experiment during 13 years of stable
running is the largest ever collected in a double beta decay experiment. The
experiment took data during ∼80% of its installation time.

7. The Q value for neutrinoless double beta decay has been determined
recently with high precision [33].

3 Data and Analysis

Figures 1, 2 show the total sum spectrum measured over the full energy range
of all five detectors for the period November 1995 to May 2003. The identified
lines are indicated with their source of origin (for details see[18]).

Figures 3, 4 show the part of the spectrum around Qββ , in the range 2000–
2060 keV, measured in the period August 1990 to May 2003 and November
1995 to May 2003. Non-integer numbers in the sum spectra are simply a
binning effect.

3.1 Energy Calibration

Precise energy calibration for all detectors before summing the individual
2142 runs taken with the detectors, and finally summing the sum spectra of
the different detectors (in total summing 9 570 data sets) is decisive to achieve
a good energy resolution of the total spectrum, and an optimum sensitivity of
the experiment. For details see [1, 2, 3]. A list of the energies of the identified
lines (Figs. 1, 2) is given in a recent paper [18], here we concentrate on the
range of interest around Qββ .
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Fig. 1. The total sum spectrum measured over the full energy range (low-energy
part) of all five detectors (in total 10.96 kg enriched in 76Ge to 86%) – for the period
November 1995 to May 2003.
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Fig. 3. The total sum spectrum of all five detectors (in total 10.96 kg enriched in
76Ge), for the period: left: November 1990 to May 2003 (71.7 kg y) in the range
2000–2060 keV right: – November 1995 to May 2003 (56.66 kg y) in the range 2000–
2060 keV and its fit (see Sect. 3.2).
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Fig. 4. The total sum spectrum of all five detectors (in total 10.96 kg enriched in
76Ge), in the range (2000–2060) keV and its fit, for the period August 1990 to May
2000 (50.57 kg y).

3.2 Analysis of the Spectra

In the measured spectra (Figs. 3–4) we see in the range around Qββ the
214Bi lines at 2010.7, 2016.7, 2021.8, 2052.9 keV, the line at Qββ and a can-
didate of a line at ∼ 2030 keV (see also [13, 19])1 The spectra have been
analyzed by different methods: Least Squares Method, Maximum Likelihood
Method (MLM) and Feldman-Cousins Method. The analysis is performed

1The objections raised after our first paper [4] concerning these lines and other
points, by Aalseth et al. (Mod.Phys.Lett.A17:1475-1478,2002 and hep-ex/0202018
v.1), have been shown to be wrong already in [7] and in [6], and later in [13] and
[19]. So this “criticism” was already history, before we reached the higher statistics
presented in this paper.
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without subtraction of any background. We always process background-plus-
signal data since the difference between two Poissonian variables does not
produce a Poissonian distribution [34]. This point has to be stressed, since it
is sometimes overlooked. So, e.g., in [44] a formula is developed making use
of such subtraction and as a consequence the analysis given in [44] provides
overestimated standard errors.

The large improvement of the present analysis (for details see [1, 2, 3])
compared to our paper from 2001 [4, 5, 6], is clearly seen from Fig. 4 showing
the new analysis of the data 1990–2000, as performed here – to be compared to
the corresponding figure in [4, 5, 6]. One reason lies in the stricter conditions
for accepting data into the analysis. The spectrum in Fig. 4 now corresponds
to 50.57 kg y to be compared to 54.98 kg y in [4], for the same measuring
period. The second reason is a better energy calibration of the individual
runs. The third reason is the refined summing procedure of the individual
data sets mentioned above and the correspondingly better energy resolution
of the final spectrum. (For more details see [1, 2, 3]). The signal strength seen
in the individual detectors in the period 1990-2003 is shown in [3].

We tested the confidence intervals calculated by the fitting programs with
numerical simulations (see [1, 2, 3]). As done earlier for other statistical meth-
ods [5, 6], we have simulated 100 000 spectra with Poisson-distributed back-
ground and a Gaussian-shaped (Poisson-distributed) line of given intensity,
and have investigated, in how many cases we find in the analysis the known
intensities inside the given confidence range. The result shows that the confi-
dence levels determined are correct within small errors (for details see [2, 3]).

4 Results

4.1 Full Spectra

Figures 3, 4 show together with the measured spectra in the range around
Qββ (2000–2060 keV), the fit by the least-squares method. A linear decreasing
shape of the background as function of energy was chosen corresponding to
the complete simulation of the background performed in [18] by GEANT4
(see Fig. 5).

In the fits in Figs. 3, 4 the peak positions, widths and intensities are
determined simultaneously, and also the absolute level of the background.

The signal at Qββ in the full spectrum at ∼ 2039 keV reaches a 4.2 σ
confidence level for the period 1990–2003 (28.8 ± 6.9) events, and of 4.1 σ for
the period 1995-2003 (23.0 ±5.7) events. The results of the new analysis are
consistent with the results given in [4, 5, 6]. The intensities of all other lines
are given in [2, 3].

We have given a detailed comparison of the spectrum measured in this
experiment with other Ge experiments in [19]. It is found that the most sen-
sitive experiment with natural Ge detectors [14], and the first experiment



100 H.V. Klapdor-Kleingrothaus

E [keV]
2000 2020 2040 2060 2080 2100

co
u

n
ts

/ 2
 k

eV

0

5

10

15

20

25

30

neutrons and muons

 Th decay chain232

 U decay chain238

anthropogenic isotopes

cosmogenic isotopes

E [keV]
2000 2020 2040 2060 2080 2100

co
u

n
ts

/ 2
 k

eV

0

5

10

15

20

25

30

Fig. 5. Monte Carlo simulation of the background in the range of Qββ by GEANT4,
including all known sources of background in the detectors and the setup. This
simulation [18] seems to be the by far most extensive and complete one ever made
for any double beta experiment. The background around Qββ is expected to be flat,
the only lines visible should be some weak 214Bi lines (from [18]).

using enriched (not yet high-purity) 76Ge detectors [15] find essentially the
same background lines (214Bi etc.), but no indication for the line near Qββ .
This is consistent with the rates expected from the present experiment due
to their lower sensitivity: ∼0.7 and ∼1.1 events, respectively. It is also con-
sistent with the result of the IGEX 76Ge experiment [16], which collected
only a statistics of 8.8 kg y, before finishing in 1999, and which should expect
∼2.6 events, which they might have missed. Their published half-life limit is
overestimated as result of an arithmetic mistake (see [17]).

4.2 Time Structure of Events

There are at present no other running experiments (with reasonable en-
ergy resolution) which can – not to speak about their lower sensitivity – in
principle give any further-going information in the search for double beta
decay than shown up to this point: namely a line at the correct energy
Qββ . Also most future projects cannot determine more. The HEIDELBERG-
MOSCOW experiment developed some additional tool of independent veri-
fication. The method is to exploit the time structure of the events and to
select ββ events by their pulse shape. The result is shown in Fig. 6.
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Here a subclass of shapes selected by the neuronal net method used earlier
[6, 8] is shown. Except a line which sticks out sharply near Qββ , all other
lines are very strongly suppressed.

Fig. 6 also shows the full spectrum in this range. When taking the
range 2000–2100 keV and conservatively assuming all structures
except the line at Qββ to be part of a constant background, a cor-
responding fit yields a signal at Qββ of more than 5σ (see Fig. 6).
The method seems also to fulfill the criterium to select properly the contin-
uous 2νββ spectrum (see Fig. 7).

The energy of this line determined by the spectroscopy ADC is slightly
below Qββ , but still within the statistical variation for a weak line (see [19]).
This can be understood as result of ballistic effects (for details see[26]). The
2039 keV line as a single site events signal cannot be the double escape line
of a γ-line whose full energy peak would be expected at 3061 keV, since no
indication of a line is found there in the spectrum measured up to 8 MeV (see
[2, 3]).

5 Half-Life of Neutrinoless Double Beta Decay of 76Ge

We have shown in chapter 4 that the signal found at Qββ is consisting of
single site events and is not a γ line. The signal does not occur in the Ge
experiments not enriched in the double beta emitter 76Ge [14, 12, 19], while
neighbouring background lines appear consistently in these experiments.

On this basis we translate the observed numbers of events into half-lives
for neutrinoless double beta decay. In Table 1 we give the half-lives deduced
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Table 1. Half-life for the neutrinoless decay mode and deduced effective neutrino
mass from the HEIDELBERG-MOSCOW experiment (the nuclear matrix element
of [24] is used). Shown are in addition to various accumulated total measuring times
also the results for four non-overlapping data sets: the time periods 11.1995-09.1999
and 09.1999–05.2003 for all detectors, and the time period 1995–2003 for two sets
of detectors: 1+2+4, and 3+5. *) denotes best value.

Significan- Detectors T0ν
1/2 [y] 〈m〉 [eV] Conf.

ce [kg y] (3σ range) (3σ range) level (σ)

Period 8.1990 ÷ 5.2003

71.7 1,2,3,4,5 (0.69 − 4.18) × 1025 (0.24–0.58) 4.2

1.19 × 1025∗ 0.44∗

Period 11.1995 ÷ 5.2003

56.66 1,2,3,4,5 (0.67 − 4.45) × 1025 (0.23 - 0.59) 4.1

1.17 × 1025∗ 0.45∗

51.39 2,3,4,5 (0.68 − 7.3) × 1025 (0.18 - 0.58) 3.6

1.25 × 1025∗ 0.43∗

42.69 2,3,5 (0.88 − 4.84) × 1025 (0.22 - 0.51) 2.9

(2σ range) (2σ range)

1.5 × 1025∗ 0.39∗

28.27 1,2,4 (0.67 − 6.56) × 1025 (0.19 - 0.59) 2.5

(2σ range) (2σ range)

1.22 × 1025∗ 0.44∗

28.39 3,5 (0.59 − 4.29) × 1025 (0.23 - 0.63) 2.6

(2σ range) (2σ range)

1.03 × 1025∗ 0.48∗

Period 11.1995 ÷ 09.1999

26.59 1,2,3,4,5 (0.43 − 12.28) × 1025 (0.14 - 0.73) 3.2

0.84 × 1025∗ 0.53∗

Period 09.1999 ÷ 05.2003

30.0 1,2,3,4,5 (0.60 − 8.4) × 1025 (0.17 - 0.63) 3.5

1.12 × 1025∗ 0.46∗
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from the full data sets taken in the years 1995–2003 and in 1990–2003 and of
some partial data sets. In all cases the signal is seen consistently. Also given
are the deduced effective neutrino masses.

The result obtained is consistent with the limits given earlier [11], and
with the results given in [4, 5, 6].

Concluding we confirm, with 4.2σ (99.9973% c.l.) probability (more
than 5σ in the pulse-shape selected spectrum), our claim from 2001
[4, 5, 6] of first evidence for the neutrinoless double beta decay mode.

6 Consequences for Particle Physics, Neutrino Physics
and Other Beyond Standard Model Physics

Lepton number violation: The most important consequence of the obser-
vation of neutrinoless double beta decay is, that lepton number is not
conserved. This is fundamental for particle physics.

Majorana nature of neutrino: Another fundamental consequence is
that the neutrino is a Majorana particle (see, e.g. [41, 42], but also
[43]). Both of these conclusions are independent of any discussion of nuclear
matrix elements.

Effective neutrino mass: The matrix element enters when we derive a
value for the effective neutrino mass - making the most natural assumption
that the 0νββ decay amplitude is dominated by exchange of a massive Ma-
jorana neutrino. The half-life for the neutrinoless decay mode is under this
assumption given by [24, 25]

[T 0ν
1/2(0

+
i → 0+

f )]−1 = Cmm
〈m〉2
m2

e
+ Cηη〈η〉2 + Cλλ〈λ〉2 + Cmη〈η〉 〈m〉

me

+Cmλ〈λ〉 〈m〉
me

+ Cηλ〈η〉〈λ〉,

〈m〉 = |m(1)
ee | + eiφ2 |m(2)

ee | + eiφ3 |m(3)
ee |, (1)

where m(i)
ee ≡ |m(i)

ee | exp (iφi) (i = 1, 2, 3) are the contributions to the effective
mass 〈m〉 from individual mass eigenstates, with φi denoting relative Majo-
rana phases connected with CP violation, and Cmm, Cηη, ... denote nuclear
matrix elements squared, which can be calculated, (see, e.g. [29, 38, 37], for
a review). Ignoring contributions from right-handed weak currents, on the
right-hand side of Equation (1) only the first term remains.

Using the nuclear matrix element from [24, 25], we conclude from the half-
life given above the effective mass 〈m〉 to be 〈m〉 = (0.2 ÷ 0.6) eV (99.73%
c.l.), with best value of ∼ 0.4 eV.

The matrix element given by [24] was the prediction closest to the later
measured 2νββ decay half-life of (1.74+0.18

−0.16) × 1025 y [18, 10]. It underesti-
mates the 2ν matrix elements by 32% and thus these calculations will also
underestimate (to a smaller extent) the matrix element for 0νββ decay, and
consequently correspondingly overestimate the (effective) neutrino mass. The
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value for the effective mass thus in reality will be somewhat lower, than de-
duced above, down to ∼ 0.3 eV. Allowing conservatively for an uncertainty
of the nuclear matrix element of ± 50% the range for the effective mass may
widen to 〈m〉 = (0.1 - 0.9) eV (99.73% c.l.).

Neutrinos degenerate in mass: With the value deduced for the ef-
fective neutrino mass, the HEIDELBERG-MOSCOW experiment excludes
several of the neutrino mass scenarios allowed from present neutrino oscilla-
tion experiments (see Fig. 8, and Fig. 1 in [52]), – allowing only for degenerate
mass scenarios [28, 52, 27]. Degenerate mass scenarios had been discussed al-
ready earlier (see e.g. [53, 54]). In connection with the L/E flatness of the
electron-like event ratio observed in Superkamiokande, degeneracy has been
discussed by [55].

Neutrinos as hot dark matter: The effective neutrino mass deter-
mined by 0νββ decay allows a considerable fraction of hot dark matter in
the Universe carried by neutrinos.
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Fig. 8. The impact of the evidence obtained for neutrinoless double beta decay
(best value of the effective neutrino mass 〈m〉 = 0.4 eV, 3σ confidence range (0.1–
0.9) eV – allowing already for an uncertainty of the nuclear matrix element of a
factor of ± 50%) on possible neutrino mass schemes. The bars denote allowed ranges
of 〈m〉 in different neutrino mass scenarios, still allowed by neutrino oscillation
experiments (see [28, 52]). All models except the degenerate one are excluded by
the new 0νββ decay result. Also shown is the exclusion line from WMAP, plotted
for

∑
mν < 1.0 eV [56] (which is according to [74] too strict). WMAP does not rule

out any of the neutrino mass schemes. Further shown are the expected sensitivities
for the future potential double beta experiments CUORE, MOON, EXO and the 1
ton and 10 ton project of GENIUS [29, 31, 63] (from [52]).
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Other beyond Standard Model Physics: Assuming other mechanisms
to dominate the 0νββ decay amplitude, which have been studied exten-
sively in our group, and other groups, in recent years, the result allows to set
stringent limits on parameters of SUSY models, leptoquarks, compositeness,
masses of heavy neutrinos, the right-handed W boson and possible viola-
tion of Lorentz invariance and equivalence principle in the neutrino sector.
Figures 9, 10, 11, show as examples some of the relevant graphs which can
in principle contribute to the 0νββ amplitude and from which bounds on
the corresponding parameters can be deduced assuming conservatively the
measured half-life as upper limit for the individual processes.
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Fig. 9. Examples of Feynman graphs for 0νββ decay within R–parity violating
supersymmetric models [31].
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Fig. 10. Examples of RP conserving SUSY contributions to 0νββ decay [31].

Figures 12, 13 and 14 show some results. The most strict limit for the R-parity
– breaking Yukawa coupling λ

′
111 in R-violating SUSY models is coming from

0νββ-decay. It is much stricter then the limits obtained by accelerators, whose
limitation in energy is visible in Fig. 12 (from [31]).
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Shown are the areas currently excluded by the experiments at the TEVATRON
and HERA-B, the limit from charged-current universality, denoted by CCU, and
the limit from 0νββ-decay from the HEIDELBERG-MOSCOW Experiment. The
area beyond (or left of) the lines is excluded. The estimated sensitivity of LHC is
also given (from [31]).

The lower limit for super-heavy left-handed neutrino from the 0νββ
HEIDELBERG-MOSCOW experiment corresponds to the discovery poten-
tial for the inverse process e−e− −→ W−W− of a linear collider of 1–2 TeV
(see Fig. 13). The constraints concerning composite excited neutrinos of mass
M−N obtained from 0νββ decay (HEIDELBERG-MOSCOW experiment)
are more strict than the results of LEPII, as shown in Fig. 14. For a further
discussion and for references we refer to [29, 30, 31, 32].
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7 Conclusion – Perspectives

Recent information from many independent sides seems to condense now to a
nonvanishing neutrino mass of the order of the value found by the HEIDEL-
BERG-MOSCOW experiment. This is the case for the results from CMB,
LSS, neutrino oscillations, particle theory and cosmology (for a detailed dis-
cussion see [1, 2, 3]). To mention a few examples: Neutrino oscillations require
in the case of degenerate neutrinos common mass eigenvalues of m > 0.04 eV.
An analysis of CMB, large scale structure and X-ray from clusters of galaxies
yields a “preferred” value for

∑
mν of 0.6 eV [57]. WMAP yields

∑
mν <

1.0 eV [56], SDSS yields
∑
mν < 1.7 eV [74]. Theoretical papers require de-

generate neutrinos with m > 0.1, or 0.2 eV or 0.3 eV [49, 47, 58, 59, 48], and
the recent alternative cosmological concordance model requires relic neutri-
nos with mass of order of eV [60]. As mentioned already earlier [40, 2] the
results of double beta decay and CMB measurements together indicate that
the neutrino mass eigenvalues have the same CP parity, as required by the
model of [49]. Also the approach of [73] comes to the conclusion of a Majo-
rana neutrino. The Z-burst scenario for ultra-high energy cosmic rays requires
mν∼ 0.4 eV [50, 51], and also a non-standard model (g-2) has been connected
with degenerate neutrino masses >0.2 eV [46]. The neutrino mass determined
from 0νββ decay is consistent also with present models of leptogenesis in
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HEIDELBERG-MOSCOW

DELPHI (LEP II)

Fig. 14. Comparison between the ββ0ν HEIDELBERG-MOSCOW experiment and
the LEP II upper bound on the quantity |f |/(

√
2MN ) as a function of the heavy

composite neutrino mass MN , with the choice Λc = MN . Regions above the curves
are excluded. The dashed and solid circle curves are the ββ0ν bounds from the
HEIDELBERG-MOSCOW experiment (for details see [65]).

the early Universe [66]. It has been discussed that the Majorana nature of
the neutrino tells us that spacetime does realize a construct that is central
to construction of supersymmetric theories [36].

Future: With the HEIDELBERG-MOSCOW experiment, the era of small
smart experiments is over. Fig. 15 shows the present result and a compar-
ison to the potential of the most sensitive other double beta decay experi-
ments and the possible potential of some future projects. It is visible that
the presently running experiments have hardly a chance, to reach the sen-
sitivity of the HEIDELBERG-MOSCOW experiment. New approaches and
considerably enlarged experiments would be required to fix the 0νββ half life
with higher accuracy. This will, however, only marginally improve the
precision of the deduced neutrino mass, because of the uncertainties in
the nuclear matrix elements, which probably hardly can be reduced to less
than 50%.

One has to keep in mind further, that no more can be learnt on
other beyond standard model physics parameters from future more sensi-
tive experiments. The reason is that there is a half-life now, and no more
a limit on the half-life, which could be further reduced.

From future projects one has to require that they should be able to dif-
ferentiate between a β and a γ signal, or that the tracks of the emitted elec-
trons should be measured. At the same time, as is visible from the present
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information, the energy resolution should be at least in the order of that of
Ge semiconductor detectors, or better. These requirements exclude at present
calorimeter experiments like CUORE, CUORICINO, which cannot differen-
tiate between a β and γ signal, etc, but also experiments like EXO [72], if the
latter will not be able to reconstruct the tracks of the electrons, as it seems
at present.

The most discussed “short-term” “confirmation experiments” at present
are CUORICINO/CUORE and NEMO. Let us therefore, to avoid usual mis-
understandings, give a few comments.

CUORICINO, CUORE:
The general background problems of CUORICINO are illustrated by the

fact, that this experiment until now is not able to see the 2νββ decay of
130Te, whose half life is experimentally known to be T 0ν

1/2=(2.7±0.1)×1021

years [69], i.e. similar to the 2νββ halflife of 76Ge, which is very clearly
seen in the HEIDELBERG-MOSCOW experiment (see, e.g. [18, 10]). The
background in the range of Qββ is for CUORICINO at present [70] a factor
of two higher than in the HEIDELBERG-MOSCOW experiment.

The present half-life limit for neutrinoless double beta decay is given as
1.8×1024 years on a 90% c.l. (statistical method is not described, could how-
ever be important, see e.g. [17]), after a measuring time of 10.8 kgy.
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The half-life corresponding to the effective neutrino mass deduced from
the HEIDELBERG-MOSCOW experiment, for the case of 130Te is according
to [24] T 0ν

1/2=2.5×1024 y. At a 90% c.l. a corresponding limit could be reached
by CUORINO in additional 5 months of continuous running, i.e. realistically
in more than a year. Allowing an uncertainty in the calculated matrix element
of a factor of 2, however, could require a 16 times larger measuring time, i.e.
∼30 years, to make a statement on a 90% confidence level. This means that
the CUORICINO experiment can, with good luck, confirm the Heidelberg-
Moscow result (on a reasonable, not only 90% c.l.) in several years, but it
can never disprove it.

The full version CUORE with about a factor of 15 larger detector mass
than CUORICINO could, with background of CUORICINO, have a sensi-
tivity to probe the HEIDELBERG-MOSCOW result in about one year of
continuous measuring on a 90% confidence level. So unfortunately also this
experiment would require many years of measurement to make a statement
on a reasonable confidence level.

NEMO:
The NEMO project can see tracks, but unfortunately has at present only

a small efficiency (14%) , and a low energy resolution of more than 200
keV not to talk about the background problems from Rn.

Therefore limits given for 0νββ decay are lying at present [71] only
at T 0ν

1/2=1.9×1023 y (82Se) and T 0ν
1/2=3.5×1023 y (100Mo) on a 90% c.l, i.e.

on a 1.5 sigma level, for 0.55 and 5 kg y of measurement, respectively. To
improve these limits by a factor of 20, which is required (see [24]) at least, to
check the results of the HEIDELBERG-MOSCOW experiment presented in
this paper, the measurement times have to be increased by a factor of 400.
This means that this experiment is not able to check the HEIDELBERG-
MOSCOW result.

GENIUS:
An in principle much more sensitive project is probably the GENIUS

project, proposed already in 1997 [61, 67, 68, 62, 63, 30, 29].
A GENIUS Test Facility, (which could already be used to search for cold

dark matter by the annual modulation effect) has started operation with 10 kg
of natural Germanium detectors in liquid nitrogen in Gran-Sasso on May 5,
2003 [23, 21, 20, 22], increased to 15 kg in October 2005. The results from
the GENIUS-Test-Facility show [13], however, that though the search for
cold dark matter should be feasible, it may be technically rather difficult, to
increase the sensitivity of a GENIUS-like experiment for neutrinoless double
beta decay beyond that of the HEIDELBERG-MOSCOW experiment.

However, if one wants to get independent evidence for the neutrinoless
double beta decay mode, one would probably, wish to see the effect in another
isotope, which would then simultaneously give additional information also on
the nuclear matrix elements. In view of these considerations, future efforts to
obtain deeper information on the process of neutrinoless double beta decay,
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would require a new experimental approach, different from all, what is at
present persued.
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DAMA is an observatory for rare processes based on the development and
use of various kinds of radiopure scintillators; it is operative deep under-
ground at the Gran Sasso National Laboratory of the I.N.F.N.. In particular,
the DAMA/NaI set-up (
 100 kg highly radiopure NaI(Tl)) has effectively
investigated the model-independent annual modulation signature, obtaining
from the data of seven annual cycles (total exposure of 107731 kg × day) a
6.3 σ C.L. model-independent evidence for the presence of a Dark Matter
particle component in the galactic halo. Some of the many possible corollary
model-dependent quests for the candidate particle have also been investi-
gated. At present, the second generation DAMA/LIBRA set-up (
 250 kg
highly radiopure NaI(Tl)) is in operation deep underground.

1 Introduction

DAMA is an observatory for rare processes. Several low background set-ups
have been realised; the main ones are: i) DAMA/NaI (
 100 kg of highly ra-
diopure NaI(Tl)), which took data underground over seven annual cycles and
was put out of operation in July 2002 [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13];
ii) DAMA/LXe (
 6.5 kg liquid Xenon) [14, 15]; iii) DAMA/R&D, which is
devoted to tests on prototypes and small scale experiments [16]; iv) the new
second generation DAMA/LIBRA set-up (
 250 kg highly radiopure NaI(Tl))
in operation since March 2003. Moreover, in the framework of devoted R&D
for radiopure detectors and PMTs, sample measurements are regularly car-
ried out by means of the low background DAMA/Ge detector, installed deep
underground since >∼ 10 years and, in some cases, by means of Ispra facilities.

In the following, only the DAMA/NaI results on the annual modulation
signature will be addressed. This signature was originally suggested in [17]



DAMA/NaI Results on Dark Matter Particles 117

and it is very distinctive since it requires the simultaneous satisfaction of all
the following requirements: the rate must contain a component modulated
according to a cosine function (1) with one year period, T (2) and a phase, t0,
that peaks around 
 2nd June (3); this modulation must only be found in a
well-defined low energy range, where recoils induced by Dark Matter particle
can be present (4); it must apply to those events in which just one detector
of many actually “fires” (single-hit events), since the Dark Matter particle
multi-scattering probability is negligible (5); the modulation amplitude in the
region of maximal sensitivity is expected to be <∼7% for usually adopted halo
distributions (6), but it can be larger in case of some possible scenarios such
as e.g. those in [18, 19]. Only systematic effects or side reactions able to fulfil
these 6 requirements and to account for the whole observed modulation am-
plitude might mimic this signature. With the present technology, the annual
modulation signature remains the main signature for Dark Matter particles
in the galactic halo.

A detailed description of the set-up, of its radiopurity, of its performance,
of the used hardware procedures, of the determination of the experimental
quantities and of the data reduction was given in [1, 9, 10, 2]. Here only
few arguments are addressed. The nine 9.7 kg highly radiopure NaI(Tl) are
encapsulated in radiopure Cu housings; moreover, 10 cm long Tetrasil-B light
guides act as optical windows on the two end faces of each crystals and
are coupled to specially developed low background photomultipliers (PMT).
The measured light response is 5.5–7.5 photoelectrons/keV depending on the
detector. The two PMTs of a detector work in coincidence with hardware
thresholds at the single photoelectron level in order to assure high efficiency
for the coincidence at few keV level. The energy threshold of the experiment,
2 KeV, is determined by means of X-rays sources and of keV range Compton
electrons on the basis also of the features of the noise rejection procedures and
of the efficiencies when lowering the number of available photoelectrons [1].
The detectors are enclosed in a sealed copper box, continuously maintained
in high purity (HP) Nitrogen atmosphere in slightly overpressure with the
respect to the external environment. A suitable low background hard shield
against electromagnetic and neutron background was realised using very high
radiopure Cu and Pb bricks [1], Cd foils and 10/40 cm polyethylene/paraffin;
the hard shield is also sealed in a plexiglas box and maintained in HP Nitrogen
atmosphere. Moreover, about 1 m concrete (made from the Gran Sasso rock
material) almost fully surrounds the hard shield outside the barrack and at
bottom of the hard shield, acting as a further neutron moderator.

A three-level sealing system from environmental Radon is effective. In
fact, the inner part of the barrack, where the set-up is allocated, has the
floor (above the concrete) and all the walls sealed by Supronyl (permeability:
2 · 10−11 cm2/s [20]) plastic and the entrance door is air-tight. A low level
oxygen alarm informs the operator before entering the inner part of the bar-
rack since the HP Nitrogen which fills both the inner Cu box and the external
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plexiglas box is released in this closed environment. The Radon level inside
the barrack is continuously monitored and recorded with the production data
[6, 7, 1, 9, 10, 2].

On the top of the shield a glove-box (also maintained in the HP Nitrogen
atmosphere) is directly connected to the inner Cu box, housing the detectors,
through Cu pipes. The pipes are filled with low radioactivity Cu bars (cov-
ered by 10 cm of low radioactive Cu and 15 cm of low radioactive Pb) which
can be removed to allow the insertion of radioactive sources handlers for cal-
ibrating the detectors in the same running condition, without any contact
with external environment [1].

The whole installation is air-conditioned and the operating temperature
as well as many other parameters are continuously monitored and acquired
with the production data. Moreover, self-controlled computer processes au-
tomatically monitor several parameters and manage alarms [1, 10, 2].

The electronic chain and the data acquisition system operative up to
summer 2000 have been described in [1], while the new electronics and DAQ
installed in summer 2000 have been described in [2].

In the following the main results on annual modulation investigation will
be summarised. It is worth to remind, however, that - thanks to its radiopurity
and features - DAMA/NaI has also investigated other approaches for Dark
Matter particles [3, 4] and several other rare processes [5].

2 The Model-Independent Result by DAMA/NaI

As reported in [2], a model independent investigation of the annual mod-
ulation signature has been realised by exploiting the time behaviour of
the experimental residual rates of the single-hit events in the lowest en-
ergy regions over the seven annual cycles (total exposure: 107731 kg · day)
[6, 7, 8, 9, 10, 11, 12, 13, 2]. These experimental residual rates of the single-hit
events are given by: < rijk − flatjk >jk, where rijk is the measured rate in
the considered i-th time interval for the j-th detector in the k-th considered
energy bin and flatjk is the rate of the j-th detector in the k-th energy bin
averaged over the cycles. The average is made on all the detectors (j index)
and on all the energy bins in the considered energy interval.

This model independent approach offers an immediate evidence of the
presence of an annual modulation of the rate of the single-hit events in the
lowest energy region over the seven annual cycles as shown in Fig. 1, where
the energy and time behaviours of the single-hit residual rates are depicted.

In particular, the data favour the presence of a modulated cosine-like
behaviour at 6.3 σ C.L.; in fact, their fit for the (2–6) KeV larger statis-
tics energy interval offers a modulation amplitude equal to (0.0200± 0.0032)
cpd/kg/keV, a phase: t0 = (140 ± 22) days and a period: T = (1.00 ± 0.01)
year, all parameters kept free in the fit. The period and phase agree with those
expected in the case of a Dark Matter particle induced effect (T = 1 year and
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t0 roughly at 
 152.5-th day of the year). The χ2 test on the (2–6) KeV resid-
ual rate in Fig. 1 disfavours the hypothesis of unmodulated behaviour giving
a probability of 7 · 10−4 (χ2/d.o.f. = 71/37). Moreover, if the experimental
residuals of Fig. 1 are fitted fixing the period at 1 year and the phase at 2nd

June, the following modulation amplitudes are obtained: (0.0233 ± 0.0047)
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Fig. 1. Experimental residual rate for single-hit events, in the (2–4), (2–5) and
(2–6) KeV energy intervals as a function of the time elapsed since January 1-st
of the first year of data taking. The experimental points present the errors as
vertical bars and the associated time bin width as horizontal bars. The superim-
posed curves represent the cosinusoidal functions behaviours expected for a Dark
Matter particle signal with a period equal to 1 year and phase at 2nd June; the mod-
ulation amplitudes have been obtained by best fit. See text. The total exposure is
107731 kg · day.



120 R. Bernabei et al.

-0.1

-0.05

0

0.05

0.1

300 400 500 600
Time (day)

R
es

id
ua

ls
 (

cp
d/

kg
/k

eV
)

2-6 keV

-0.1

-0.05

0

0.05

0.1

300 400 500 600
Time (day)

R
es

id
ua

ls
 (

cp
d/

kg
/k

eV
)

6-14 keV

Fig. 2. Experimental single-hit residual rate in a single annual cycle from the total
exposure of 107731 kg · day for the (2–6) KeV and (6–14) KeV energy intervals. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The initial time is taken at August 7th. Fitting the data
with a cosinusoidal function with period of 1 year and phase at 152.5 days, the
following amplitudes are obtained: (0.0195 ± 0.0031) cpd/kg/keV and −(0.0009 ±
0.0019) cpd/kg/keV, respectively. Thus, a clear modulation is present in the lowest
energy region, while it is absent just above.

cpd/kg/keV, (0.0210±0.0038) cpd/kg/keV and (0.0192±0.0031) cpd/kg/keV
for the (2–4), (2–5) and (2–6) KeV energy intervals, respectively.

In Fig. 2 the experimental single-hit residual rate in a single annual cy-
cle from the total exposure of 107731 kg · day is presented for two different
energy intervals; as it can be seen the modulation is clearly present in the
(2–6) KeV energy region, while it is absent just above. The same conclusion
is obtained by investigating the data by means of the Fourier analysis (per-
formed according to [21] including also the treatment of the experimental
errors and of the time binning); in fact, the results depicted in Fig. 3 show a
clear peak for a period of 1 year in the (2–6) KeV energy interval, while it is
absent in the energy interval just above.

A quantitative investigation of the whole energy spectrum up to MeV
energy region has not shown modulation in any other energy interval (see
e.g. [9, 10, 2] and arguments given later).

Finally, in order to show if the modulation amplitudes are statistically
well distributed in all the crystals, in all the annual cycles and in the energy
bins, the distributions of the variable Sm−<Sm>

σ are reported in Fig. 4. The
Sm are the experimental modulation amplitudes for each detector, for each
annual cycle and for each considered energy bin (taken as an example equal
to 0.25 KeV), σ are their errors and the < Sm > represent the mean values
of the modulation amplitudes over the detectors and the annual cycles for
each energy bin. The left panel of Fig. 4 shows the distribution referred
to the region of interest for the observed modulation, (2–6) keV, while the
right panel includes also the energy region just above, (2–14) KeV. Since this
variable is distributed as a gaussian with an unitary standard deviation, the
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Fig. 3. Power spectrum of the measured single-hit residuals for the (2–6) KeV
(continuous line) and (6–14) KeV (dotted line) energy intervals calculated according
to [21], including also the treatment of the experimental errors and of the time
binning. As it can be seen, the principal mode present in the (2–6) KeV energy
interval corresponds to a frequency of 2.737 · 10−3 d−1, that is to a period of �1
year. A similar peak is not present in the (6–14) KeV energy interval.
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Fig. 4. Distributions of the variable Sm−<Sm>
σ

(where σ is the error associated
to the Sm) evaluated for each detector, for each annual cycle and each considered
energy bin: i) in the region of interest for the observed modulation, (2–6) keV (left
panel); ii) including also the energy region just above, (2–14) KeV (right panel).
See text.

modulation amplitudes are statistically well distributed in all the crystals, in
all the data taking periods and in all the considered energy bins.

In conclusion, the data satisfy all the peculiar requirements, given above,
for the Dark Matter particle model independent annual modulation signature.
A careful investigation of all the known possible sources of systematics and
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Table 1. Summary of the results obtained by investigating the possible sources of
systematics or of side reactions [2]. No systematics or side reaction has been found
able to give a modulation amplitude different from zero; thus cautious upper limits
(90% C.L.) have been calculated and are shown here in terms of the measured
model independent modulation amplitude, Sobs

m . As it can be seen, none of them
nor their cumulative effect could account for the measured modulation; moreover,
as discussed in details in [10, 2], they cannot mimic the signature.

Source Cautious upper limit

(90%C.L.)

Radon < 0.2%Sobs
m

Temperature < 0.5%Sobs
m

Noise < 1%Sobs
m

Energy scale < 1%Sobs
m

Efficiencies < 1%Sobs
m

Background < 0.5%Sobs
m

Side reactions < 0.3%Sobs
m

In addition: no effect can mimic the signature

side reactions has been regularly carried out by DAMA/NaI and published at
time of each data release [6, 7, 9, 10, 2]. No effect able to mimic the signature
has been found, as reported in Table 1 (for detailed quantitative discussions
see [10, 2]).

For the sake of completeness, we also remind that possible diurnal effects
– correlated both with the sidereal and with the solar time – have already
been excluded by the analysis reported in [4].

In particular, as mentioned above, no modulation has been observed in
the background; in fact, the whole energy spectrum up to MeV energy re-
gion has been analysed and the presence of a background modulation in the
whole energy spectrum has been excluded at a level much lower than the
effect found in the lowest energy region [10, 2]. This result already accounts
also for the background component due to the neutrons and the Radon;
nevertheless, further additional independent and cautious analyses to esti-
mate their possible contribution have been given in [10, 2]. In fact, it has
been demonstrated in [10, 2] that a modulation of neutron flux – possibly
observed by the ICARUS coll. at Gran Sasso, as reported in the ICARUS in-
ternal report TM03-01 – cannot quantitatively contribute to the DAMA/NaI
observed modulation amplitude, even if the neutron flux would be assumed
to be 100 times larger than measured at LNGS by several authors with dif-
ferent techniques over more than 15 years. Moreover, in no case the neu-
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trons can mimic the signature since some of the peculiar requirements of the
signature would fail. Similarly, any possible effect of the muon flux modula-
tion reported by the MACRO experiment [22] is excluded both by quantita-
tive investigation [10, 2] and by inability to fulfil all the peculiarities of the
signature.

As regards the possibility of a contribution from the Radon, we remind
that the DAMA/NaI has three levels of insulation from the environmental
air (see above). Moreover, the Radonmeter which continuously recorded the
Radon level inside the barrack (that is external to the hard shield) typically
measured values at level of its sensitivity and no modulation has been ob-
served [6, 7, 9, 10, 2]. To be on the safest side, even the possible presence of
Radon trace in the HP Nitrogen atmosphere inside the Cu box, housing the
detectors, has been investigated by searching for the double coincidences of
the gamma-rays (609 and 1120 KeV) from 214Bi Radon daughter, obtaining
an upper limit of: < 4.5 · 10−2 Bq/m3 (90% C.L.). It gives rise to the upper
limit reported in Table 1 when assuming an hypothetical 10%, modulation of
possible Radon trace in the HP Nitrogen atmosphere of the Cu box. Anyhow,
it is worth to remark that in every case even a sizeable quantity of Radon
nearby a detector cannot mimic the Dark Matter particle annual modulation
signature since some of the peculiarities of the signature would fail [10, 2].

To perform a further relevant investigation, in 1999 we proposed to renew
the electronic chain of DAMA/NaI removing the multiplexer system and
equipping each detector with its own transient digitizer. This occurred in
summer 2000, thus in the last two annual cycles the multiple-hits events and
the single-hit events have been acquired and analysed using the same iden-
tical hardware and the same identical software procedures. The multiple-hits
events class – on the contrary of the single-hit one – does not include events
induced by Dark Matter particles since the probability that these particles
scatter off more than one detector is negligible. The obtained results are de-
picted in Fig. 5. The fitted modulation amplitudes are: A = (0.0195±0.0031)
cpd/kg/keV and A = −(3.9 ± 7.9) · 10−4 cpd/kg/keV for single-hit and
multiple-hits residual rates, respectively. Thus, evidence of annual modulation
is present in the single-hit residuals (events class to which recoils induced by
the Dark Matter particle belong), while it is absent in the multiple-hits resid-
ual rate (event class to which only background events belong). Since the same
identical hardware and the same identical software procedures have been used
to analyse the two classes of events, the obtained result offers an additional
strong support for the presence of a Dark Matter particle component in the
galactic halo further excluding any side effect either from hardware or from
software procedures or from background.

In conclusion, the presence of a Dark Matter particle component in the
galactic halo is supported by DAMA/NaI at 6.3 σ C.L. and the modulation
amplitude measured over the 7 annual cycles in NaI(Tl) at the location of the
Gran Sasso Laboratory for the (2–6) KeV energy region is (0.0200 ± 0.0032)
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Fig. 5. Experimental residual rates over seven annual cycles for single-hit events
(open circles) – class of events to which WIMP events belong – and over the last
two annual cycles for multiple-hits events (filled triangles) – class of events to which
WIMP events do not belong – in the (2–6) KeV cumulative energy interval. They
have been obtained by considering for each class of events the data as collected in
a single annual cycle and using in both cases the same identical hardware and the
same identical software procedures. The initial time is taken on August 7th. See
text.

cpd/kg/keV. This is the experimental result of DAMA/NaI. It is model in-
dependent; no other experiment whose result can be directly compared with
this one is available so far in the field of Dark Matter investigation.

3 Corollary Results: Quests for a Candidate Particle
in Some of the Possible Model Frameworks

Corollary investigations can also be pursued on the nature and coupling of
the Dark Matter candidate but this latter investigation is instead model
dependent and – considering the large uncertainties which exist on the as-
trophysical, nuclear and particle physics assumptions and on the parameters
needed in the calculations – has no general meaning (as it is also the case
of exclusion plots and of the Dark Matter particle parameters evaluated in
the indirect detection experiments). Thus, it should be handled in the most
general way [2, 6, 7, 8, 9, 10, 11, 12, 13].

Many possible scenarios can be considered and at present level of knowl-
edge they cannot be disentangled. Some of the open questions are: (i) which
is the right nature for the Dark Matter particle; (ii) which is its right cou-
plings with ordinary matter (mixed SI&SD, purely SI, purely SD, preferred
inelastic, etc.); (iii) which are the right form factors and related parameters
for each target nucleus; (iv) which is the right spin factor for each target
nucleus; (v) which are the right scaling laws (let us remind that even for the
neutralino case in a MSSM framework with purely SI interaction the scenario
could be drastically modified as pointed out in [23]); (vi) which is the right
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halo model and related parameters; (vii) which are the right values of the
experimental parameters within their uncertainties; etc.

As regards, in particular, the Dark Matter particle-nucleus elastic scat-
tering, the differential energy distribution of the recoil nuclei can be calcu-
lated [3, 24, 2] by means of the differential cross section of the Dark Matter
particle-nucleus elastic processes given by the sum of the SI and the SD con-
tributions. In the SI case, the nuclear parameters can be decoupled from the
particle parameters and the nuclear cross sections are usually scaled to a
defined point-like SI Dark Matter particle-nucleon cross section, σSI . In the
SD case the notations [11]: tgθ = an

ap
, can be used, where ap,n are the ef-

fective Dark Matter particle-nucleon coupling strengths for SD interactions.
The mixing angle θ is defined in the [0, π) interval; in particular, θ values in
the second sector account for ap and an with different signs. Also in the SD
case all the nuclear cross sections are usually scaled to a defined point-like
SD Dark Matter particle-nucleon cross section, σSD [2]. Thus, the energy
distribution of the recoil rate can be written as a function of σSI , σSD and
θ. Another important parameter is the local density of the Dark Matter par-
ticles, ρW = ξρ0, where ρ0 is the local halo density and ξ (ξ ≤ 1) is the
fractional amount of local density of Dark Matter particles.

Among the ingredients entering in the model dependent analyses there
are the nuclear SI and SD form factors, which generally depend on the na-
ture of the involved particle. In [2] the existing uncertainties in the usually
adopted formulation for the SI case have been discussed as well as those for
the SD one. It has also shown that the SD case is even more uncertain since
the nuclear and particle physics degrees of freedom cannot be decoupled and
a dependence on the assumed nuclear potential exists. Moreover, further sig-
nificant uncertainties in the evaluation of the SD interaction rate also arise
from the adopted spin factor for the single target-nucleus. In fact, the avail-
able calculated values are well different in different models and, in addition,
at fixed model they depend on θ. Thus, not only the target nuclei should have
spin different from zero (for example, this is not the case of Ar isotopes) to be
sensitive to Dark Matter particles with a SD component in the coupling, but
also well different sensitivities can be expected among odd-nuclei having an
unpaired proton (as e.g. 23Na and 127I) and odd-nuclei having an unpaired
neutron (as e.g. the odd Xe and Te isotopes and 73Ge).

Another scenario also considered in the corollary DAMA/NaI model de-
pendent analyses is that of Dark Matter particle with preferred inelastic scat-
tering which has been suggested by [18]. In this case the Dark Matter particles
can only inelastically scatter off nuclei going to excited levels with a δ mass
splitting. A specific model featuring a real component of the sneutrino (for
which the mass splitting naturally arises) has been given in [18]. It has been
shown that for this inelastic scattering a kinematical constraint exists which
favours target-detectors media with heavy nuclei (such as 127I) with the re-
spect to those with lighter ones (such as e.g. natGe). In fact, this process can
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only occur if the particle velocity is larger than a threshold value; this kine-
matical constraint becomes increasingly severe as the nucleus mass decreases
[18]. Moreover, this model scenario implies some interesting peculiar features
when exploiting the annual modulation signature; in fact – with the respect
to the case of Dark Matter particle elastically scattering – it would give rise
to an enhanced modulated component of the signal with the respect to the
unmodulated one and to largely different behaviours with energy for both the
components (showing both higher mean values) [18]. The differential energy
distribution of the recoil nuclei in the case of inelastic processes is function
of ξσp, mW and δ, analogously as above other ingredients, as e.g. the form
factor, play also a role [2].

As mentioned, the expected energy distribution for the scatterings of Dark
Matter particles also depends on ρW and on the velocity distribution of the
Dark Matter particles at Earth’s position. The experimental observations re-
garding the dark halo of our Galaxy do not allow to get information on them
without introducing a model for the Galaxy matter density. The dark halo
model widely used only in calculations carried out in the field of direct detec-
tion approaches is the naive isothermal sphere that corresponds to a spherical
infinite system with a flat rotational curve. Despite its simplicity has favoured
its wide use in the calculation of expected rate of Dark Matter particle-nucleus
interaction, it doesn’t match with astrophysical observations and presents an
unphysical behaviour. In fact, the density profile has a singularity in the origin
and implies a total infinite mass of the halo unless introducing some cut-off
at large radii. Thus, the use of more realistic halo models is mandatory since
the model dependent results significantly vary. An extensive discussion about
some of the more credited realistic halo models has been reported in [13, 2].
In particular, the considered halo model classes correspond to: (i) spherically
symmetric matter density with isotropic velocity dispersion (A); (ii) spher-
ically symmetric matter density with non-isotropic velocity dispersion (B);
(iii) axisymmetric models (C); (iv) triaxial models (D); (v) moreover, in the
case of axisymmetric models it is possible to include either an halo co-rotation
or an halo counter-rotation. The parameters of each halo model have been
chosen taking into account some available observational data; nevertheless
other choices are possible. Thus, considering the allowed range for the local
velocity of Dark Matter particles v0 = (220 ± 50) km s−1 (90% C.L.), the
allowed range of local density ρ0 has been evaluated [13] taking into account
the following physical constraints: (i) the amount of flatness of the rotational
curve of our Galaxy, considering conservatively 0.8 · v0 <∼ v100

rot <∼ 1.2 · v0,
where v100

rot is the value of rotational curve at distance of 100 kpc from the
galactic center; (ii) the maximal non dark halo components in the Galaxy,
considering conservatively 1 ·1010M� <∼Mvis <∼ 6 ·1010M� [25, 26]. Although
a large number of self-consistent galactic halo models, in which the variation
of the velocity distribution function is originated from the change of the halo
density profile or of the potential, have been considered, still many other
possibilities exist.
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The proper knowledge of other quantities is also necessary such as e.g.
the recoil/electron response ratio for the given nucleus in the given detector
and energy range, (named quenching factor). Of course, significant differences
are often present in literature for the measured value of this recoil /electron
response ratio even for the same nucleus in the same kind of detector as
shown in [2].

In conclusion, just as a corollary of the model independent result over
the seven annual cycles, in the following some of the many possible model
dependent quests for a Dark Matter candidate are summarised. They have
been obtained by considering the halo models previously mentioned and some
of the many uncertainties which exist on the astrophysical, nuclear and par-
ticle physics assumptions and on the parameters needed in the calculations.
Moreover, no restriction on the Dark Matter particle mass has been adopted
in these analyses; hence, we have just marked for memory on some figures
the lower bound on the neutralino mass as derived from the LEP data in the
adopted supersymmetric schemes based on GUT assumptions [27]. In fact,
other model assumptions are possible which would imply significant varia-
tions of some accelerators bounds, allowing neutralino mass down to 6 GeV
(see e.g. the recent [28, 29, 30]); in addition, other low mass candidates can
be considered as well. It is worth to note that the LEP model dependent mass
limit – when considered – selects the Dark Matter particle-Iodine elastic scat-
terings as dominant because of the adopted scaling laws and of kinematical
arguments, while DAMA/NaI is intrinsically sensitive both to low and high
candidate mass having both a light (the 23Na) and a heavy (the 127I) target-
nucleus.

The results presented by DAMA/NaI on the corollary quests for the can-
didate particle over the seven annual cycles are calculated taking into account
the time and energy behaviours of the single-hit experimental data. In par-
ticular, the likelihood function requires the agreement: (i) of the expectations
for the modulated part of the signal with the measured modulated behav-
iour for each detector and for each energy bin; (ii) of the expectations for
the unmodulated component of the signal with the respect to the measured
differential energy distribution and – since [9] – also with the bound on re-
coils obtained by pulse shape discrimination from the devoted DAMA/NaI-0
data [3]. The latter one acts in the likelihood procedure as an experimental
upper bound on the unmodulated component of the signal and – as a matter
of fact – as an experimental lower bound on the estimate of the background
levels by the maximum likelihood procedure. Thus, the C.L.’s, we quote for
allowed regions, already account for compatibility with the measured differ-
ential energy spectrum and with the measured upper bound on recoils. In
particular, in the following for simplicity, the results of these corollary quests
for the candidate particle are presented in terms of allowed regions obtained
as superposition of the configurations corresponding to likelihood function
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values distant more than 4σ from the null hypothesis (absence of modula-
tion) in each of the several (but still a limited number) of the possible model
frameworks considered here. Obviously, these results are not exhaustive of
the many scenarios possible at present level of knowledge (e.g. for some other
recent ideas see [19, 23, 31]) and larger sensitivities than those reported in
the following would be reached when including the effect of other existing
uncertainties on assumptions and related parameters [2].

In the most general scenario – to which the DAMA/NaI target nuclei
are fully sensitive – both the SI and the SD components of the cross section
are present. In this general scenario the data give an allowed volume in the
4-dimensional space (mW , ξσSI , ξσSD, θ). Fig. 6 just shows slices of this
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Fig. 6. Case of a Dark Matter particle with mixed SI&SD interaction in the given
model frameworks. Coloured areas: example of slices (of the 4-dimensional allowed
volume) in the plane ξσSI vs ξσSD for some of the possible mW and θ values. Four
SD couplings are reported as examples: i) θ = 0 (an =0 and ap �= 0 or |ap| >> |an|)
corresponding to a particle with null SD coupling to neutron; ii) θ = π/4 (ap = an)
corresponding to a particle with the same SD coupling to neutron and proton; iii)
θ = π/2 (an �= 0 and ap = 0 or |an| >> |ap|) corresponding to a particle with null
SD couplings to proton; iv) θ = 2.435 rad (an

ap
= -0.85) corresponding to a particle

with SD coupling through Z0 exchange. The case ap = −an is nearly similar to the
case iv). Inclusion of other existing uncertainties on parameters and models would
further extend the regions; for example, the use of more favourable form factors
and/or of more favourable spin factors than the considered ones would move them
towards lower cross sections.
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4-dimensional allowed volume in the plane ξσSI vs ξσSD for some of the
possible θ and mW values in the considered model frameworks. We just note
that experiments using either even-spin target nuclei (as Ar and most of Ge,
Xe, Te isotopes) or odd-spin Ge, Xe or Te isotopes cannot explore most of
the allowed volume. From the given figures it is clear that at present either
a purely SI or a purely SD or mixed SI&SD configurations are compatible
with the experimental data of the seven annual cycles.

Often the purely SI interaction with ordinary matter is assumed to be
dominant since e.g. most of the used target-nuclei are practically not sensitive
to SD interactions (on the contrary of 23Na and 127I) and the theoretical
calculations and comparisons are even much more complex and uncertain.
Therefore, following the analogous procedure as for the general case, we have
exploited for the same model frameworks the purely SI scenario, obtaining
the allowed region in the plane mW and ξσSI shown in Fig. 7 – left. Of course,
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Fig. 7. On the left : Case of a Dark Matter particle with dominant SI interaction
for the given model frameworks. Region allowed in the plane (mW , ξσSI). The
vertical dotted line represents a bound in case of a neutralino candidate when
supersymmetric schemes based on GUT assumptions are adopted to analyse the
LEP data; the low mass region is allowed for neutralino when other schemes are
considered and for every other Dark Matter candidate; see text. While the area
at masses above 200GeV is allowed only for few configurations, the lower one is
allowed by most configurations (the coloured region gathers only those above the
vertical line) [2]. The inclusion of other existing uncertainties on parameters and
models would further extend the region; for example, the use of more favourable
SI form factor for Iodine alone would move it towards lower cross sections. On the
right : Example of the effect induced by the inclusion of a SD component different
from zero on allowed regions given in the plane ξσSI vs mW . In this example the
Evans’ logarithmic axisymmetric C2 halo model with v0 = 170 km/s, ρ0 equal to
the maximum value for this model and a given set of the parameters’ values (see
[2]) have been considered. The different regions refer to different SD contributions
for the particular case of θ = 0: σSD = 0 pb (a), 0.02 pb (b), 0.04 pb (c), 0.05
pb (d), 0.06 pb (e), 0.08 pb (f). Analogous situation is found for the other model
frameworks.
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best fit values of cross section and candidate mass span over a large range in
the considered model frameworks.

Moreover, configurations with ξσSI even much lower than those shown in
Fig. 7 – left are accessible in case an even small SD contribution is present in
the interaction as shown as in an example in Fig. 7–right. Analogous situation
is found for other model frameworks. A comparison of the DAMA/NaI purely
SI allowed region (given in Fig. 7–left) with the theoretical expectations for
a purely SI coupled neutralino candidate in a MSSM with gaugino mass
unification at GUT scale released is shown in Fig. 8; it has been taken from
[32].

Fig. 8. Figure taken from [32]: theoretical expectations of ξσSI versus mW in
the purely SI coupling for the particular case of a neutralino candidate in MSSM
with gaugino mass unification at GUT scale released; the curve surrounds the
DAMA/NaI purely SI allowed region as in Fig. 7-left.

Analogously, one can consider the pure SD coupling. In this scenario one
obtain an allowed volume in the 3-dimensional space (mW , ξσSD, θ). Just
examples of some slices of this allowed volume at given θ is shown in Fig. 9.
Considerations similar to the first case hold.

Finally, also the inelastic Dark Matter particle scenario has been analysed
obtaining an allowed volume in the 3-dimensional space (ξσp, mW , δ). For
simplicity, Fig. 10 shows just few slices of such an allowed volume at some
given masses.
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Fig. 9. Case of a Dark Matter particle with dominant SD interaction in the given
model frameworks. Examples of slices (of the 3-dimensional allowed volume) in the
plane (mW , ξσSD) with θ = 0 and θ = 2.435 (Z0 coupling). For the definition of
the vertical line and of the coloured area see previous figure caption. Inclusion of
other existing uncertainties on parameters and models would further extend the SD
allowed regions. For example, the use of more favourable SD form factors and/or
more favourable spin factors would move them towards lower cross sections. Values
of ξσSD lower than those corresponding to these allowed regions are possible also
e.g. in case of an even small SI contribution.
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interaction. Inclusion of other existing uncertainties on parameters and models
would further extend the regions; for example, the use of a more favourable SI
form factor for Iodine and different escape velocity would move them towards lower
cross sections [2].
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We remind that in these calculations vesc has been assumed at fixed value
(as in the previous cases), while its present uncertainties can play a significant
role in this scenario of Dark Matter particle with preferred inelastic scattering.

4 Comparison With Other Direct
and Indirect Detection Experiments

As already mentioned, no other experiment, whose result can be directly
compared in a model independent way with that of DAMA/NaI, is available
so far in the field of Dark Matter detection.

As regards the direct detection method, most of the activities, started in
the 90’s, are still at R&D stage and/or have released marginal exposures with
the respect to the many years of existence and to the several used detectors.
This is the case of CDMS and EDELWEISS experiments, while the Zeplin
experiment is more recent [33, 34, 35]. Since these experiments have claimed
to have “excluded” DAMA/NaI, we will briefly point to the attention of the
reader only few arguments. In particular, Table 2 summarizes some items for
comparison.

Firstly, let us preliminarily assume as fully correct the “selected” num-
ber of events, the energy threshold, the energy scale, etc. quoted by those
experiments (see Table 2) and let us consider if – at least under this hypoth-
esis – their claims might be justified. The answer is obviously not; in fact: i)
they give a single model dependent result using natGe or natXe target, while
DAMA/NaI gives a model independent result using 23Na and 127I targets; ii)
in the single (of the many possible) model scenario, they consider, they “fix”
all the astrophysical, nuclear and particle physics assumptions at a single
choice; the same is even for the the experimental and theoretical parameters
values needed in the calculations. In addition, DAMA/NaI is generally quoted
there in an uncorrect, partial and unupdated way and existing scenarios to
which DAMA/NaI is fully sensitive – on the contrary of the others – are
ignored.

Let us now briefly comment also some of the experimental aspects. In par-
ticular, the counting rate of the Ge bolometers experiments is very high and
few/zero events are claimed after applying several strong and hardly safe
rejection procedures (involving several orders of magnitude). They usually
claim to have an “event by event” discrimination between noise + electromag-
netic background and recoil + recoil-like (neutrons, end-range alphas, fission
fragments,...) events by comparing the bolometer and the ionizing signals for
each event, but their results are, actually, largely based on “a priori” huge
data selections and on the application of other preliminar rejection procedures
(such as e.g. the one on the so-called surface electrons), which are generally
poorly described and often not completely quantified. Moreover, most effi-
ciencies and physical quantities entering in the interpretation of the claimed
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selected events have never been properly accounted; as an example, we men-
tion the case of the bolometer quenching factor of the recoil target nuclei.
In fact, for the bolometer signals the quenching factor (on which the energy
threshold and the energy scale rely and, hence, also the claimed sensitivity for
the given model dependent exclusion plots) is arbitrarily assumed to be ex-
actly equal to one. Up to now, only one measurement has been made available
for a given detector [37]; it offers the value: 0.87 ± 10%(stat.) ± 10%(syst.),
which is – within the error – compatible with one, but – at the same time
– also compatible with much smaller values. Thus, any bolometer result, ob-
tained without considering e.g. the uncertainties about the unknown value
of the quenching factor and, hence, about the energy threshold and energy
scale, has to be considered partial and arbitrary. For completeness we also
mention that the reproducibility of the results over different running periods
has not been proved as well as the values of the effective sensitive volumes
for the read-outs of the two signals for each event and related quantities;
obviously, further uncertainties are present when, as done in some cases, a
neutron background modeling and subtraction is pursued in addition.

As regards Zeplin-I [35, 36], a very low energy threshold is claimed
(2 KeV), although the light response is very poor: between 
 1 ph.e./keV
[35] (for most of the time) and 
 2.5 ph.e./keV (claimed for 16 days) [36]
1. Moreover, a strong data filtering is applied to the high level of measured
counting rate (see Table 2) by hardware vetoes, by fiducial volume cuts and,
largely, by applying down to few keV a standard pulse shape discrimination
procedure, although the LXe scintillation pulse profiles (pulse decay time <
30 ns) are quite similar to the PMT noise events in the lower energy bins and
in spite of the poor light response. Quantitative information on experimental
quantities related to the used procedures has not yet been given [35, 36].

In conclusion, those claims for contradiction have intrinsecally no scientific
bases.

As regards the indirect detection method, some positive hints have been
given: in fact, an excess of positrons and of gamma’s in the space has been
reported with the respect to a modelled background; they are not in contra-
diction with the DAMA/NaI result. Moreover, recently, it has been suggested
[38] that these positive hints and the effect observed by DAMA/NaI can also
be described in a scenario with multi-component Dark Matter in the galactic
halo, made of a subdominant component of heavy neutrinos of the 4th family
and of a sterile dominant component. In particular (see Fig. 11), it has been
shown that an heavy neutrino with mass around 50 GeV can account for all
the observations, while the inclusion of possible clumpiness of neutrino den-
sity as well as new interactions in the heavy neutrino annihilation, etc. can

1For comparison we remind that the data of the DAMA/LXe set-up, which has
a similar light response, are analysed by using the much more realistic and safer
software energy threshold of 13 KeV [15].
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Fig. 11. Figures taken from [38]: case of a subdominant heavy 4th neutrino can-
didate in the plane local density fraction versus the heavy neutrino mass. The
favourable region for this candidate obtained from the DAMA/NaI data (grey
dashed line when using the Evan’s halo model; solid line when using the other halo
models) and the best-fit density parameters deduced from cosmic gamma-radiation
(from halo and galactic center), positron and antiproton analysis are shown (left
panel). The effect of the inclusion of possible neutrino clumpiness is also reported
(right panel). See [38] for details.

lead to wider mass ranges: from about 46 up to about 75 GeV (see [38] for
details).

5 Conclusions and Perspectives

DAMA/NaI has been a pioneer experiment investigating as first the Dark
Matter particle annual modulation signature with suitable sensitivity and
control of the running parameters. During seven independent experiments of
one year each one, it has pointed out at 6.3 σ C.L. the presence of a modula-
tion satisfying all the many peculiarities of a WIMP induced effect. Neither
systematic effects nor side reactions able to account for the observed modu-
lation amplitude and to contemporaneously satify all the requirements of the
signature have been found. DAMA/NaI has also pointed out the complexity
of corollary investigations on the nature of the candidate particle, because of
the present poor knowledge on the many astrophysical, nuclear and particle
physics aspects.

Presently after devoted R&D efforts, the second generation DAMA/LIBRA
(a 
250 kg more radiopure NaI(Tl) set-up) has been realised and put in
operation since March 2003. The main features and perspectives of the
DAMA/LIBRA set-up are summarized in the Cerulli’s paper in these Pro-
ceedings. Moreover, a third generation R&D towards the possible 1 ton ulti-
mate radiopure NaI(Tl) set-up, we proposed in 1996, is already in progress.
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As a result of about five years of new devoted R&D projects, the second
generation DAMA/LIBRA (Large sodium Iodide Bulk for RAre processes)
set-up of the DAMA experiment has been realised in the Gran Sasso National
Laboratory of the I.N.F.N.. It is made of 
 250 kg highly radiopure NaI(Tl)
detectors and is operative since March 2003. It works as an observatory for
rare processes and is mainly devoted to a further investigation on the Dark
Matter particle component in the galactic halo. A third generation R&D
towards a possible NaI(Tl) ton set-up, we proposed in 1996, has been funded
and started in 2003.

1 The new DAMA/LIBRA set-up

In the framework of the DAMA project [1], the 
100 kg NaI(Tl) set-up
(DAMA/NaI) took data over seven annual cycles (107731 kg · d total ex-
posure) [1] obtaining a model independent result on the presence of a Dark
Matter particle component in the galactic halo. In these Proceedings P. Belli
summarised the main result as well as also some of the many possible corol-
lary model dependent interpretations. The set-up completed its data taking
in July 2002. This highly radiopure NaI(Tl) set-up was the highest radiopure
set-up available in the field, effectively pursued a model independent ap-
proach to investigate Dark Matter particles in the galactic halo collecting an
exposure several orders of magnitude larger than those available in the field
and obtained many other complementary or by-products results.

In 1996 DAMA proposed a ton set-up [2] and a second generation R&D
project for highly radiopure NaI(Tl) detectors was funded at that time and
carried out for several years, in collaboration with Crismatec-St.Gobain com-
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pany, in order to realise, as an intermediate step, the second generation ex-
periment successor of DAMA/NaI, with an exposed mass of about 250 kg.

In this framework new powders and other materials were selected, new
chemical/physical radiopurification procedures of the NaI and TlI powders
were exploited, new growing/handling protocols were developed and new pro-
totypes were built and tested. This allowed – among others – to obtain NaI
powders with 238U residual contaminations about 30 times lower than those
used in the past to build the radiopure DAMA/NaI detectors [3]. As a con-
sequence of the results of this second generation R&D, the new experimental
set-up DAMA/LIBRA (Large sodium Iodide Bulk for RAre processes) with

250 kg (matrix of twenty-five 
 9.70 kg NaI(Tl) crystals) highly radiopure
NaI(Tl) crystal scintillators was realised.

In the realization of DAMA/LIBRA many materials of the set-up and
of the installation were further selected and new operative protocols were
defined also for all the handling and installing procedures. The production
of detectors and of new parts of the installation ended in 2002 and, after
the completion of the DAMA/NaI data taking in July 2002, the procedures
needed to install the new set-up started. DAMA/LIBRA is taking data since
March 2003 and the first data release will, most probably, occur when an ex-
posure larger than that of DAMA/NaI will have been collected and analysed
in all the aspects.

All the procedures performed during the dismounting of DAMA/NaI and
the installation of DAMA/LIBRA detectors (see Fig. 1 and 2) were carried
out in HP Nitrogen atmosphere by using a Scuba system (a self-contained
underwater breathing apparatus) modified in order to avoid that the entire
breath is expelled into the surrounding air when the operator exhales. The
air cylinders were kept five meters away and the output line was two meters
long.

As mentioned, the experimental site as well as many components of the in-
stallation itself have been implemented (environment, shield of PMTs, wiring,
HP Nitrogen system, cooling water of air conditioner, electronics and DAQ,
etc...). In particular, before the installation, all the Cu parts have been chemi-
cally etched following a new devoted protocol and maintained in HP Nitrogen
atmosphere until installation.

Each crystal is enclosed in a suitable radiopure Cu housing; it has two
10 cm long UV low-radioactive quartz light guides directly coupled to the op-
posite sides of the bare crystal. Two low background photomultipliers work
in coincidence at single photoelectron level and are fully surrounded by a new
shaped low background Cu shield for PMTs. The detectors are enclosed in
a low radioactive copper box inside a low radioactive shield made by 10 cm
copper and 15 cm lead. The lead is surrounded by 1.5 mm Cd foils and about
10/40 cm of polyethylene/paraffin; moreover, the installation is almost com-
pletely surrounded by about 1 m of concrete – made of the Gran Sasso rock –
acting as a further neutron moderator. The passive shield is also enclosed in a
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Fig. 1. Left: the installation of the 25 NaI(Tl) crystals (9.70 kg each one) of
DAMA/LIBRA in HP Nitrogen atmosphere. Right: One of the final stages of the
detectors’ installation. Bottom: Picture of the photomultiplier shield made of highly
radio-pure Copper. All the used materials have been deeply selected for radiopurity
(see for example the cables with teflon envelop). All the procedures as well as these
photos have been carried out in HP Nitrogen atmosphere.

Fig. 2. Left: During the chemical etching of the metallic surfaces in clean room.
Particular dedicated protocols have been defined and followed; after the etching
the materials have been sealed in HP Nitrogen atmosphere Right: Partial view of
DAMA/LIBRA set-up.
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sealed plexiglas box. As previously in DAMA/NaI, the Cu box, the plexiglas
box and the glove-box (which is located on the top of the shield to allow
the detectors calibration in the same running conditions without any contact
with external environment) are maintained in high purity (HP) Nitrogen at-
mosphere. The installation is subjected to air conditioning.

Figure 3 summarizes the analogic schema of the DAMA/LIBRA electronic
chain and the single trigger referred to a single detector, the main trigger of
the acquisition system and the trigger system of the Waveform Analysers
(WA) in DAMA/LIBRA. The HV power supply for the PMTs is given by a
CAEN multichannel voltage supply with voltage stability of 0.1%. The signal
from each PMT is amplified by a preamplifier having 0-250 MHz bandwidth, a
factor 10 gain and a voltage integral linearity ±0.2%. In particular, the signal
from one PMT is divided in two branches: 19/20 of the signal is sent to the

Fig. 3. Top: Schema of the electronic chain referred to a single detector and its
trigger. Down: the schema of the main trigger of DAQ and of the trigger of the
Waveform Analysers.
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input of the preamplifier, while the remaining 1/20 – suitably delayed – feeds
a charge ADC channel. This last part processes the pulses with amplitude
such to saturate the remaining part of the electronics (they correspond to high
energy events). The preamplified signals of each PMT – through linear Fan-
in/Fan-out devices – are recorded through a channel of a Waveform Analyser
(which processes the signal in a 2 µs time window). In particular, this is
accomplished using fast VXI Tektronix four-channel TVS641A digitizers with
a sampling frequency of 1 GSample/s and 250 MHz bandwidth. In addition,
the sum pulses of the two PMTs are sent to the inputs for the charge ADCs.

The electronic devices, that provide the trigger of a single detector, are
also shown in Fig. 3. In particular, the copies of the PMT signals are the
inputs of Timing Filter Amplifiers which amplify and integrate the signal
(integration time 50 ns); their outputs are discriminated with single photo-
electron trigger level. The coincidence between the two logical NIM outputs
provides the trigger of each detector. A particular circuit allows: (i) to reject
afterglows and Bi-Po events in a 500µs time window after the occurrence of
the event (introducing a negligible systematic error on the measured rate);
(ii) to enable the detector in the main trigger by a CAMAC I/O Register
during the calibrations. The outputs of the coincidence devices provide: (i)
the signal for a CAMAC scaler to count the events for each detector; (ii) the
lines used in the main trigger (see later); (iii) the line giving the start to a
Gate Generator which – in addition to the veto of the coincidence – gives
the signal issued to a 16-bit CAMAC I/R Pattern Recognition allowing to
identify the detector or the detectors which have generated the trigger.

The main trigger of the acquisition – see Fig. 3 – is provided by the logic
OR of all the crystals. The main trigger pulses are counted by a Scaler, while
devoted devices allow to manage the trigger only when the acquisition is
ready. Thus, the dead time of the acquisition is properly accounted in the
estimate of the running time by using the information from the Scaler. When
a general trigger occurs, the following logic signals are issued to: i) a Gate
Generator generating the 600 ns gates for the charge ADCs; ii) the Delay
Gate Generator which gives the strobe signal to the I/R Pattern Recogni-
tion and generates the LAM (and, therefore, the interrupt to the CPU of
the acquisition computer) in the CAMAC system; iii) the Delay Gate Gen-
erator which gives the signal to the trigger of the Waveform Analyzers. This
last condition is verified only if the total energy deposited in the detectors
is in an energy window suitably chosen. For this purpose, each line feds a
Spectroscopy Amplifier whose gain is equalized in order to have the same
response for each detector. Thus, a Single Channel Analyzer made by the
two discriminators allows to select only events in the chosen energy window.

A devoted electronic circuit, shown in Fig. 3, allows to trigger only the
Waveform Analysers which correspond to fired detectors; it gives a trigger
to each Waveform Analysers when: (i) at least one of its corresponding lines
has a trigger; (ii) the main trigger is present; (iii) the total energy of the
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events is in the chosen energy window. Let us remind that for the events with
energy outside this energy window the ADC values are acquired. Therefore,
although the set-up is optimized for low energy, the high energy events up to
MeV region are acquired too.

The data acquisition system is made of a Workstation by Compaq with
Linux SuSe operative system, which is interfaced with the hardware system
through MXI-2 and GPIB buses. The GPIB bus allows to communicate with
the CAMAC crate housing the ADCs, the scalers and the I/O registers, while
the MXI-2 bus allows to communicate with the three VXI mainframes, where
the Waveform Analysers are installed.

As previously for DAMA/NaI, an hardware/software system to continu-
osly monitor the running conditions is also operative; in particular, several
probes are read out by the data acquisition system and stored with the pro-
duction data. Moreover, self-controlled computer processes are operational to
automatically control several parameters and to manage alarms.

Figure 4 shows the energy distribution of the 241Am source as measured
by one of the new DAMA/LIBRA detectors (σ/E = 6.7% at 59.5 KeV).

Fig. 4. Energy distribution of the 241Am source as measured by one of the new
highly radiopure DAMA/LIBRA NaI(Tl) detectors (σ/E = 6.7% at 59.5 KeV).
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Fig. 5. An example of the stability of the calibration factor (tdcal) and of the ratio
of the peaks’ positions (α) of the measured energy distribution of the 241Am source
during about one year of data taking.

Just as an example of the quality of the data taking, Fig. 5 shows the
stability of the calibration factor and of the ratio of the peaks’ positions of
the 241Am source during about one year of data taking.

The highly radiopure DAMA/LIBRA set-up is a powerful tool for further
investigation on the Dark Matter particle component in the galactic halo
having all the intrinsic merits of the NaI(Tl) scintillator:

– well known technology;
– reachable high radiopurity by material selections and protocols, by chem-

ical/physical purifications, etc.;
– large mass feasible;
– high duty cycle;
– well controlled operational conditions and monitoring feasible;
– routine calibrations feasible down to KeV range in the same conditions as

the production runs;
– high light response, that is KeV threshold reachable;
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– absence of the necessity of re-purification or cooling down/warming up
procedures (implying high reproducibility, high stability, etc.);

– absence of microphonic noise and an effective noise rejection at threshold
(time decay of NaI(Tl) pulses is hundreds ns, while that of noise pulses is
tens ns);

– sensitivity to spin-independent (SI), spin-dependent (SD) and mixed
(SI&SD) couplings as well as to several other existing scenarios;

– sensitivity to both high (by Iodine target) and low (by Na target) mass
candidates;

– possibility to effectively investigate the annual modulation signature in
all the needed aspects;

– pulse shape discrimination feasible at reasonable level;
– possibility to achieve significant results on several other rare processes;
– no safety problems;
– relatively small underground space necessary;
– the lowest cost with the respect to every other considered technique;
– etc.

Moreover, DAMA/LIBRA has a larger exposed mass, an higher overall ra-
diopurity and improved performances with the respect to DAMA/NaI.

The main aim of DAMA/LIBRA is to further investigate the 6.3 σ C.L.
model independent evidence for the presence of a dark matter component
in the galactic halo pointed out by DAMA/NaI [1], reaching higher C.L..
Moreover DAMA/LIBRA will also offer an increased sensitivity to improve
corollary quests on the nature of the candidate particle, trying to disentangle
at least among some of the many different possible astrophysical, nuclear and
particle physics models as well as to investigate other new possible scenarios;
as an example, we remind here:

– the effects induced on the Dark Matter particles distribution in the galactic
halo by contributions from satellite galaxies tidal streams. Recently it has
been pointed out [4] that contributions to the Dark Matter particles in
the galactic halo should be expected from tidal streams from the Sagittar-
ius Dwarf elliptical galaxy. Considering that this galaxy was undiscovered
until 1994 and considering galaxy formation theories, one has to expect
that also other satellite galaxies do exist and contribute as well. In partic-
ular, the Canis Major satellite Galaxy has been pointed out as reported
in 2003 in [5]; it can, in principle, play a very significant role being close
to our galactic plane. At present, the best way to investigate the presence
of a stream contribution is to determine more accurately the phase of the
annual modulation, t0, as a function of the energy; in fact, for a given
halo model t0 would be expected to be (slightly) different from 152.5 d
and to vary with energy (see Fig. 6).

– the effects induced on the Dark Matter particles distribution in the galactic
halo by the existence of caustics. It has been shown that the continuous
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Fig. 6. Expected behaviours of the phase, t0, of the annual modulation signal as
function of the energy when considering: i) only galactic halo (“no Sgr”); ii) galactic
halo (C2 halo model with v0 = 220 km/s, ρ0 equal to the maximum value for this
model) and a contribution from Sagittarius Dwarf galaxy (“C2”); iii) galactic halo
(A5 halo model with v0 = 220 km/s, ρ0 equal to the maximum value for this model)
and a contribution from Sagittarius Dwarf galaxy (“A5”). The contributions from
Sagittarius Dwarf galaxy have been taken in both cases with a density equal to 4%
of ρ0. The light shadow region is the final result of DAMA/NaI on the t0 value
for the cumulative energy interval (2–6) KeV, while the dark shadow region is the
expectation on t0 assuming an experiment with the same features as DAMA/NaI,
an exposure of 3 · 105 kg · day and the same central value for t0.
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infall of Dark Matter particles in the galactic gravitational field can form
caustic surfaces and discrete streams in the Dark Matter particles halo
[6]. The phenomenology to point out a similar scenario is analogous to
that in the previous item.

– the detection of possible “solar wakes”. As an additional verification of the
possible presence of contributions from streams of Dark Matter particles
in our galactic halo, DAMA/LIBRA can investigate also the gravitational
focusing effect of the Sun on the Dark Matter particle of a stream. In
fact, one should expect two kinds of enhancements in the Dark Matter
particles flow: one named “spike”, which gives an enhancement of Dark
Matter particle density along a line collinear with the direction of the
incoming stream and of the Sun, and another, named “skirt”, which gives
a larger Dark Matter particle density on a surface of cone whose opening
angle depends on the stream velocity.

Moreover, other interesting topics will be addressed by the highly ra-
diopure DAMA/LIBRA, such as the study (i) on the velocity and spatial
distribution of the Dark Matter particles in the galactic halo (for details
see the discussions in [1, 7]); (ii) on possible structures as clumpiness with
small scale size; (iii) on the coupling(s) of the Dark Matter particle with the
23Na and 127I target-nuclei; (iv) on the nature of the Dark Matter parti-
cles (for example, are they susy particles? mirror Dark Matter [8]? particles
from multi-dimensional Kaluza-Klein like theories? . . . ); (v) on scaling laws
and cross sections (recently, it has been pointed out [9] that, even for the
neutralino candidate, the usually adopted scaling laws could not hold); etc.

A large work will be faced by DAMA/LIBRA, which is intrinsecally, in
addition, the most sensitive experiment in the field of Dark Matter because
of its radiopurity, exposed mass and high duty cycle. These qualities will also
allow DAMA/LIBRA to further investigate with higher sensitivity several
other rare processes.

Finally, at present a third generation R&D effort toward the possible
NaI(Tl) ton set-up, we proposed in 1996 [2], has been funded and related
works have already been started.
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Summary. After the installation of the first four naked high purity Germa-
nium detectors in liquid nitrogen in the GRAN SASSO Underground Laboratory in
the GENIUS-Test-Facility (GENIUS-TF-I) on May 5, 2003, an improved setup
GENIUS-TF-II with now six detectors (15 kg), has been installed on October 14,
2004. This is the only setup existing worldwide until now (April 2005) which ap-
plies this novel technique aiming at extreme background reduction in search for rare
decays underground. The GENIUS-TF experiment, aims to search for the annual
modulation of the Dark Matter signal. The HDMS (Heidelberg Dark Matter
Search experiment) is the only experiment worldwide, operating an enriched
73Ge detector and is looking for spin-dependent WIMP-neutron interactions. Re-
sults for the measurement Febr. 2001–July 2003 are presented. They improve the
best existing present limits for low WIMP masses.

1 Introduction

The present status of cold dark matter search, of investigation of neutrinoless
double beta decay and of low-energy solar neutrinos all require new techniques
of drastic reduction of background in the experiments. For this purpose we
proposed the GENIUS (GErmanium in liquid NItrogen Underground Setup)
project in 1997 [2]. The idea is to operate “naked” Ge detectors in liquid
nitrogen (as applied routinely already for more than 20 years by the
CANBERRA Company for technical functions tests [1]), and thus, by
removing all materials from the immediate vicinity of the Ge crystals, to
reduce the background considerably with respect to conventionally operated
detectors. The liquid nitrogen acts both as a cooling medium and as a shield
against external radiactivity.

Monte Carlo simulations for the GENIUS project, and investigation of
the new physics potential of the project have been performed in great
detail, and have been published elsewhere [2, 3]. We were the first to show
(in our HEIDELBERG low-level facility already in 1997) that such device
can be used for spectroscopy [2].



150 H.V. Klapdor-Kleingrothaus and I.V. Krivosheina

A small scale version of GENIUS, the GENIUS-Test-Facility has the goal
to confirm the claimed evidence for WIMP dark matter from the DAMA
experiment[9]. A detailed description of the GENIUS-TF project is given in
[5, 6]. In Sect. 2 we give a decription of GENIUS-TF-II. In Sect. 3 we discuss
our recent results from the HDMS experiment operating an enriched 73Ge
detector and looking for spin-dependent WIMP-neutron interactions [11, 13].

2 The GENIUS-TF-II Setup

The first four naked detectors had been installed in liquid nitrogen on
5.05.2003 (see Fig. 1-upper part). This has been reported in Cern Courier
and [6]. The data acquisition system we developed in 2002 for GENIUS-TF
and GENIUS is decribed in detail in [7]. In October 2004 we have installed
a new setup GENIUS-TF-II (see Fig. 1-lower part, and Fig. 2), containing
in contrast to the earlier setup now six naked Ge detectors, and, as most
important improvement a second copper vessel, for further shielding of
the Radon (see [4]). Each detector has a weight of 2.5 kg. The depth of the

Fig. 1. Upper part – left and right: Taking out the crystals from the transport de-
wars and fixing the electrical contacts in the clean room of the GENIUS-TF build-
ing – from left to right: H. Strecker, I. Krivosheina, H.V. Klapdor-Kleingrothaus.
Middle: The first four contacted naked Ge detectors before installation into
the GENIUS-TF setup. Bottom part – left and right: View from the top of the new
GENIUS-TF-II setup in the more Radon-clean beta-beta room, during installation
in october 2004. Middle: The first six contacted naked Ge detectors.
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11 October, 2004
GENIUS-TF-II in Gran Sasso, Italy

Fig. 2. Cross section of the new setup GENIUS-TF-II.

core of the detectors was reduced to guarantee a very low threshold. The
inner shielding by bricks of monocristalline Germanium is used also in this
setup. First results seem to show a reduction of the 222Rn background.

The problem of diffusion of 222Ra into the setup GENIUS-TF-I could
not be solved satisfactorily during the first half of 2004. At present, in the
low-energy region, microphonics still causes some problem, which would be,
as the 222Ra background, very serious for any full GENIUS-like
experiment. Also this problem was not solved in 2003 and the first half
of 2004. We are presently working on the reduction of the problem for the
GENIUS-TF-II application in dark matter search, by pulse shape analysis
methods. It might be mentioned that GENIUS-TF (I and II) is the only
setup of naked detectors operated in liquid nitrogen, running in the world
until now.

3 The HEIDELBERG Dark Matter Search
Experiment (HDMS)

3.1 General

Investigation of the spin-dependent interaction is important, since it provides
additional constraints on SUSY models [19, 16, 13], and further, since it has
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been shown [20], that even with a very sensitive detector being sensitive only
to the scalar interaction (spinless target nucleus) one can, in principle, miss
a dark matter signal. Therefore spin-sensitive detectors (spin-non-zero target
nuclei) are required.

In general, both proton and neutron spin contributions enter into the
formula for the spin-dependent WIMP-nucleus cross section. Under the as-
sumption that the spin is carried by the ‘odd’ unpaired group of protons or
neutrons, and only one of them, either

〈
SA

n

〉
or
〈
SA

p

〉
is non-zero, possible

target nuclei can be classified into n-odd or p-odd group nuclei.
Experimentally, many p-odd group nuclei have been investigated, while

the spin-dependent WIMP-neutron interactions were subject only of very
few experiments, using natural Germanium [21, 22], and 129Xe [10](DAMA
group), the most sensitive of them being the Xe experiment.

The sensitivities reached in investigations of the spin-dependent interac-
tion of WIMPs with p-odd and n-odd nuclei are at present on a similar level
(of about 1 pb), and much less than for the spin-independent interaction
(about 10−6 pb). In spite of this, the “distance” to the SUSY expectation
region is similar to that in the spin-independent case since SUSY models
predict much higher cross sections for the spin-dependent case (see e.g. [13]).

We present here the results of the investigation of another odd-neutron
nucleus, 73Ge (with spin J=9/2). To increase the sensitivity for the spin-
dependent interaction, a high-purity Germanium detector enriched in 73Ge
to 86% (natural abundance 7.6%) has been produced and applied for this
purpose.

3.2 The HDMS Detector and the Measured Spectra

The HDMS (Heidelberg Dark Matter Search) project operates two ionization
HPGe detectors at the Gran Sasso National Laboratory (LNGS). The unique
configuration of the two crystals is shown in Fig. 3: a small p-type enriched
73Ge crystal with a mass of 202 g (enrichment 86%) is surrounded by a well-
type natural Ge crystal of 2.111 kg. Both the detectors are mounted in the
same copper cryostat. The coaxial configuration of the two detectors was
especially designed to reduce the background of the inner detector by means
of two effects, the shielding provided by the outer crystal (germanium is one
of the radio-purest known materials), and the anti-coincidence between the
two detectors. Since WIMP interactions will take place only in one of the two
detectors at a time, events occurring in both inner and outer crystals (like
multiple scattered photons) can be rejected.

A further shield against external background sources is provided by 10 cm
of electrolytic copper and 20 cm of Boliden lead, both lead and copper hav-
ing been stored for several years below ground at Gran Sasso. The whole
setup is enclosed in an air tight steel box and flushed with gaseous nitro-
gen in order to suppress environmental radon diffusion. Finally a 15 cm thick
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Fig. 3. Schematic view of the HDMS detector configuration. The inner detector is
made from 73Ge, the outer from natural germanium.

borated polyethylene shield surrounds the steel box to minimize the influence
of neutrons.

The final setup of HDMS was installed at the LNGS during August 2000,
after a first prototype phase [18] which took data over a period of about 15
months with an inner detector made of natural germanium. The inner de-
tector was then replaced by an enriched 73Ge crystal of the same mass and
dimensions. For technical properties of the HDMS detectors and previous
performances of HDMS we refer to [18, 8]. The electronic data acquisition
system is similar to the one used in the HEIDELBERG-MOSCOW double
beta decay experiment [23]. It allows data sampling in event-by-event mode
and in a calibration mode (for fast data acquisition). 250 MHz flash ADC’s
of type Analog Devices 9038 JE (in DL515 modules) allowed digital measure-
ments of pulse shapes. The signals of the charge-sensitive preamplifiers were
differentiated by Timing Filter Amplifiers. Since the energy resolution of the
FADC was 8 bit, the energy signals for high- and low-energy spectra (from
70 KeV to 8 MeV and from threshold of 4 KeV to 400 KeV) were recorded
with 13 bit ADC’s developed at MPI Heidelberg. As trigger pulse-detect
signals from the ADC’s were used. For details see [24].

The anti-coincidence between the two detectors is performed off-line. All
events having an energy deposition in both detectors are rejected. The total
spectrum measured over the period February 2001 to July 2003 (423.18ḋ,
corresponding to 85.48 kg d) is shown in Fig. 4.

To understand quantitatively the measured spectrum, extensive Monte
Carlo simulations have been performed already for the HDMS prototype de-
tector [25], including the effects of the natural decay chains of 232Th and 238U ,
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Fig. 4. Background spectrum of the HDMS detector (exposure 85.48 kg d) before
and after the anti-coincidence cut is applied.

the primordial nuclide 40K, the cosmogenically produced nuclides 54Mn,
57Co, 58Co, 60Co and 65Zn in the copper of the cryostat and in the Ge
crystals, and the anthropogenic radionuclides 125Sb, 134Cs, 137Cs and 207Bi,
and also muon showers and neutron-induced interactions. The main back-
ground sources and their localization in the HDMS setup were understood,
and agreement of the measured spectrum and the simulated sum spectrum
was obtained within the uncertainty of the simulations of about 20%.

In Fig. 5 we see the anticoincidence spectrum shown in Fig. 4 divided
into 3 subsets, corresponding to 3 partial acquisition periods. The exposures
are, respectively, 30.9 kg d, 29.5 kg d and 27.6 kg d. Fig. 5 shows the decrease
with measuring time of the activity of the cosmogenic isotope 68Ge (half life
= 270.8 d), which is responsible for the structure around 10 KeV (X-rays)
(see [26]). Also decreasing with time was the background in the other energy
regions, for example from 50 to 100 KeV, where the background index for the
third spectrum (runs 721-1000) is less than a half of the first spectrum (runs
260-500). At the same time we notice, that, the background in the lowest
energy bin almost remained constant, probably being due to microphonic
noise.
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Fig. 5. Anti-coincidence spectra from the HDMS experiment for the indicated
partial data sets (see text).

3.3 Dark Matter Limits

The spectra have been used to extract limits on WIMP-nucleon coupling. In
the procedure of calculating the limits on the WIMP parameters (mass and
cross section) we consider either spin-independent (SI)-coupling only or spin-
dependent (SD)-coupling only. This simplification is done in most analyses
of dark matter experiments, although in principle one has to make a joint
analysis of SI and SD coupling (see [27, 13], and below). The evaluation for
dark matter limits on the WIMP-nucleon cross section uses the conservative
assumption, that the whole experimental spectrum consists of WIMP events.
Consequently, excess events above the experimental spectrum in any energy
range of a width not smaller than the energy resolution of the detector are
forbidden (to a given confidence limit). For the calculation of the expected
WIMP spectra we use formulae given in the extensive reviews [17, 28], for a
truncated Maxwell velocity distribution in an isothermal WIMP-halo model.
However, it should be mentioned that other models exist, and that varying the
halo model can affect the results significantly (see [27, 29]). The astrophysical
parameters used are given in Table 2. For a given WIMP mass we then fit the
only remaining parameter, the scattering cross section σGe, to the measured
spectrum by using a one-parameter maximum likelihood fit algorithm. We
use a sliding variable energy window to check the excess events above the
experimental spectrum (for a one-sided 90% c.l.), as used (and described) in
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our earlier dark matter investigations [18]. The minimum among the cross
section values obtained via the multiple fits is taken as the cross section for
the corresponding WIMP mass. As starting value for the cross section σGe

at zero momentum transfer, we assume σGe = 10−34cm2, for both SI and SD
coupling.

Regarding the form factor, for the SI coupling we used the Helm approx-
imation of the Bessel form factor. The form factor in this approximation is
[30]:

F 2(qrn) =
(

3j1(qrn)
qrn

)2

e−(qs)2 , (1)

where s ∼ 1 fm is the nuclear skin thickness. For the SD coupling we used
the following form factor [17]:

F 2(qrn) = j20(qrn) (qrn < 2.55, qrn > 4.5) (2)
F 2(qrn) = constant 
 0.047 (2.55 < qrn < 4.5)

calculated in the so-called thin-shell approximation and corrected so that the
first zero of the Bessel function is partially filled with the value of the function
at the second maximum.

As a result of the procedure described above, we obtain, for each value of
the WIMP mass, the upper limit on the WIMP-Ge cross-section σGe at 90%
C.L. . This upper limit can then be converted into a limit on WIMP-nucleon
(proton or neutron) cross section. The conversion allows one to compare the
results of experiments using different targets. In the spin-independent case the
conversion from the WIMP-nucleas cross section σGe to the WIMP-nucleon
cross section σp is straightforward ( σp = σA

µ2
p

µ2
A

1
A2 )[17].

In Fig. 6 we show the measured spectrum (see Fig. 4 together with some
WIMP spectra calculated by use of the minimum cross sections determined
by the described fitting procedure. Fig. 6 also shows the deduced contour
lines for the data subsets shown in Fig. 5 for the SI interaction. They are not
very competitive, and our interest lies with our detector, mainly in the SD
interaction.

In the spin-dependent case we have to deal with the problem of the WIMP-
type dependence of the cross-section (see [19, 17, 13, 31]). The conversion
formula for SD interactions is:

σp = σA

µ2
p

µ2
A

1
CA/Cp

(3)

σn = σA
µ2

n

µ2
A

1
CA/Cn

, (4)

where µ2
p,n and Cp,n are the reduced mass and the enhancement factor for

proton and neutron, respectively.
The definition of CA is given by:
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Fig. 6. Left: comparison of the measured spectrum shown in Fig. 4 with theoretical
spectra, corresponding to the minimum cross section calculated from the fit and to
the WIMP masses indicated. Right: limits on SI WIMP-proton cross sections from
the HDMS experiment for the 3 data subsets shown in Fig. 5.

CA =
8
π

(ap 〈Sp〉 + an 〈Sn〉)2
J + 1
J

, (5)

where ap and an are the (WIMP-type dependent) effective WIMP-nucleon
couplings, 〈Sp〉 and 〈Sn〉 are the expectation values of the proton and neutron
spins within the nucleus and J is the total nuclear spin.
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Table 1. Values of the astrophysical quantities used to extract the limits on WIMP-
nucleon coupling, used in the fit of the present data.

Parameter Value

Earth velocity vE 232 km/s

WIMP local density ρw 0.3 GeV/cm3

WIMP velocity distribution vrms 270 km/s

Escape velocity vesc 600 km/s

Table 2. Several nuclear model calculations of the spin factors 〈Sp〉 and 〈Sn〉 for
the odd-N nucleus 73Ge.

Model 〈Sn〉 〈Sp〉

ISPSM [35] 0.5 0

OGM [32] 0.23 0

IBFM [36] 0.469 -0.009

IBFM(quenched) [36] 0.245 -0.005

Hybrid [34] 0.378 0.030

Shell (small) [33] 0.496 0.005

Shell (large) [33] 0.468 0.011

Quenched [33] 0.372 0.009

In the case of free nucleons we have Cp,n = 6
π a2

p,n and, as we easily see,
the ratio CA/Cp (as well as CA/Cn) depends on the WIMP composition.

Under the simplifying assumption that the nuclear spin is carried mostly
by protons (neutrons), that is 〈Sp〉 >> 〈Sn〉 (〈Sn〉 >> 〈Sp〉) the WIMP-
dependence cancels out in the ratio, since the effective WIMP-nucleon cou-
plings ap and an are almost of same magnitude. In the effective MSSM for the
ratio of neutralino-neutron spin coupling to the neutralino-proton spin cou-
pling ap has been calculated to be 0.55 < ap > 0.8 [13]. Since 73Ge is a odd-N
nucleus (J=9/2), the assumption 〈Sn〉 >> 〈Sp〉 is well justified (see Table 2)
and we can obtain WIMP-type independent limits for the WIMP-neutron
SD cross section in the following way:

σn =
3
4
σA

µ2
n

µ2
A

1
〈Sn〉2

J

J + 1
(6)

The values of 〈Sn〉 and 〈Sp〉 are provided by nuclear model calculations. The
results of several calculations for 73Ge are listed in Table 2.
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Fig. 7. Experimental limits on WIMP-neutron spin-dependent coupling from the
HDMS experiment (data from runs 721-1000). The HDMS exclusion plot (dashed
line) is calculated assuming 〈Sn〉 = 0.378 and 〈Sp〉 = 0.030. Also shown is the effect
of choosing different values for the spin factors 〈Sn〉 and 〈Sp〉 (dashed range). The
result of the DAMA Xenon experiment [10] is shown as comparison.

In Fig. 7 we plot the exclusion curve for σn obtained from the HDMS
last partial data set runs 721-1000. To draw the exclusion plots we assumed
the most recent values of 〈Sn〉 = 0.378 and 〈Sp〉 = 0.030, as in [34], but also
shown is the effect of choosing different values for the spin factors on the
HDMS exclusion plot. We plot as comparison the current best limit on SD
WIMP-neutron cross sections coming from an odd-neutron nucleus (129Xe),
provided by the DAMA Xenon experiment [10]. Our results are already
competitive with the DAMA results, improving the limit in the region of low
WIMP masses.

Figure 8, shows the sensitivities of HDMS in the framework of mixed spin-
dependent (SD) WIMP-neutron and spin-independent (SI) WIMP-nucleon
couplings (see [13]).

4 Conclusions

The GENIUS-TF experiment [6, 5] will be – in addition to DAMA [9] – the
only experiment which will be able to probe the annual modulation signature
in a foreseeable future. The much discussed cryodetector experiments, have
at present hardly a chance to look for modulation because the mass used and
projected in these experiments is still by far too low (see also [14]).

A new GENIUS-TF-II setup has been installed in October 14, 2004 with
additional shielding against radon and additional two Ge detectors in liquid



160 H.V. Klapdor-Kleingrothaus and I.V. Krivosheina

σ(n)(spin), pb

σ(p
) (s

ca
la

r)
, p

b
10 event/kg/day

1.0

0.1 DAMA-NaI
mixed

DAMA-Xe

Fig. 8. Right: The solid lines (marked with numbers of R(15, 50) in events/kg day)
show the sensitivities of the HDMS setup with 73GeV in the framework of mixed
SD WIMP-neutron and SI WIMP-nucleon couplings together with the DAMA-NaI
allowed region for sub-dominant SD WIMP-neutron coupling (θ = π/2). The present
HDMS result cuts already part of the DAMA allowed range. The scatter plots give
correlations between σp

SI and σn
SD in the effMSSM for mχ < 200 GeV. The squares

(red) correspond to sub-dominant relic neutralino contribution 0.002 < Ωχh2
0 < 0.1

and triangles (black) correspond to WMAP relic neutralino density 0.094 < Ωχh2
0 <

0.129. The dashed line from [10] shows the DAMA-129Xe (1998) exclusion curve
for mWIMP = 50 GeV (from [13]).

nitrogen in the GRAN SASSO, increasing the total mass to 15 kg. This is
the first time that this novel technique is applied under realistic background
conditions of an underground laboratory.

The HDMS (HEIDELBERG Dark Matter Search) project runs an en-
riched 73Ge detector in Gran Sasso, looking for spin-dependent WIMP-
neutron interaction. The measurement over the period 2001-2003 improved
the best up to now existing limits, by the 129Xe DAMA measurement, in the
range of low WIMP masses. At present efforts are going on to improve the
sensitivity of HDMS, to be able to restrict the SUSY prediction region (see
Fig. 2).
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1 Introduction

The Cryogenic Dark Matter Search (CDMS) collaboration [1] is perform-
ing a direct-search experiment for the Weakly Interacting Massive Particles
(WIMPs) that could constitute the majority of the mass of the Universe [2].
The scientific case for WIMPS continues to grow stronger; most compelling
are WMAP results in conjunction with studies of large-scale clustering and
supernova data [3]. One attractive WIMP candidate is the lightest supersym-
metric particle (LSP) which arises naturally in many supersymmetric exten-
sions of the Standard Model of Particle Physics, assuming that R-parity is
conserved [4]. WIMPS are expected to interact elastically with nuclei, gener-
ating a recoil energy of a few tens of keV, at a rate smaller than 1 event per
kg per day [5].

In order to perform such a direct-detection experiment the CDMS exper-
iment utilizes detectors which can discriminate against the majority of back-
ground events (electromagnetic in origin). Both the ionization signal, and the
athermal phonon flux generated by each recoil-candidate event in the Ge and
Si targets are measured. For nuclear recoils (due to neutron backgrounds, and
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the possible WIMP candidates of interest) the ionization signal is relatively
suppressed compared to that of electron recoils (which arise due to the nat-
ural photon and beta backgrounds present). Thus by measuring the relative
ionization yield for each recoil event we can identify the nuclear recoils of
interest. Another experiment, EDELWEISS, also use this relative-ionization
yield technique [6]. But their measurement of the phonon energy is essen-
tially calorimetric utilizing neutron-doped-thermistors. CDMS uses a more
advanced phonon sensor that is more sensitive to the initial athermal phonon
flux, thus providing an additional event-type discrimination handle [7]. The
athermal phonon information can be used to identify surface electron-recoil
events, which occur within the first few microns of the detector surface and
have low ionization yield. These events otherwise could potentially be erro-
neously classified as nuclear recoils.

The other class of events that could be misidentified as the WIMP sig-
nal of interest comes from the ambient neutron background. Our detector
technology cannot discriminate between WIMPS and neutrons; thus it is im-
perative that the shielding of the experiment is designed to minimize this
source of background. Earlier results from CDMS [8] were from operating
our detectors at a shallow site (17 m.w.e.) on the Stanford campus (Stanford
Underground Facility, SUF). The use of an active muon veto to identify de-
tector events coincident with through-going muons was sufficient to veto most
of the neutron background, and along with Monte-Carlo studies of the mul-
tiple scattering of events between detectors (neutrons can multiply-scatter,
whereas WIMPS will not) CDMS could set competitive limits for the WIMP-
nucleon cross-section [8]. However, to make further progress a deeper site is
desired where the ambient muon and associated neutron background flux
will be further attenuated. Thus the CDMS II collaboration commissioned
the deep-site facility at Soudan, Minnesota.

The rest of this paper will describe our operations at Soudan, our first
WIMP-search data set from Soudan, and the resulting exclusion limits for
both scalar [1] and axial-vector WIMP-nucleon cross-section [9, 10]. These
results, under standard assumptions, continue to disagree with the annual
modulation signal claimed by the DAMA collaboration [11, 12].

2 CDMS II at Soudan

2.1 Experiment Overview

The Soudan Underground Laboratory provides an overburden of 780 m, cor-
responding to 2090 m.w.e. to shield against cosmic rays. The surface muon
flux is attenuated by a factor of 5×104. Within the original Soudan cavern the
CDMS II apparatus is housed within an RF-shielded enclosure (see Fig. 1).
The apparatus consists of a commercial dilution refrigerator connected via



First CDMS II WIMP Search Results from Soudan 165

Fig. 1. The CDMS II infrastructure during construction at Soudan. Clockwise from
upper left: the upper-half of the class-10,000 cleanroom which houses the apparatus,
seen from the mezzanine level in the Soudan cavern; the cryogenic system, with the
dilution refrigerator and detector cold volume (icebox) connected via the cold stem;
a partial assembly of the shielding below the icebox; Detector Towers 1 & 2 installed
with readout striplines in the inner can of the icebox.

a cold-stem to a set of nested copper cans which contain the Ge and Si de-
tectors, cooled to 50 mK. For the first WIMP-search cryogenic run (labelled
as Run 118) two “towers” of detectors were installed but only Tower 1 was
brought on-line. This is the same tower that was run previously at SUF [8],
containing 4 Ge and 2 Si detectors.

The electrical readout of the detectors is accomplished via copper-kapton
electrical striplines which bring the signals back to room temperature via
an “e-stem”, which penetrates the shielding surrounding the copper cans.
The signals are amplified in front-end electronic racks and then sent to the
adjacent electronics room where digitizers, slow ADCs and scalers record the
detector and muon-veto shield activity and monitor various thresholds and
settings. The trigger for each detector is formed from the sum of the four
phonon channels. The waveforms for each triggered event are recorded for all
detectors and transferred by the DAQ to DLT tape. The DAQ deadtime is
∼ 20 ms, which allows for a 50 Hz event acquisition rate and thus enables
fast execution of calibration-source runs to be interspersed with WIMP-search
runs. For Run 118 the WIMP-search runs’ trigger-rate was ∼ 0.1 Hz (due
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to the ambient electron-recoil event rate) at the hardware trigger threshold
of ∼ 2 keV. Real-time online analysis of a small fraction of the data ensures
quality. Off-line computing farms process all the recorded files and calculate
the event parameters of interest (and introduce blinding of potential single-
scatter nuclear recoil events in the WIMP-search data sets) for subsequent
analysis.

2.2 Shielding

The detector towers reside in a one-cubic-foot copper-walled enclosure, evac-
uated and cooled to 50 mK. The set of radio-pure copper cans required for
the cryogenic operation of these detectors is called the “icebox” and consti-
tute the innermost layer of passive shielding for the detectors. A 2 mm thick
mu-metal can (a soft-iron alloy) surrounds the icebox to screen the detec-
tors and their cold-readout electronics from magnetic fields. For the latter
part of Run 118 this can also served the purpose of containing old-air that
was flushed back through the surrounding shielding material to reduce the
ambient radon gas levels within the shield.

Referring to Fig. 2, surrounding the mu-metal shield of the icebox there is
an “inner” layer of 10 cm thick polyethylene that serves as the final moderator
of incident neutrons on the icebox. Further out are 4.5 cm thick ancient lead

Fig. 2. Schematic plan and side elevations of shielding layers surrounding the
Soudan icebox with the dilution refrigerator outside the shielding and connected to
the icebox by the cold stem.
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bricks, beyond which there is another 9 cm thickness of low-activity lead
bricks, to reduce the ambient gamma-ray flux incident on the icebox. The
lead bricks are arranged so that there is no direct line of sight through the
(three) layers. Beyond the lead bricks is the 40 cm thick outer polyethylene
shield required to moderate the neutron flux incident from the neighbouring
rock of the cavern.

Surrounding the outer polyethylene shield is the active muon veto system,
similar to that employed at SUF [8], but with a number of differences. As
indicated in Fig. 2 there are 40 individual paddles arranged to prevent any
line of sight from the cavern to the cryogenic detectors. The new readout elec-
tronics allows discrimination between through-going muons and high-energy
(> 2 MeV) gamma cascades incident on the shield. The threshold was set
to give a veto trigger rate of 600 Hz, which is due to the ambient gammas
incident on the veto shield. The muon rate at Soudan is too low (one per
minute on the entire shield) to allow muons to be used to calibrate and mon-
itor the stability of the active shield. Instead a blue-LED pulser system tuned
to match the scintillator light produced by a muon is used to calibrate the
paddles twice a day. To date no significant deviations have been observed. A
veto trigger for tagging incident muons is constructed by requiring coincident
activity in multiple paddles. Through-going muons are tagged with greater
than 99.9% efficiency, and rarer stopped muons are tagged with greater than
99.4% efficiency.

2.3 Cryogenics

The dilution refrigerator and icebox design is very similar to that already
used by CDMS at SUF [8]. However the associated cryogenic support equip-
ment at Soudan is considerably more sophisticated to allow remote operation.
At Soudan, adjacent to the class-10,00 clean-room housing the apparatus is
the “cryo-pad” area where the dilution refrigerator’s gas-handing equipment,
pumps, and cryogenic liquid transfer stations are located.

For the duration of Run 118 the dilution refrigerator had a small leak from
the liquid He bath to the outer vacuum can. The detectors and associated
cold electronics were not exposed to this helium leak as they are inside a sepa-
rate, inner vacuum can. However this leak did affect our cryogenic operations.
Although this leak was continually pumped on, the vacuum was sufficiently
soft to require two liquid helium transfers a day. These transfers reduced our
effective livetime as the detectors cannot be operated stably during cryogen
refills. In addition, every few weeks the system would go into a thermal run-
away mode when sufficient He had accumulated to cause a more substantial
degradation in the vacuum. During such “burp” episodes the fridge perfor-
mance was significantly affected and the detector temperature would rise to
1 K. Typically, it would take a day for the fridge to recover and for the
detectors to return to their nominal operating conditions.
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2.4 Detectors

The Tower of six detectors operated at Soudan (Tower 1) for Run 118 was
first run at SUF [8]. Each Ge (Si) detector is 76 mm in diameter and 10 mm
thick, with a mass of 250 g (100 g). As shown in Fig. 3, ionization electrodes
and phonon sensors are photolithographically patterned onto the two faces
of the crystal for each detector. Division of the electrodes into an annular
outer “guard” electrode and a disk-shaped inner electrode help define an
inner fiducial region 
 85% that is shielded from low-energy electron sources
incident on the detector perimeter.

On the opposite face the phonon sensors serve as the ground electrode
grid for the ionization measurement, in addition to their role in measuring
the total energy deposited in the crystal by an event. The athermal phonons
produced by an event have travel times of ∼10 µs through the crystal before
they enter superconducting Al films on the surface of the crystal. There

Fig. 3. Schematic layout of a ZIP detector showing the phonon-side (lower left),
edge-profile (lower centre), and ionization-side (lower right). The ionization-side has
a metallized grid segmented into an inner and an outer (guard ring) electrode. The
phonon-side is divided into four quadrants, labelled A, B, C and D, each consisting
of 37 dies. The coordinate system (x, y) used in the text is shown. The upper
left shows one of phonon sensor dies, each of which contains 28 QET [7] phonon
sensors. Each QET (upper right) consists of a 1 µm wide superconducting tungsten
transition-edge-sensor connected to 8 aluminium athermal-phonon collection fins.
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they can break bound Cooper pairs. The resultant electronic excitations,
quasiparticles, then diffuse to the W transition edge sensor (TES) where they
heat the W electron system. The W TES is self-biased at 
 80 mK within its
superconducting to normal transition. The rise in temperature of its electron
system results in a change in its resistivity, which is sensed by a SQUID
readout. These phonon sensors go by the acronym QET, Quasiparticle-trap-
assisted Electro-thermal-feedback Transition-edge-sensors [7]. As shown in
Fig. 3 the QETs are grouped to give four phonon sensor channels. The relative
phonon signal timing delay between them allows a reconstruction of the (x, y)
coordinate of the event.

The QET phonon sensors are sensitive to both the athermal phonons pro-
duced by the initial recoil event, and the subsequent Luke phonons generated
by the drifting of the liberated electrons and holes of the ionization signal
under the applied ionization bias voltage [7]. The Luke phonons have lower
frequency and thus travel faster (ballistically) than the quasidiffusive prop-
agation of the initial recoil athermal phonons. At an ionization bias of 3 V,
half the measured phonon signal of electron-recoil events in Ge is due to these
Luke phonons. In comparison, the lower relative ionization yield for nuclear-
recoil events results in a smaller fraction of the phonon signal containing
prompt phonons. Thus the phonon signals measured will have longer delay
times (with respect to the ionization signal) and longer risetimes for nuclear
recoils than electron recoils. In addition, electron-recoil events occurring near
the surface of the detector will have enhanced down-conversion of the ather-
mal phonons generated by the recoil, due to the presence of metal films on
the surface. Thus surface electron-recoil events will generate phonon signals
that are both more prompt and with even faster risetimes than electron-
recoil events that occur in the bulk of the crystal. This dependence of the
phonon signal on the depth, or z-coordinate of the recoil event is the origin
of the CDMS detector acronym: Z-dependent Ionization and Phonon (ZIP)
detectors.

In Tower 1 the sequence of detectors (running from top to bottom) is Ge,
Ge, Ge, Si, Ge, Si, and are labelled Z1-Z6. The detectors are spaced 2 mm
apart and have direct line of sight to each other to maximize the detection
of multiple scattered events between detectors. The Ge detector at the top
of the stack, Z1, has a significantly non-uniform phonon sensor response that
is a strong function of the event position within the crystal, thus its analysis
threshold was set at 20 keV, twice as high as the other Ge detectors. The
Si detector at the bottom, Z6, is known to be slightly contaminated with
14C on its faces. It exhibits a relatively large number of low-ionization-yield
beta events and was not used as a WIMP-search detector. Instead it retained
utility for tagging multiple-scattered events for other detectors in the Tower.
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3 Calibrations

3.1 Gammas

In order to achieve charge collection at the relatively low ionization bias volt-
age of ∼3 V charged impurity sites in the crystals must be neutralized. This
is achieved by “baking” the detectors with photon pulses from LEDs with
energies ∼1 eV. The photons liberate some charge carries which neutralize
these sites and reduce their scattering cross-sections significantly. However,
if the crystals are warmed above 1 K then thermal phonons will reactivate
these sites. Thus the LED baking recipe must be optimized for maximum
photon yield without excessive heating. Typically we aim to maintain the
temperature of the icebox below 200 mK when performing the LED baking.

Once the detectors are neutralized after their initial cooldown we verify
that the ionization collection is good by performing gamma calibrations. At
Soudan we have performed most of our gamma calibrations using a 133Ba
source that is placed on the outer surface of the icebox (the source is pellet-
sized and is pulled by a wire through a tube running through the shielding
surrounding the icebox). The 3 cm of intervening copper, the finite size of
the detectors, and a residual position dependence in the ionization energy
resolution can all be simulated by Monte Carlo. Figure 4 shows the measured
energy spectra compared to the simulations. The agreement in spectral fea-
tures is very good and allows an accurate energy calibration of the ionization
channels of the detectors.

100 150 200 250 300 350 400

100

100
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101

102

Charge Energy (keV)

Z3 Z4

100 150 200 250 300 350 400

Charge Energy (keV)

Fig. 4. Comparison of the measured 133Ba charge spectrum (dark) and the Monte
Carlo simulation (grey) for (Left) the Ge detector Z3, and (Right) the Si detector
Z4. The vertical dashed lines denote the location of the expected peaks at 276 keV,
303 keV, 356 keV and 384 keV.
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With the ionization channels now calibrated, the phonon sensors can
also be calibrated for electron-recoil events. The position dependence in the
phonon signal response is corrected for by establishing lookup tables that use
events which are known to be single-scatter bulk electron recoil events [8, 10].

Performing these corrections requires a relatively large number of gamma
calibration events. As a by-product these calibration sets also contain a useful
fraction (∼1%) of surface electron-recoil events due to high-energy photons
ejecting electrons from nearby materials. This class of events are used to
study (see [10] and Sect. 4.2 below) the surface electron-recoil response of
the detectors and to establish the phonon-timing cuts required to identify
such surface events during the WIMP-search running (see Sect. 3.3 for an
example).

3.2 Neutrons

In order to determine the nuclear recoil acceptance band in relative ionization
yield as a function of recoil energy for each detector, in situ neutron calibra-
tions were performed. Like the gamma calibration sources discussed above,
the 5µCi 252Cf source was also placed within the shielding but outside of the
icebox. Observation of the predicted energy spectrum from the 252Cf source
confirmed the energy scale for nuclear recoils [1]. The statistics required from
the neutron source to determine the nuclear recoil signal acceptance region
are relatively low (∼ 1000 events per detector up to 200 keV recoil energy)
and was thus left in place for only an hour in order to minimize the activation
of the Ge and surrounding Cu.

The inherent discrimination ability of the detectors between electron re-
coils and nuclear recoils is demonstrated in Fig. 5, which shows events from
three of the Ge detectors of Tower 1 co-added together during one of the
Run 118 neutron source calibrations. The neutron source emits both gammas
and neutrons. The ionization yield for electron recoils is already normalized
to Y 
 1 by the gamma calibrations. The suppressed ionization yield for the
neutron events allows nuclear-recoil acceptance bands to be constructed for
each detector.

3.3 Electrons

Figure 5 already indicates the location of the ±2σ nuclear-recoil acceptance
band that will be used as the nuclear recoil cut parameter in the WIMP-
search data. However for this band to be accurately calculated, surface event
electron-recoils must be removed from the neutron calibration data sets. As
described earlier in Sect. 2.4 phonon-timing information can be used to set
cuts to reject these surface electron events.

As an example from Run 118, Fig. 6 shows the phonon-timing cuts estab-
lished for the Ge detector Z3 for the 5–10 keV recoil-energy range. The two
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Fig. 5. Ionization yield as a function of recoil energy for calibration data with a
252Cf source with the events for three Ge detectors (Z2, Z3 & Z5) co-added together.
The solid curves indicate the electron-recoil acceptance band (±2σ) and the dashed
curves the corresponding nuclear-recoil acceptance band (±2σ) derived for Z5, the
detector with the worst noise of the three. Events with ionization yield Y < 0.75
(grey) are shown only if they pass the phonon-timing cuts to ensure that only true
nuclear recoils are depicted below Y = 0.75. The vertical line indicates the 10 keV
analysis threshold used for these three detectors.

timing parameters of interest are pminrtc (10%–40% rise-time of the largest
of the four phonon pulses) and pdelc (relative delay of the 20% point of the
largest phonon pulse with respect to the start-time of the ionization pulse).
The cuts are positioned such that the estimated leakage of surface-electron
events into the nuclear-recoil band for the WIMP-search data itself is opti-
mized by minimizing the ratio P90/α, where P90 is the Poisson 90% upper
limit on the number of surface events that will leak into the ±4σ nuclear
recoil band, and α is the efficiency of the phonon-timing cuts on accepting
neutrons. Note we do not intend to statistically subtract any leakage surface-
electron events present in the WIMP-search data set. Hence the conservative
optimization outlined above. The scaling of the number of surface-electron
events for estimation of P90 between the gamma-calibration data sets (see
Sect. 3.1) and the WIMP-search data sets can be done by scaling the number
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Fig. 6. Phonon timing quantities for the Ge detector Z3 for the 5–10 keV recoil
energy bin. The grey points are neutron events from a 252Cf calibration source, and
the ×’s are intermediate-yield (beta) calibration events (below 3σ of the electron
recoil acceptance band). The lines indicate the optimized cut positions for the
timing variables of interest. Above 20 keV the phonon signal to noise is sufficiently
large that a cut using only pdelc is sufficient for rejecting all calibration betas.

of intermediate-yield events observed between the electron-recoil acceptance
band (3σ) and the 4σ nuclear-recoil acceptance band for each of the data
sets. As will be shown below in the WIMP-search data sets, this phonon-
timing cut approach rejects most of the surface events (as well as a large
fraction of the bulk volume electron-recoil events) whilst preserving most of
the nuclear-recoil signal-region events of interest.
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4 The First WIMP Search at Soudan

4.1 Overview of Run 118

The first WIMP-search data at Soudan was taken between October 11th,
2003 and January 11th, 2004. We performed 133Ba (and 60Co) gamma cal-
ibrations on a regular basis to monitor the stability of both the ionization
and phonon channels. We also performed three short-duration (∼1 hour each)
neutron calibrations in situ during the course of the run (November 25th,
2003, December 19th, 2003, and January 5th, 2004) to monitor the nuclear
recoil signal acceptance band. These calibrations, and the observation of the
10.4 keV Ga line from neutron activation of Ge, indicate that the energy cal-
ibrations were accurate and stable to within a few percent during the course
of the run.

We performed a blind analysis of the WIMP-search data, in which the
nuclear-recoil region was not inspected until all cuts and analysis thresholds
were defined using in situ gamma and neutron calibrations. The cut efficien-
cies were determined after the unblinding of the nuclear-recoil region, but the
cuts themselves were not subsequently altered. Upon unblinding, no candi-
date nuclear-recoil events were observed in the WIMP-search data set, which
allowed a new exclusion limit to be set on the WIMP nucleon cross-section [1].

4.2 Backgrounds

Figure 7 summarizes the observed gamma backgrounds and Monte Carlo sim-
ulations of likely sources of contamination. The Radon gas levels at Soudan
are significant ∼ 500 Bq/m3. Thus shortly into Run 118, on November 6th,
2003, an old-air purge system was introduced that flushed the innermost
part of the shield. The overall gamma rate dropped by a factor of 5 over the
next few days. The Monte Carlo simulations now indicate a radon level of
∼ 35 Bq/m3 within the shield. The upper limit on 210Pb in the inner lead
shield is 0.2 ppb. No 40K has been detected, the upper limit being 0.25 ppm.
For the inner and outer polyethylene shields the U/Th contamination were
measured before-hand to be 30 ppt and 1 ppb respectively. The Cu of the cans
had also been measured before-hand to contain less then 0.5 ppb U/Th/K.
Figure 7 suggests an additional contribution is required for the detectors
towards the bottom of the Tower.

The overall beta event rate (defined as events with relative ionization
yield below 3σ of the electron-recoil band and above 2σ of the nuclear-recoil
band) also dropped with the introduction of the old air purge into the shield,
by a factor of two. By relating the decrements in both gamma and beta rates
we have estimated [10] that surface ejected electrons, due to high energy
gammas, contribute half of the total beta background, with the rest being
due to beta-emitter contamination on the detector surfaces themselves or
nearby. Our studies of the 133Ba and 60Co calibration data sets and Monte
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MC: sum
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Fig. 7. Measured gamma spectra for Z1-Z6 accumulated during background run-
ning whilst searching for WIMPS. The insets indicate the most likely source contri-
butions as determined from Monte Carlo simulations. “IP” refers to contamination
within the Inner Polyethylene part of the shield, “IL” refers to contamination of
the Inner Lead part of the shield, and “Rn out” refers to Radon gas outside of
the old-air purged volume. For this first WIMP-search run at Soudan the purged
volume effectively included only the innermost shielding surrounding the icebox.
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Carlo studies [10] indicate that only 2% of the single-scatter surface-ejected
electrons have an ionization yield sufficiently low for them to appear in the
nuclear-recoil acceptance band (prior to any phonon timing cuts being in-
troduced). Thus this source of background is negligible compared to surface
contamination by the beta emitters present.

Possible sources for surface contamination include: 210Pb plate-out from
Radon gas present during the detectors’ fabrication and testing; 40K; 14C;
and other, more exotic, sources. Monte Carlo studies and surface material
analysis studies of test wafers indicate that 40K and 14C contribute < 20%
to the total. In contrast, the rate of alpha particles observed during Run 118
is consistent with the majority of the beta-emitters being due to 210Pb plate-
out. Subsequent to Tower 1 fabrication and assembly, additional measures
have been put in place to reduce the radon exposure for later towers. Their
running at Soudan will further inform us on this issue.

The Monte Carlo simulations [10] further indicate that the depth-profile
of such beta surface-contamination events and resultant ionization yield can
be closely mimicked by surface-ejected electrons that double-scatter between
detectors. Thus the identification and study of such events from the gamma
calibration data sets will allow further progress in the possible future statis-
tical subtraction of such events.

For the short-exposure WIMP search performed at Soudan reported
here, no neutron background events are expected to contaminate the muon-
anticoincident nuclear-recoil acceptance band of the detectors [10]. The ma-
jority of the neutrons at Soudan, from (α, n) reactions in the cavern rock,
are moderated by the 50 cm of polyethylene shielding present (see Sect. 2.2).
Neutrons produced by through-going muons interacting in the lead shield
and copper cryostat are classified as “internal” neutrons, the vast majority
of which will be tagged by the present muon-veto system. Muons interacting
in the rock surrounding the cavern produce “external” neutrons. They, and
their associated cascades, have a ∼ 50% chance of producing a signal in our
present muon veto shield. The external neutrons that do not generate a veto
signal form the dominant neutron background expected at Soudan [10]. Such
an external event is not expected to occur until several years of WIMP-search
running have been performed at Soudan.

4.3 Cuts and Their Efficiencies

The accumulated low-background-running livetime of 52.6 livedays from
Run 118 is shown in Fig. 8. Noticeable interruptions to data-taking include
cryogenic servicing, LED flashing of detectors (see 3.1), gamma and neutron
source calibrations, electronic outrages, and cryogenic runaways (see 2.3).
Other, known, detector response failures and noise-trigger bursts have also
been taken into account and relevant data sets excluded from further analy-
sis. The overall livetime efficiency was 62% and approached 75% towards the
end of the run.
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Fig. 8. Accumulated live-time of the first WIMP-search data sets taken at Soudan.
The interruptions to data-taking are explained in the text.

A number of minor subsequent data-quality cuts are implemented to re-
move individual pile-up events, pulses with poor pulse-shape, glitches, and
noise-triggered events. A total of 5% of events are removed by these cuts.
In addition the muon-veto cut removes another 3% of remaining events, due
to accidental veto coincidences within the 50 µs timing window chosen. The
133Ba calibration sets (see Sect. 3.1) are used to define an inner-electrode ion-
ization signal threshold cut, which is set at 5σ of the inner-electrode noise.
As described in Sect. 2.4, the outer electrode is used to identify and reject
events which deposit some ionization energy in the outer electrode. The 133Ba
calibration data sets are used to define an acceptance cut where the fitted
amplitude for pulses in the outer-electrode must remain within the outer-
electrode ionization noise, with some allowance for electrical cross-talk (5%)
for large amplitude inner-electrode pulses. As discussed in Sect. 3, gamma and
neutron calibrations are used to define the nuclear recoil signal acceptance
region, both in relative ionization yield and phonon-timing.

Figure 9 summarizes the efficiencies of all the relevant cuts for the Ge
detectors as a function of recoil energy [1]. Some of the cut efficiencies can
be determined from the WIMP-search data electron-recoil events, scaled to
the centroid of the estimated nuclear recoil bands; most of the others can
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Fig. 9. Overall efficiency averaged over the Ge detectors (Z1, Z2, Z3 & Z5), and over
the F5 and OF usages in the first, blind analysis. The solid thin line only includes the
charge χ2, the phonon pre-trigger, and the muon-veto cuts. The step at 20 keV is due
to Z1’s 20 keV analysis threshold. The dotted line also includes the charge threshold
cut. The dot-dashed line also includes the outer charge-electrode cut. The thin
dashed line also includes the nuclear-recoil acceptance band cut efficiency. The thick
solid line also includes the phonon-timing cut and is the overall WIMP-detection
efficiency for this blind analysis. (The thick dashed line shows the corresponding
overall efficiency if OF-only quantities had been used, see text.)

be determined from the (low statistics) 252Cf neutron calibrations, as they
effectively populate the detectors uniformly with nuclear-recoil events. Monte
Carlo simulations of the neutron calibrations also assist in generating mock
event sets where the ionization signal and position are known for each event.
These can then be convoluted with the experimental noises, and the cut
efficiencies determined [10].

Shortly after unblinding the WIMP-search data a computer coding error
was discovered. In the off-line analysis there are two estimates available for
the charge pulse amplitudes. The intended, lower-noise estimate (labelled as
“OF” for optimal filter) was not used for just over half the WIMP-search
data. Instead a noisier estimate designed to analyze high-energy pulses that
saturate the digitizers was used (labelled as “F5” for fit-5). One of the con-
sequences of this error is a small change in the efficiency for the Run 118
WIMP search, mainly due to the outer charge electrode cut being set with
OF amplitude estimates, but then being used with noisier F5 estimates. An
averaged, corrected, overall efficiency estimate is shown in Fig. 9 along with
the efficiency of the subsequent non-blind analysis performed on the same
data set using the intended OF estimates [1].

4.4 Leakage Estimates

The overall average efficiency shown in Fig. 9 results in a spectrum-averaged
effective exposure of 19.4 kg-days between 10–100 keV for a 60 GeV/c2 WIMP
incident on the 4 Ge detectors (Z1, Z2, Z3 and Z5) of Run 118.
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The leakage of gamma events (that cause bulk electron recoil events)
into the nuclear recoil band is very small. From the 133Ba calibration sets
of Run 118 we estimate a rejection efficiency of > 99.997% at 90% C.L. for
single-scatter gamma events observed in the Ge detector Z1. The rejection
factor for the other Ge detectors is even higher. In the WIMP-search data
of Run 118 we observed 2443 single-scatter gamma events for all four Ge
detectors and thus expect < 0.07 leakage events (at 90% C.L.) due to gammas
in the energy range of interest (10–100 keV).

The usage of the 133Ba calibration sets to further estimate leakage due
to surface electrons was described in Sects. 3.3 & 4.2. Using the beta dis-
tributions observed in the 133Ba calibration sets and the known number
of single-scatter muon-anticoincident beta-events that fall outside of the
nuclear-recoil acceptance region in the WIMP-search data of interest, an es-
timate of 0.69 ± 0.24 for the four Ge detectors can be derived [10].

As indicated in Sect. 4.2, Monte Carlo simulations have been performed
for both internal and external sources of neutrons. For the Run 118 WIMP-
search data set we estimate 0.05 external neutrons and 1.9 internal neutrons.
The internal neutrons would be tagged with high efficiency by the muon veto
shield (see Sect. 2.2). No muon-coincident neutron candidate events were
observed in the Run 118 WIMP-search data set.

4.5 Run 118 WIMP-Search Results

Figure 10 shows all the single-scatter unvetoed events observed in the Run 118
WIMP-search after unblinding the nuclear-recoil acceptance region. All cuts
have been applied, except the phonon-timing cuts. The 10 keV Ga line in
Z1 due to neutron activation is discernible. As reported in Sect. 2.4 the Si
detector Z6 is contaminated, with a large number of intermediate yield events
apparent.

Figure 11 is the same as Fig. 10 but now also includes the phonon-timing
cut. For this initial, blind, analysis no events are observed in the nuclear
recoil acceptance band for this 19.4 kg days exposure of the 4 Ge detectors
(Z1, Z2, Z3 & Z5). As indicated in Sect. 3.3, the phonon-timing cut has also
removed a significant fraction of the bulk electron recoil events (Y 
 1).

5 Conclusions

The resulting WIMP-nucleon cross-section exclusion plot is shown in Fig. 12
for a coherent scalar interaction [1]. The first Soudan data sets a new upper
limit of 4× 10−43cm2 at 90% C.L. for a WIMP mass of 60 GeV/c2. This is a
factor of four better than the previous best limit set by EDELWEISS [6]. Un-
der standard galactic halo and nuclear model assumptions, CDMS is clearly
incompatible with the original DAMA signal region [11]. For the DAMA sig-
nal region under other halo models see [12].
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Fig. 10. Single-scatter muon-anticoincident events observed in the WIMP-search
data set in all detectors of Tower 1, after all cuts except the phonon-timing cut.
The grey lines denote the nuclear and electron recoil acceptance bands, the vertical
black lines denote the analysis thresholds, and the dashed black lines denote the
charge threshold cuts.
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Fig. 11. Single-scatter muon-anticoincident events observed in the WIMP-search
data set in all detectors of Tower 1, after all cuts including the phonon-timing cut.
The grey lines denote the nuclear and electron recoil acceptance bands, the vertical
black lines denote the analysis threshold, and the dashed black lines denote the
charge threshold cut. Note that no events survive in the nuclear recoil band for this
first, blind, analysis for the Ge detectors (Z1,Z2,Z3 & Z5).
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Fig. 12. First WIMP-exclusion limit from CDMS II at Soudan, with no candidate
events in 19.4 kg-days effective Ge exposure (solid curve) [1]. Parameter space for
the WIMP-nucleon scalar cross section above the curve is excluded at 90% C.L.
Some theoretical predictions from Supersymmetry models for the same standard
galactic halo model (v0 = 220kms−1 etc. [1]) are indicated by the dark grey [13]
and light grey [14] shaded regions. Also shown are earlier limits from CDMS at
SUF (dots) [8], EDELWEISS (×’s) [6] and the second, non-blind analysis of the
first CDMS Soudan data (dashed curve). The original DAMA (1–4) 3σ annual
modulation signal [11] is shown as a closed contour under the same standard model
assumptions.

A spin-dependent WIMP-nucleon cross-section investigation of DAMA
and CDMS data has been performed by Savage et al. [9]. They comment
that CDMS (using both Ge and Si data from this and past runs at SUF)
also sets the most competitive exclusion limits for the WIMP-nucleon cross-
section for the case where the coupling is mostly to the neutron spin. A more
refined analysis of the CDMS data for this case is in progress [10].

The first CDMS Soudan data also confirms that the earlier WIMP exclu-
sion limits of CDMS at SUF [8], and EDELWEISS [6], are correct and that
the events observed in each case were correctly interpreted as not being due
to a WIMP signal.

6 Outlook

As reported in Sect. 4.3, a computer coding error was discovered shortly af-
ter the unblinding of the Run 118 WIMP-search events. Apart from a slight
change in the detection efficiency, a subsequent reanalysis [1] with the in-
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tended OF estimates resulted in the appearance of a “leakage” event within
Z5’s nuclear recoil acceptance region at an energy of 64 keV. The event had
been rejected by the initial blind analysis as it was counted as a partial outer
electrode event, with F5 quantities being subjected to a cut determined by
OF quantities. This event results in only a slightly different WIMP exclusion
limit from that reported for the initial blind analysis (see [1] and Fig. 12) as
kinematically it would correspond to a very massive WIMP. In reality, this
leakage event is most likely to be a surface electron event (see the discussion
in Sect. 4.4). Subsequent to Run 118 more sophisticated phonon-timing cuts
have been developed. Going forward, we do not anticipate such surface elec-
tron events will be a significant factor in the future Soudan WIMP-search
data sets.

The subsequent WIMP-search run at Soudan, Run 119, had both Towers
1 & 2 operational. That run ended in August 2004 and its data analysis com-
pletion (and unblinding) will occur in early 2005. At the time of writing, the
cryogenic system at Soudan is receiving a number of upgrades (to overcome
the livetime issues mentioned in Sect. 2.3) and three more towers of detec-
tors have been installed. During 2005 we intend to run all five towers, which
together contain 19 Ge ZIPS, each 250 g, and 11 Si ZIPs, each 100 g. The end
of 2005 is the programmatic end of CDMS II. Thus, we are in the process of
proposing our plans beyond CDMS II [15].
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The Boulby Dark Matter Collaboration is running a WIMP Dark Matter
research programme in the underground laboratory of Boulby Mine for over
a decade. Results have been reported previously from the NaIAD detector
array – using scintillation properties in NaI crystals [4, 5, 6]. Currently, the
programme is based on (1) liquid Xenon (LXe) as the WIMP target and (2)
directional detection in low pressure gas detectors (Drift, reported at this con-
ference [3]). This contribution concentrates on Zeplin-1, the LXe first project:
a 3.1kg of LXe scintillation detector with a background discrimination based
on Pulse Shape Analysis. The current status of the experiment is shown and
first limits on nuclear recoil events are reported. Setups with improved back-
ground discrimination tools are commissioned: Zeplin-2 and Zeplin-3 will be
installed underground early 2004. Progress are reported in another contribu-
tion to this conference [1]. These are important steps towards the design of
a ton-scale LXe Dark Matter detector array (reported in [2]).

1 Liquid Xenon as Dark Matter Target

The Zeplin project (Zoned Proportional scintillation in LIquid Noble gases),
takes advantage of the particularly appropriate properties of Xe: it is an
heavy nuclei for a large spin-independent coupling and has an appreciable
abundance of isotopes with spin for a large spin-dependent coupling. Low
background Xe is available commercially. LXe is known as a good scintilla-
tor: emitting in the UV region (175 nm), it enables a low energy threshold.
Moreover, the interaction process in LXe owns characteristics which translate
into a potentially high background discrimination.

Any recoil in LXe give rise to both ionisation and excitation of Xe atoms.
The excitation result in the emission of a 175 nm photon from either a singlet
(with decay time ∼ 3 ns) or a triplet state (∼ 27 ns). The ratio single/triplet is
10 times bigger for nuclear recoil compared to electron recoils. In the absence
of an electric field, the ionisation recombines to produce further excited Xe
atoms. The recombination time depends on the ionization density: for nuclear
recoil, the latter is very high and recombination very fast. For electron recoil,
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Fig. 1. Scintillation in LXe: the singlet/triplet ratio and the recombination speed
differ for nuclear and electron recoils, enabling Pulse Shape Discrimination [7, 8].

the lower density leads to longer times. The scinitillation process in LXe is
described schematically in Fig. 1.

2 The Zeplin-1 Detector

Zeplin-1 is based on a pure scintillator design. The LXe is viewed by 3 PMTs
through silica windows (Fig. 2). Between the fiducial volume, which contains
3.1 kg, and each window, there is a turret of LXe which acts both as light
guide and shielding. None of the turret volume is directly seen by any other
PMT than the one it faces to. The signal from any event in these zones (likely
background from PMT glass) is thus mostly seen by the corresponding PMT
and this asymmetry is used to reject these events. This defines the fiducial
volume (Fig. 3).

The detector is enclosed in a 1 tonne active Compton veto shielding,
based on PXE liquid scintillator and viewed by 10×8” hemispherical PMTs.
Its function is to veto gamma activities from the PMTs and from the sur-
roundings. An important criteria in the choice of the scintillator has been its
safe use in an underground laboratory and working mine. From Monte-Carlo
simulations, a veto efficiency of 80–90% below 100 keV has been estimated.

The system is surrounded by 25 cxm of lead and installed in the under-
ground laboratory of Boulby mine (Fig. 5), at a depth of 2800 mwe.

Purification of the Xe gas is performed by using an Oxisorb, as well as
by pumping on the frozen Xe and subsequent fractionation of the Xe gas.
This removes quencher contamination (O2, CO2) to acceptable levels. The



Dark Matter Search at Boulby Mine 187

Fig. 2. The Zeplin-1 design: a pure LXe scintillator with 4 kg active mass.

Xenon is purified prior to the liquefaction into the target, but not circulated
or repurified afterwards. No decrease of light yield has been observed during
a 50 day run.

The detector is triggered by a 3-fold coincidence of a single p.e. in each
tube. With a light yield of at least 1.5 p.e./keV in the data runs, it gives a
2 keV threshold. The trigger efficiency has been calculated using Poissonian
statistics The signals are digitized using an Acqiris cPCI based DAQ system.
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Fig. 3. PMT response plan: turret events are mainly seen by the direct PMT,
enabling their discrimination.

Fig. 4. Zeplin-1 in a 1-ton scintillator active veto.

The dead-time is smaller than 2 µs, its efficiency hence bigger than 99.9%
during normal data runs.

2.1 Detector Performance

Daily energy calibration is performed with a 57Co source automatically placed
between target and veto. The 122 keV gammas convert within the bottom
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Fig. 5. Zeplin-1 underground, surrounded by its lead shielding.

∼3 mm in the target, making it a calibration point source. A 30 keV K-shell X-
ray is also observed in the spectrum, its presence has been confirmed through
a Geant4 simulation (Fig. 6).

A full light collection simulation has been performed (Fig. 7), showing
variations of efficiencies from a maximum of 18% at the bottom of the target
down to 4% just below the Xenon delivery line. This affects the measured
energy of an event and has been observed in higher energy gamma calibrations
(60Co, 137Cs sources): as different fractions of the target are illuminated, the
peak position reflects the reduction in light yield. The observations match
well the light collection efficiency simulation.

The light collection study has been extended to each tube separately. This
permits to assess the capability of rejecting events occurring in the turrets.
A turret parameter (S3) translates the asymmetry of events into a number.
S3 = 0.81 indicates an event with all the signal in a single PMT, while a
completely symmetric event would give a null value. In a turret event, in the
ideal case of no loss of light within the chamber, one single PMT is expected
to get 66% of the light, resulting in S3 being 0.41.
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Fig. 6. 57Co source calibration: a Geant4 simulation (narrow peaks) with set res-
olution (lower broad peak spectrum) is compared to data (higher broad peak spec-
trum).

3 Background Discrimination and Results

Background discrimination is provided by the difference in time constant
of the scintillation pulse induced by nuclear or electron recoils. The parent
pulse shape is approximately double-exponential, which could in principle
be fitted to each pulse recorded. In practice it is preferable to characterise
each pulse by a single parameter defined as the mean charge arrival time
of the (integrated) pulse between 5% and 90% of the maximum amplitude.
This parameter is then free from any assumptions about the parent pulse
shape. This mean charge arrival time is extracted from the sum of the pulses
of each event. The individual pulses are also analysed and used to reject
noise or turret events. Neutron and gamma source calibrations have been
done on the surface. Typical mean charge arrival time distribution are shown
in Fig. 8. The time constant ratio is observed to be about 0.5 in the energy
range of interest (3–10 keV). The 90% C.L. limit on nuclear recoil is extracted
by studying the monotonically rising edge of the time constant distributions
and comparing it with pure gamma data. These come from dedicated high
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Fig. 7. Light collection simulation: a slice through a PMT-plan (top) and the girth
(bottom) is shown for different attenuation length (from left: 15, 30 and 40 cm). A
response matrix has been created to correct for the non-uniform light collection.
No difference in the matrixes for these attenuation lengths has been observed.

statistic calibration runs (Compton events from 60Co gammas) and from
normal data events tagged by the Compton veto (Fig. 9). The upper limit on
the number of nuclear recoils in each energy bin is then used to calculate the
WIMP-nucleon cross section. The limit extracted from 293 kg×days of data
(assuming standard halo parameters) in a preliminary analysis is shown in
Fig. 10.

4 Outlook

A two-phase system is designed to measure both the scintillation and the
ionization produced by interacting particles. Any particle interacting within
the liquid xenon target will produce excitation and ionisation. A vertical elec-
tric field partially suppresses recombination; it drifts the ionisation electrons
upwards through the liquid to the gaseous phase - where a wire planes de-
fine a high field region in which avalanche occurs and electroluminescence is
created. Both scintillation and electroluminescence can be recorded by the
same PMTs. The proportion of scintillation and electroluminescence released
depends on the dE/dx of the particle interaction and differs for electron recoil
(more electroluminescence) or nuclear recoils (mostly scintillation). For the
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Fig. 8. Examples of neutron calibration of Zeplin-1, showing fits to the neutron and
gamma populations. Tagged Am-Be source, 20–30 keV (top). Ambient neutrons and
low intensity 60Co gammas, 3–7 keV (middle). Low threshold Am-Be run, 3–8 keV
(bottom).

latter, only a very high electric field may prevent part of the recombination
and, thus, induce a secondary signal. The Zeplin-2 design is based on this
dual-phase technology. The detector contains a target mass of about 30 kg.
It will be surrounded by the liquid scintillator Compton veto from Zeplin-1.
Sensitivity to rates of about 0.1–0.01 events/kg/day can be reached within
2 years of data. The construction is well underway and commissioning has
started. The installation in the Boulby Mine laboratory is scheduled for early
2005. The Zeplin-3 design has been optimised in order to observe both scin-
tillation and ionisation from the nuclear recoil events. As this requires a very
high electric field (8 kV/cm in the liquid target), the liquid depth is con-
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Fig. 9. Comparision of data with events tagged by the Compton veto: no difference
in the mean time distribution is observed.

Fig. 10. Exclusion plot for spin-independent WIMP-nucleon cross-section versus
particle mass (90% CL) from 293 kg-days (fiducial) running of Zeplin-1, based on
standard halo parameters.
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strained to 3.5 cm, with a radius of 20 cm. Both VUV signals are observed by
an array of 31 photomultiplier tubes submerged in the liquid. The larger elec-
troluminescence signal is used to determine the position of events, allowing
definition of a fiducial volume. The design has a smaller fiducial mass (6 kg),
but with an improved background discrimination and a lower threshold, sim-
ilar sensitivities as Zeplin-2 will be reached. More details can be found in [1].
Schedule for installation in Boulby Mine is mid-2005.

4.1 Towards one tonne

The sensitivity of Zeplin-2 and Zeplin-3 in terms of WIMP-nucleon cross sec-
tion is estimated to be in the regions of 10−8 pb. Many SUSY models predict
lower cross sections, down to 10−10 pb regions. To cover these predictions, a
detector mass of 1 tonne might well be needed. We are currently studying
different design possibilities for a scale-up towards massive modules, with the
constraint of achieving a low energy threshold [2].
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Prospects for the Detection
of SUSY Dark Matter
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We present the status of the search for dark matter particles. The different
methods include cryogenic detectors and liquid Noble gas detectors such as
Xenon (ZEPLIN, etc.). We review the evidence for Dark Matter in the galaxy
and the method to detect particle dark matter. The current limits on the
search for dark matter are reviewed and some possibility to evade these limits
using dark matter flows. The possible future one ton detectors are discussed
as is the range of sensitivity of these detectors.

1 Introduction

The direct searches for dark matter particles are some of the most difficult
experiments ever made as well as the most important. The detection of dark
matter could:

(a) Resolve the issue of the existence of dark matter compared to the concept
of modifying gravity in some way (MOND)

(b) Provide the discovery of supersymmetry, a profound advance in elemen-
tary particle physics

(c) Lead to the understanding of the dynamics of dark matter in our Halo
(streams, flow, Halo model)

(d) Lead to a precision determination of the dark matter needed to study
the equation of state and dark energy

Over the past 15 years many techniques have been developed to search for
dark matter.

This article will first outline the evidence for dark matter and possible
properties in the Milky Way. We will then concentrate on the current detec-
tors and review the current search results and discuss the future prospects.

The report will rely strongly on the proceedings of the 5th Symposium
on Source and Detection of Dark Matter and Dark Energy in the Universe,
held at Marina del Rey, February 2004 and previous meetings.
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2 The Evidence for Dark Matter

In 1993 F. Zwicky studied the galaxies in the COMA cluster and noted that
the rotation velocities were too large for the system to be stable and bound.
He suggested there must be missing mass in the cluster [2]. Today we know
that these clusters are dominated by dark matter. The mass is not missing
but is dark [3]. The rotation velocity or stars in undeveloped galaxies also
indicate that there is dark matter in galaxies [3]. Perhaps the most convincing
evidence comes from the WMAP data that shows [4]

Ω0 = 1.02 ± 0.002 (1)

and
Ωm ≈ 0.29 ± 0.05 (2)

Baryons cannot account for this value of Ωm. Therefore there must be
appreciable non-baryonic dark matter in the universe. Equations should be
centered and numbered consecutively, as in (1). An alternative method is
given in (2) for long sets of equations where only one referencing equation
number is wanted.

3 Dark Matter in the Milky Way Galaxy:
Halo Uncertainty and Streams

In order to detect dark matter particles we must have an understanding
of the flux of particles through any given detector on earth. Therefore we
must understand the halo of dark matter for our galaxy [1]. In addition some
models give clumps of dark matter, others give causes of dark matter [5].
These effects can increase or decrease the rate of interaction in an earth-
bound detector. At the recent Marina del Rey meeting we devoted an entire
session to the knowledge of our halo [1].

The halo model is very important when attempting to compare different
types of experiments, say, direct search and annual variation searches [6].
There is no doubt that the ultimate test for the existence of dark matter
will be the observation of an annual variation signal [7]. However there is
a strong debate among the experiments as to whether this annual variation
signal should be carried out with discriminated events (reduced background)
or with raw data (large background). We will show an example of the former
from simulation of the ZEPLIN II detector later in this article.

There are also models of dark matter caustics by P. Sikivie and colleagues
that can give the opposite sign of the annual variation to that expected in
the standard isothermal sphere model [5]. At the Marina del Rey meeting
two notable contributions were given by Anne Green and Larry Krauss [1].
In Fig. 1 we show the kinematics of the halo velocity distributions for various
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Fig. 1. Schematic of the halo velocity distribution with minimal velocities for
CDMS, DAMA and ZEPLIN II; the figure is modified from [2].

detectors [8]. In Fig. 2 we show the work of L. Krauss and colleagues that
compares annual variation signals to direct search signals for a large variety of
halo models [1]. Note that the variation is not very large. We will discuss this
later in the article when the current results of direct searches is described.

4 Methods for the Direct Search
for Dark Matter Particles

The direct search for dark matter particles is among the hardest experiments
ever undertaken in science [9]. Backgrounds exist for cosmic rays, natural
radioactivity even at great depths underground. Early reviews can be found
in [10]. Therefore the next generation detector will almost certainly use a
method to discriminate against background as well as an active veto shield
to reduce the neutron flux from cosmic ray induced events even at great
depths underground.

The types of detectors can be generally classed as

1. Cryogenic
2. Liquid Xenon, Neon or Argon
3. Other methods such as bubble chamber or non-discriminating detector.
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Fig. 2. Work of L. Krauss and colleagues in different halo models [1].

To get some sense of the number of detectors [2] and time scale we give a
partial list in Table 1 [11].

4.1 Cryogenic Detectors

For more than 15 years several groups around the world have been studying
the possibility of constructing a low temperature detector to measure the
recoil energy of the nucleus having been hit by a WIMP [3].

Since this energy is in the range of kiloelectron volts the detector must
act as a bolometer to measure the “heat” produced by the recoil [14]. Three
groups have now made such detectors using this technique. These groups are:

(a) CDMS
(b) Edelweiss
(c) Cresst

All three groups have now reported limits in the in the search for dark
matter particles. So far the nucleus of choice has been Ge or Si. How-
ever the Cresst group has worked with Al02 as well as CaW mixtures.
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Fig. 3. Work of L. Krauss and colleagues in different halo models [1].

The best limits that have been set by these detectors came from the CDMS
II detector operated at the Soudan underground laboratory [18]. These limits
are well below the claimed signal by the DAMA group as shown in Fig. 3.
All of these detectors are being upgraded to larger mass and 2005 will be a
big year for these types of detectors.
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4.2 Liquid Noble Gas Detectors: Xenon, Argon and Neon

Another promising method to detect dark matter is to use the scintillation
light produced in Noble gas liquids [12]. The process is very well known since
excimer lasers use a similar concept. For example the very first excimer laser
was made in Russia in 1970 using liquid Xenon. A key part of this method
is to apply an electric field to the detector to drift out any electrons that are
produced at the recoil vertex as a basis to discriminate against background
[12].

This method was just invented by our group within the ICARUS collab-
oration and is the basis for the ZEPLIN II, III, IV and XENON, as well as
XMASS detector [11]. In Fig. 4 we show the schematic of the ZEPLIN II
detector and the complete detector being tested at RAL [19]. The XENON
detector uses a similar design [1, 20].

Fig. 4. Schematic of ZEPLIN IV Detector (see [12] for example).

More recently there have been studies of the use of liquid Argon (WARP)
and liquid Neon (Clean) as WIMP detectors. One virtue of the use of liquid
Xenon is the existence of different isotopes with different spins, thus testing
the spin dependence of the WIMP interaction.

The ZEPLIN I team detector has reported a limit in the WIMP search us-
ing a partial discrimination method of pulse shape analysis. Of all the current
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detector concepts the one most easily expanded to the one ton scale seems to
be liquid Xenon. The US/UKDMC team is designing the XEPLIN IV/MAX
[12] detector that will have a mass on the range of one ton. Currently it is
not clear if there will be a single one ton detector or four 250 kg detectors.

A schematic of the one ton ZEPLIN IV/MAX detector is shown later in
this paper.

The goal of the one ton detectors is to reach the cross-section level of
absorb 10−9 to 10−10 pb. Current calculations of the cross-section for SUSY
WIMPS (see Fig. 5) indicate that a discovery of dark matter is likely to be
made in this cross-section range [14].

Fig. 5. Expectations for SUSY WIMP cross-sections by Pran Nath and colleagues.

4.3 Other Types of Detectors

There are many other ideas for large WIMP detectors. We only discuss two
here. One concept is GENIUS, which will use one ton of 76Ge (also to be used
for double β decay search)[see Table 3 for references]. While this detector has
no discrimination it is to be produced of ultrapure material so that there is
little or no radioactive background. The detector is submerged in a large bath
of liquid Nitrogen to shield out neutrons from cosmic rays. Another concept
is to construct a “bubble chamber” to detect WIMPS by the formation of
bubbles in the detector. More information on this novel scheme can be found
in Ref. 1 (see papers in the 2004 Dark Matter meeting).
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5 Status of the Search for Dark Matter Particles

A serious search for dark matter particles started around 1995 with the use
of NaI detectors at several locations. In Table 1 we provide a list of the
leading detectors being used for the search [11]. By the end of 2003 there
were considerable data on this search summarized in Table 2 [1]. In addition
the CDMS I group carried out a joint fit of their data and the DAMA data,
and claimed these data were inconsistent to 98 percent confidence level. Fig. 3
shows the limits on the dark matter search at the time of the DM04 February
2004 meeting [1]. One month later the new results from CDMS II at the
Soudan underground laboratory were presented [11].

The experiment collected 52.6 kg days of data with one event being
recorded fully consistent with the estimated background. This limit is also
shown in Fig. 5 [20]. As can be seen from Fig. 5 the bulk of the DAMA region

Table 1. Leading searches for Dark Matter.

Project Location Date Type Material Mass Discrimination
(kg) Detector

Types(s)

UKDMC Boulby, 1997 Scintillation Sodium
UK iodide 5 None

DAMA Gran Sasso, 1996 Scintillation Sodium
Italy iodide 100 None

ROSEBUD Canfranc, 1999 Cryogenic Aluminum
Spain oxide 0.05 Thermal

PICASSO Sudbury, 2000 Liquid Freon 0.001 None
Canada droplets

SIMPLE Ristrel, 2001 Liquid Freon 0.001 None
France droplets

DRIFT Boulby, 2001 Ionization Carbon
UK disulfide gas 0.16 Directional

Edelweiss Frejus, 2001 Cryogenic Germanium 1.3 Ionization,
France thermal

ZEPLIN I Boulby, 2001 Scintillation Liquid Xenon 4 Timing
UK

CDMS II Soudan, 2003 Cryogenic Silicon,
Minn., US germanium 7 Ionization,

thermal
ZEPLIN II Boulby, 2003 Scintillation Liquid Xenon 30 Ionization,

UK scintillation
CRESST II Gran Sasso, 2004 Cryogenic Calcium

Italy tungsten oxide 10 Scintillation,
thermal

GENIUS-TF Gran Sasso 2003 Ionization Germanium 10kg Ionization
GENIUS Gran Sasso – Ionization Germanium 100kg Ionization
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Table 2. Leading searches for Dark Matter.

Detector Method Exposure Pos. sig. Limit events Comment
kg/day events /kg/day

DAMA Annual variation of – – Effective Not confirmed
non-discriminating 1 - 0.3
data 90%CL

CDMS I Direct interaction – 13 0.4 Events consistent
(SLAC) with neutrons
2000
CDMS I Direct interaction 28 20 0.35 Events consistent
(SLAC) with neutrons
2002
Edelweiss Direct interaction 10, 20 0, 2 0.2, 0.2 Events consistent
2000 with neutrons
2003
ZEPLIN I Direct interaction 300 Null 0.1 Background

(pulse shape substration
analysis)

Table 3. One Ton Dark Matter Detector Proposals.

Detector Material Method Proposal Current
Prototype

GENIUS (LNGS) (a) Ge Ultrapure detector 1997 10kg GENIUS
in LNGS test detector

ZEPLIN IV (Max) Xe 2 phase discriminating 1999 ZII/III Detectors
(Boulby/DUSEL) (b) detector at Boulby

CryoArray Ge/Si Ionization and Phonons 2001 CDMS II
(DUSEL) (c)

XMass (Japan) (d) Xe 2 phase (?) 2000 prototype

Xenon (DUSEL) (e) Xe 2 phase detector 2001 prototype

WARP (LNGS) (f) Ar 2 phase (possibly larger 2003 protoype
than one ton

Table References
a. H.V. Klapdor-Kleingrothaus et al, Z. Physics A 359, 351 (1997).
b. D. Cline, H. Wang et al, UCLA DM 2000, published in Proceedings.
c. R. Gaitskell et al, 2001 Snowmass Proceedings.
d. Y. Suzuki, hep-ph/008296.
e. ZENONCollaboration, NSF Proposal 0201740, 2001.
f. C. Rubbia talk, UCLA Dark Matter 2004, to be published in the Proceedings.
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Fig. 6. Results for CRESST II shown at the Paris Neutrino 04 meeting, to be
published in the proceedings.

is in conflict with several experiments. At the Paris Neutrino (04) meeting the
first results from CRESST were shown (Fig. 6) that also seem inconsistent
with the DAMA allowed region.

We show one schematic design of the ZEPLIN IV/MAX detector in Fig. 7
[21]. The expected reach of ZEPLIN IV/MAX is shown in Fig. 8. Table 3 lists
most of the worldwide proposed one ton detectors.

6 Summary

The direct search for dark matter particles within the supersymmetry model
is reaching a critical stage. The next generation of detectors could discover
these particles as we have shown in this review. In any case another generation
of one ton class detectors will be required to either confirm and explore the
discovery or to confirm the search down to 109–1010 pb.

One key test for dark matter will be the observation of an annual variation
of the signal of discriminated events. See [1] for a discussion of the annual
variation signal.

This is undoubtedly an exciting time in the 70 year search for the origin
of the missing mass just identified by Zwicky in 1933.
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Fig. 7. Schematic of one version of ZEPLIN IV/MAX (H. Wang, private commu-
nication).

Fig. 8. Schematic of the reach for the secret for SUSY dark matter by ZEPLIN II
and ZEPLIN IV/MAX.
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Presented by H. Wang for the ZEPLIN collaboration1

Abstract. We describe the ZEPLIN II (30-kg) and ZEPLIN III (7-kg) discrimi-
nating dark matter detector using two-phase xenon designed for direct detection of
cold dark matter in the form of Weakly Interacting Massive Particles. These two
detectors are currently being commissioned. Both detector will begin operation in
the Boulby Mine, UK in 2005. ZEPLIN II & III are capable of discriminating be-
tween nuclear recoils and background events and have a design reach up to two
orders of magnitude beyond current limits. These two detectors will also serve as a
step in the development program for a next-generation ton-scale detector.

1 Introduction

The ZEPLIN collaboration was formed in the early 90’s, after a series of re-
search and development results obtained by ICARUS, to develop large scale
liquid xenon detectors for direct WIMP (Weakly Interacting Massive Parti-
cles) dark matter search. The key results stimulated the formation of ZEPLIN
are: (a) liquid xenon purification to achieve greater than 5-ms free electron
life time in liquid xenon [1] and (b) first principle demonstration of gamma
and alpha events discrimination [2]. Then xenon as a target for dark matter
search were studied extensively [3, 4, 5, 6].

1wangh@physics.ucla.edu
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The ZEPLIN collaboration is currently commissioning the ZEPLIN II and
ZEPLIN III detector to begin operation in 2005. ZEPLIN II is a large mass
(30-kg) two-phase xenon detector while ZEPLIN III is a low mass (7 kg)
detector also operates in two-phase. While capable of good physics reach,
these two detectors also serve as a step in the development program for a
next generation ton-scale detector.

2 Xenon as Detector Target

Liquid xenon satisfies the following basic requirements for a dark matter
target: (a) It is available in sufficiently large quantities with high purity [1],
(b) It scintillates via two mechanisms, and respond differently to nuclear and
electron recoil events, (c) It contains both odd and even isotopes, suitable
for spin-dependent and scalar interactions, offering the possibility of using
enriched odd or even isotopes to identify the type of interaction, (d) Its
high atomic number provides a good kinematical match to the theoretically
favored particle mass range of 100 − 200 GeV.

Target masses between 100 and 1000 kg may be needed to reach the lowest
predicted event rates. The 30 kg detector now under construction as ZEPLIN
II represents a major step towards this, being a factor 10 larger in xenon mass
than previous test chambers built at CERN and the single phase ZEPLIN
I detector recently operated in the UK. The ZEPLIN design principle could
subsequently be scaled up to give a total target mass 1000 kg or more. The
latter would achieve sensitivity comparable to the lowest predicted neutralino
event rates (0.0001–0.01/kg/d) and could detect the annual signal modulation
that would confirm the Galactic origin of any signal.

3 Background Discrimination

With liquid xenon, signal discrimination can be achieved in two basic ways:
(1) Scintillation pulse shape - the decay time constant differs by a factor of
2 ∼3 for nuclear recoil and background events. (2) Using an electric field to
inhibit recombination and measuring (a) the ‘primary scintillation’ S1 and
(b) drifting the ionization into a strong electric field to produce a ‘secondary
scintillation’ signal S2. Method (2) is more powerful, involving a comparison
of two distinct signals associated with each individual event. The mean value
of the ratio S1/S2 differs by typically a factor > 10 for nuclear recoil and
electron recoil events. Discrimination between α and γ using this technique
was demonstrated in 1993 by members of the ICARUS collaboration including
the UCLA/Torino groups [2]. Further tests used neutron scattering to confirm
for the first time (a) that liquid xenon will give a scintillation response to
recoil of its own nuclei [3], and (b) that the above discrimination processes
remain effective down to energies below 5–10 KeV, as required for a dark
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matter experiment. Early work demonstrated proportional scintillation in
the liquid phase. The current design is based on a more advanced two-phase
scheme [5]. ZEPLIN II & III introduces a liquid/gas interface, allowing the
electrons to be drifted into the gas and produce an amplified scintillation
pulse. The resulting energy amplification of background events removes them
from the low energy signal region, while signal events produce less (or none at
low field) ionization and hence little additional amplification. This increases
the discrimination power, and at energies significantly above the threshold,
demonstrates the possibility of full separation of signal and background. This
allows the sensitivity to improve linearly with running time and mass, rather
than as the square root of these.

4 The ZEPLIN II Detector

The key features of the ZEPLIN II detector are:

(a) A shallow cylindrical chamber using 7 PMTs covering the top surface,
and with liquid depth (14.1 cm).

(b) Active target mass of 30 kg, to increase the number of events and to
provide a realistic module for scale-up to larger masses.

(c) Due to insufficient information about ionization from low energy xenon
recoils, the detector was designed using a POLYTETRAFLUOROETH-
YLENE (PTFE) cone to confine the liquid xenon active volume hence
eliminate ‘dead’ regions, in which a low energy gamma signal could lose
its secondary pulse and mimic a nuclear recoil event.

(d) The design of the internal vessel ensures that all of the xenon liquid is
active, removing the possibility of a misinterpreted signal from an inactive
volume.

(e) PMTs placed inside the detector to maximize the light collection effi-
ciency. Custom made PMTs from Electron Tube Inc. with thin hemi-
spherical quartz profiles and platinum underlay coating ensure high pres-
sure and low temperature operation.

(f) ZEPLIN II is designed capable of operating at high field if the ionization
from nuclear recoil is detectable. In that case a full 3-D event recon-
struction and perfect background rejection can be achieved (see details
in ZEPLIN III design Sect. 5).

Figure 1 shows a 3-D cut-away view of the central detector and illus-
trates the overall arrangement of detector, Compton veto, and shielding. The
entire detector is thermal-insulated by vacuum, which is then shielded by
a Compton veto and lead shield (Used for ZEPLIN I and is now being in-
stalled for ZEPLIN II). Fig. 2 shows some photos of the target assembly and
commissioning using Rutherford Appleton Laboratory’s dedicated facility.
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Fig. 1. The 3-D cut away view of the ZEPLIN-II central detector and the system
setup (veto & lead shielding).

Fig. 2. Internal target installation. Figure shows completed PTFE cone assembly,
PMT layout, PMT assembly, field shaping ring assembly with two resistor chains
shown, general overview of the ZEPLIN II detector, associated infrastructure and
closing up of the target.
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4.1 ZEPLIN II Background Estimation and Detector Simulations

Simulation studies have been performed in ANSYS and GEANT4 to assess
the ZEPLIN II target characteristics, including drift field characteristics, pri-
mary light yield and light collection uniformity, and the expected neutron
background when ZEPLIN II is deployed at Boulby. These studies indicate
(Details see [7]) that the main background (60 recoils/year out of 100 ex-
pected in the shielded configuration) will arise from U/Th contamination in
the PMT array, which can be reduced by conversion of the Compton veto to
a neutron veto through Gd loading.

ANSYS finite element analysis calculation have been performed to deter-
mine the shape and uniformity of the drift field in the liquid xenon target
(Fig. 3). These simulations indicate that the expected uniformity of field will
be created within the ZEPLIN II target, the PTFE having the same dielectric
as the liquid xenon, thereby initially not affecting the field potentials. Four re-
sistor chains are used to link the field shaping rings to minimize the impact of
a failure of the resistors. ANSYS analysis show that if one of resisters was re-
moved (broken), the field potential remains essentially unaffected, providing
confidence that the field definition will be robust. As the PTFE is an in-
sulator surface charge will build up following interactions within the liquid
xenon. Fig. 3 also shows the effect of a fully charged PTFE surface on the
field potentials. It can be seen that the direction of drift for events close to the
PTFE surface will be orientated parallel to the PTFE surface at maximum
charge-up. However, the total charge needed is about 1.47 × 10+14 ions or

Fig. 3. Detailed electrostatic field modeling for charge-up and broken resistor effect
using ANSYS, a commercial finite-element analysis package.
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2.2 kTeV total Minimum-Ionizing-Particle deposition near the surface, equiv-
alent to 8 × 1010 122 keV γ-ray events. It is unlikely that a data run will be
performed for long enough for the PTFE to charge fully.

5 The ZEPLIN III Detector

ZEPLIN III is designed to get the best possible performance from a two-
phase xenon detector of intermediate mass. ZEPLIN III is expected to allow
a better ultimate background discrimination than ZEPLIN II by utilizing the
ionization yield from xenon nuclear recoil.

Figure 4 shows the design of ZEPLIN III and the construction in progress.
A number of critical features guarantee the competitive edge of the chosen
scheme. The placement of 31 PMTs inside the liquid, used to register the
scintillation photons from the liquid and subsequent electroluminescence from
the gas phase, as well as the thin active liquid xenon volume above the PMTs
improves light collection for the primary scintillation, thus improving the
energy threshold which allows deeper penetration, by a factor of five, into
the cross-section parameter space. The high charge extraction electric field
ensures that both primary and secondary signals are present for both nuclear
and electron recoils allowing to trigger on a much larger secondary signal
and therefore to locate a smaller primary as a precursor to the secondary,
which not only makes the signal identification more secure but also again
allows the energy threshold to be lowered. In fact these two factors make it
possible to achieve a sub-keV energy threshold in detection of the primary
recoil. The result is that the separation in secondary signals between electron
and nuclear recoils for a given size primary is therefore, maximized. The
principle of operation has been demonstrated with a prototype high-field

Fig. 4. ZEPLIN III side view and trial assembly of the lower base flange, the liquid
nitrogen reservoir and the xenon chamber cooling ring.
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detector, although it should be noted that a definitive nuclear recoil test
must await deployment in a sufficiently low background environment due to
event confusion at the surface.

5.1 ZEPLIN III Background Estimation

Extensive Monte Carlo simulations have also been carried out to assess the
complete performance of ZEPLIN III [8, 9]. These simulations have addressed
light collection from the liquid and gas phases, position reconstruction, and
internally generated γ-ray and neutron backgrounds. A simulated data set
has been produced, which has then been analyzed in a similar way to that
proposed for real data. A fully implemented GEANT4 toolkit has been as-
sembled. Monte Carlo simulation of position sensitivity obtained by using
the gas luminescence signal has been studied by using a fine positional grid
to derive templates of very good statistical quality for the hit patterns ex-
pected in each photomultiplier. The size of the fiducial volume depends on
the quality of the position reconstruction, and simulations indicate a 7-kg
fiducial mass. A simulation with high statistical weight was run to find the
expected hit patterns from single electrons escaping from the liquid surface
at random positions. This data set then analyzed to reconstruct the positions
using a minimum χ2 technique matching to the template distributions. The
reconstruction is good (sub-cm), even for single electrons, over the central
fiducial region.

Results of background simulations are shown in Fig. 5. A γ-ray rejection
factor of 104–105 has been demonstrated by simulation. A rejection factor
of 104 will yield an experimental sensitivity of ∼10−8 pb after a year of
running [8]. This is partly enabled by using an all-copper construction as far
as possible. However, to reach this sensitivity does require suppression of the
neutron background caused by U and Th in the PMTs. ZEPLIN III will be
placed inside a liquid scintillator veto designed to lower the background due
to the Compton scattered γ-rays. The 10-cm nearest to the detector will be
made of a passive hydrogenous shield loaded to 0.2–0.5% with a Gd salt.
In combination with the liquid scintillator veto the Gd loaded shield will
form part of the neutron veto. By interacting with Gd nuclei the neutrons
from the cavern and ZEPLIN III components will produce γ-rays with an
average energy of 4-MeV of which some significant fraction will be detected
by the liquid scintillator veto. This veto system will be installed in a two
stage process, starting with a simple γ-veto.

6 ZEPLIN II gas filled tests at RAL

First performance tests on this full scale system, filled with xenon gas, were
completed at RAL during the summer of 2004. Performance data obtained
from these tests confirms that the ZEPLIN II detector performs as designed.
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Fig. 5. Simulation of photon background expected from the measured U and Th in
PMTs. Shown on the left the γ-ray background. It is dominated by Compton scat-
ting being flat at ∼10 counts/keV/kg. A veto system included in the simulation will
reduce the rate by a factor ∼3. On the right is the simulated neutron background
with the total event rate as a function of energy.

Fig. 6 shows a typical high energy cosmic event. Data were taken with a
241Am gamma source located below the detector. A very narrow primary
pulse at t = 0 µs followed by a gamma (at t = 11 µs), a long cosmic track in
the middle of the detector (between 31 → 63 µs), and a shorter track near the
bottom of the detector (between 66 → 80 µs). Using the pulse area, timing,

Fig. 6. A typical high energy cosmic event in the ZEPLIN II detector. The indi-
vidual signals observed in the 7 PMTs and the sum signal.
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and coincidence information, detector performance can be studied carefully.
Due to the unique ZEPLIN II design, the performance study can be done
cleanly.

A simple 2-D plot (Fig. 7 bottom, each dot represent one event and all
events are plotted without any cut) shows all types of events in the ZEPLIN
II detector. A: events with tracks crossing the luminescence grid into the
active volume, B: events with tracks crossing the bottom of the detector,
C: short cosmic tracks within the active volume, D: in red shown 60 keV
source events (the slope indicates charge diffusion in gas), the primary and
secondary relation of these events are shown in the middle plot of Fig. 7,
E: events located between top grid and PMT also shown in upper plot near
bottom axis.

Figure 8 shows the histogram of the primary pulse width. The pulse width
is defined as width of the pulse between 10% and 90% of its total area. The
black curve shows all events, the green curve shows events with clean sec-
ondaries, and the blue curve shows events without secondaries. Three pop-
ulations are clearly seen: A, left sharp peak is due to large Cherenkov pulse
mixed with gamma events; B, Middle peak is due to gamma scintillation;
and C, the peak above 500-ns is due to overlap between primaries and sec-
ondaries or miss-triggers on secondaries. The red points at the bottom are
events clearly not Cherenkov (97% efficiency on primary scintillation cut)
and without secondaries. The energy spectrum of these events are shown in
the right plot where only one event below the interested 10 keV (out of 17,288
total events).

These gas tests confirmed that gamma events produced both primary
(scintillation) and secondary (ionization) pulses, as expected from the earlier
work with a small test chamber. It was confirmed that some events originat-
ing above the top field grid and close to the PMTs, give also a secondary
pulse due to strong reverse field. This type of events can be eliminated us-
ing the secondary signal. A few rare events very near to the PMT produce
very small secondary. These events can be eliminated by pulse arrival time
and compare pulse height amount triggered tubes. The gas test run with
17,288 random events show only one event pass all cuts (99.994% rejection
above 5 keV). Further reduction of these events are possible using pulse shape
discrimination statistically. Studies will be done when more data are avail-
able. Conditions in liquid may vary and test result will soon available when
ZEPLIN II operates underground.

7 Conclusion

ZEPLIN II and ZEPLIN III design are based on R&Ds carried out by the
ICARUS and the ZEPLIN collaboration during the last decade and both
detectors are expected to operate under Boulby mine in 2005 with expected
sensitivity of 10−8 Pb.
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Fig. 7. The upper plot shows primary and secondary signals for all pulses taken
during the first gas test. The middle plot shows removal of above-grid events by
timing and secondary shape cut. The bottom plot shows 6 different types of back-
ground events in one plot.
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Fig. 8. Primary pulse width distribution (left: linear scale, bottom: log scale), right
spectrum of final single pulse primaries after all cuts. Note that only one event below
10 keV.
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The XENON experiment aims at the direct detection of dark matter in the
form of WIMPs (Weakly Interacting Massive Particles) via their elastic scat-
tering off Xenon nuclei. With a fiducial mass of 1000 kg of liquid xenon, a suf-
ficiently low threshold of 16 keV recoil energy and an un-rejected background
rate of 10 events per year, XENON would be sensitive to a WIMP-nucleon in-
teraction cross section of ∼10−46 cm2, for WIMPs with masses above 50 GeV.
The 1 tonne scale experiment (XENON1T) will be realized with an array of
ten identical 100 kg detector modules (XENON100). The detectors are time
projection chambers operated in dual (liquid/gas) phase, to detect simultane-
ously the ionization, through secondary scintillation in the gas, and primary
scintillation in the liquid produced by low energy recoils. The distinct ratio
of primary to secondary scintillation for nuclear recoils from WIMPs (or neu-
trons), and for electron recoils from background, is key to the event-by-event
discrimination capability of XENON. A 3kg dual phase detector with light
readout provided by an array of 7 photomultipliers is currently being tested,
along with other prototypes dedicated to various measurements relevant to
the XENON program. We present some of the results obtained to-date and
briefly discuss the next step in the phased approach to the XENON experi-
ment, i.e. the development and underground deployment of a 10 kg detector
(XENON10) during 2005.

1 Introduction

The question of the nature of the dark matter in the Universe is being ad-
dressed with numerous direct and indirect detection experiments using a
variety of methods, detectors and target materials. For a recent review of the
field we refer to [1].

The proposed XENON experiment is among the new generation direct
searches for dark matter weakly interacting massive particles (WIMPs) with
the ambitious goal of a sensitivity reach which is several orders of magnitude
higher than the lowest exclusion limit set by the CDMS II experiment [2] To
achieve a sensitivity goal of ∼ 10−46 cm2 XENON relies on a target mass of
1 tonne of liquid xenon (LXe), with less than about 10 background events
per year. Efficient background identification and reduction is based on the
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distinct ratio of the ionization and scintillation signals produced in LXe by
nuclear (from WIMPs and neutrons) and electron (from gamma, beta and
alpha backgrounds) recoil events [3]. The main challenge is to accomplish this
event-by-event discrimination down to a few tens of keV nuclear recoil energy.
Additional techniques used for background suppression are an active LXe self
shield around the sensitive target, passive gamma and neutron shielding and
the detector’s 3-D position resolution. The position information is crucial to
select single hit events characteristic of a WIMP signal and to veto multi-
ple hit events associated with neutrons as well as other backgrounds which
propagate from the edge of the detector into the fiducial volume.

To test the XENON concept and verify achievable threshold, background
rejection power and sensitivity, a detector with a fiducial mass on the order
of 10 kg (XENON10), is under development for underground deployment in
2005. The detector exploits several key systems which have been tested and
optimized with the 3 kg prototype, but will feature significant improvement
in overall performance and sensitivity down to 16 keV nuclear recoil energy.
The experiment will be carried out at the Gran Sasso Underground Labora-
tory (3500 mwe). The depth and the expected background rejection power
will allow us to reach a sensitivity a factor of 20 below the best existing mea-
surements from CDMS II [2], of 2 dark matter events/10 kg/month, without
the need of a muon veto for fast neutrons.

Another important goal of the XENON10 phase is to pave the way for
the design of a 100 kg scale detector. With 3 months of operation deep un-
derground, at a background level below 1 × 10−5 cts/keVee/kg/day after
rejection, XENON100 would provide a sensitivity of ∼ 10−45 cm2. The full
1 tonne scale experiment (XENON1T) will be realized with ten XENON100
modules.

Figure 1 shows the sensitivity projected for XENON10 experiment, in
comparison to current WIMP searches, which are probing event rates at ∼0.1
evts/kg/day. The projected performance of XENON100 and XENON1T de-
tectors is also shown. In order to continue progress in dark matter sensitivity
it will be important to have a liquid xenon experiment at the 10 kg scale
operational and taking science data in early 2006.

2 The XENON Detector Baseline

Figure 2 schematically shows the design of the detector proposed as unit
module for the XENON experiment. It is a dual phase TPC, with the active
LXe volume defined by a 50 cm diameter CsI photocathode immersed in
the liquid, at about 30 cm from the first of three wire grids defining a gas
proportional scintillation region. An array of compact, metal channel UV
sensitive PMTs developed by Hamamatsu Photonics Co. to work at LXe
temperature and recently optimized for low radioactivity content, are used
for primary and secondary light detection.
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Fig. 1. Theoretically predicted regions for SUSY WIMP candidate, along with the
best detection dark matter limits from current direct detection experiments. Also
shown as four dotted lines (top to bottom at right) are the projected sensitivities
for CDMS II at Soudan [2], and for XENON10, XENON100 and XENON1T [9].

The TPC is enclosed in a leak-tight cylindrical structure made of PTFE
and OFHC. The PTFE is used as effective UV light reflector [4] and as
electrical insulator. The fraction of direct light heading downward will be
efficiently detected with the CsI photocathode [5]. The whole structure is
immersed in a bath of LXe, serving as active veto shield against background.
The LXe for shielding is readout by PMTs.

An event in the XENON TPC will be characterized by three signals cor-
responding to detection of direct scintillation light, proportional light from
ionization electrons and CsI photoelectrons. Since electron diffusion in LXe is
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Fig. 2. Schematic view of the XENON 100 dual phase detector.

small, the proportional scintillation pulse is produced in a small spot with the
same X-Y coordinates as the interaction site, allowing 2D localization with
an accuracy of 1 cm. With the more precise Z information from the drift time
measurement, the 3D event localization provides an additional background
discrimination via fiducial volume cuts. The simulated detection efficiency of
the primary scintillation light is about 5 p.e./keV for the XENON100 detec-
tor.

3 Results from the 3kg XENON Prototype

R&D for the XENON program is being carried out with various prototypes
dedicated to test several feasibility aspects of the proposed concept, and to
measure the relevant detector characteristics such energy threshold and back-
ground discrimination as well as ionization and scintillation efficiency of Xe
recoils in LXe as a function of energy and electric field. Here we limit the
discussion to the results obtained to-date with a dual phase xenon proto-
type with ∼3 kg of active mass. The primary scintillation light (S1) from
the liquid, and the secondary scintillation light (S2) from the ionization elec-
trons extracted into the gas phase, are detected by an array of seven PMTs,
operating in the cold gas above the liquid.
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Fig. 3. Schematic drawing of the dual phase prototype.

A drawing of the 3kg XENON prototype is shown in Fig. 3 while the
photo of Fig. 4 shows the integrated set-up at the Columbia University Nevis
Laboratory. The sensitive volume of the TPC (7.7×7.7×5.0 cm3) is defined
by PTFE walls and grids with high optical transmission, made of Be-Cu wires
with a pitch of 2 mm and 120 µm diameter. Negative HV is applied to the
bottom grid, used as cathode. Grids on the top close the charge drift region
in the liquid and with appropriate biasing, create the amplification region
for gas proportional scintillation. Shaping rings located outside of the PTFE
walls and spaced 1.5 cm apart, are used to create a uniform electric field for
charge drift.

An array of seven, 2 inch PMTs (Hamamatsu R9288), mounted 2.3 cm
above the top grid, is used to detect both primary and proportional light.
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Fig. 4. The detector integrated with the vacuum cryostat, refrigerator,
gas/recirculation and DAQ systems.

Fig. 5. An array of 7 PMTs on the top of the chamber in the gas phase.

The PMT array mounted on a PTFE frame is shown in Fig. 5. The custom-
developed HV divider bases are also clearly visible. We used LEDs to measure
the PMTs gain and single photoelectron response.

The LXe detector is insulated by a vacuum cryostat. A Pulse Tube Refrig-
erator (PTR) optimized for LXe, is used to cool down the detector, liquefy
Xe gas and maintain the liquid temperature at the desired value. The typical
operating temperature is -100 oC with a stability better than 0.05 oC. At this
temperature the Xe vapor pressure is ∼1.8 atm. A reliable and stable cryo-
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genics system is an essential requirement for the XENON experiment since
both PMT’s gain and the proportional light yield vary with temperature.
With a cooling capacity of 100 W at 165 K the same PTR equipment will be
used for XENON10 underground.

The XENON experiment requires ultra high purity LXe to enable ion-
ization electrons to drift freely over the 30 cm proposed for the XENON100
unit module. Furthermore, the LXe purity has to be maintained during the
long-term detector operation required for statistics and annual modulation
analysis. A Xe purification, re-circulation and recovery system was built and
operated with the 3 kg prototype [6](see Fig. 6).

For Xe gas purification, a single high temperature SAES getter was used
[7]. Electron lifetime longer than 500 µsec is routinely achieved after a few
days of continuous purification. A similar gas system with the addition of
a Kr removal section will be used for XENON10 underground. We plan to
start with commercial Xe gas with a Kr level of roughly 10 ppb to be reduced
to a level well below 1 ppb by an adsorption-based system currently under

Fig. 6. Schematics of the continuous Xe circulation and purification system.
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construction. The reliability and efficiency of both the cryogenics and gas
purification systems have been tested with repeated experiments lasting for
several weeks continuously.

To maximize the information available from time structure and amplitude
of the primary (S1), secondary (S2) and possible CsI photoelectron signal
(S3), the 7 PMTs are digitized by both fast (1 ns/sample, 8 bit) and slow
(100 ns/sample, 12 bit) ADCs. The gain of the fast ADCs is matched to
observe signals down to single photoelectrons, whereas the slow ADCs are
optimized to observe the longer proportional light signals from S2/S3. The
DAQ system has been developed and successfully applied to record S1, S2
and S3 signals from the current prototype (Fig. 7). The coincidence of more
than one PMT signals was required to create a trigger.

Fig. 7. The DAQ system for recording S1, S2 and S3 signals from seven PMTs.

The 3kg dual phase detector’s operation was tested using low energy
gamma-rays from a Co-57 source, alpha particles from Po-210 deposited on
the cathode, and neutrons from an AmBe source. Two typical waveforms
of the direct light produced in the liquid (S1) and the proportional light
produced by electrons extracted in the gas (S2) are shown in Fig. 8, for an
alpha and gamma event. The S1 signals are prompt while the S2 signals have
a width of a few µsec, as expected. The time separation between S1 and S2
is dominated by the drift time in the liquid so that the position of the source
along the drift axis is accurately inferred from the known drift velocity at the
applied electric field. Since both the Co-57 122 keV gammas and the Po-210
5.43 MeV alphas are very localized in the dense LXe, the time separation
between S1 and S2 is close to the maximum drift time of 25 µsec. The other
two coordinates are inferred from the center of gravity of the proportional
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Fig. 8. Waveforms of direct and proportional light for an alpha recoil (left) and an
electron recoil (right).

light emitted near the 7 PMTs. Simulations and a preliminary analysis of the
alpha data show that the transverse direction of the source can be localized
with an accuracy of 1 cm.

In Fig. 9(left) the S1 and S2 signals, simultaneously recorded with gamma
and alpha irradiation, are plotted together. The detector was operated at
1kV/cm in the drift region and 10 kV/cm in the gas region. The two classes
of events are well differentiated. Another visualization of this event separation
is shown in Fig. 9 (right) where the distribution of the same events is plotted
as a function of the S2/S1 ratio, in logarithmic scale. The peak from gamma
rays is normalized to 1.

The measured ratio (S2/S1)α/(S2/S1)γ is about 0.03. The separation be-
tween alpha recoils and electron recoils is already remarkable, despite the
non optimized light collection of the detector at this stage. The ratio is even
larger, if we account for the fraction of primary light produced by alpha re-
coils which is absorbed by the 210Po source disk. Another distinct feature
that separates alpha recoils from electron recoils is the dependence of the
light on applied electric field. While the primary light from an electron event
is strongly quenched by the field because of the reduced recombination rate,
this is not the case for a heavily ionizing particle such as an alpha. This means
that the primary light is barely affected by the field and the S2/S1 ratio is
essentially constant. The dependence of the primary light on the applied field
was previously measured by Aprile et al. [8] and has been verified with data
from the XENON prototypes.

The S2/S1 ratio in LXe for nuclear recoil events was established using
a 5 Ci 241AmBe source, emitting neutrons in the energy range 0–8 MeV, in
conjunction with a BC501A scintillation coincidence counter to detect events
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Fig. 9. Measured distribution of S2 (proportional light) versus S1 (direct light) for
combined alpha and gamma events (left). Distribution of alpha and gamma events
plotted as a function of the ratio S2/S1 (right).

scattering from the LXe target. The 1.4 liter BC501A counter was placed at
a distance of 50 cm from the center of the LXe chamber, at a scattering angle
of 130 deg.

A population of candidate neutron scattering events in the LXe was ob-
tained by identifying events which were (i) tagged as neutron recoils in the
BC501A (by pulse shape discrimination) and (ii) also had an implied ToF
(time of flight) between the LXe and BC501A in a window of 40–70 ns.
The selected events also contained a significant population of accidental co-
incidences, between gammas scattering in the LXe, and neutrons, emitted
separately, which interact in the BC501A in the appropriate time window.
Figure 10 shows LXe event data, for the AmBe source, in which there is a
population of events with S2/S1 ∼ 1000, associated with electron recoils,
and a second population of events, with S2/S1 ∼ 100, associated with elas-
tic nuclear recoils. The figure also contains events arising from the inelastic
scattering of neutrons from 129Xe (nat. abun. 27%) and 131Xe (nat. abun.
21%) which have excited states of 40 keV, and 80 keV, respectively. A simu-
lation of the predicted event distribution S2/S1 vs. S1 is shown in Fig. 11
for comparison with the data in Fig. 10.

A histogram comparing the S2/S1 distributions for events S1 < 20 p.e.
for the AmBe source, and separately a 137Cs source, are shown in Fig. 12. The
AmBe curve shows the two populations associated with electron and nuclear
recoils. The second population is absent in the 137Cs data. The leakage of
electron recoil events in the 137Cs data into the S2/S1 region for nuclear
recoil events is < 1%. It was established, using separate calibration work,
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Fig. 10. Data from the 3 kg prototype obtained with an AmBe source. The value
of S2/S1 is about 100 for nuclear recoils (lower band). The S2/S1 for electron
recoils from gamma rays is about 1000 (upper band). The dotted lines define the
statistical spread (2σ) in S1, for S2/S1 centered at 100 (for neutron) and 1000 (for
gamma). Inelastic neutron scattering events are also present. Their predicted event
distribution is shown in Fig. 11.

that the the S1 signals for electron and nuclear recoils is 0.14 p.e./keVee and
0.07 p.e./keVr, respectively.

The light collection efficiency of the 3kg prototype is not yet optimized,
as a large fraction of UV photons are lost by total internal reflection at the
liquid-gas interface. As originally proposed for the XENON baseline detector,
a CsI photocathode in place of a common cathode can significantly improve
light collection and lower the minimum energy threshold [9]. Monte Carlo
simulations show that the primary light collection efficiency of the 3kg pro-
totype would increase to ∼6 p.e./keV, with the cathode grid replaced by a
CsI photocathode. Results from recent tests with various photocathodes are
very encouraging. We have confirmed the high QE in LXe (see Fig. 13), first
measured by the Columbia group more than ten years ago [5]. We have also
demonstrated the effective suppression of the photon feedback connected with
a CsI in a dual phase detector, using a commercial HV switch unit (PVX-
4130 from Directed Energy, Inc). The normal rise and fall time of <100 nsec
was slowed to 1 µsec, and not appreciable noise from the switching was ob-
served on the PMTs in our 3 kg prototype. Proportional scintillation could
be stopped as expected by deriving an appropriate gate signal from the light
trigger.
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Fig. 11. Simulation of detector response, S2/S1 vs S1, for AmBe neutrons and
uniform gamma spectrum. Distributions are shown for electron recoils (S2/S1 ∼
1000), neutron elastic recoils (S2/S1 ∼ 100), and neutron inelastic recoils associated
with 129Xe 40 keV excited state. The inelastic scattering for the 131Xe 80 keV excited
state is not shown. The statistical fluctuations, associated with all steps in the
generation of S1 and S2 signals have been considered. The variation in signals with
position within the detector is not simulated for this plot.

From measurements with a CsI photocathode in the 3 kg dual phase detec-
tor we infer a similar value for QE as that measured with a simple ionization
chamber without PMT and switching supply. The QE of the photocathode
as a function of field (up to 3 kV/cm) is derived from a Monte Carlo sim-
ulation of the light collection efficiency and the measured signal size ratio
between S2 and S4, where S2 is as explained in the text and S4 is the pro-
portional light from the extracted photoelectrons induced by S2 on the CsI
photocathode. The photocathodes used in these experiments were deposited
at the same time, using the same substrate and thickness of the CsI layer.
Combined results are shown in Fig. 13. We are finalizing a CsI deposition
apparatus at Columbia which will enable us to optimize preparation and test
CsI photocathode for maximum performance in LXe.
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Fig. 12. The blue (dark) line shows a histogram of S2/S1 for events with S1 <
20 p.e. taken for AmBe source data shown in Fig. 10. For comparison the S2/S1
distribution (red (light) line) for Compton electron recoil events, in the same S1
range, for a 137Cs source of 662 keV gamma rays is shown. The AmBe curve shows
two distinct populations associated with electron and neutron recoils at S2/S1 ∼
1000 and S2/S1 ∼ 100, respectively. The second population is absent in the 137Cs
data.

The experience gained with the 3kg prototype, its performance and results
to-date, as well as results obtained with other detectors not presented here
[10], are guiding the realization of XENON10. The 10 kg scale detector will
use a light readout with a CsI photocathode in the liquid and an array of
PMTs in the gas for much improved light detection efficiency and sensitivity
to low energy recoils.

This work was supported by a grant from the National Science Foundation
to the Columbia Astrophysics Laboratory (Grant No. PHY-02-01740).
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Fig. 13. CsI QE as a function of electron extraction field. The solid square data
points are from [5]. The open square are from recent measurements with a similar
setup as in [5]. The circle data points are inferred from the signals measured with
the 3kg dual phase prototype.
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XMASS is an underground experiment aimed at searching rare phenomena
under an ultra low background environment by using ultra pure liquid xenon
in the Kamioka mine, Japan. The one of the main physics targets of XMASS
is cold dark matter. So far, we have done 2 series of test experiments with
a prototype liquid xenon detector. In this paper, the current status of the
XMASS project, especially the first results from the second test experiment,
is reported.

1 Overview of XMASS

1.1 What’s XMASS

XMASS is a multi purpose detector to search for rare phenomena under
an ultra low background environment by using ultra pure liquid xenon in
Kamioka mine, Japan. The name of XMASS is constructed from various
meanings like followings.

– Xenon MASSive detector for solar neutrino (pp/7Be).
– Xenon detector for weakly interacting MASSive Particles (Dark matter

search).
– Xenon neutrino Mass detector (Double beta decay).

The one of the main physics targets of XMASS is cold dark matter search.
In this report, we will concentrate on the dark matter search.

1.2 Physics Goal of XMASS

The physics goal of XMASS detector is direct dark matter search via nuclear
elastic scattering. The Fig. 1 shows the expected energy spectrum for the
dark matter. Assuming the mass of 100 GeV dark matter, the cross section
of 10−6 pb or proton and 0.2 of quenching factor with natural 10t Xenon, we
can expect the 200 events/day/ton at the energy threshold of 5 keV.
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Fig. 1. The expected signal rate for dark matter. The upper and lower dashed line
shows the expected pp and 7Be solar neutrino energy spectrum respectively. The
solid line shows the expected the dark matter energy spectrum.

1.3 Strategy of the XMASS Project

So far, we have developed a prototype detector and done 2 series of test
experiments with it. The mass of this prototype detector is 100 kg. We are
aiming at scale-up detector with the further larger volume in the future by
following steps.

(1) The cubic prototype detector with 100 kg for the R&D.
(2) The spherical 800 kg detector of 1 m diameter with the 100 kg fiducial

volume (F.V.) for the dark matter search.
(3) The spherical 20 ton detector of 2.5 m diameter with the 10 ton F.V. for

the dark matter search and pp/7Be solar neutrino observation.

The purpose of the prototype detector is to confirm the feasibilities of the
next XMASS 800 kg detector, for example, the analysis techniques, self shield-
ing performance, low background properties and purification techniques. In
the 800 kg XMASS detector, our goal will be to search for dark matter with
a factor of 100 improved sensitivity.

The advantage of the XMASS detector is the self-shielding effect. Xenon
has a large atomic number (Z=54). Therefore, external gamma-ray back-
grounds from outside the detector will be reduced efficiently in the F.V. by
self-shielding. The reduction efficiency of 30 cm depth from outside is 105 for
below about 500 keV like a Fig. 2. The density of liquid xenon is about 3
g/cm3. It provides a compact detector.

The key-ideas of XMASS project are based on the various neutrino detec-
tor which produce the great results so far, for example, Kamiokande, Super-
Kamiokande, SNO, and KamLAND. Their design are an uniform and simple
scintillation detector. They have a large volume which achieves the low back-
ground by self-shielding. As a further advantage, it is easy to purify even
after the experiment started because of using liquid media. So, the large
liquid xenon detector is the most promising material.



236 C. Mitsuda

Fig. 2. The gamma-ray event rate (events/day) of the xenon depth for each energy
region.

The followings are some major advantages of liquid xenon:

– Liquid xenon has a large photon yield (about 42000 photons/MeV). This
feature directly provides the advantages of low threshold and high reso-
lution.

– The wave length of the scintillation light from liquid xenon is about
175 nm. So, the scintillation light can be directory read by Photo-Multiplier
Tubes (PMTs).

– Xenon has a large atomic number (Z=54). Therefore, external gamma-
ray backgrounds from outside the detector will be reduced efficiently by
self-shielding. The density of liquid xenon is about 3 g/cm3. It provides a
compact detector.

– Various purification methods, like distillation, can be applied. This is very
effective to eliminate internal impurities.

– The melting (boiling) point of xenon is 161.4 K (165.1 K). Liquid nitrogen
can be use to liquefy xenon.

– There is no long-life radioactive isotopes in xenon.

2 Current Status of XMASS

2.1 Prototype dDetector

Figure 3 shows a schematic view of the prototype detector.
The prototype detector consists of 100 kg of liquid xenon and 54 low-

background PMTs. It is installed in a heavy gamma ray shield in a clean room
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Fig. 3. XMASS prototype detector. 100 kg liquid xenon and 54 low-background
PMTs are used. PMTs are attached to the 30 L OFHC chamber through 5 mm
thickness MgF2 windows. They are put into a heavy shield in a clean room. The
XMASS prototype detector is located in Kamioka Observatory, ICRR, Univ of
Tokyo, in Kamioka mine.

in Kamioka Observatory, ICRR, Univ. of Tokyo in Kamioka mine (2700 m
water equivalent).

The low-background PMTs are Hamamatsu R8778, which were developed
for this project. The quantum efficiency and collection efficiency are about
30% at 175 nm and about 90%, respectively. The radioactivity of the mate-
rials were measured by HPGe detector, then low-background materials were
selected to assemble R8778. The remaining radio activities of a R8778 PMT
are measured as follows; U: 1.5±0.3×10−3 Bq, Th: 3.2±4.6×10−3 Bq, and
40K: 1.7± 2.9× 10−3 Bq. These PMTs are attached to a square-shaped 30 L
chamber made from OFHC (Oxygen Free High purity Copper) through 5 mm
thickness MgF2 windows. The photo coverage using 54 of low background
2-inch PMTs is about 16%. We can obtain 0.8 photo-electron(p.e.)/kev in
the detector center. The heavy gamma ray and neutron shield surrounds the
OFHC. They consist of 5 cm OFHC and 15 cm lead for gamma ray, 5 cm boric
acid for thermal neutron, and 15 cm polyethylene for external neutron from
the inner of shield. To shut out the radon from mine air, the EVOH (Eth-
ylen Vinyl Alcohol) sheet is installed between OFHC and lead. The inside of
EVOH sheet is filled with Super-Rn-Free-Air (SRFA) in order to reduce the
radon background. The radon concentration of SRFA is about 3 mBq/m3.

The charge information from the PMTs are read by 54 channels of charge
sensitive ADCs and a common Flash ADC for summed signals. The threshold
of each PMT is about 0.4 p.e. The data acquisition trigger is applied when
there are 4 multiple hits within 100 ns time window. The typical trigger rate
for normal runs is about 1.5 Hz.

So far, we have done two series of test experiments with the prototype
detector. The first test run was carried out in December 2003 for about 6 days.
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We took about 2 days normal runs for external background estimation. After
the first run, we purified the xenon by distillation, installed new electronics,
applied longer baking time of the system, and then carried out a second test
run. This was from August 3 until August 11, 2004, including 6 days normal
runs. The longer baking time of the system and cleaning up the detector
increased the photon yield by a factor of 1.7 comparing with the first test
run. Here are reported the main results from these test experiments.

2.2 Vertex and Energy Reconstruction

The vertex and energy reconstruction is performed by PMT charge pattern
(not timing). The Fig. 4 shows the event hit pattern of a typical background
event sample. In the figure, the QADC, FADC, and hit timing information
are available for analysis.

Fig. 4. The background event sample observed by the prototype detector. The
circles show the QADC. The number in upper and lower column shows the energy
and the hit timing, respectively. The QAD, FADC, and hit timing information are
available for analysis. The reconstructed vertex point and energy are also shown
for this event sample in the left upper side of this figure.
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The PMT acceptances from various vertices are calculated our Monte
Carlo (MC). The observed data are compared with the simulated acceptance
maps by a following equation.

Log(L) =
PMT∑
i=1

Log
(

exp(−µ)µn

n

)
, (1)

µ =
F(x, y, z, i)∑
F(x, y, z, i)

× total p.e. , (2)

where L is likelihood function, n is observed number of p.e., and F is the ac-
ceptance for i-th PMT (MC). The MC is performed assuming the light emit-
tance of 42 ph/keV, the absorption length of 100 cm, and scattering length of
30 cm.

2.3 The Source Run

Figure 5 shows a demonstration of the reconstruction performance of the
prototype detector using 60Co gamma ray source. The collimated gamma rays
are injected horizontally along the detector’s Z-axis. There are 3 collimators

Fig. 5. Vertex reconstruction performance: (a),(b),(c) Data and (d),(e),(f) MC.
The reconstructed vertex positions of collimated gamma source runs are plotted.
(a),(c) Hole-C (left side), (b),(e) Hole-B (left-center), and (c),(f) Hole-A (center)
are used.
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on the heavy shield, that is, Hole-A, Hole-B, and Hole-C. Hole-A is located
at the center of the detector. Hole-B and Hole-C are shifted to the left side
on the plots. The upper plots are Data and lower plots are MC simulation.
The agreement between Data and MC is good.

Figure 6 shows the self-shielding performance of the prototype detector.
The horizontal axis is the distance from the injection point of collimated
gamma rays.
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Fig. 6. Self shielding performance: (a) 60Co and (b) 137Cs. The solid lines and
points correspond to MC and Data, respectively. The collimated gamma rays are
injected horizontally from Hole-A (center) at Z=0 (cm) position. The reconstructed
vertex positions are plotted. For the Data, the background data is subtracted.
The wiggles are due to grid effects of the current reconstruction tool and will be
improved.

The collimated gamma rays were injected from the Z=0 side horizontally.
Although the reduction factor through the prototype detector is about 1 order
of magnitude for 60Co, it is about 2 orders for 137Cs, because 137Cs has a lower
mean energy. In the wall of detector, there are small disagreement between
Data and MC because of PMT saturation region. The self-shielding effect
between Data and MC agrees well. This proves the self-shielding technique
works well in the prototype detector as expected.

In this second test run, we took the every day calibration data using 60Co
(1132 keV) in order to confirm the energy scale stability. Figure 7 shows the
performance of the energy scale stability of prototype detector.

The horizontal axis is the elapsed day. The vertical axis is the relative
difference (%) which is calculated from the results of peak position using
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Fig. 7. The energy scale stability in the second run.

simple Gaussian fit. There is no degrading of energy scale. The data taking
was done within ± 0.5% stability.

2.4 External Background Source

Figure 8 shows the MC estimation for full volume of prototype detector. Each
background level was estimated from known sources which was measured by
high purity Ge detector. The known sources are follows.

– Gamma rays from outside shieled.
– 238U, 40K, and 232Th series from PMTs origin.
– 210Pb in the lead shield.

Figure 9(a) shows the measured energy spectrum of the prototype detector
in the heavy shield.

This data was taken during the second test run in August 2004 for about
6 days. The dashed (dotted) line shows events in a 10 cm (20 cm) F.V. in
which reconstructed vertex positions must be away from the detector wall
by 10 cm (5 cm). Therefore, the 10 cm (20 cm) F.V. corresponds to a 10cm
(20 cm) cube and the volume inside is 1 L (8 L).

The self-shielding effect can be seen clearly around the 200–400 keV energy
region.
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Fig. 8. The MC estimation for full volume of prototype detector using known
sources. The each histogram shows each background energy spectrum of known
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Fig. 9. Energy spectrum of normal run: (a) Data and (b) MC. The solid, dashed,
and dotted lines correspond to full volume, 20 cm F.V., and 10 cm F.V., respectively.
The event rate increase at the lowest energy region of dotted and dashed lines are
due to the detector wall effects (see text).
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The event rate increasing below 100 keV is artificial. It is due to detector
wall effects of the prototype detector. The wall effects mean the dead angle
from the PMTs only for the prototype detector. The scintillation light at the
dead angle from PMTs give quite uniform 1p.e. level signal for PMTs. This
cause miss reconstruction as if the vertex is around the center of the detector.
If we use the immersing PMTs into liquid Xenon and spherical design in the
future, this problem will be solved. We will eliminate this effect in the next
800 kg detector.

Those 2 plots agree within a factor of 2. Therefore, we think we have an
understanding of the major sources of the remaining external background.
We achieved the very low background level, 10−2/kg/day/keV at 100 keV.

There are some small differences including, for example, the shape of the
peak from 40K (around 1.4 MeV). We are still tuning the current MC to
improve these points.

2.5 Internal Background Source

We have estimated major internal background sources of the prototype de-
tector. For radon in the Uranium and Thorium series, the time coincidence
between Bi and Po decay chains was used. For 222Rn in the Uranium chain,
we have found 67 coincidence events during 1.8-day measurements. Actu-
ally, we took two separate runs; 0.8-day on Aug. 4 and 1.0-day on Aug.
10, 2004. The estimated Uranium contaminations from these 2 runs were
238U = (72± 11)× 10−14 g(U)/g(Xe) for Aug. 4 and 238U = (33± 7)× 10−14

g(U)/g(Xe) for Aug. 10. This decrease is consistent with the expected radon
decay (half life = 3.8 days). Therefore, most of the 222Rn which might come
from outside the detector from storage tanks, piping, etc, will decay out.

For the 220Rn in the Thorium chain, we have searched for possible peaks
from Bi and Po decay chains in FADC signal. We found no coincidence during
3.2 days FADC data. This corresponds to 232Th < 23 × 10−14 g(Th)/g(Xe)
(90% C.L.).

Another major internal background would be 85Kr. In the December 2003
run, there was a 3 ppb Kr level in xenon (measured value). We have puri-
fied 100 kg of xenon by a distillation method in March 2003, then measured
Kr contamination in xenon again. The distillation system make use of the
different boiling point between Xenon and Krypton (165 K and 120 K at 1
atm respectively). This method is very effective to reduce internal impuri-
ties (85Kr, etc). The designed factor is 1/1000 Kr/1 pass. The measured Kr
contamination decreased to (3.3± 1.1) ppt. So, we achieved almost designed
factor for the Kr reduction.

Table 1 shows a summary of the current estimation of the internal back-
ground sources.
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Table 1. Summary of the current estimation for internal background sources. The
current goal is for the XMASS 800 kg detector.

Source Estimation Goal

238U (33 ± 7) × 10−14 g/g 1 × 10−14

232Th < 23 × 10−14 g/g 2 × 10−14

85Kr (3.3 ± 1.1) ppt 1 ppt

3 Future Project and Expected Sensitivity

We are going to aim at the future project based on the results of prototype
detector. Next project is a construction of the 800 kg detector for dark matter
search. The diamemter is 80 cm. This detector is full photo-sensitivity and
spherical geometry detector. This detector has 780 2 inch PMTs, 70% photo-
coverage, and photon-yields of about 5 p.e./keV.

This detector can solve the vertex miss reconstruction problem by im-
mersing PMTs into liquid xenon. The external gamma rays background can
be reduced by self shielding effect which is already demonstrated by the pro-
totype detector. The internal background of Kr and Radon is almost reduced
to the goal level.

Assuming the 1/10 lower background PMT of current R-8778 in proceed,
we can achieve the background level of 8×10−5 dru (kg/day/keV) under
the 50 keV energy region in the fiducial volume of 40 cm (100 kg). In this
sensitivity, we can observe the dark matter signal based on the cross section
of 10−6 pb and the energy of 50 GeV or 100 GeV for dark matter.

Assuming the 100 kg fiducial volume 5 years, the 5 keV energy threshold
and 3σ discovery, we improve the sensitivity by a factor of more than 102∼3

for existing experiments. Especially, we can achieve the cross section of 10−9

pb for spin independence and 10−3 pb for spin dependence by the spectrum
analysis of dark matter search.

4 Summary

Now, the research and development for our prototype detector is going
well. The demonstration of reconstruction, self-shielding, and low background
properties has been done. For the external gamma rays background, the level
of 10−2 /kg/day/keV is already achieved. For the internal background, the
Kr concentration of 3.3 ± 1.1 ppt was achieved by distillation system. This
reduction factor is also consistent with designed factor. The concentration of
222Rn(U) and 220Rn(Th) are 33 ± −7 × 10−14g/g and less than 23 × 10−14

g/g, respectively. In the future, the 1/30 reduction will be achieved enough
for 800 kg detector. Within a few years, we are planning to build the 800 kg
detector and start to search for dark matter.
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The DRIFT experiment is the first directionally sensitive dark matter search.
The design is based on a gaseous time projection chamber and employs carbon
disulphide gas at low pressure. DRIFT-I was installed in the underground
laboratory at Boulby mine in 2001 and has acquired more than 1500 hours of
data. The second generation detector, DRIFT-II, is undergoing initial testing
and will be installed in the new experimental hall at Boulby early in 2005.

1 DRIFT: A Directional Dark Matter Detector

The DRIFT experiment design has delivered the world’s first directionally
sensitive dark matter detector [1, 2]. The design concept (Fig. 1) employs
time projection chambers (TPCs) with multi-wire proportional counters
(MWPCs) for readout. The first generations of detector use carbon disul-
phide (CS2) gas due to its electronegativity, which allows negative ions to be
drifted within the TPCs, rather than electrons, and so avoids large diffusion
and greatly improves the spatial resolution.

Most models suggest that the Earth is travelling through a halo of WIMPs
in the Milky Way. A dark matter detector should, therefore, observe a direc-
tional ‘WIMP wind’ signal. A time projection chamber is well suited for
dark matter detection because it enables directional track information to
be recorded, and so can be used to provide the most powerful evidence for
the existence of WIMPs in the Galaxy (Fig. 2) and to distinguish between
postulated halo models [4, 5]. The DRIFT design has excellent background
rejection potential via range-ionization discrimination [3]. It can probe the
WIMP parameter space to sensitivities (defined as a minimum of the sensi-
tivity curve) as shown in Fig. 3 [5].

�UKDMC (University of Sheffield, University of Edinburgh, R.A.L., Imperial
College), Occidental College (L.A.), Temple University (Philadelphia), University of
New Mexico, University of Boston, University of Thessaloniki (Greece), University
of Darmstadt (Germany)
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Fig. 1. Diagram showing the
DRIFT detector concept.

Fig. 2. Image of the ‘WIMP wind’ that
may be seen as a directional signal by a
detector such as DRIFT.

DRIFT-I is the first full-scale detector from the DRIFT collaboration [2].
It was installed underground at Boulby mine during the summer of 2001.
It consists of a 1 m3 fiducial volume within two back-to-back TPCs, with a
shared central cathode, and uses two MWPC readouts mounted horizontally.
This detector is placed inside a stainless steel vacuum vessel, which is filled
with CS2 gas at low pressure (standard running pressure of 40 torr, giving
a target mass of 167 g). The DRIFT-I data acquisition (DAq) system was
designed at SLAC.

Fig. 3. Directional sensitivity that may be achieved by a DRIFT-type detector for
a given exposure and number of detected events.
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1.1 Simulations

Simulations investigating neutron background sources have been performed
for DRIFT-I using both a ‘home-grown’ Monte Carlo and also the GEANT4
toolkit. The input neutron spectra were obtained from measurements of the
uranium and thorium content in the DRIFT cavern and component materials,
using a germanium detector in the cavern and mass spectrometry techniques
for the other materials. The neutron rate predicted by the simulations for an
unshielded detector is 12.6 events/kg/day due to neutrons from rock.

1.2 Operations

During the DRIFT-I (Fig. 4) running time, since 2001, there have been a
number of operational issues [2], some of which have been found to have
solutions that allow the detector to remain at least partially operational and
so it has still been possible to take data, although not always with the full
detector.

In 2004 new alpha veto hardware was installed, as was ∼8 tons of CH2

neutron shielding –30 g/cm2 thick on all sides – in the form of polypropylene
pellets (see Fig. 5).

Fig. 4. Photograph of the DRIFT-I in-
ner detector positioned inside the stain-
less steel vessel with the front panel re-
moved.

Fig. 5. Photograph of the partly
shielded DRIFT-I vessel in position at
Boulby mine with the front section of
shielding removed.

1.3 Preliminary Results

DRIFT-I has managed to acquire over 1500 hours of data and its response
to neutrons, alphas, gammas and sparks has been observed. Signals from a
neutron trackand a spark are shown in Figs. 6 and 7, respectively.

DRIFT-I has also attained a preliminary background measurement from
37.25 days of livetime of 28 events/kg/day, for an unshielded detector (Fig. 8).
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Fig. 6. Example of the signal recorded by the DRIFT-I detector due to an alpha
event.

Fig. 7. Example of the signal recorded by the DRIFT-I detector due to a spark.
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Fig. 8. Plot of the Number of Ion Pairs produced in an event against the 2-
dimensional range of the event. Data from a neutron source is shown (small dots)
along with background data (large dots).

The high rate, compared to that predicted by computer simulations for neu-
trons, may be due to neutrons from sources other than the surrounding rock,
or alphas that have managed to avoid all the data cuts.

1.4 DRIFT-I Summary - Lessons Learned

The experience from installing and running DRIFT-I has allowed many in-
valuable lessons to be learned, both in detector engineering and in perfor-
mance optimisation. These lessons have been applied to the design of the
next generation detector - DRIFT-II.

2 DRIFT-II

DRIFT-II is the newest DRIFT detector and will begin taking data under-
ground in 2005. The design is essentially an improved and expanded version
of DRIFT-I (see Fig. 9) [6]. DRIFT-II will be an array of modules, with each
module consisting of a stainless steel vacuum vessel of internal dimensions
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Fig. 9. Diagram showing the design of
the DRIFT-II detector.

Fig. 10. Photograph of the first
DRIFT-II vessel at Occidental College,
L.A., where commissioning of the first
DRIFT-II detector is being performed.

of 1.5 × 1.5 × 1.5 m3 and with hinged door (see Fig. 10). The vessels each
contain two back-to-back time projection chambers and two MWPC read-
outs mounted vertically (see Fig. 9), which will reduce the effects of falling
debris and allow both MWPCs to operate in identical environments. Initially
DRIFT-II will employ CS2 gas at low pressure again, with a gas system able
to maintain various pressures and flow rates. Subsequent gas systems will also
be able to maintain different gas mixtures. Care has been taken in choosing
the materials used for detector components to ensure they are known to be of
at least a minimum purity, such as the low background stainless steel vessel,
high purity copper used for the field cages and the radiopure lucite also used
inside the vessel. The spatial resolution is improved, as is the 3-dimensional
track reconstruction capability, and the background noise level of the data
acquisition system is reduced.

Another important consideration that had to be made while designing
the DRIFT-II detector array was the size and layout of the experimental
hall at Boulby mine. The limited space available places a constraint on the
size of vessel and amount of passive neutron shielding that can be used. By
looking at these dimension constraints and taking information from computer
simulations (Fig. 11), the layout of the DRIFT-II array will be as rows of four
modules sharing some shielding, as shown in Figs. 11 and 12.

2.1 Data Acquisition and Commissioning

The data acquisition system for the DRIFT-II detectors includes the grid
DAq, which uses a grouping technique and so records signals through only
eight channels from 512 wires, using Amptek pre-amplifiers. The grid DAq
also has wires at the front and back, which are used as alpha vetoes in the
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Fig. 11. VRML visualisation of the geometry
used for GEANT4 simulations of DRIFT-II
type detectors.

Fig. 12. Diagram of the planned
layout for a group of four DRIFT-
II modules with their shielding.

DRIFT y-direction. There is also an anode DAq system that simply registers
hits and also has alpha vetoes in the DRIFT x-direction.

The initial commissioning of the first DRIFT-II detector module is cur-
rently underway at Occidental College, L.A. (Fig. 13), where, to date, leak
testing has been done and 55Fe calibration data has been taken.

Fig. 13. Initial data plots from the commissioning of the first DRIFT-II detector
showing the 55Fe spectrum on the left with an 55Fe signal shown on the right.
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2.2 Simulations

Particle backgrounds are a big issue for dark matter detectors. It is important
to investigate possible sources of these backgrounds and to use computer
simulations to try to understand their effects. The main problem backgrounds
for dark matter detectors are sources of neutrons because the signal seen when
a neutron interacts inside the detector can be indistinguishable to that of the
WIMPs being searched for. Work on simulating the neutron backgrounds for
this type of detector has been performed [7] and the results have been used
to make decisions on material purity and shielding requirements.

3 Future Prospects

The next generation, DRIFT-III, is expected to have a sensitivity down to
about 10−8 pb, assuming no background and using an array of 100+ units
of dimension (1.5m)3. Further expansion up to a 1 ton target would give a
potential sensitivity of 10−10 pb. This would allow the possibility of distin-
guishing such objects as the Sagittarius CDM stream [8]. It is also possible
for future DRIFT detectors to have the capability of searching for other rare
events, such as KK-axions and Universal Extra Dimensions.

While the first DRIFT detectors use CS2 gas, future detectors may use an
alternative gaseous target (single gas or gas mixtures). Research and devel-
opment work on alternative charge readout devices, focussing on the possibil-
ities of MICROMEGAS, is ongoing, along with halo modeling and computer
simulation of the DRIFT detectors.
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Our group is presently investigating the application of bulk superheated liq-
uids to Weakly Interacting Massive Particle (WIMP) detection. It has been
possible to demonstrate [1] that relatively large volumes of heavy refriger-
ants can be kept in a radiation-sensitive metastable state for long enough
to perform rare-event searches. For certain choices of operating pressure and
temperature, the vaporization of the liquid (Fig. 1) can be produced exclu-
sively by particles having a high stopping power (e.g., nuclear recoils like
those expected from WIMPs or neutrons), making the detector insensitive to
minimum ionizing backgrounds. The devices are operated at near room tem-
perature and the industrial refrigerants used are inexpensive, non-flammable
and non-toxic, with a chemical composition that maximizes sensitivity to
neutralino interactions through both the spin-dependent and -independent
channels [2]. For these reasons, the technique seems to be ideally fitted for
the goal of building ton or even multi-ton WIMP detectors, devices able to
probe most of the supersymmetric phase space where the supersymmetric
dark matter may abide.

Several techniques have been identified and exploited to maximize the
stability of small bubble chamber prototypes containing CF3Br and CF3I.
Namely, avoidance of contact with rough metallic surfaces, use of an immisci-
ble liquid ”lid” above the active volume, outgassing of surface imperfections
in the presence of a buffer liquid, surface cleaning techniques and wetting
improvement via vapor deposition [3]. Small prototypes (∼30 g) remain su-
perheated for periods of 15 minutes on the average at the shallow 6 m.w.e.
depth of the EFI underground laboratory, a nucleation rate compatible with
the measured neutron flux and energy spectrum in the site [4]. The insensi-
tivity (rejection factor) to minimum ionizing particles (MIPs) in operating
conditions at which the liquids are fully responsive to low energy nuclear
recoils has been measured to be > 109 using strong gamma sources [4]. This
guarantees the ability to build much larger prototypes in the ton or multi-ton
regime, essentially without any concern for MIPs. Calibrations using neu-
tron sources with a well-defined endpoint energy (11.1 MeV for Am/Be and
152 KeV for 88Y/Be) allowed testing the response of the liquids to nuclear
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Fig. 1. Left: High-speed footage of boiling induced by a neutron source in su-
perheated CF3Br. The bubble diameter expansion rate is ∼1mm/ms in normal
operating conditions (the depicted sequence spans 0.1 seconds). This footage can
be viewed at http://cfcp.uchicago.edu/∼collar/bubble.mov. Center: Multiple-
bubble event produced by a neutron triple-scatter. Right: Automatic image analysis
using LabVIEW’s Vision Development Module allows precise bubble positioning
and counting in 3-D (two perpendicular cameras are used).

recoils down to 4 keV in the case of CF3I and the establishment of agreement
with theoretical models of this response [4].

The construction of a 1-liter (2 kg) active volume bubble chamber is well
advanced (Fig. 2): at the time of this writing, it has been operated at 6 m.w.e.
for several weeks, with a nucleation rate (∼1/min) again compatible with the
modelled contribution from the measured environmental fast neutron flux.
The purpose of this prototype and experiment (the Chicago Observatory for
Underground Particle Physics, COUPP) is to study the ultimate limits to the
stability of the superheated liquid in a deeper location, with reduced neutron
backgrounds. However a device of this mass can already be an extremely
competitive WIMP detector, given the optimal choice of target nuclei and
insensitivity to most backgrounds (Fig. 3).

While the ultimate goal is to deploy a large bubble chamber-based dark
matter search in the Soudan Mine, there are considerable logistical benefits
to having the initial commissioning and testing of this prototype device take
place in the MINOS-near detector gallery at FNAL. Siting the initial com-
missioning work at Fermilab allows ready access to the detector, a critical
need during the first few months of operation, until the behavior of the detec-
tor at this depth is completely understood and operation is fully automated.
In this FNAL site, the experiment will profit from ∼300 ft of rock over-
burden. A preliminary estimate of the cosmic-ray associated backgrounds at
this depth reveals that the nucleation rate assumption used to generate the
projections in Fig. 3 could in principle be met there. In the presence of 30
cm of polyethylene shielding, muon-induced energetic neutrons producing a
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Fig. 2. Left: Conceptual design of the 2 kg CF3I chamber to be used in
the preliminary phase of COUPP. Center: the recompression vessel in this
prototype. Right: inner quartz vial and pressure-compensation bellows for the
same. Footage of the response of this chamber to neutrons can be seen at
http://cfcp.uchicago.edu/∼collar/triple bubble(0.4s).mov.

Fig. 3. Sensitivity limits in the spin-independent (left) and spin-dependent (right)
neutralino parameter space achievable during the first phase of COUPP (dashed
lines), compared with other experiments. The neutron background rate used for
these estimates is representative of what can be expected in the Minos near de-
tector gallery and, according to Monte Carlo calculations, a factor of ∼100 too
conservative for the Soudan depth. The limits are plotted for two different energy
thresholds, one already demonstrated with the 88Y/Be neutron source calibrations
and a second one (the best that can be expected before gamma background rejec-
tion is lost) soon to be tested with a 124Sb/Be neutron source. NOTE: the recently
released CDMS-II limits surpass those from CDMS-I in the figure by a factor ∼4.
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few nucleations per kg/day are expected to be dominant, with only a small
additional component from beam-related backgrounds. After a few months
of preliminary tests at FNAL, the chamber will be transported to a final
emplacement in the Soudan mine (MN).

MCNP-Polimi [5] Monte Carlo simulations of the response to a typical
underground neutron flux indicate that large enough bubble chambers (few
hundred liters) would have ideal features as WIMP detectors. For instance, a
sizeable inner fiducial volume would be shielded against events produced by
“punch-through” neutrons able to penetrate any reasonable thickness of neu-
tron moderator. These represent the ultimate challenge for next-generation
WIMP detectors. Their interactions would nevertheless be revealed in these
chambers by multi-bubble events which WIMPs cannot produce (Figs. 1 and
4). To this unique feature, one can add the ability to easily exchange liq-
uids from those containing fluorine as the heaviest atom (e.g. C3F8) to those
containing also iodine or bromine (CF3Br, CF3I). For targets like these the
expected WIMP and neutron induced bubble-nucleation rates can be radi-
cally different, a signature that could be exploited for WIMP discovery. The 2
kg prototype will also serve the purpose of studying the feasibility of building

Fig. 4. Simulated distribution of bubble sites and their multiplicity, expected from
a typical underground neutron spectrum (LNGS). The probability of having a fast
neutron reach the center of a large volume of target liquid, produce a single bub-
ble and exit without further interaction is seen to be extremely small. This self-
shielding effect provides an additional background rejection mechanism for the in-
nermost fiducial mass, already considerable (∼30 kg) in a 200 liter chamber (∼4 kg
for 50l). WIMPs should produce a uniform distribution of singles: irreducible alpha
backgrounds can do the same, but with a markedly different rate as a function of
temperature [2,6].
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much larger chambers. New challenges will certainly arise during its opera-
tion, besides those already envisioned (for instance, Radon emanation from
metallic parts in the inner vessel can give rise to a recoiling-daughter back-
ground [4], but prospects based on BOREXINO measurements of cleaned
steel parts are reassuring at <5µBq/m2) [7]. However, rapid upscaling to the
ton or even multi-ton target mass regime seems feasible, in view of the sim-
plicity of the method, optimal choice of target nuclei and excellent intrinsic
background rejection ability.
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1 Introduction

Nonluminous, nonbaryonic, weakly interacting massive particles (WIMPs) [1,
2] may constitute most of the matter in the universe [3]. WIMPs are ex-
pected to be in a roughly isothermal Galactic halo. They would interact
elastically with nuclei, generating a recoil energy of a few tens of keV, at a
rate <∼1 event kg−1 d−1 [2, 4, 5].

Supersymmetry provides a natural WIMP candidate in the form of the
lightest superpartner [5]. Figure 1 shows the WIMP masses and cross sec-
tions that are consistent with the three primary approaches to supersym-
metry. Regardless of the theoretical philosophy, sensitivity from elastic-
scattering experiments to WIMP-nucleon scalar cross-sections in the range
10−46–10−44 cm2 would be of great interest.

To probe to such small cross sections, it helps to operate without back-
grounds, so that the search sensitivity is directly proportional to the detector
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Fig. 1. Left: Reach of SuperCDMS phases A, B, and C (dashed curves) with current
CDMS II limit [6] (solid curve) and sensitivity goal (dot-dashed curve). The lightest
grey region results from a scan of MSSM parameter space [7]. SuperCDMS will
probe nearly all split-supersymmetry models (×’s [8] and dots [9]) and much of the
mSUGRA region [10] (medium grey), including most post-LEP benchmark points
(circles) [11] and nearly all the subset (dark grey) consistent with a supersymmetric
interpretation of the muon g − 2 measurement. Right: Top view (above side view)
of SuperCDMS cryostat showing deployment of 7 towers of 6 detectors each in
25 kg phase A (darkest circles), 19 towers of 12 detectors each in 150 kg phase B
(grey circles), and 73 towers of 24 detectors each in 1 ton phase C (all circles). The
cryostat will be 3× larger than the CDMS cryostat (dashes) in each dimension.

mass × exposure time (MT ). Under subtraction of an estimated background,
the sensitivity becomes proportional to

√
MT . Ultimately, the subtraction

becomes limited by systematics, preventing further improvement in sensitiv-
ity. CDMS ZIP detectors [12] have excellent background rejection, making
them the most proven means by which to operate an experiment without
backgrounds.

CDMS ZIP detectors allow discrimination between WIMP nuclear recoils
and background electron recoils through two effects. First, for a given en-
ergy, recoiling electrons are more ionizing than recoiling nuclei, resulting in a
higher ratio of ionization to phonon signal, called “ionization yield.” Second,
the athermal phonon signals due to nuclear recoils have longer rise times
and occur later than those due to electron recoils. For recoils within a few
µm of a detector’s surface (primarily from low-energy electrons), the charge
collection is incomplete [13], making discrimination based on ionization yield
less effective. But these events can be effectively rejected by phonon timing



The SuperCDMS Experiment 261

cuts because they have, on the average, even faster phonon signals than those
from bulk electron recoils [14, 15].

In order to probe to smaller WIMP-nucleon cross sections, we plan to
increase the detector mass of the experiment in several phases, resulting in a
ton-scale SuperCDMS experiment (previously called CryoArray [16, 17]). To
maximize the discovery potential of the experiment, each phase will have an
expected background smaller than one event. The excellent characterization
of backgrounds and the information from ZIP detectors on each event would
minimize the ambiguity of a discovery. The low energy thresholds and small
“quenching” factors for both the ionization and the phonon measurements
allow the requirement of a positive signal for both energy measurements,
providing immunity to artifacts that may mimic a WIMP signal. The ∼keV
energy resolutions and ∼mm position resolution would allow detailed tests of
consistency with a WIMP signal. A test for annual modulation would depend
only on accurately knowing the efficiency for WIMPs over time, since there
would be no additional backgrounds.

To keep backgrounds negligible during the phases of SuperCDMS, im-
provements are needed in the level and discrimination of backgrounds, de-
scribed in Sects. 2 and 3 respectively. To achieve an exposure of 500 ton d
within a reasonable time and budget, manufacturability and detector pro-
duction rates must be improved, as discussed in Sect. 4.

2 Reduction of Backgrounds

2.1 Neutrons

A neutron of kinetic energy ∼2 MeV can cause a recoil that is indistin-
guishable from one caused by a WIMP. Polyethylene shielding and an active
scintillator veto are used to minimize or reject the neutron background. For
the CDMS II experiment at the Soudan Mine, most neutrons that cause un-
vetoed nuclear recoils in Ge come from the ∼ 220 GeV muons that penetrate
to and interact in the rock surrounding the CDMS II experimental hall. Sim-
ulations indicate the rate of unvetoed neutron-induced recoils from showers
in the rock at Soudan is 3×10−4 kg−1 d−1, sufficiently low that it should
be important only for exposures significantly larger than those planned for
CDMS II (1000 kg d). To reduce this background for the 10× to 500× larger
exposures of SuperCDMS, we plan to build the experiment at SNOLab, where
the increased depth suppresses the dominant neutron backgrounds by over
two orders of magnitude compared to Soudan.

2.2 Electron and Photon Backgrounds

CDMS ZIP discrimination of electron-recoil events based on ionization yield is
essentially perfect for electrons or photons interacting in the bulk of the detec-
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Table 1. Mean event rates between 15–45 keV recoil energy in the inner Ge de-
tectors of CDMS II and SuperCDMS, per 500 ton day exposure. CDMS II photon
(γ) and electron (β) rates of events with full ionization yield (“Bulk”) and reduced
ionization yield (“Surface”) are inferred from calibrations, simulations, and mea-
surements. Leakage into the nuclear-recoil signal region with phonon-timing cuts
applied is based on calibrations.

CDMS II SuperCDMS
Bulk Surface Leakage Improve Leakage

all singles all singles wo/cuts w/cuts Clean Reject Goal

All 6 × 107 1.5 × 107 600000 170000 20000 600 2× 100× < 1.0

γ 6 × 107 1.5 × 107 350000 100000 2500 70 2× 100× < 0.5

β 7 × 105 2 × 105 250000 70000 17000 500 10× 100× < 0.5

tor. However, events within ∼35 µm of the detector surface suffer ionization-
yield suppression, and events in the first ∼1 µm lose so much ionization that
they may be misidentified as nuclear recoils. Phonon timing provides rejection
of 97% of these “surface events” while keeping 70% of true nuclear recoils.

Rejection of photon-related backgrounds in the CDMS II experiment has
been measured using high-energy photon sources. Rejection of photon and
electron backgrounds has been simulated using GEANT4, including track-
ing of low-energy electrons created by photon interactions and inferred
depth-dependent ionization yield based on calibrations with an electron
source [15]. The simulations and measurements both indicate that of all
photon-related events (15-45 keV), 0.3% are single-scatter surface events with
some ionization-yield suppression, and 1.8% of those (or 0.005% of all photon-
related events) suffer enough ionization-yield suppression to be misidentified
as nuclear recoils (see Table 1). Thus, rejection is 99.995% efficient based
on the number of scatters and ionization yield alone, and is 99.9999% after
applying the phonon-timing cut.

Table 1 shows that the background of surface singles is about twice as large
as the inferred contribution from photon-related events, implying that about
half the surface singles are due to surface radioactive beta contaminants.
As shown in Fig. 2, surface betas cause very shallow interactions and thus
suffer far higher misidentification than photon-induced events, resulting in
background leakage ∼ 7× worse than that due to photons.

Background-reduction efforts will therefore center on reducing the sur-
face beta contamination by a factor of 10 by identifying the contaminants
and changing fabrication procedures to prevent their introduction. Table 2
lists screening methods for 79 beta-emitting and electron-capture isotopes.
Inductively-coupled-plasma mass spectrometry (ICP-MS) would provide the
quickest screening method for isotopes for which its sensitivity (typically
1 ppb to 1 ppt) is good enough. A dozen isotopes including 210Pb, a crucial
background candidate, can be detected by their alpha emissions. An addi-
tional 25 isotopes may be detected by low-level γ-counting.
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Fig. 2. Number of simulated events as a function of depth (top). Single-
scatter photon-induced events (lower grey) are uniformly distributed in depth, and
multiple-scatter events (upper grey) are biased toward the surface. Events from a
beta emitter (black) show a steep falloff with depth, making them the most danger-
ous. Side views show a stack of cylindrical SuperCDMS ZIP detectors (right) which
will be 2.5× thicker than CDMS ZIPs (left), with ionization endcap detectors to
reduce or veto electrons incident on the outermost ZIP surfaces.
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Table 2. Detection schemes for all long-lived beta-emitting isotopes. Isotopes in
boldface may be detected by ICP-MS with sensitivity between 1 ppb and 1 ppt.

Method Applicable Isotopes

ICP-MS 40K 48Ca 50V 87Rb 92Nb 98Tc 113Cd 115In 123Te
(1 ppb) 138La 176Lu 182Hf 232Th 235U 238U 236Np 250Cm

ICP-MS 10Be 36Cl 60Fe 79Se 93Zr 94Nb 97Tc 99Tc 107Pd 126Sn
(1 ppt) 129I 135Cs 137La 154Eu 158Tb 166mHo 208Bi 208Po 209Po 252Es

γ 40K 50V 60Fe 60Co 93Zr 92Nb 94Nb 93Mo 98Tc 99Tc 101Rh 101mRh
102mRh 109Cd 121mSn 126Sn 125Sb 129I 134Cs 137Cs 133Ba 138La

145Pm 146Pm 150Eu 152Eu 154Eu 155Eu 157Tb 158Tb 166mHo 173Lu
174Lu 176Lu 172Hf 179Ta 207Bi 208Bi 232Th 235U 238U 236Np 241Pu

α 210Pb 208Po 209Po 228Ra 227Ac 232Th
235U 238U 236Np 241Pu 250Cm 252Es

β only 3H 14C 32Si 63Ni 90Sr 106Ru 113mCd 147Pm 151Sm 171Tm 194Os
204Tl 10Be 36Cl 79Se 97Tc 107Pd 135Cs 137La 154Eu 209Po

Finally, there are 12 to 21 isotopes, depending on ICP-MS sensitivity,
that cannot be screened in any manner except by their emission of beta
electrons. To detect these isotopes, we will develop a chamber capable of
directly detecting betas emitted from surfaces. This chamber will also serve
as a very low-background α screener.

Further reductions in surface backgrounds will be achieved by decreasing
the exposed surface area per detector mass, as shown in Fig 2. The major
thrust in detector development will be in scaling up the detector thickness
from 1 cm to 2.5 cm. The thicker detectors will have a 2.5× smaller surface-to-
volume ratio, thereby decreasing the background surface events per WIMP
interaction by the same factor regardless of source. This increase requires
new fabrication equipment and modifications to some of our present equip-
ment. A larger voltage would be applied across these thicker detectors during
their operation, resulting in only a slightly smaller drift field that would not
significantly reduce the ionization yield for surface events.

Ge ionization detectors will act as an active veto shield around, above, and
below the ZIP detectors. Ionization detectors cost ∼5 times less to fabricate
and test than the ZIPs. These veto detectors may reduce the contamination
adjacent to the ZIPs; the CDMS I experiment indicated that the Ge detector
material itself has the cleanest surfaces within the detector housings. More-
over, these detectors would reject the otherwise outermost ZIP detectors’
dominant background of single-detector surface events caused by photons
ejecting electrons from adjacent passive materials.

3 Detector Performance Improvements

The complementary method to reduce surface-event backgrounds in Su-
perCDMS is to improve the detector rejection of surface events. Improved
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analysis already is showing significant advances and should increase rejection
by at least an order of magnitude. Further improvements can be achieved by
optimization of both the charge collection and the athermal phonon sensors.

First, it is likely that we can improve the charge collection for surface
events by optimizing the deposition of the amorphous-silicon layer used to
prevent back-diffusion of carriers to the “wrong” electrode [13]. Older CDMS

detectors with a different amorphous-silicon layer had a higher ionization
yield for surface events than current detectors, resulting in >95% rejection of
surface betas based on ionization yield alone [18]. Returning to and possibly
improving upon the old recipe should increase the blocking effectiveness of
the electrodes against surface-event charge back-diffusion.

A longer-term goal is to enhance the information in the athermal phonon
signals. Reading the phonon signal from the detector substrate faster should
improve the pulse discrimination. The present ZIP detectors’ phonon sensors
cover only 20% of one surface of the detector substrate. New phonon-readout
schemes described in Sect. 4 would allow increased surface-area coverage.

The most dramatic improvement in phonon read-out would occur if both
sides of the disc-like detectors were instrumented with phonon sensors. This
double-sided readout should improve the phonon timing information by de-
tecting the leading phonons on both faces of the detector. This design will
symmetrize the detector response and allow a direct determination of the
three-dimensional position of each event. The expected timing resolution of
0.5 µs at 10 keV would yield a position resolution of 1.5 mm in three dimen-
sions.

One method of implementing this scheme keeps the same drift-field con-
figuration used in the existing ZIP detectors. The problem then is to provide a
voltage bias of up to 1 µV for the phonon sensors without adding more than a
few picofarads to the capacitance of the ionization electrode, thereby degrad-
ing the ionization resolution. The best option is a high-frequency (20 MHz)
AC power supply feeding a small transformer. A diode and LC filter on
the secondary produce the appropriate bias. The voltage applied could be
regulated at low bandwidth by monitoring the current through the readout
SQUIDs, while maintaining at high bandwidth the pure voltage bias needed
for the phonon sensors.

An alternative scheme [19, 20] is to interleave the ionization electrodes
and the phonon collectors on both detector faces. On one face the ionization
electrodes are at positive voltage and connected to one amplifier, while on the
other face they are at negative voltage and connected to a second amplifier.
The phonon sensors remain at ground on both faces. In this arrangement, the
electric field close to the surfaces is roughly parallel to the detector face and so
a surface interaction generates a signal in the near-side charge amplifier only.
Bulk events experience a field perpendicular to the faces, causing the electrons
and holes from an event to generate equal signals in each charge amplifier.
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The interleaved design thus provides an additional means of discriminating
surface events from bulk events.

Since the interleaved phonon sensors on both sides of the crystal remain
at ground for the ionization measurement, the biasing electronics remain un-
changed from the present implementation. If the surface identification works
at the outer edges of the detector, no outer guard electrode is needed, and the
readout and electronics of the two ionization channels also remain unchanged
from the the present ZIP implementation of CDMS II.

4 Improving Manufacturability

At the CDMS II detector production rate of about one detector per month,
or 3 kg Ge per year, deploying a ton of detectors would be impossible. Fortu-
nately, nearly all the time associated with detector production is spent on a
lengthy program of testing and repairing, which could be rendered unneces-
sary by improvements to the fabrication process. These improvements would
allow orders of magnitude increases in detector production. Furthermore,
many of these fabrication improvements also allow easier building of the ex-
perimental infrastracture and decrease the cryostat’s material and heatload.

Several straightforward improvements are planned to increase fabrication
yield. Changing to a whole-field mask for first-layer exposures, optimizing
etching recipes, and switching from 1 µm to 2 µm features should greatly
reduce photolithography errors and the resulting need for testing and repair.
These changes should increase the fabrication rate by a factor of 5.

Further increases require reducing or eliminating the need for cryogenic
testing of the W thin-film critical temperature. The addition of a mechanical
planetary system for W film depositions may result in reproducible, uniform
critical temperatures. The sensitivity of W to processing conditions has, in
addition, motivated work to develop alternative films such as Al(Mn) that
may be more reproducibly processed [21]. Finally, studying W film properties
(crystalline phase, resistivity, film thickness, crystallite size and sputtering
conditions) may lead to the establishment of room-temperature diagnostic
tests.

4.1 Lower-Inductance SQUID Readout

In CDMS II the transition-edge sensors (TESs) of each phonon sensor are
in series with the input coil to a SQUID array of 100 elements. A voltage
is applied across the combined TES/input coil pair, and the SQUID array
output measures the current through the TES. In order to have sensitivity
to resolve the TES current of phonon events, the SQUID array must have
many turns on the input coil for flux amplification. However, the ratio of the
input inductance of the SQUID array to the operating dynamic resistance of
the TES, Lin(array)/Rdyn(TES), sets a limit on bandwidth. For the phonon
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sensor readout to have sufficient bandwidth (∼100 kHz) and to be stable
from electrothermal oscillations, the dynamic resistance of the phonon sensor
Rdyn > 0.1Ω.

A number of the proposed advances of our phonon sensor technology de-
scribed above would benefit from a decrease of Lin. These include the increase
of the coverage of the phonon sensors, which would require connecting more
TESs in parallel; the widening of the W TES to ease the fabrication; and the
use of Al(Mn), which has intrinsically lower resistivity. Moreover, the phonon
rejection would likely benefit from the increased speed.

Two approaches are possible. One is to decrease the apparent input induc-
tance through feedback. Replacing our current magnetic feedback through a
feedback coil with a resistive feedback to the input of the SQUID would de-
crease the effective inductance by the gain of the feedback loop. This scheme
requires no modification of the warm electronics and only a minor rewiring
on the cold electronics stage.

A second approach is to use a single SQUID front end, so that the input
inductance is physically smaller. This scheme requires a two-stage SQUID
configuration, such as has been operated for many years [22]. A voltage-
biased single SQUID is the initial sensor of TES current. The current from
the single SQUID is amplified by a second-stage SQUID array similar to the
single-stage array used in CDMS II. A two-stage system has greater current
sensitivity at the first-stage input and hence greater signal to noise. The two-
stage system also imposes less stringent design and fabrication requirements
on the SQUID array . With a first-stage preamplifier SQUID, less gain is
required in the SQUID array; the fewer turns on the input coil result in
greater reliability in the SQUID fabrication and operation.

4.2 SQUID Ionization Readout

Schemes using SQUID amplifiers to read out the ionization channels would
eliminate the need for tensioned signal wires going inside vacuum coax from
50 mK to 4 K, thus allowing the bulky, massive mounting hardware to be
made much lighter and more flexible. Using SQUIDs would also decrease
radically the power dissipated, an important consideration given the number
of channels needed for SuperCDMS.

To provide enough sensitivity to measure the ionization current with
SQUIDs, a high turn-ratio superconducting transformer (1:2000) would be
coupled to a two-stage SQUID. The challenges of controlling stray capaci-
tance and internal resonance for such a large transformer appear manageable,
and performance at least as good as that of CDMS appears achievable [23].
This approach uses the same type of amplifier as the phonon sensors, thus
simplifying the overall electronics systems.
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5 Conclusions

Modest improvements in the level and/or discrimination of backgrounds are
needed to keep backgrounds negligible during the three phases of Super-
CDMS. By developing production designs that require only modest testing,
detector production rates may be improved sufficiently to allow an exposure
of 500 ton d within a reasonable time and budget. Overall, the improvement
estimates described above are conservative. Previous development efforts have
shown that some areas prove easier and provide larger factors while others
prove more difficult. The conservative estimates together with the broad ap-
proach reduce the risk and give us confidence that we will succeed, providing
the surest way to probe to WIMP-nucleon cross sections of 10−46 cm2.
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Measuring a wind of weakly interacting massive particles (WIMPs) blow-
ing from the direction of the solar motion is said to be one of the most
reliable methods to identify a signature of WIMPs. We have developed a mi-
cro time projection chamber (µ-TPC) with a gaseous two-dimensional micro
pixel chamber (µ-PIC) readout and studied its performance as a WIMP-wind
detector.

1 Introduction

Most reliable method to identify a positive sign of weakly interacting massive
particles (WIMPs) which are one of the best candidates for the cold dark
matter is said to be measuring direction-distribution of WIMP velocity. This
distribution is expected to show an asymmetry like a wind of WIMPs at the
earth due to the motion of the solar system around the galactic center. Among
the many attempts to detect this WIMP-wind by measuring the recoil nuclear
angles [1, 2, 3, 4, 5], gaseous detectors are one of the most appropriate devices
because of their fine spatial resolution. In particular, properties of the CS2

gas, which is sensitive to the WIMP-wind mainly via spin-independent (SI)
interactions are studied by DRIFT group [6] because of its small diffusion. We
have, on the other hand, evaluated the detection feasibility of WIMP-wind via
spin-dependent (SD) interactions using carbon tetrafluoride (CF4) gas taking
into account the performance of an advanced gaseous detector, or micro time
projection chamber (µ-TPC) with our original two-dimensional (2D) micro
pixel chamber (µ-PIC) readout, because WIMPs can basically be detected
via both SI and SD interactions [7]. Since fluorine was found to be one of the
best nuclei for the detection of the SD coupled WIMPs [8, 9], we are focusing
on the WIMP-wind detection with CF4. We, then, found that the µ-TPC
filled with low-pressure CF4 gas can explore the theory regions predicted by
minimal supersymmetric extensions of the standard model (MSSM) with a
sufficient exposure (∼ 300m3 · year).

We have developed a prototype of µ-TPC, and studied the detector per-
formance under low pressure condition and gas properties of CF4 gas.
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2 µ-TPC

The µ-TPC which is a gaseous time projection chamber with a µ-PIC read out
has been developed for measuring three-dimensional (3D) tracks of charged
particles with fine spatial resolutions [10, 11, 12, 13]. The µ-PIC is a gaseous
2D imaging detector with a fine pitch (400µm) manufactured using printed
circuit board (PCB) technology. We developed a prototype of the 10 × 10 cm2

µ-PIC whose electrode structure were optimized using 3D simulators so that
a high gas gain and good gain uniformity could be achieved [14]. The left
and right panels of Fig. 1 show a picture of the 10 × 10 cm2 µ-PIC on a
mother board and a schematic structure of the µ-PIC, respectively. Anode
and cathode strips are formed orthogonally on both sides of a 100µm thick
polyimide substrate with a pich of 400µm. Since the µ-PIC is made by the
PCB technology, large area detectors are in principle made at a relatively
low cost, which is an inevitable feature for a WIMP search detector. Another
outstanding feature of the µ-PIC is that all structures for the multiplication
and the readout are on one board and would provide a stable long term
operation without a serious problem of discharges. Fig. 2 shows a 2D X-
ray image of a test chart and projected X-ray counts along the 0.5mm slits
obtained by the µ-PIC. Slits of 0.5mm width can be clearly seen. From
the edge image of Fig. 2, a 2D position resolution of 120µm (RMS) was
obtained, which is close to the theoretical limit of the 2D imaging detector
with a 400µm pitch.

Mother board−PICµ
10 cm

10 cm

Fig. 1. A picture of the 10 cm square µ-PIC attached on a mother board (left) and
schematic structure of the µ-PIC (right).

A data-acquisition (DAQ) system of the µ-TPC, consisting of amplifier-
shaper-discriminator (ASD) cards, a position encoding module and a VME
memory module, was developed. The ASD cards based on the ASD IC for the
Thin Gap Chamber (TGC-ASD) in the LHC ATLAS Experiment have been
developed so that the integration constant is suitable for the µ-PIC [15]. An-
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Fig. 2. Two-dimensional X-ray image of the test chart obtained by the µ-PIC and
the projected X-ray counts along the 0.5 mm slits.

ode and cathode signals are discriminated into the LVDS-level digital signals
in the ASD cards. Discriminated digital signals are encoded by the position
encoding module consisting of five field programmable gate arrays (FPGAs),
and the anode and cathode position (X and Y) and timing (Z) are recorded by
the memory module with an internal clock of 50MHz. A track of a charged
particle is consequently recorded as successive points. We also record the
waveform of the summed analog signals with a 8 bit 100MHz flash ADC
(FADC). This summed waveform is used to measure the deposited energy
and also to decide the track sense because these summed signals basically
carries the Bragg curve shapes.

We developed a prototype µ-TPC having a detection volume of 10× 10×
10cm3. Figure 3 shows a picture of the prototype µ-TPC in a 6mm-thick
aluminum vessel of 60 cm diameter. A field cage of 10 cm drift length which
consists of a drift electrode, nine copper wires of 0.2mm diameter with 1 cm
pitch, and glass fiber reinforced plastics (GFRP) rods was set on the µ-PIC.
The copper wires are set around the field area of 15× 15 cm2 , which forms a
uniform electric field in the detection volume. We set the µ-TPC in the vessel
as shown in Fig. 3 and studied the detector performance under low pressure
condition and gas properties of CF4 gas.
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Vessel

µ
60 cm

−TPC

0.2 mm
Cu wiresCu wires

15 cm

−TPCµ

10 cm

Fig. 3. A picture of the prototype µ-TPC in an aluminum vessel, and an enlarge-
ment picture of the µ-TPC (inset).

3 Performance of the µ-TPC

Several studies of the performance of the µ-TPC had been carried out with
a normal pressure gas flow, and 3D tracks and Bragg curves of recoil protons
with energies of between 500 keV and 1MeV and good gamma-ray discrimi-
nation efficiency had been successfully obtained [16]. Since the required gas
pressure for obtaining 3D tracks of the heavier nuclear recoil such as car-
bon or fluorine is 0.05–0.2 atm, we operated the µ-TPC with low-pressure
chamber gas.

The experimental set-up is shown in Fig. 4. We operated the µ-TPC with
a gas gain of about 3000 and irradiated the µ-TPC with neutrons from 252Cf
source. One fission decay of 252Cf emits 3.8 neutrons and 9.7 photons on
average, therefore, the µ-TPC was triggered by gamma-rays detected by the
YAP scintillator. Since we put the whole mother board as shown in Fig. 4, the
µ-PIC did not work stably with a lower gas pressure than 0.2 atm due to out-
gas from some resistances and decoupling capacitances on the mother board.
We, therefore, performed the 3D tracking measurement with a gas mixture
of Ar-C2H6 (90:10) at 0.2 atm, and detected low energy proton and carbon
recoil tracks [17]. The left and right panels of Fig. 5 show typical recoil proton
tracks and their Bragg curves with energies between 100 keV and 300 keV and
one of the carbon track candidates and its Bragg curve, respectively. Track
length known from the digital track data and the deposited energy measured
from the FADC waveform are consistent with SRIM2003 calculations [18].

Some gas properties of CF4 were measured. We irradiated with a non-
collimated radioactive source of 55Fe set in the vessel and measured the out-
put charge from 32 × 32 pixels of the µ-PIC in a pure CF4 gasses of various
pressures. From the obtained values of the charges, the gas gains of the µ-PIC
were calculated. Fig. 6 shows obtained gas gains as a function of the anode
voltages using pure CF4 gasses of 0.25 atm, 0.5 atm and 1.0 atm, respectively.
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Fig. 4. Schematic drawing of the experimental setup.
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(square), 200 keV (triangle) and 300 keV (circle) are shown.

As a result, stable operation with gas gain of more than 7000 at 0.25 atm was
confirmed.

We measured the drift velocities of electrons using the time distribution
of recoil nuclei caused by the elastic scatterings of the neutrons from 252Cf
source. Fig. 7 shows obtained drift velocities of electrons in a pure CF4 gas of
1 atm which is consistent with the previous measurement [19]. We reconfirmed
that the drift velocities of electrons in CF4 gas are faster than them in Ar-
C2H6 mixture gas, which is an important property to suppress the electron
diffusion.

4 Prospects

A larger detection volume (30 × 30 × 30 cm3) µ-TPC as a WIMP-wind de-
tector is now being manufactured. We are going to measure the gamma-ray
rejection power, energy and tracking resolution, and absolute efficiency by
the end of 2005.
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5 Summary

We started investigating the performance of the µ-TPC as a WIMP-wind
detector. We operated the prototype of µ-TPC having a detection volume of
10 × 10 × 10 cm3 with low pressure (0.2 atm) chamber gas. We detected low
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energy proton and carbon recoil tracks and some gas properties of CF4 for the
SD coupled WIMP searches. A larger detection volume (30 × 30 × 30 cm3) µ-
TPC is now being manufactured. We hope to start the underground run after
a development and performance study of a 30 cm size µ-TPC.
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A new WIMP detector concept based on the measurement of Scintillation and
Ionization in Gaseous Neon (SIGN) is presented. The detector employs room
temperature gaseous neon at a pressure of ≥100 bars as the WIMP target.
The ionization is readout using either charge gain or electrofluorescence or
both in a modified cylindrical proportional chamber geometry. The primary
scintillation is detected by placing a CsI photocathode on the inside wall of
the cylindrical chamber. The neon is doped with xenon (≤0.5%) for signal
enhancement. Theoretical considerations suggest that the measurement of
both scintillation and ionization will provide discrimination between nuclear
and electron recoils in this gas mixture.

1 Introduction – Neon as a WIMP Target

Confirmed detection of cold dark matter in the form of WIMPs (weakly inter-
acting massive particles) may require a positive signal in a number of different
experiments employing different target nuclei. Although the A2 dependence
of the coherent spin-independent (SI) WIMP-nucleus scattering cross section
seems to strongly favor heavy atoms as targets for WIMP detectors, several
factors maintain the attractiveness of lighter atoms for large scale detectors.

One particularly interesting potential target is neon. Neon is completely
free of long-lived radionuclides and ultra-pure neon is commercially available
at a relatively low cost per kilogram. In terms of kilograms, the A2 advantage
per atom of heavier nuclei reduces to a factor of A. This advantage is further
reduced for light nuclei by the flatness of the form factor (F(Q2)∼1) over
the momentum-transfer range of interest and by the fact that the higher
recoil velocity for a given recoil energy results in a higher Lindhard efficiency
[1]. The nuclear recoil spectra expected for three different WIMP masses
is shown in Fig. 1. The resulting visible energy spectra (electron-equivalent)
after taking account of the Lindhard efficiency is shown in Fig. 2. Both figures
are for a one ton detector and cross section of 10−8 pb/nucleon.

In the following, it is argued that a practical neon-based detector may be
realizable using pressurized neon gas at a pressure ≥100 bars, doped with
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Fig. 1. Neon recoil spectra for three WIMP masses of 50, 100 and 200 GeV respec-
tively assuming a one ton detector running for one year with a cross section of 10−8

pb/nucleon. The December and June spectra are shown for each mass assuming
a non-rotating halo distribution. The curves indicate that a neon target will have
good sensitivity for annual modulation studies.

Fig. 2. The resulting visible energy spectra for the three masses (June only) taking
account of the Lindhard efficiency.
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xenon (≤0.5%). It will be shown that this approach can potentially operate
with a realistic recoil threshold of ≤3 keV and may also provide discrimination
between electron and nuclear recoils if both scintillation and ionization are
measured.

2 Proposed Detector Parameters

The motivation for considering pressurized neon gas is to maximize target
density (and hence, minimize detector size) while maintaining adequate elec-
tron mobility. As is well known, free electrons in liquid neon repel the atoms
and form bubbles (localized states) with diameters of a few Angstroms [2, 3].
Once the bubbles are formed the electron mobility becomes too small for
use in a discriminating detector based on the correlation of scintillation to
ionization. Therefore, the maximum operating pressure is determined from
a physics point of view by electron mobility. Since the electron mobility
in pure neon at 10% liquid density, 100 bars and at room temperature, is
105 cm/sec [4], and decreases only by about a factor of two up to 50% liquid
density, operation at a pressure ≤500 bars appears feasible.

However, from an engineering point of view, it is also important to con-
sider the possible difficulty of obtaining a pressure vessel with a reasonable
mass and cost. Fortunately, ultra-light high pressure fuel tanks have been
developed in recent years based on composite fiber technology. Low mass,
large volume cylinders wound with carbon fibers are now commonly used in
mass transit and aerospace applications. Tanks designed to hold hydrogen
and methane are commercially available with pressure ratings well exceeding
300 bars. This matches well with the pressure limits due to electron mobility.

One further issue that might be a cause for concern is the required op-
erating voltage. As will be discussed below, however, the voltage needed for
proportional operation with the proposed gas mixture is sufficiently low that
it will not present a major technical challenge for pressures up to a few hun-
dred bars. Therefore, it can be concluded that a practical operating pressure
in the range from 100 to 300 bars will be achievable without great difficulty.

3 Effect of the Addition of Xenon

The addition of xenon is a key feature that may greatly enhance the perfor-
mance of neon as a WIMP target. It appears that the addition of a small
quantity of xenon could make it possible to observe most of the inelastic
component of a nuclear recoil in the form of ionization, while maintaining
discrimination between electron and nuclear recoils. This is in contrast to
LAr and LXe where most of the energy appears in the form of scintillation
because of electron recombination [5]. Briefly, the reason this might occur
is because there is a mechanism for Ne+ - Xe interactions to result in VUV
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scintillation, whereas Ne* - Xe interactions tend to result in the production of
ionized xenon. Therefore, if there is strong recombination along the track of
a nuclear recoil in 100 bar neon, then the high fraction of Ne* will result in a
high fraction of free electrons, whereas an electron recoil will largely produce
non-recombining neon ions, which will result in a larger scintillation fraction.

The production of scintillation by neon ions, Ne+ can occur, for example,
through the mechanism Ne+ + Xe → Ne+Xe → NeXe+ + 134 nm. At low
pressures, the Ne+ - Xe system can produce at least four observable lines,
but, at a pressure only as high as 600 torr, only the 134 nm transition is
observed [6]. The 134 nm light can then escape or excite xenon, producing
Xe*. All Xe* atoms produce scintillation at 175 nm through the reaction Xe*
+ Xe → Xe2* → 2Xe + 175 nm. It is also possible for the Ne+Xe molecule
to interact directly with Xe to produce Xe*. It is not yet clear what happens
at a pressure of 100 bars, but preliminary measurements show that a Ne-Xe
mixture produces significantly more scintillation light at 175 nm than pure
xenon in gamma interactions.

The production of xenon ions by excited neon atoms can occur in two
ways. First, Ne* + Ne → Ne2* → 2Ne + 80 nm, then 80 nm + Xe → Xe+

+ e-. The absorbtion length of 80 nm light in xenon at a partial pressure
of 0.5 bars (0.5% at 100 bars) is 14 microns. A second mechanism is Ne* +
Xe → Ne + Xe+ + e- directly through a Penning interaction. The key issue
is that xenon serves as an internal photocathode so that excited Ne* atoms
efficiently convert to free electrons. This makes it possible to measure signals
with a very low threshold.

4 Preliminary Test Cell Results

Preliminary studies of charge and light gain in a proportional chamber geom-
etry were carried out in a small test cell designed to operate at pressures up
to 100 bars. A stainless steel pressure vessel houses a cylindrical proportional
chamber with an inside diameter of 12 mm. The cylinder also has a UV-grade
sapphire view port that allows observation of the proportional scintillation
light. The window has a diameter of 12.7 mm and is at a distance of 3 cm
from the sense wire. A radioactive source is columnated inside the cylinder
opposite to the view port so that both the proportional scintillation light and
the proportional charge can be readout simultaneously. The charge is ampli-
fied by an EG&G Ortec 142AH preamplifier and the light is readout using
an Electron Tubes 9214 photomultiplier tube coated with tetraphenylbuta-
dien(TPB). (The solid angle of the view port was too small to allow studies
of the primary scintillation with this chamber, but another chamber is under
construction that will allow such studies.)

Figure 3 shows a typical waveform for a 5.9 keV 55Fe gamma event in
a gas mixture of neon-xenon(0.5%) at a pressure of 100 bars. The upper
waveform shows the proportional scintillation and the bottom trace shows



280 J.T. White et al.

Fig. 3. Waveform of 5.9 keV gamma event. The top waveform is the proportional
scintillation light output and the bottom is the charge signal.

the raw pre-amplified charge signal in coincidence. The multiple spikes in the
light waveform are caused by the feedback from the photoelectric emission of
electrons from the inner stainless steel surface. For this run, the sense wire
diameter was 0.005 inch(127 microns) and the voltage was 4900 V. For this
configuration, the light gain is estimated to be ∼2000 photons (175 nm) per
electron and the charge gain is ∼500. The voltage needed for such gain is very
low compared to what one would expect for a standard proportional tube at
100 bars. For example, a typical Ar-CH4 mixture at 1 bar pressure in a similar
chamber would require from 1 to 3 kV for a similar gain. Raising the pressure
would raise the required voltage proportionally. The reason such a low voltage
is needed for the neon-xenon mixture is a combination of at least two effects.
First, the small electron-neon collision cross section results in a relatively
high electron temperature for a given electric field strength [7]. Second, the
electrons only need to gain sufficient kinetic energy to either ionize the xenon
(12.1 eV) or excite the neon (16.6 eV) (since Ne*-Xe interactions produce
ionized xenon as previously discussed). A plot showing both the light and
charge spectra are shown in Figs. 4 and 5 respectively. From these spectra it
can be seen that a realistic electron-equivalent threshold of ≤1 keV is feasible
using either of the signals.

5 Conceptual Design for a Large Scale Detector

A large scale detector can be constructed using cylindrical modules containing
∼100 kg of neon each. A conceptual design for such a module is shown in
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Fig. 4. Proportional scintillation spectrum from a 5.9 keV gamma source (55Fe).

Fig. 5. Charge output spectrum from the same run.

Fig. 6. At 100 bars pressure, for example, a 100 kg module would require
cylinder with a diameter of ∼60 cm and a length of 4 meters. The inside
surface of the cylinder is coated with CsI to act as a photocathode for the
primary scintillation. Instead of having a single sense wire, however, a series
of alternating field and sense wires are spaced over an inner cylinder with a
diameter from 1/3 to 1/4 the diameter of the pressure vessel. This is a key
feature that makes it possible to maintain a high drift field that varies in field
strength by only a factor of 3 or 4 depending on the choice of inner cylinder
diameter. Fig. 7 shows an end view of the chamber.
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Fig. 6. Conceptual design for a detector module allowing both charge and light
readout. A single module would have a target mass of about 100 kg.

Fig. 7. End view of detector module. By alternating field and sense wires, the
signal can be gated by controlling the voltage on the field wires.

Electrons reaching the sense wires undergo both charge gain (∼500) and
light gain (∼2000) as discussed above. Conversion efficiency studies indicate
that the proportional scintillation (secondary scintillation) can be read out
with close to single electron sensitivity by placing wavelength shifting fibers
(coated with TPB) under the sense wires as shown in Fig. 7. The charge can
be read out using standard methods. The ionization signal will be followed by
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the primary scintillation signal observed by the ejection of electrons off the
CsI photocathode. This signal can be detected with good efficiency assuming
a quantum efficiency ≥15% [8, 9] and a solid angle from 50% to almost 100%
depending on event position. The 3-D event position can be determined by: 1)
using the timing difference between the ionization and primary scintillation
signals to determine the radius; 2) by using charge (or light) division to de-
termine position along the sense wires; and 3) by using the sense wire signals
to determine the azimuthal angle. Light reflectors on the ends of the cylin-
der will minimize longitudinal position dependence of primary scintillation
detection efficiency. Of course a gating circuit will also be needed to prevent
runaway feedback from the CsI photocathode. If the light gain is 2000, the
quantum efficiency 15%, and the solid angle 50%, then the feedback gain is
2000 * 0.15 * 0.5 = 150 per electron. Simulations show that it is possible to
gate the signal by pulsing the field wires between the sense wires, so it is not
necessary to have a gating grid near the CsI surface.

In principle, only charge readout will be necessary, but the motivation
for considering light readout is to possibly achieve single electron sensitivity
for the primary scintillation and to gain information on the arrival shape
of the ionization signal. The fast electroluminescence signal coupled to fast
photomultipliers and read out using a 500 MHz waveform digitizer allows
determination of the shape of the arriving electron cloud, which, because of
diffusion, provides radial position information as well as directionality infor-
mation for higher energy events (much higher than for WIMP interactions).
However, since the timing between the primary scintillation and ionization
signals already provides the radial position, the only issue is single electron
sensitivity for the primary scintillation. It appears possible to achieve the
same goal by taking advantage of the ×150 feedback gain. By delaying the
gating pulse for two drift cycles, the primary signal will be amplified in situ
providing a signal with a gain of 150 × 500 per single photoelectron. This is
roughly equivalent to charge produced by a 5 keV gamma.

6 Summary

In summary, a new WIMP detector approach is proposed that has the po-
tential to operate in discrimination mode with a realistic electron-equivalent
threshold of ∼1 keV. The Lindhard efficiency for neon is ∼30%, so a nuclear
recoil threshold of 3 keV appears achievable. Such low threshold is possible
because the small quantity of xenon acts as an internal photocathode and
assures that approximately 100% of the Lindhard energy is converted to ion-
ization. The xenon also interacts with Ne+ in such a way that scintillation at
175 nm (or perhaps 134 nm) is produced. The relatively large fraction of Ne+

expected in electron recoils should therefore appear as an excess in the pri-
mary scintillation signal, providing background discrimination. Considering
electron mobility, pressure vessel safety and operating voltage, an operating
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pressure from 100 to 300 bars appears feasible. Studies are now underway to
investigate nuclear recoil discrimination and to optimize chamber design.
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Abstract. Since the expected rates for neutralino-nucleus scattering are expected
to be small, one should exploit all the characteristic signatures of this reaction.
Such are: (i) In the standard recoil measurements the modulation of the event rate
due to the Earth’s motion. (ii) In directional recoil experiments the correlation of
the event rate with the sun’s motion. One now has both modulation, which is much
larger and depends not only on time, but on the direction of observation as well, and
a large forward-backward asymmetry. (iii) In non recoil experiments gamma rays
following the decay of excited states populated during the Nucleus-LSP collision.
Branching ratios of about 6 percent are possible (iv) novel experiments in which one
observes the electrons produced during the collision of the LSP with the nucleus.
Branching ratios of about 10 per cent are possible.

1 Introduction

It appears without doubts that dark matter constitutes about 30% of the
energy matter in the universe. The evidence comes from the cosmological
observations [1], which when combined lead to:

Ωb = 0.05, ΩCDM = 0.30, ΩΛ = 0.65

and the rotational curves [2]. It is only the direct detection of dark matter,
which will unravel the nature of the constituents of dark matter. In fact one
such experiment, the DAMA, has claimed the observation of such signals,
which with better statistics has subsequently been interpreted as modulation
signals [3]. These data, however, if they are due to the coherent process,
are not consistent with other recent experiments, see e.g. EDELWEISS and
CDMS [4].

Supersymmetry naturally provides candidates for the dark matter con-
stituents. In the most favored scenario of supersymmetry the LSP can be
simply described as a Majorana fermion (LSP or neutralino), a linear com-
bination of the neutral components of the gauginos and higgsinos [5, 6, 7, 8].
We are not going to address issues related to SUSY in this paper, since thy
have already been addressed by other contributors to these proceeding. Most
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models predict nucleon cross sections much smaller the the present experi-
mental limit σS ≤ 10−5pb for the coherent process. As we shall see below the
constraint on the spin cross-sections is less stringent.

Since the neutralino is expected to be non relativistic with average kinetic
energy < T >≈ 40KeV (mχ/100GeV ), it can be directly detected mainly via
the recoiling of a nucleus (A,Z) in elastic scattering. In some rare instances
the low lying excited states may also be populated [9]. In this case one may
observe the emitted γ rays. Finally one may be able to observe the electrons
produced in the LSP-nucleus collision.

In every case to extract from the data information about SUSY from the
relevant nucleon cross section, one must know the relevant nuclear matrix
elements [10]–[11]. The static spin matrix elements used in the present work
can be found in the literature [9].

Anyway since the obtained rates are very low, one would like to be able to
exploit the modulation of the event rates due to the earth’s revolution around
the sun [12] [13], assuming some velocity distribution [12, 13, 14]–[15] for the
LSP. One also would like to exploit other signatures expected to show up in
directional experiments [16]. Finally in a novel proposal one may be able to
observe the reaction produced electrons [17] instead of the standard nuclear
recoils or even better to observe them in coincidence with the recoiling nuclei.

2 Rates

The differential non directional rate can be written as

dRundir =
ρ(0)
mχ

m

AmN
dσ(u, υ)|υ| (1)

where dσ(u, υ) was given above, ρ(0) = 0.3GeV/cm3 is the LSP density in
our vicinity, m is the detector mass and mχ is the LSP mass

The directional differential rate, in the direction ê of the recoiling nucleus,
is:

dRdir =
ρ(0)
mχ

m

AmN
|υ|υ̂.ê Θ(υ̂.ê)

1
2π

dσ(u, υ δ
( √

u

µrυ
√

2
− υ̂.ê

)
(2)

where Θ(x) is the Heaviside function and:

dσ(u, υ) ==
du

2(µrbυ)2
[(Σ̄SF (u)2 + Σ̄spinF11(u)] (3)

where u the energy transfer Q in dimensionless units given by

u =
Q

Q0
, Q0 = [mpAb]−2 = 40A−4/3 MeV (4)
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with b is the nuclear (harmonic oscillator) size parameter. F (u) is the nuclear
form factor and F11(u) is the spin response function associated with the
isovector channel.

The scalar cross section is given by:

Σ̄S =
(

µr

µr(p)

)2

σS
p,χ0A2

⎡⎣1 + f1
S

f0
S

2Z−A
A

1 + f1
S

f0
S

⎤⎦2

≈ σS
N,χ0

(
µr

µr(p)

)2

A2 (5)

(since the heavy quarks dominate the isovector contribution is negligible).
σS

N,χ0 is the LSP-nucleon scalar cross section. The spin Cross section is given
by:

Σ̄spin =
(

µr

µr(p)

)2

σspin
p,χ0 ζspin, ζspin =

1

3(1 + f0
A

f1
A

)2
S(u) (6)

S(u) ≈ S(0) =

[(
f0

A

f1
A

Ω0(0)
)2

+ 2
f0

A

f1
A

Ω0(0)Ω1(0) +Ω1(0))2
]

(7)

f0
A, f1

A are the isoscalar and the isovector axial current couplings at the
nucleon level [19].

3 Results

To obtain the total rates one must fold with LSP velocity and integrate
the above expressions over the energy transfer from Qmin determined by
the detector energy cutoff to Qmax determined by the maximum LSP ve-
locity (escape velocity, put in by hand in the Maxwellian distribution), i.e.
υesc = 2.84 υ0 with υ0 the velocity of the sun around the center of the
galaxy(229 Km/s).

3.1 Non Directional Rates

In a previous paper [19] we have shown that, ignoring the motion of the
Earth, the total non directional rate is given by

R = K̄
[
ccoh(A,µr(A))σS

p,χ0 + cspin(A,µr(A))σspin
p,χ0 ζspin

]
(8)

where K̄ = ρ(0)
mχ0

m
mp

√
〈v2〉 and

ccoh(A,µr(A)) =
[
µr(A)
µr(p)

]2

A tcoh(A) , cspin(A,µr(A)) =
[
µr(A)
µr(p)

]2
tspin(A)

A
(9)
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Table 1. The factors c19 = ccoh(19, µr(19)), s19 = cspin(19, µr(19)) and c127 =
ccoh(127, µr(127)), s127 = cspin(127, µr(127)) for two values of Qmin.

Qmin mχ (GeV)

keV 20 30 40 50 60 80 100 200

0 c19 2080 2943 3589 4083 4471 5037 5428 6360
0 s19 5.7 8.0 9.7 10.9 11.9 13.4 14.4 16.7

0 c127 37294 63142 84764 101539 114295 131580 142290 162945
0 s127 2.2 3.7 4.9 5.8 6.5 7.6 8.4 10.4

10 c19 636 1314 1865 2302 2639 3181 3487 4419
10 s19 1.7 3.5 4.9 6.0 6.9 8.3 9.1 11.4

10 c127 0 11660 24080 36243 45648 58534 69545 83823
10 s127 0 0.6 1.3 1.9 2.5 3.3 4.0 5.8

where t is the modification of the total rate due to the folding and nuclear
structure effects. It depends on Qmin, i.e. the energy transfer cutoff im-
posed by the detector and a = [µrbυ0

√
2]−1 The parameters ccoh(A,µr(A)),

cspin(A,µr(A)), which give the relative merit for the coherent and the spin
contributions in the case of a nuclear target compared to those of the proton,
are tabulated in table 1 for energy cutoff, Qmin = 0 , 10 keV. Via (8) we can
extract the nucleon cross section from the data.

Furthermore we have seen that ignoring the isoscalar axial current and
using Ω2

1 = 1.22 and Ω2
1 = 2.8 for 127I and 19F respectively we find:

σspin
p,χ0

σS
p,χ0

=
[
ccoh(A,µr(A))
cspin(A,µr(A))

]
3
Ω2

1

⇒≈ ×104 (A = 127) , ≈ ×102 (A = 19)

(10)
It is for this reason that the limit on the spin proton cross section extracted
from both targets is much poorer. The form factor favors the lighter system
[18] both for the spin and the coherent process, t(127) < t(19). In the case
of the spin this advantage is not offset by the larger reduced mass. It is even
enhanced by the spin ME (see Table 1). For the coherent process, however,
the light nucleus is no match (see Table 1).

If the effects of the motion of the Earth around the sun are included, the
total non directional rate is given by

R = K̄
[
ccoh(A,µr(A))σS

p,χ0(1 + h(a,Qmin)cosα)
]

(11)

and an analogous one for the spin contribution. h is the modulation am-
plitude and α is the phase of the Earth, which is zero around June 2nd.
The modulation amplitude would be an excellent signal in discriminating
against background, but unfortunately it is very small, less than two per
cent. Furthermore for intermediate and heavy nuclei, it can even change sign
for sufficiently heavy LSP [18].
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3.2 Directional Rates

Since the sun is moving around the galaxy in a directional experiment, i.e.
one in which the direction of the recoiling nucleus is observed, one expects a
strong correlation of the event rate with the motion of the sun. In fact the
directional rate can be written as:

Rdir =
κ

2π
K̄
[
ccoh(A,µr(A))σS

p,χ0(1 + hmcos(α− αm π))
]

(12)

and an analogous one for the spin contribution. The modulation now is hm,
with a shift αmπ in the phase of the Earth α, depending on the direction
of observation. κ/(2π) is the reduction factor of the unmodulated directional
rate relative to the non-directional one. The parameters κ , hm , αm strongly
depend on the direction of observation.

We prefer to use the parameters κ and hm, since, being ratios, are expected
to be less dependent on the parameters of the theory. In the case of A = 127
we exhibit the the angular dependence of hm for an LSP mass of mχ =
100GeV in Fig. 1. We also exhibit the parameters t, h, κ, hm and αm for the
target A = 19 in Table 2 (for the other light systems the results are almost
identical).

The asymmetry is quite large in the direction of the sun’s motion is large
[18], ≈ 0.97. In the plane perpendicular to the sun’s velocity the asymmetry
equals the modulation.
For a heavier nucleus the situation is a bit complicated. Now the parameters
κ and hm depend on the LSP mass as well. (see Figs 2 and 3). The asymmetry
and the shift in the phase of the Earth are similar to those of the A = 19
system.

3.3 Transitions to Excited States

Incorporating the relevant kinematics and integrating the differential event
rate dR/du from umin to umax we obtain the total rate as follows:
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0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3

Fig. 1. The expected modulation amplitude hm for A = 127 in a direction outward
from the galaxy on the left and perpendicular to the galaxy on the right as a
function of the polar angle measured from the sun’s velocity. For angles than π/2
it is irrelevant since the event rates are tiny.
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Table 2. The parameters t, h, κ, hm and αm for Qmin = 0. The results shown are
for the light systems. +x is radially out of the galaxy (Θ = π/2, Φ = 0), +z is in
the the sun’s motion and +y vertical to the plane of the galaxy so that ((x, y, x)
is right-handed. αm = 0, 1/2, 1, 3/2 implies that the maximum occurs on June,
September, December and March 2nd respectively.

type t h dir κ hm αm

+z 0.0068 0.227 1
dir +(-)x 0.080 0.272 3/2(1/2)

+(-)y 0.080 0.210 0 (1)
-z 0.395 0.060 0

all 1.00
all 0.02

50 100 150 200
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0.175

0.225
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0.275
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Fig. 2. The parameter κ as a function of the LSP mass in the case of the A = 127
system, for Qmin = 0 expected in a plane perpendicular to the sun’s velocity on
the left and opposite to the sun’s velocity on the right.
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Fig. 3. The modulation amplitude hm in a plane perpendicular to the sun’s velocity
on the left and opposite to the suns velocity on the right. Otherwise the notation
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Rexc =
∫ umax

uexc

dRexc

du

(
1 − u2

exc

u2

)
du , Rgs =

∫ umax

umin

dRgs

du
du (13)

where uexc = µrEx

AmN Q0
and Ex is the excitation energy of the final nucleus,

umax = (y/a)2 − (Ex/Q0) , y = υ/upsilon0 and umin = Qmin/Q0, Qmin

(imposed by the detector energy cutoff) and umax = (yesc/a)2 is imposed by
the escape velocity (yesc = 2.84).

For our purposes it is adequate to estimate the ratio of the rate to the ex-
cited state divided by that to the ground state (branching ratio) as a function
of the LSP mass. This can be cast in the form:

BRR =
Sexc(0)
Sgs(0)

Ψexc(uexc, uumax)[1 + hexc(uexc, umax) cosα]
Ψgs(umin)[1 + h(umin) cosα]

(14)

in an obvious notation [18]). Sgs(0) and Sexc(0) are the static spin matrix
elements As we have seen their ratio is essentially independent of supersym-
metry, if the isoscalar contribution is neglected. For 127I it was found [9] to
be be about 2. The functions Ψ are given as follows :

Ψgs(umin) =
∫ (y/a)2

umin

Sgs(u)
Sgs(0)

F gs
11 (u)

[
ψ(a

√
u) − ψ(yesc)

]
du (15)

Ψexc(uexc, umax) =
∫ umax

uexc

Sexc(u)
Sexc(0)

F exc
11 (u)

(
1 − u2

exc

u2

)
[
ψ(a

√
u(1 + uexc/u)) − ψ(yesc)

]
du (16)

The functions ψ arise from the convolution with LSP velocity distribution.
The obtained results are shown in Fig. 4.
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Fig. 4. The ratio of the rate to the excited state divided by that of the ground
state as a function of the LSP mass (in GeV) for 127I. We assumed that the static
spin matrix element of the transition from the ground to the excited state is a
factor of 1.9 larger than that involving the ground state, but the functions F11(u)
are the same. On the left we show the results for Qmin = 0 and on the right for
Qmin = 10 keV .
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3.4 Detecting Recoiling Electrons Following
the LSP-Nucleus Collision

During the LSP-nucleus collision we can have the ionization of the atom.
One thus may exploit this signature of the reaction and try to detect these
electrons [17]. These electrons are expected to be of low energy and one thus
may have a better chance of observing them in a gaseous TPC detector. In
order to avoid complications arising from atomic physics we have chosen as
a target 20Ne. Furthermore, to avoid complications regarding the allowed
SUSY parameter space, we will present our results normalized to the stan-
dard neutralino nucleus cross section. The thus obtained branching ratios are
independent of all parameters of supersymmetry except the neutralino mass.
The numerical results given here apply in the case of the coherent mode. If,
however, we limit ourselves to the ratios of the relevant cross sections, we do
not expect substantial changes in the case of the spin induced process.

The ratio of the our differential (with respect of the electron energy) cross
section divided by the total cross section of the standard neutralino-nucleus
elastic scattering, nuclear recoil experiments (nrec), takes [17] the form:

dσ(T )
σnrec

=
1
4

∑
n�

pn�|φ̃n�(2meT )|2

∫ 1

−1
dξ1

∫ 1

ξL
dξK (ξ+Λ)2

Λ [F (µrυ(ξ + Λ))]2∫ 1

0
2ξdξ[F (2µrυξ)]2

mekdT . (17)

where

K =
pχ − k
pχ

,K =

√
p2

χ + k2 − 2kpχξ1

pχ
, ξ1 = p̂χ.k̂, ξ = q̂.K̂ ,

ξL =
√

mχ

µr
[1 + 1

K2 (T−εn�

Tχ
− 1)] and 2 µr

mχ
pχξ = 2µrυξ is the momentum q

transferred to the nucleus and F (q) is the nuclear form factor. The outgoing
electron energy lies in the range 0 ≤ T ≤ µr

mχ
Tχ−εn�. Since the momentum of

the outgoing electron is much smaller than the momentum of the oncoming
neutralino, i.e. K ≈ 1, the integration over ξ1 can be trivially performed.

We remind the reader that the LSP- nucleus cross-section σnrec takes the
form:

σnrec =
(

µr

µr(p)

)2

A2σp

∫ 1

0

2dξ[F (2µrυξ)]2 (18)

In the case of 20Ne he binding energies and the occupation probabilities are
given by [17]:

εn� = (−0.870,−0.048 ,−0.021) , pn� = (2/10, 2/10, 6/10) . (19)
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Fig. 5. Shown on the left is the differential rate, divided by the total rate associated
with the nuclear recoils, as a function of the electron energy T (in keV ). Each
atomic orbit involved in the target 20Ne is included separately. The full line, the
short-dashed line and the long-dashed line correspond to the orbits 1s , 2s and 2p
respectively. Shown on the right is the ratio of the total rate for the novel process
divided by that of the standard process as a function of the electron threshold
energy, assuming zero threshold energy for the standard process. This ratio may
increase if such a threshold is included.

in the obvious order: (1s,2s,2p). In Fig. 5 we show the differential rate of
our process, divided by the total nuclear recoil event rate, for each orbit as
well as the total rate in our process divided by that of the standard rate as
a function of the electron threshold energy with 0 threshold energy in the
standard process. We obtained our results using appropriate form factor [11].

From these plots we see that, even though the differential rate peaks at
low energies, there remains substantial strength above the electron energy of
0.2 keV , which is the threshold energy for detecting electrons in a Micromegas
detector, like the one recently [20] proposed.

4 Conclusions

Since the expected event rates for direct neutralino detection are very low
[5, 8], in the present work we looked for characteristic experimental signatures
for background reduction, such as:

– Standard recoil experiments
Here the relevant parameters are t and h. For light targets they are es-
sentially independent of the LSP mass [18], essentially the same for both
the coherent and the spin modes. The modulation is small, h ≈ 0.2%, but
it may increase as Qmin increases. Unfortunately, for heavy targets even
the sign of h is uncertain for Qmin = 0. The situation improves as Qmin

increases, but at the expense of the number of counts.
– Directional experiments [16] Here we find a correlation of the rates with

the velocity of the sun as well as that of the Earth. One encounters reduc-
tion factors κ/2π, which depend on the angle of observation. The most
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favorable factor is small, ≈ 1/4π and occurs when the nucleus is recoiling
opposite to the direction of motion of the sun. As a bonus one gets modu-
lation, which is three times larger, hm =≈ 0.06. In a plane perpendicular
to the sun’s direction of motion the reduction factor is close to 1/12π, but
now the modulation can be quite high, hm ≈ 0.3, and exhibits very inter-
esting time dependent pattern (see Table 2. Further interesting features
may appear in the case of non standard velocity distributions [15].

– Transitions to Excited states
We find that branching ratios for transitions to the first excited state of
127I is relatively high, about 10%. The modulation in this case is much
larger hexc ≈ 0.6. We hope that such a branching ratio will encourage
future experiments to search for characteristic γ rays rather than recoils.

– Detection of ionization electrons produced in the LSP collision
Our results indicate that one can be optimistic about using the emitted
electrons in the neutralino nucleus collisions for the direct detection of
the LSP. This novel process may be exploited by the planned TPC low
energy electron detectors. By achieving low energy thresholds of about
0.25 keV , the branching ratios are approximately 10 percent. They can
be even larger, if one includes low energy cutoffs imposed by the detectors
in the standard experiments, not included in the above estimate.
As we have seen the background problems associated with the proposed
mechanism are not worse than those entering the standard experiments.
In any case coincidence experiments with x-rays, produced following the
de-excitation of the residual atom, may help reduce the background events
to extremely low levels.
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The minimal supergravity model (mSUGRA) serves as a paradigm model for
phenomenological investigations in supersymmetry. One standard prediction
is that the lightest neutralino comprises the bulk of the cold dark matter in
the universe. I outline expectations for detection of neutralino dark matter
at the Fermilab Tevatron, CERN LHC and a future linear e+e− collider ex-
periments. These collider capabilities are compared to dark matter detection
capabilities of direct and indirect search experiments. In a final section, I
outline motivation for going beyond the mSUGRA model, to models with
scalar mass non-universality.

1 Minimal Supergravity Model

The minimal supersymmetric standard model (MSSM) is a well-motivated
extension of the Standard Model (SM) which admits the prospect of gauge
coupling unification. However, the 124 dimensional parameter space of the
MSSM is intractable for phenomenological analysis. A much smaller parame-
ter space can be found in the minimal supergravity (mSUGRA) model. To
construct the mSUGRA model:

– Begin with the general Lagrangian for locally supersymmetric gauge the-
ories [2].

– Specify the SU(3)C × SU(2)L × U(1)Y gauge symmetry of the Standard
Model (SM).

– Elevate the SM gauge fields to gauge superfields, and the SM fermion
and scalar fields to left chiral superfields. A second Higgs doublet will be
needed to cancel triangle anomalies induced by the new higgsino fields.

– Specify the Kähler function G = K+log |f̂ |2, which includes gauge singlet
hidden sector superfields ĥ, where
– the superpotential f̂ = f̂MSSM + f̂hidden,
– the Kähler metric K =

∑
i Ŝ

†
i Ŝi + ĥ†ĥ is flat.

– Specify a simple gauge kinetic function fAB = δABf(ĥ).
– Arrange for SUSY breaking in the hidden sector, fixing parameters to

yield a TeV scale gravitino mass m3/2.
– Calculate supergravity induced soft SUSY breaking terms.
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– Take the limit as MPl → ∞ keeping m3/2 fixed: the result is a globally
supersymmetric renormalizable gauge theory with TeV scale soft SUSY
breaking terms valid at some high scale taken to be (inspired by gauge
coupling unification) MGUT .

– The weak scale model is obtained via RG evolution of couplings and soft
terms, and EW symmetry is broken radiatively, owing to the large top
quark mass.

– The parameter space is given by:

m0, m1/2, A0, tanβ, sign(µ) . (1)

2 Allowed Parameter Space

Significant constraints on the allowed parameter space come from [3]

– limits from LEP2 that m
W̃1

> 103.5 GeV and mHSM
> 114.4 GeV,

– the branching fraction BF (b→ sγ) = (3.25 ± 0.54) × 10−4,
– the muon anomalous magnetic moment [4] ∆aµ = (31.7 ± 9.5) × 10−10

(Hagiwara et al. analysis) [5],
– The recent limit from the WMAP collaboration [6] that ΩCDMh2 =

0.1126± 0.0090, based on measurements of the anisotropies in the cosmic
microwave background radiation.

The first of these we take as an absolute limit, since in mSUGRA the lightest
Higgs scalar h is almost always SM-like. The next three we combine in a χ2

analysis [7], but use only the WMAP upper limit ΩCDMh2 < 0.129 since
there may exist other forms of CDM in the universe. The results are shown
in Fig 1 in the m0 vs. m1/2 plane for tanβ = 10 and 55, and for A0 = 0 and
mt = 175 GeV. The green shading is low χ2, red gives high χ2 and yellow is
intermediate between the two.

Several viable regions emerge.

– The bulk region at low m0 and low m1/2, where neutralino annihilation
in the early universe is facilitated by t-channel slepton exchange. This
region is severely constrained by the LEP2 Higgs mass bound, and also
by b→ sγ and ∆aµ, and is nearly excluded.

– The stau co-annihilation region, where mτ̃1 
 mZ̃1
[8].

– The HB/FP region of Chan, Chattopadyhay and Nath [9] (see also Feng,
Matchev and Moroi [10] and Baer et al. [11]) at large m0 where µ→ 0 so
that the Z̃1 develops a substantial higgsino component, which facilitates
annihilation to WW , ZZ and Zh final states in the early universe.

– The A annihilation funnel, which occurs at large tanβ and where Z̃1Z̃1

annihilation occurs through the broad s-channel A and H resonance [12]
in the early universe.
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Fig. 1. Regions of preferred parameter space in the mSUGRA model in light of
WMAP, BF (b → sγ) and (g − 2)µ data, for tan β = 10 and 55.
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3 Indirect, Direct and Collider Detection
of Neutralino Dark Matter

The combined constraints on the mSUGRA model eliminate most of parame-
ter space, but it is noteworthy that several distinct regions survive. It makes
sense to then compare these regions with the reach of various collider exper-
iments and also both direct and indirect search experiments for neutralino
dark matter.

We compare the reach of the following experimental searches for super-
symmetry.

– Fermilab Tevatron search for SUSY via the clean trilepton channel [13, 14]
pp̄ → W̃1Z̃2 → 3�+ �ET , assuming a 5σ signal with 10 fb−1 of data.

– CERN LHC search for SUSY in a variety of multi-lepton plus multijet
+ �ET modes, where a 5σ signal above SM background is required for 100
fb−1 of integrated luminosity [15].

– A
√
s = 0.5 and 1 TeV linear e+e− collider seach for slepton pairs,

chargino pairs, and neutralino pairs, assuming 100 fb−1 of background
[16].

– Direct detection of dark matter via underground cryogenic detectors [17].
Here, we assume Stage 3 detectors such as Genius, Xenon or Zeplin-4 with
a reach of ∼ 10−9 pb as measured in the spin-independent neutralino-
proton scattering cross section.

– Detection of νµ → µ conversions in neutrino telescopes, such as IceCube,
with expected sensitivity of 40 events/km2/yr, with Eµ > 25 GeV. These
events originate from neutralino annihilation in the core of the sun to SM
particles, which might decay to neutrinos, which can escape the sun. The
rate for such events depends mainly on the neutralino-nucleon scattering
rate, rather than on the neutralino-neutralino annihilation rate.

– Detection of gamma rays with Eγ > 1 GeV, where the γs arise from neu-
tralino annihilation in the galactic core and halo to SM particles, which
give rise to π0 → γγ decays. Here, we require a photon flux greater than
10−10/cm2/sec, which should be attainable by e.g. the GLAST experi-
ment.

– Detection of e+s arising from neutralino annihilation to SM particles in
the galactic halo, as in the HEAT, Pamela or AMS experiments. We
require a signal/background rate greater than 0.01, as in Feng et al. [18].

– Detection of p̄s arising from neutralino annihilation to SM particles in the
galactic halo. Here we require a rate of ∼ 3× 10−7/GeV/cm2/s/sr, at an
energy of Ep̄ = 1.76 GeV, as in the BESS experiment.

In these results, we use Isajet [19] for the sparticle mass spectrum calulation
and event generation, IsaReD for the relic density, IsaDet for direct detection
rates, and DarkSUSY [20] interfaced to Isajet for indirect detection rates.

Our first results are shown in Fig. 2. We can see immediately that the
Fermilab Tevatron has enough reach to cover the light Higgs h annihilation
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Fig. 2. Regions of parameter space in the mSUGRA model which are accessible to
various collider, direct and indirect searches for supersymmetric matter. We take
tan β = 10, µ > 0 and A0 = 0.

region which lies just above the LEP2 excluded region [14]. The reach of
the CERN LHC is also plotted [15], and can see up to mg̃ 
 3 TeV at low
m0 (enough to cover the stau co-annihilation region for low tanβ), and can
see up to mg̃ 
 1.8 TeV at high m0, i.e. the lower portion of the HB/FP
region. An e+e− LC can cover most or all of the stau region. In addition,
the LC reach extends far up the HB/FP region [16], where the reach of a LC
exceeds even that of the CERN LHC! In the upper HB/FP region, squarks
and sleptons are in the multi-TeV range, and are decoupled from LHC and
LC physics. If the g̃ is too heavy (>∼ 2 TeV), then it also decouples from
LHC searches, and only charginos and neutralinos are relatively light. Their
signals are extremely hard to extract from SM backgrounds at the LHC.
However, chargino pair production at an e+e− LC in the HB/FP region
might be kinematically possible, since in this region |µ| → 0 and charginos
become light. If accessible, chargino pairs should be visible at a linear e+e−

collider and should stand out above backgrounds [16] at a linear e+e− collider.
Similar results are shown in Fig. 3, but this time for tanβ = 55, where the
A-annihlation funnel is displayed. Here, we note the LHC covers most but not
all of the stau coannihilation region, and most but not all of the A funnel.
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The situation in the HB/FP region is qualitatively the same for all tanβ
values.

Regarding direct and indirect dark matter searches [21, 22], it is important
to note that neutralino-nucleon scattering rates are large in the bulk region of
parameter space, and also in the HB/FP region, where the neutralino has a
substantial higgsino component. Figs. 2 and 3 show that the direct detection
rates (DD contour) cover essentially all of the HB/FP region, which is a region
of difficulty for LHC and even LC, in the case that

√
s < 2m

W̃1
. Further, the

IceCube contour for observable signals also covers most of the HB/FP region.
Given that IceCube will be fully deployed by 2011, it is possible SUSY may
be discovered there first, if parameters lie in the high m1/2 portion of the
HB/FP region. Since Z̃1Z̃1 annihilation rates are also large in the HB/FP
region, observable signals also occur here in the γ, e+ and p̄ channels.

If SUSY lies in the stau co-annihilation region, then none of the direct
or indirect signals for DM are likely observable, unless tanβ is extremely
large. In the A-annihilation funnel, neutralino pair annihilation rates are high,
while neutralino-nucleon scattering rates are small. Thus, a direct detection



Indirect, Direct and Collider Detectionof SUSY Dark Matter 305

or neutrino telescope signal is unlikely. However, rates for γ, e+ or p̄ detection
can be large. How large depends in part on the halo model which is assumed,
especially for the γ signal, which can originate near the galactic core, where
there might be a high density of neutralinos.

4 SUGRA Models with Non-Universality: NMH Model

In this last section, we note that the BF (b → sγ) measured rate is close to
that of the SM prediction. This usually requires rather heavy top squarks,
to suppress SUSY loop contributions to this decay. However, the measured
value of (g − 2)µ has a ∼ 3σ difference from the SM prediction; this favors
relatively light smuons or mu-sneutrinos. One way to accomodate these con-
straints, and to simultaneously fulfill the WMAP DM constraint, is to allow
generational non-universality of soft SUSY breaking scalar masses. Danger-
ous FCNC effects are suppressed by keeping first and second generation scalar
masses nearly equal, but a large splitting with the third generation can be
allowed. In this case, we examine models with m0(1) 
 m0(2) � m0(3),
where the numbers correspond to the generations. In these models, which we
call normal scalar mass hierarchy (NMH) models [23], the first and second

Fig. 4. Regions of various χ2 values in the parameter space in the NMH model for
tan β = 30 and m0(1) = 100GeV. Also, µ > 0 and A0 = 0.
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generation sleptons tend to be light- of order a few hundred GeV, while third
generation scalars and squarks of the first two generations are at the TeV
scale.

A χ2 plot in the m0(3) vs. m1/2 plane is shown in Fig. 4, for m0(1) =
100 GeV. The high m1/2 regions are excluded because they give rise to a slep-
ton LSP. However, much of the allowed region has a green shading, indicating
a low χ2 value, and good agreement with data on ΩCDMh2, BF (b→ sγ) and
∆aµ. Since these models have relatively light first and second generation slep-
ton masses, collider events at the CERN LHC and maybe even the Tevatron
can be expected to be unusually rich in isolated leptons. The relatively low
lying sleptons ought to be accessible to LC SUSY searches as well.
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The tight bound on relic density from WMAP and other experimental results
have put tremendous constraint on the minimal supergravity (mSUGRA)
model parameter space. The parameter space now exhibits certain features.
In this talk, we investigate the stau-neutralino co-annihilation domain where
the lightest stau mass is very close to the lightest neutralino (LSP) mass. This
narrow mass difference needs to be determined accurately at the colliders to
verify this mSUGRA explanation of dark matter. We discuss all possible
experimental constraints on the parameter space and the signals at different
colliders e.g. the large hadron collider (LHC) and the linear collider (LC). We
probe the Standard Model backgrounds in detail and determine the accuracy
for the measurement of the stau-neutralino mass difference at a 500 GeV LC.

1 Introduction

Recently, the measurements of relic density have become very accurate. Since
the Standard Model (SM) of particle physics does not explain this relic
abundance, we have to search for new physics. Among the models of new
physics, the most elegant and economical model is the minimal supergravity
(mSUGRA) model [1, 2, 3]. The new relic abundance data from WMAP has
restricted the parameter space of this model significantly [4].

Constraints on the parameter space of mSUGRA also arise from the
Higgs mass bound, the b → sγ branching ratio, and (possibly) the muon
aµ anomaly. After including these constraints, the dark matter allowed pa-
rameter space, at present, have three distinct regions: (i) the stau neutralino
co-annihilation region, (ii) the neutralino having larger Higgsino component
(Focus point) and (iii) the scalar Higgs (A, H) annihilation funnel (where
2Mχ̃0

1

 MA,H). There still exists a bulk region where none of these above

properties is observed, but this region is very small due to the existence of dif-
ferent experimental bounds. All of the above regions exhibit some particular
features which require precise experimental measurements for confirmation.
Among these regions, the stau neutralino co-annihilation region seems to be
experimentally most favored and almost the entire region can be observed at
the large hadron collider (LHC). This region is characterized by the lightest
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stau and the lightest neutralino mass difference of about 5–15 GeV. This nar-
row mass difference allows the stau to co-annihilate in the early universe along
with the neutralinos in order to produce the current amount of dark matter
density of the universe. The co-annihilation region has a large extension for
m1/2, up to 1–1.5 TeV.

The stau-neutralino co-annihilation feature can not be explored in the
dark matter experiments since these experiments only measure the mass of
the neutralino, not the mass difference between the co-annihilating particles.
In this situation, the colliders are the only option to test the model. The
colliders which have the kinematic reach to test this region are the LHC and
the linear collider (LC). The LHC will start operating from 2007 and the
LC is in the planning stage. The SUSY particles will be produced directly
at the colliders and the masses will be measured. In order to detect the co-
annihilation region, we need to measure the mass difference between the stau
and the neutralino. Since this mass difference is very small, there will be
low energy taus in the signal arising from the decay of the lightest stau into
the lightest neutralino. These low energy taus are hard to detect due to the
presence of standard model (SM) background but their identifications are
crucial to measure the mass difference.

In this talk, we discuss this possible signals and the backgrounds as well as
the necessary event selection cuts to improve signal-to-noise ratio in the stau
neutralino co-annihilation region at a 500 GeV LC and at the LHC. Using
these cuts, we discuss the accuracy that could be obtained in measuring the
narrow mass difference at a LC.

2 mSUGRA Parameter Space

The mSUGRA parameter space is determined by four parameters and one
sign. These four parameters are given at the GUT (MG) scale: m0 (the uni-
versal scalar soft breaking mass); m1/2 (the universal gaugino soft breaking
mass at MG); A0 (the universal cubic soft breaking) mass; tanβ = 〈H2〉/〈H1〉
at the electroweak scale (where H2 gives rise to u quark masses and H1 to
d quark and lepton masses). The sign is associated with the µ Higgs mixing
parameter in the superpotential (Wµ = µH1H2).

Various experimental constraints have already restricted the mSUGRA
model parameters significantly. Among these constraints, the most impor-
tant are: (1) The light Higgs mass bound from LEP [5] Mh > 114 GeV. Since
theoretical calculations of Mh still have a 2–3 GeV error, we will conserv-
atively assume this to mean that (Mh)theory > 111 GeV. (2) The b → sγ
branching ratio [6]. In our calculation, we assume a relatively broad range
(since there are theoretical errors in extracting the branching ratio from the
data):

1.8 × 10−4 < B(B → Xsγ) < 4.5 × 10−4 (1)
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The Mh and b → s+γ constraints produce a lower bound on m1/2 for all tanβ
of m1/2 >∼ 300 GeV, which implies Mχ̃0

1
> 120 GeV and Mg̃ > 250 GeV.

(Note that the lightest neutralino χ̃0
1 and the gluino g̃ are approximately

related to m1/2 by Mχ̃0
1

∼= 0.4 m1/2 and Mg̃
∼= 2.8 m1/2.) (3) In mSUGRA

the lightest neutralino, χ̃0
1, is the candidate for the observed cold dark matter

relic density. The new data from WMAP [7] gives us the following 2σ bounds:

0.095 < ΩCDMh
2 < 0.129 (2)

where ΩCDM is the density of dark matter relative to the critical density
to close the universe (≡ ρ/ρc), and h = H/100 km/sec Mpc where H is
the Hubble constant. The new data provides a factor of four improvement
over the previous bounds from balloon flights (Boomerang, Maxima, Dasi,
etc.): 0.07 < ΩCDMh

2 < 0.21. The relic density constraint produces a narrow
rising band of allowed parameter space in the m0-m1/2 plane. (4) The muon
magnetic moment anomaly, δaµ [8] using both µ+ and µ− data gives a 2.7σ
deviation of the SM from the experimental result [9, 10]. This deviation is
obtained using the e+e− data to calculate the hadronic SM contribution
which appears to be more reliable in comparison to the calculation using
tau decay and CVC analysis with CVC breaking [11]. Assuming future data
confirms the aµ anomaly, and the combined effects of gµ − 2 and M

χ̃±
1
>

104 GeV only allows µ > 0 and the stau neutralino co-annihilation domain
of the relic density.

In order to carry out the calculations it is necessary to include a number
of corrections to obtain results of sufficient accuracy, and we list some of
these here: (i) two loop gauge and one loop Yukawa RGE equations are used
from MG to the electroweak scale, and QCD RGE below for the light quarks;
(ii) two loop and pole mass corrections are included in the calculation of Mh;
(iii) One loop corrections to Mb and Mτ are included [12]; (iv) large tanβ
SUSY corrections to b → s+γ are included [13]; (v) all τ̃1-χ̃0

1 co-annihilation
channels are included in the relic density calculation [14]. We do not include
Yukawa unification or proton decay constraints as these depend sensitively
on post GUT physics, about which little is known.

We demonstrate the mSUGRA parameter space for value of tanβ = 10
with A0 = 0 in Fig. 1 as well as for larger tanβ values of 40 and 50 in
Fig. 2. The yellow band is the parameter space allowed by the earlier balloon
CMB experiments, while the (narrower) blue band is the region now allowed
by WMAP (see (2)). The lower limit of the band comes from the rapid
annihilation of neutralinos in the early universe due to co-annihilation effects
as the light stau mass, Mτ̃1 , approaches the neutralino mass as one lowers
m0. Thus the lower edge of the band corresponds to the lower bound of (2).
The upper limit of the band, corresponding to the upper bound of (2), arises
due to insufficient annihilation as m0 is raised. The slope and position of the
band changes, however as A0 is changed.
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Fig. 1. Allowed region in the m0-m1/2 plane from the relic density constraint for
tan β = 10, A0 = 0 and µ > 0. The yellow region was allowed by the older balloon
data, and the narrow blue band by the new WMAP data. The dotted pink vertical
lines are different Higgs masses, and the current LEP bound produces the lower
bound on m1/2. The brick red region depicts the the Higgs mass region Mh ≤
114GeV. The light blue region is excluded if δaµ > 11 × 10−10. (Other lines are
discussed in text.)

The dotted pink lines are for different Higgs masses, and the light blue
region would be excluded if δaµ > 11 × 10−10. The three short solid lines
indicate the σχ̃0

1−p values. In the case of tanβ = 40 they represent (from left)
0.03 ×10−6 pb, 0.002 ×10−6 pb, 0.001 ×10−6 pb and in the case of tanβ = 50
they represent (from left) 0.05 ×10−6 pb, 0.004 ×10−6 pb, 0.002 ×10−6 pb.
In the case of tanβ = 10 they represent (from left) 5 ×10−9 pb and 1 ×10−9

pb.
Since the stau-neutralino co-annihilation region appears to be experimen-

tally most favored, in this talk we study the detectibility of this region at a LC
and the LHC. We also discuss the accuracy of mass determinations since the
narrow mass difference between the lighter stau and the lightest neutralino
is the crucial feature of this co-annihilation region. We first discuss the LC
since this machine has the ability to measure masses very precisely.
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Fig. 2. Same as in Fig. 1 for tan β = 40, and 50, A0 = 0 and µ > 0. The brick red
region depicts the b → sγ constraint.
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3 Linear Collider

3.1 Production and Signals of SUSY Particles

We first calculate the kinematic reach of the LCs (500 GeV and 800 GeV)
for the mSUGRA parameter space. Figures 1 and 2 also show the 0.1 fb
cross section limit for ẽ+Rẽ

−
R (black dashed), τ̃+

1 τ̃
−
1 (blue solid), χ̃0

1χ̃
0
2 (blue

dashed-dot) and chargino pair (vertical black dot) productions. The chargino
pair production is almost unobservable for any tanβ. The selectron pair pro-
duction is unobservable for large tanβ. We focus on the stau pair and the
neutralino pair production cross sections since the stau pair has the largest
reach in m1/2 and the neutralino pair has the largest reach in m0. We will
use the 500 GeV collider to study the signal since it seems to be the intial
center-of-mass energy for the LC.

We have the following final states for τ̃+
1 τ̃

−
1 and χ̃0

1χ̃
0
2 in mSUGRA:

e+e− → τ̃+
1 τ̃

−
1 → (τ+χ̃0

1) + (τ−χ̃0
1)

e+e− → χ̃0
1 χ̃

0
2 → χ̃0

1 + (τ τ̃1) → χ̃0
1 + (τ+τ−χ̃0

1)

The analysis of the final states now is quite complicated since some of the
taus have low energy due to a narrow mass difference ∆M between the light-
est neutralino and the lighter stau. We need to develop appropriate cuts
to extract the signal from the SM background which is dominated by the
γ∗γ∗e+e− rate. Due to the large branching ratios, we look at the hadronic
final state of tau (τh). The final signal thus has two jets plus missing pT (p/T )
arising from the decay of tau.

3.2 Event Selection

We now develop the event selection cuts for three representative mSUGRA
points in the stau-neutralino co-annihilation region for m1/2 = 360 GeV, m0

= 205, 210 and 220 GeV, A0 = 0 and tanβ = 40 (see Table 1). The mass dif-
ference for these three points are approximately 5, 10 and 19 GeV. Since both
signals and background processes cross sections are affected by the choice of
beam polarization, we choose appropriate beam polarization to increase the
significance of the signal. The production cross-sections for

√
s = 500 GeV

for different polarizations are given in Table 2. The right-handed (RH) polar-
ization P(e−) = −0.9 enhances the τ̃+

1 τ̃
−
1 signal, and the left-handed (LH)

polarization, P(e−) = +0.9 enhances the χ̃0
1χ̃

0
2 signal. The SM background

mentioned in table consists of ν̄ντ+τ− states arising from processes such
as WW , ZZ, and νν̄Z production and this background is suppressed by a
RH electron beam. In addition to this, we also have two photon processes
e+e− → γ∗γ∗ + e+e− → τ+τ− (or qq̄) + e+ + e− where the final state e+e−

pair are at a small angle to the beam pipe and the qq jets fake a τ+τ− pair.
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Table 1. Masses (in GeV) of SUSY particles in three representative scenarios of
∆M for m1/2 = 360 GeV, tan β = 40, µ > 0, and A0 = 0. These points satisfy all
the existing experimental bounds on mSUGRA.

MC Point ∆M
(m0 in GeV) M

χ̃0
2

Mτ̃1
M

χ̃0
1

(≡ Mτ̃1
− M

χ̃0
1
)

1 (205) 274.2 147.2 142.5 4.7
2 (210) 274.2 152.0 142.5 9.5
3 (220) 274.3 161.6 142.6 19.0

Table 2. Cross section times branching ratio (in fb), σ × B(τ → τh)2, for SUSY
and SM 4-fermions (4f) production in two cases of polarizations, P(e−) = −0.9
(RH) and +0.9 (LH). The SUSY cross sections were obtained using ISAJET [15].

P(e−) −0.9 (RH) 0.9 (LH)

SM 4f 7.84 89.8

SUSY Point 1. χ̃0
1χ̃

0
2 0.41 6.09

τ̃+
1 τ̃−

1 28.3 13.2

SUSY Point 2. χ̃0
1χ̃

0
2 0.40 6.00

τ̃+
1 τ̃−

1 26.6 12.4

SUSY Point 3. χ̃0
1χ̃

0
2 0.38 5.68

τ̃+
1 τ̃−

1 23.0 10.6

Table 3. Kinematic cuts for the LH (P = 0.9) and the RH (P = −0.9) cases.

Cut Variable(s) LH (P(e−) = 0.9) RH (P(e−) = −0.9)

Njet(Ejet > 3GeV) 2
τh ID 1, 3 tracks; Mtracks < 1.8 GeV

Jet acceptance −qjet cos θjet < 0.7 | cos θjet| < 0.65
−0.8 < cos θ(j2, pvis) < 0.7 | cos θ(j2, pvis)| < 0.6

Missing pT > 5GeV

Acoplanarity > 40◦

Veto on EM clusters No EM cluster in 5.8◦ < θ < 28◦ with E > 2GeV
or electrons No electrons within θ > 28◦ with pT > 1.5 GeV

Beam mask (2◦(1◦) - 5.8◦) No EM cluster with E > 100 GeV

This background, does not change with beam polarization and we need to
suppress them by appropriate cuts.

The LH polarization cuts are optimized to enhance the χ̃0
1χ̃

0
2 signal and

the RH to optimize the τ̃+
1 τ̃

−
1 signal.

The necessary cuts to suppress the background are mentioned in Table 3
where j2 stands for second leading τ jet, pvis gives the sum of visible mo-
menta and θ(j2, pvis) is the angle between them. θjet is the angle between a
τ jet and the beam direction. The Monte Carlo analysis for the signal and
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the background was done using the following programs: (1) ISAJET [15] to
generate SUSY events; (2) WPHACT [16] for SM backgrounds.; (3) TAUOLA [17]
for tau decay; (4) Events were simulated and analysed with a LC detec-
tor simulation [18]. The jets are reconstructed using JADE algorithm with
Ycut ≥ 0.0025 [19] selected with Ejet > 3 GeV. The jet acceptance cut is re-
quired to reduce the SM background events such as WW and ZZ production.
We also require no EM clusters (a) in 5.8◦ < θ < 28◦ where the LC detector
has no tracking system and (b) in the angle below 5.8◦ with two options of
a very forward calorimeter (active beam mask). In our calculation, beam-
strahlung and bremsstrahlung are included in the two photon annihilation
process. The two photon background is also similar to those in [20, 21].

We summarize the number of accepted events for each class of final states
for the case p/T > 5 , 10, and 20 GeV in Table 4.

– The RH polarization strongly suppresses the SM background events (WW
etc.) and the neutralino events, and combined with a 1◦ mask and p/T >
5 GeV it leaves a clean signal for the τ̃+

1 τ̃
−
1 events. With no mask there

would be approximately 4,400 SM γγ background events swamping the
SUSY signal.

– The LH polarization then allows for the detection of the χ̃0
1χ̃

0
2 signal with

p/T > 20 GeV without mask or 10 GeV with 2◦ mask. However, both 1◦

mask and p/T > 5 GeV are necessary to detect the τ̃+
1 τ̃

−
1 events and to

measure ∆M to be compared with the measurements in the RH case. In
the case of no mask there would be ∼9,300 SM γγ background events
with p/T > 5 GeV.

Table 4. Number of events for luminosity of 500 fb−1 for Points 1, 2 and 3 cor-
responding to ∆M = 4.7, 9.5, and 19.0 GeV, respectively. All numbers except for
two-photon backgrounds are common for different options of beam mask.

P(e−) = 0.9 (LH) P(e−) = −0.9 (RH)

Process p/T
min = 5 10 20 5 10 20

χ̃0
2χ̃

0
1 Pt.1 374 342 260 15 14 11

Pt.2 624 572 425 26 24 18
Pt.3 743 697 529 29 28 22

τ̃+τ̃− Pt.1 73 2 0 122 2 0
Pt.2 524 267 11 786 437 22
Pt.3 946 781 335 1283 1076 468

SM 4f 1745 1626 1240 129 123 100
SM γγ 2–5.8◦ mask 535 7 0 249 4 0

1–5.8◦ mask 10 0 0 4 0 0
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Thus we find that the mask is essential to detect SUSY in this region of
parameter space. A lower p/T increases the number of events and significance.
A 5 GeV p/T cut is found to be feasible at a 500 GeV LC.

It should be noted that the 1◦ beam mask is feasible for the LC since
the TESLA design (which has been accepted for the LC technology) allows
a beam mask coverage down to 3.2 mrad (or 0.18◦) [22]. We also note that
our study is based on head-on collisions of electron and position. However, it
has been shown that the active mask is still able to reduce the two-photon
background events even in the case of a beam crossing [21].

The τ̃+
1 τ̃

−
1 cross-section has the largest reach along the co-annihilation

band and one would use this channel to measure the mass difference. This
channel needs RH polarization for enhancement. In Fig. 3, we plot the number
of events for 500 fb−1 of luminosity as a function of ∆M for m0 = 203–
220 GeV (m1/2 = 360 GeV) in the RH polarization case. We see that we have
more than 100 events for ∆M > 4.5 GeV. In Fig. 4 we plot the acceptance
as a function of ∆M for m0 = 203–220 GeV with 2◦ mask in the case of
RH polarization. We find that the acceptance drops fast as ∆M goes below
5 GeV.

Since the event acceptance mainly depends on ∆M , we estimate the 5σ
reach for Mτ̃1 in the RH case using Table 4. The significance (σ) is sim-
ply calculated as Nsignal/

√
NBG, where the χ̃0

1χ̃
0
2 events are also treated as

backgrounds. The 5σ reach for the τ̃1 mass is found to be ≤ 231 GeV (cor-
responding to m1/2 ≤ 514 GeV) for ∆M = 19.0 GeV with a 2◦ beam mask
and p/T > 5 GeV. The event acceptance for this calculation is same as Point
3 which has the same ∆M . The significance for Point 3 is 101σ for m1/2 =

1
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Fig. 3. Number of τ̃+
1 τ̃−

1 (solid circles) and χ̃0
1χ̃

0
2 (solid triangles) events as a

function of ∆M (or m0 = 203–220 GeV) in the RH polarization case. We assume
500 fb−1 of luminosity.
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Fig. 4. Total event acceptance for τ̃+
1 τ̃−

1 as a function of ∆M for m0 = 203–220GeV
in the RH polarization case.

360 GeV. Similarly, for ∆M = 4.7 GeV we find that the 5σ reach for Mτ̃1 is
≤ 160 GeV (m1/2 ≤ 385 GeV). The event acceptance in this case is same as
Point 1 which has 10σ significance for m1/2 = 360 GeV. The reach enhances
for ∆M>∼ 5 GeV. For example, with ∆M ∼ 5.5 GeV the maximum reach
for Mτ̃1 is 194 GeV (corresponds to m1/2= 460 GeV). We also find that the
significance decreases as p/T increases.

It should be noted that our event selection cuts are optimized for a
500 GeV machine. In the case of a 800 GeV LC, the cuts need to be re-
optimized based on the new SUSY backgrounds and design limitations (e.g.
the lower bound on p/T needs to be raised).

3.3 Measurement of Stau Neutralino Mass Difference

The measurement of small ∆M value is crucial since it would tell us
the existence of the stau-neutralino co-annihilation. We propose a variable
Meff ≡ M(j1, j2, E/), an invariant mass of two τ -jets and missing energy, as
a key discriminator of the signal events from its background events. We first
generate high statistics MC samples for the SM and various SUSY events (by
changing the m0 value) and prepare the templates of the Meff distributions
for the SM, χ̃0

1χ̃
0
2, and τ̃+

1 τ̃
−
1 events.

Figure 5 (without the data point for 500 fb−1) shows examples of such
templates for two m0 values for the 2◦ mask in the RH polarization case. The
SM cross section is fitted by a blue line, the stau pair by a green line and the
neutralino pair by a red line. For smaller ∆M , the two tau signal appears
like the taus from the two photon background and consequently this region
requires a lower beam mask (down to 1◦).



318 R. Arnowitt et al.

) [GeV]miss+E2+j1M(j
0 50 100 150 200 250

N
u

m
b

e
r 

o
f 

E
v
e
n

ts

0

10

20

30

40

50

60

70

80

90

/n.d.f.2χ  70.18 / 98

)
0
2χ∼

0
1χ∼N(  16.6± 16.4 

)-
1τ∼+

1τ∼N(  30.6± 764.8 

N(SM)  378 (fixed)

=210 ‘data’ with0fitting m
=210 templates0m

0
2χ∼0

1χ∼
-
1τ∼+

1τ∼
SM
combined

) [GeV]miss+E2+j1M(j
0 50 100 150 200 250

N
u

m
b

e
r 

o
f 

E
v
e
n

ts

0

10

20

30

40

50

60

70

80

90

/n.d.f.2χ  134.11 / 98

)
0
2χ∼

0
1χ∼N(  16.7± -8.3 

)-
1τ∼+

1τ∼N(  28.9± 684.1 

N(SM)  378 (fixed)

=210 ‘data’ with0fitting m
=211 templates0m

0
2χ∼0

1χ∼
-
1τ∼+

1τ∼
SM
combined

Fig. 5. Example of fitting a MC sample containing SM and SUSY (m0 = 210GeV)
events equivalent to 500 fb−1 to two Meff templates for SM+SUSY (m0 = 210 or
211GeV). The value of χ2/n.d.f. is minimum when the events from the same SUSY
parameter are in the 500 fb−1 sample.
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Since the initial run for a few years will generate data of 500 fb−1 of
luminosity we generate the MC samples equivalent to 500 fb−1 of luminosity
for particular ∆M values and fit them with the template functions generated
for the high statistics sample. The black lines in Fig. 5 shows the fitting of
the 500 fb−1 MC samples for Point 2 with the templates of two different m0

values of 210 and 211 GeV. (Other parameters are kept at the same values
as before.) We then compare the χ2 for these fits.

We find that χ2 for these two fits is minimum for the m0 = 210 GeV case
which means that a difference of 1 GeV of m0 value can be distinguished from
the shape analysis. We try to fit the 500 fb−1 MC sample for Point 2 using
the range of m0 = 203–220 GeV and determine the χ2 for all these different
points. We plot the χ2 of these fits in Fig. 6 and find that 1σ in the χ2

corresponds to 9.5±1 GeV. The true value of ∆M for the Point 2 is 9.5 GeV.
We repeat the same study for different stau masses i.e. for different ∆M .
For lower ∆M(∼5 GeV), we need to use a beam mask of 1◦. The accuracy of
mass determination for two different beam masks is summarized in Table 5.
The uncertainties are found to be at a level of 10%.
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Fig. 6. χ2 of fitting the high statistics templates against the sample point is plotted
as a function of ∆M .
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Table 5. Accuracy of the determination of ∆M for different beam masks.

N
τ̃+
1 τ̃−

1
∆M(“500 fb−1” Experiment)

m0 ∆M (500 fb−1) 2◦ Mask 1◦ Mask

205 4.7 122 Not Determined 4.7+1.0
−1.0

210 9.5 787 9.5+1.1
−1.0 9.5+1.0

−1.0

213 12.4 1027 12.5+1.4
−1.4 12.5+1.1

−1.4

215 14.3 1138 14.5+1.1
−1.4 14.5+1.1

−1.4

4 Large Hadron Collider

We now discuss the signal and the detection of the co-annihilation region
at the LHC. The LHC can probe larger regions of SUSY parameter space.
Along the co-annihilation band, the reach in m1/2 is up to 1–1.5 TeV.

Unlike LC, the final state of the SUSY event will dominantly be created
after a series of cascade decays of gluinos and/or squarks. The final state will
have multiple jets, leptons (e, µ), taus and missing energy. The main SUSY
production processes are:

p p → q̃ g̃ , q̃ q̃ , g̃ g̃ .

The squarks and gluinos then decay in steps.
Three dominant decay processes are:

q̃ g̃ → (χ̃±
1 χ̃∓

1 or χ̃±
1 χ̃0

2 or χ̃0
2 χ̃

0
2) + jets + E/T +X

The χ̃0
2 decays into the following final state:

χ̃0
2 → τ τ̃1 → τ τ χ̃0

1 ,

where one of the two taus is a low energy one. The χ̃±
1 decays into:

χ̃±
1 → ν τ̃1 → ν τ χ̃0

1 ,

where the only τ in the final state has low energy.
The same final states have been considered in [23] for a particular choice

of the mSUGRA parameter space where Mχ̃0
1

= 81 GeV, Mχ̃0
2

= 152 GeV,
M
χ̃±

1
= 151 GeV, and Mτ̃1 = 132 GeV. All taus in the final states are high

energy taus, so that they required pT > 50 GeV [23]. This point, however,
does not account for the WMAP observed amount of dark matter.

In the narrow stau neutralino co-annihilation region, however, the low
energy taus are the characteristic feature. The final states need to be chosen
with taus and missing energy with one of the taus being low energy.

We look into the characteristic signal in the co-annihilation region with
lower pT threshold(s) in three ways:
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1. two low-energy taus + jets + E/T from χ̃±
1 χ̃∓

1 ,
2. three taus + jets + E/T from χ̃±

1 χ̃0
2,

3. four taus + jets + E/T from χ̃0
2 χ̃

0
2.

At present, we are studying these signals by requiring (i) high-enery jets
and E/T to reduce the SM backgrounds (especially from a tt̄ pair) and (ii)
kinematical cuts on the multiple taus to distinguish the co-annihilation signal
from the SUSY backgrounds [24].

5 Conclusion

We have investigated here the experimentally favored stau-neutralino co-
annihilation region. This region requires a small mass difference between the
co-annihilating lightest stau and the lightest neutralino in the early universe.
It is important to measure the small mass difference at colliders to verify
this explanation of dark matter in the context of mSUGRA. At a collider,
this narrow mass difference produces low energy taus which are very hard to
study due to large SM and other SUSY processes and appropriate selection
cuts to do this need to be developed. In this talk, we mainly studied this
region at a 500 GeV e+e− LC with 500 fb−1 of luminosity. The dominant
SM background is the two-photon process. Our study was focused on the
τ̃+τ̃− production because it allowed us to reach large m1/2 values in the
allowed parameter space. We used a RH beam to enhance this production.
We proposed M(j1, j2, E/) to determine the mass difference and found that
∆M ≡ Mτ̃1 −Mχ̃0

1
could be determined at a level of 10% using a 2◦ mask

except for ∆M = 4.7 GeV. For a very small mass difference (∆M 
 5 GeV),
a 1◦ mask would be crucial to suppress the two-photon background and the
accuracy would be about 20%. We calculated the discovery significance of this
region and determined the 5σ reach in m1/2. We also discussed the signals
and the possible backgrounds at the LHC.
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1 Introduction

The anomalous magnetic moment of the muon has been measured to 0.5 ppm
in a series of precision experiments at the Brookhaven Alternating Gradient
Synchrotron. [1, 2, 3] The individual results for each polarity:

a+
µ = 11 659 204(7)(5) ×10−10 and a−µ = 11 659 214(8)(3) × 10−10

are consistent with each other, so that we can write the average anomaly as
aµ(exp) = 11 659 208(6) × 10 −10 (0.5 ppm). A discrepancy, ∆aµ, between
the measured value aµ(exp) and the Standard Model aµ(SM) is a signal
for new physics. Assuming that such a discrepancy is due to contributions
from supersymmetric particles provides a framework which can be used to
constrain the mass of the dark matter particles, assumed to be the lightest
neutral supersymmetric particles. The deviation from the standard model
has varied between 1.5σ and 3σ significance, dominated by uncertainties in
the hadronic contribution to the standard model calculation. Currently the
standard model prediction is calculated to 0.6 ppm precision and ∆aµ =
23.5 (9.0) ×10−10 representing a 2.6σ deviation. We expect that the error on
aµ(SM) will be reduced by a factor of two within the next decade. To fully
utilize this improvement, a new g-2 run is proposed for the near future. If the
mean ∆aµ remains the same, this would result in close to a 6σ discrepancy.
In this case, we would expect to see SUSY particles at the LHC and use the
g-2 results to measure tan β. If, instead, the Standard Model is confirmed to
this precision, neutralinos must have masses higher than ∼500 GeV/c2 and
simple SUSY dark matter models will be severely constrained.

2 Historical Summary

Precision measurements are a complementary approach to investigating the
highest energy, smallest scale frontier of particles and interactions. Over the
last decade, E821, the Brookhaven g-2 experiment, has successfully mounted
a precision challenge to the standard model. The magnetic moment is defined
as µ = g e�

2mcs, where g is the gyromagnetic ratio. Deviations from a purely
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pointlike g=2 Dirac particle are characterized by the anomaly a=(g-2)/2. The
anomaly for leptons is ∼10−3 due to interactions with virtual particles which
couple to the electromagnetic field, thus providing a laboratory for testing
the Standard Model. Whereas the electron anomaly provides the most precise
measurement of the fine structure constant α, the muon anomaly is more
sensitive by m2

µ/m2
X to virtual W and Z gauge bosons, as well as any other,

as yet unobserved, particles in the hundreds of GeV mass range.
The 2.6 σ discrepancy announced four years ago sparked debate on the

theoretical calculation and encouraged further work on reducing the uncer-
tainty in the 1st-order hadronic contribution. One of the more startling de-
velopments, approximately 6 months after the announcement of the first pre-
cision result (1.3 ppm), was the revelation by the Marseilles group [4] that
one of the contributions to the Standard Model theory, namely the hadronic
light-by-light term, had been independently assigned the wrong sign by at
least two separate groups. Kinoshita [5] and Bijnens [6] studied their previ-
ous work and found that they both had used an incorrect sign convention
in a matrix evaluation in a widely-used computer program. This moved the
theoretical value by 17 ×10−10 (by more than its stated uncertainty) in the
direction of the E821 result, thus reducing the discrepancy to 1.6σ. The next
g-2 run, with an improved precision of 0.7 ppm, left the mean unchanged,
but reduced the error bars, again indicating a 2.6 σ discrepancy with the
Standard Model.

Meanwhile, in order to reduce the uncertainty on the hadronic correction,
the use of vector spectral functions from the study of hadronic τ -decays in
ALEPH was introduced by Alemany et al. [7]. Previously, the only handle
on the hadronic vacuum polarization contribution at the low center of mass
energies which are relevant for g-2 came from the dispersion relation:

ahad,1
µ ∝

∫ ∞

(2mπ)2
ds

K(s)
s

R(s) where R(s) =
σ(e+e− → hadrons)
σ(e+e− → µ+µ−)

(1)

R(s) is determined from a compilation of experimental results dominated
by the CMD-2 experiment at Novosibirsk. When the τ -decay data were first
combined with the e+e- data in 1998, it halved the error bars on the hadronic
contribution to the SM calculation. However, over the past 5 years the con-
tinued operation and analysis of CMD-2 has improved the e+e- data to such
an extent that the two methods were found to be in disagreement with each
other. Thus, in order to quote a discrepancy with theory, it became necessary
to distinguish which hadronic correction you were referring to. In 2003 the
Novosibirsk collaboration completely reanalyzed their ππ channel [8] follow-
ing the discovery of a mistake in their normalization (the t-channel leptonic
vacuum polarization contribution was missing in the Bhabha scattering cross
section). Their correction increased their published hadronic cross sections
by 2.5%, thus reducing, but not erasing the discrepancy between the two
theoretical approaches (especially for energies above 0.85 GeV).
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New results from KLOE, BaBar and Belle can provide an independent
method to distinguish between the two by using radiative decay to scan the
center of mass energies in the region relevant to g-2 (so-called “radiative-
return” method). A precise measurement of the pion form factor has been
reported by KLOE [9][10]. It confirms the Novosibirsk e+e- result. Prelimi-
nary results on 4-prong final states by BaBar [11] also bolsters confidence in
the e+e- data. On the other hand, branching ratios from CLEO and OPAL
continue to confirm the ALEPH data, thus indicating that the τ -decay con-
struction may be affected by a fundamental misunderstanding in how we ap-
ply CVC, isospin corrections, or the electroweak symmetry breaking. Ghozzi
and Jegerlehner [12] argue that by simply allowing the mass of the charged-ρ
to differ from ρ0 is sufficient to account for this. Davier [11] shows that even
assuming this modification, a detailed comparison of the shape of the pion
form factor reveals some discrepancy. This in itself may be an indication of
new physics. Most are agreed, however, that in any comparison of aµ(exp) to
aµ(theory), the direct result using e+e- data is more reliable at this time.

The final g-2 experimental result was announced in January 2004 [3]. This
was a 0.7 ppm result with opposite sign muons. It was consistent with the
previous data sets, despite reversing the magnetic field in the storage ring.
However, the mean value was slightly higher than the earlier value, serving
more to emphasize than detract from any Standard Model discrepancy. In
Fig. 1, the BNL g-2 results are shown together with those from the old CERN
experiment. The line represents the Standard Model calculation using e+e-
data [13]. Assuming CPT holds, combining all our experiments, and prop-
erly accounting for correlated systematics, the final experimental value for
the anomalous magnetic moment is now at aµ(exp) = 11659208(6) × 10−10

or a precision of 0.5 ppm. This further precision also tends to increase the
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Fig. 1. An historical look at the sequence of g-2 results in improving precision. The
line represents the Standard Model calculation as of early 2004, using e+e- data to
deduce the hadronic contribution. The dotted lines indicate the uncertainty in the
SM calculation.
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significance of the discrepancy, bringing us back to the original 2.6σ signifi-
cance. How∆aµ may change over the next several years is now in the hands
of the theorists until such time as a new g-2 experiment can be mounted.

3 Current Experimental Status

Pions produced on a nickel target were directed down a beamline which mo-
mentum selected the forward-going decay muons to produce a 96% polarized
muon beam. The muons were injected into the storage region via a supercon-
ducting inflector magnet. A pulsed magnetic kicker bumped the muons onto
stored orbits in a uniform 1.45 T field and electrostatic quadrupoles provided
vertical focusing. The spin vector of the polarized muons precesses relative
to the momentum vector with an anomalous frequency ωa, given by:

ωa ≡ ωS − ωC = aµ
e

mµc
B since ωS =

[
1 + γ

(
g − 2

2

)]
eB

mµcγ︸ ︷︷ ︸
ωC

(2)

The dependence of ωa on E was eliminated to first order by choosing
a γ which cancelled out the second term in equation 2, corresponding to a
muon momentum of p = 3.094 GeV/c. The aµ was then extracted from the
ratio of the measured anomalous precession ωa to the free proton precession
frequency ωp = µpB/� in the same magnetic field. The proton magnetic
moment entered as the ratio λ = µµ/µp measured by the muonium hyperfine
structure interval [15]. B was measured in situ every few days by a trolley with
17 NMR probes, and interpolated between trolley runs using ∼150 stationary
probes.

To find ωa, the decay positrons (electrons) from µ+ → e+ν̄µνe were de-
tected by 24 lead-scintillating fiber calorimeters read out by 400 MHz wave-
form digitizers, yielding both time and energy information. Since this is a
weak decay, the high energy positrons preferentially point in the direction of
the muon spin, such that an energy threshold cut at 1.8 GeV produces a mod-
ulation in the number of positrons detected as a function of time, multiplied
by the muon decay curve:

N(t) = N0 exp
(
− t

γτ

)
[1 +A sin(ωat+ φa)] (3)

where A (or Asymmetry) is the depth of the modulation and τ is the muon
lifetime at rest. Figure 2 gives a semi-log plot of the modulation curve from
the 2001 g-2 data covering almost 9 muon lifetimes.

This form was modified by beam dynamics, pileup, gain corrections at
early times, and muon losses coming from processes other than decay. Differ-
ences in the way in which each of these effects was treated, as well as data
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Fig. 2. The number of decay electrons detected by the calorimeters as a function
of time after injection, showing the g-2 modulation superposed on the exponential
decay of the parent muon (2001 negative muon data).

selection and pulse finding, resulted in four independent analyses of ωa for
the 2000 data [2] and five for the 2001 data [3], which were then averaged,
with attention to their correlated uncertainties.

The analysis of ωa and ωp was divided into separate tasks with secret
offsets for self-blinding. The value of aµ was determined after the analyses
of ωa and ωp had been finalized, the offsets removed, and radial E-field and
pitch corrections applied. The result of the last two highest precision runs
are shown in Fig. 3 together with the SM result for e+e-. The SM calculation
which uses τ -decay to obtain aµ(Had) is shown in the figure as well, in order
to illustrate the degree of discrepancy between these two methods. Assuming
CPT, we combined the results from µ− and µ+ runs to obtain aµ(exp) = 11
659 208(6) × 10−10 [3].

4 Current Theoretical Status

One can separate the components of the standard model calculation into the
contributions from electromagnetic interactions, those involving weak bosons,
the hadronic vacuum polarization, and the hadronic light-by-light scattering.
Such a sum is shown in Fig. 4 using a subsample of Feynman diagrams.
The hadronic vacuum polarization contribution cannot be calculated from
perturbative QCD, but instead must be related to the measured hadron pro-
duction cross section R(s) in e+e- collisions via the dispersion relation given
by (1). This is graphically illustrated in the third line of Fig. 4 by a dotted line
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Fig. 3. Comparison of aµ(exp) from the µ−(2000) and µ+(2001) BNL runs with
aµ(SM) using aµ(Had) from both e+e- and τ -decay parameterizations.
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Fig. 4. A subset of the Feynman diagrams relevant to Standard Model calculation
of the anomalous magnetic moment of the muon. Unlike cross section experiments,
measuring the g-2 frequency is sensitive to the simple sum of aµ contributions,
rather than the square.

cutting the virtual hadronic blob to demonstrate how the real process of e+e-
to hadrons is related to the virtual process which must be parametrized. The
dominant SUSY diagrams are also included to illustrate how new physics
might enter into the sum of contributions.
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The best set of such contributions, representing the latest compilations at
the time of this conference, is listed below, which when added together give
aµ(SM) ×10 −10:

aµ(QED) = 11658471.958 (0.143) [17]
aµ(Weak) = 15.4 (0.2) [18]
aµ(Had-LO) = 693.4 (5.3)(3.5) [19]
aµ(Had-NL) = –9.8 (0.1) [19]
aµ(Had l-b-l) = 13.6 (2.5) [20]

The QED component dominates, but also has the smallest error (now
computed up α4 with an estimation of α5). An improved value for the α4

QED term and later corrections (December 2004) by Kinoshita and Nio [17]
are included. The weak contribution includes 2-loop, leading and next-leading
log, but hasn’t changed much in the last decade.

The largest error is in the first order hadronic vacuum polarization con-
tribution as discussed above. Although higher order calculations rely on the
same parameterization, the contribution itself is much smaller and the er-
ror does not dominate. Calculations of the vacuum polarization contribution
using vector spectral functions from hadronic τ -decays [13] gives a contri-
bution that differs significantly from the e+e− determination, dominated by
Novosibirsk CMD-2 data. Since it also differs from recent KLOE and BaBar
results which use radiative return to reduce the center of mass energies to
those most relevant to g-2, it is no longer used in direct comparisons as it
requires assumptions about CVC, isospin corrections, electroweak symmetry
breaking, and the charged-ρ mass. The hadronic VP contribution chosen here
therefore does not include τ -decay data, but does include the newest KLOE
results [16], as well as a QCD fit at the higher center of mass energies.

The next largest uncertainty comes from the light-by-light term which is
a model-dependent calculation. The listed contribution and its uncertainty
come from the recent re-evaluation of this term by Melnikov and Vainshtein
[20]. A smaller overall light-by-light term (12.0(3.5) × 10−10 due to the in-
clusion of some negative contributions) has been evaluated by Davier and
Marciano [14], which increases the ∆aµ discrepancy to 2.7 σ significance.
However, using the numbers quoted above, the g-2 discrepancy is ∆aµ =
23.5 (9.0) ×10 −10 representing a 2.6 σ significance.

5 Muon g-2 Constraints on SUSY Dark Matter

If supersymmetry is responsible for the non-standard part of the g-2 anom-
aly, there exist new diagrams which can contribute to aµ, specifically two
new one-loop diagrams: one with an internal loop of smuons and neutralinos
and one with a loop of sneutrinos and charginos (see Fig. 4). For minimal
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supersymmetry (MSSM) parameter space in the limit of large tan β, it is the
chargino contribution that can most easily generate masses large enough to
explain the discrepancy. A fairly generic result for tan β > 5 is an inverse
quadratic dependence on the SUSY loop mass given by

|aSUSY
µ | = 13 × 10−10

[
100GeV
mSUSY

]2

tanβ (4)

where tan β is the ratio of vacuum expectation values of the Higgs doublet
[23].

This (mSUSY )−2 dependence is responsible for shapes of the shaded re-
gions in the plot of Fig. 5, provided by T. Goto [21] for three tan β regions,
under the minimal supersymmetric extension of the Standard Model and the
framework of SU(5) GUT models. The current ∆aµ value (solid line) and its
1-σ bounds (dotted lines) are plotted on top, with vertical arrows to show
how mSUSY is limited by the g-2 experiment for a particular value of tan β
(tan β = 10). When such constraints are translated into a 2-D plot of gaugino
(m1/2) vs slepton (m0) mass [22] in the constrained minimal supersymmetric
model (CMSSM), they form the quarter circle shape of the g-2 preferred mass
region. Figure 6 shows such a plot for a particular choice of tan β and µ (the

Future ∆a
constraint

Fig. 5. The shaded regions are the allowed values for the supersymmetric contri-
bution to aµ as a function of the left-handed scalar muon mass for minimal super-
gravity (based on plots from T. Goto [21]. Contraints from the Higgs boson search
are already imposed. Three different tan β values (10, 20, and 40) are shown. The
mean and 1-σ bounds of ∆aµ from the most recent experiment and SM calculation
provide a straight line from which to determine mSUSY limits.
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Allowed 2σ band
aµ(exp) – aµ(SM)

Excluded by 
direct searches

Excluded for 
neutral dark matter

cosmologically preferred region  

h2 = 0.09 - 0.12

Fig. 6. Courtesy of Keith Olive. The m1/2 vs m0 planes in CMSSM. The
cosmologically-preferred region allowed by WMAP constraint (0.094 < ΩCDMh2 <
0.129) is the thinner dark boomerang. The shaded region is favored by g-2 at the
1σ level (dotted lines) and 2σ level (solid lines).

Higgs mixing parameter). The dotted lines represent the 1-σcontours and the
solid lines bounding the shaded region correspond to the 2-σ contours on a
g-2 discrepancy presumed to be saturated by the SUSY contribution. For this
plot, Olive has used the value of ∆aµ = (23.9 ± 9.9) ×10−10 corresponding
to the theory compilations in March 2004, but not very different from the
current value quoted here. As tan β is increased the quarter circle stretches
and moves to higher mass. Both the positive nature of the g-2 discrepancy
and the b→sγ branching ratio constraint prefer positive µ.

The power of the g-2 measurement to constrain SUSY dark matter lies in
the contrasting way in which it cuts across m0 vs m1/2 parameter space com-
pared to the cosmologically preferred region, which is a hyperbolically thin
dark line with co-annihilation strips extending to high m1/2 and m0. Con-
necting these two high-mass extensions is the central “focus point”, consider-
ably shrunk from the fatter (light-shaded) region by the WMAP data (0.094
< ΩCDMh2 < 0.129). LEP data excludes low m1/2 regions. The requirement
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that the dark matter particle be neutral eliminates the lower right triangle
where the stau becomes the lowest mass SUSY particle. The next generation
of collider searches will take place at CERN when the Large Hadron Collider
comes on line in summer of 2007. The narrower the g-2 band, the more tan β
itself will be constrained if supersymmetric particles are discovered and their
mass measured at a collider.

6 Future Experiments and Theory Advances

Improvement in the g-2 constraint will depend on future advances in theory
and whether or not a new g-2 experiment can be mounted at Brookhaven
in the near future. Only 20% of the CMD-2 e+e- data (center of mass en-
ergies from 0.3–1.4 GeV) have been analyzed. Over the next several years
one should expect the precision in the dispersion integral to improve as this
work is completed. An upgrade to the VEPP-2000 collider will provide in-
creased luminosity and an improved detector (SND) to add statistics to the
Novosibirsk data sample. An intensity upgrade at the BEPS machine will
increase the sample of e+e- data at the intermediate 2–5 GeV range. This
energy range contributes less to the g-2 hadronic correction, since the kernel
K(s) is decreasing with s, but it does provide an important handle on po-
tential systematic bias in the region where is overlaps CMD-2 and previous
experiments. BaBar, KLOE and Belle will weigh in on differential cross sec-
tions using radiative return for multiple pion states. The BaBar data will be
especially interesting, since the data can be directly normalized in the same
apparatus measuring e+e- → µ + µ−. Within the decade, the error on the
1st order hadronic correction should be reduced to δaµ ∼35 × 10−11, which
is comparable to the uncertainty on the hadronic light-by-light contribution.
Since hadronic light-by-light scattering is model-dependent, it is hard to pre-
dict whether a breakthrough will occur there anytime soon. Lattice gauge
calculations may have some successes in the next few years.

On the experimental side, Fig. 7 shows the evolution of the measured
g-2 precision. It can be seen that each run is statistics limited and that the
systematic uncertainties for ωa and ωp are comparable. Another run in 2009 as
E969 will represent the best one can do with the modified ring and detector
geometry, before becoming limited by systematics. This requires collecting
70 billion decay positrons. By doubling the number of beamline quadrupoles
and using an open-ended inflector design, the number of stored muons can
be increased by a factor of 5, allowing this to be done in only 21 weeks for
a 0.14 ppm statistical error. The systematic error on ωa can be reduced by
injecting backward-going muons to reduce pion flash, adding another kicker
module to reduce coherent betatron oscillations, segmenting calorimeters to
reduce rate-dependent effects, and improving the front end electronics and
data acquisition to handle the increased throughput. In situ measurement of
the kicker eddy currents and mapping of the NMR probes can reduce δωp.
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Data Set:          1999              2000             2001 2009             2015

1st long run          new inflector       reverse polarity     improved BNL     new facility

1 B e+ 4 B  e+ 4 B  e- 70 B e+          1 G e+/e-
Statistics

(Ne above Ethr) 1.25 ppm 0.6 ppm 0.7 ppm 0.14 ppm 0.03 ppm

Systematics 0.5 ppm 0.4 ppm 0.3 ppm 0.15 ppm 0.04 ppm

a 0.3 ppm 0.3 ppm 0.21 ppm 0.11 ppm 0.025 ppm

Dominated by pileup              coherent betatron gain stability
AGS mistune           µ loss, pileup           µ loss, pileup 

p 0.4 ppm 0.24 ppm 0.17 ppm 0.11 ppm 0.03 ppm

Dominated by trolley position         trolley position        trolley position      trolley position     probe calibration 

inflector                                          

Fig. 7. Evolution of the statistical and systematic uncertainties in the BNL g-2
experiment. The first three columns refer to completed experimental runs. Only the
most recent g-2 runs have been included. Note that the experiments have all been
statistically limited. The last two columns represent future experiments: a BNL
experiment in the near future with modifications to the existing beamline, storage
ring and detectors, and a possible second generation experiment to be staged at
JHF in Japan.

Combined with the theory precision expected a few years from now, the error
on ∆aµ would then be at 4.7 × 10−10. If the mean ∆aµ remains stable, this
represents a close to 6σ departure from the Standard Model.

Looking beyond BNL, the next generation g-2 experiment would need
a factor of 100 more data to make it worthwhile. Such concepts are being
explored at the JPARC facility in Japan, (see, for example, Miller [24]) where
JHF provides a factor of 10 increase in intensity (100 bunches/cycle every 0.7
ms) and the rest would have to come from an improved match between beam
line and storage ring, etc. Another way to improve the experiment would be
to increase the energy of the muons (and their dilated lifetime) so that more
g-2 cycles can be measured for the same number of stored particles. This
means abandoning electrostatic focusing, which can only be used at 3.1 GeV,
that “magic” momentum where the radial electric field term cancels and the
precession is unaffected. A new ring structure has been proposed by Farley
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Current  Discrepancy                          Standard Model
∆aµ=24(4.6) x 10-10 (discrepancy at 6σ)    ∆aµ = 0 (4.6) x 10-10

Fig. 8. The CMSSM m1/2 vs m0 planes for tan β=10, µ >0 as in Fig. 6 (Courtesy
of Keith Olive). However, here the g-2 allowed regions correspond to two possible
future scenarios, each with the reduction in uncertainty expected from a new E969
g-2 experiment and an improved hadronic VP correction as e+e- statistics increase.
Left plot: Mean discrepancy remains the same to give ∆aµ = 239 (47) × 10−11.
Right plot: The experiment matches the standard model value to give ∆aµ =
0(47) × 10−11.

[25] which replaces electrostatic quads with edge focusing. Due to the large
inhomogeneities in the field, the NMR probes must be replaced by proton
calibration of the field. All such new initiatives are still more than a decade
away.

Figure 8 shows how reduced errors would translate into dark matter con-
straints for a particular choice of tan β=10 and the preferred µ > 0. Both
plots include the factor of 2.5 reduction in uncertainty expected from a new
run at BNL, combined with improvements in aµ(Had) from e+e- data already
collected. The plot at the left represents the case where the mean discrep-
ancy remains stable at its present value. The plot to the right represents the
case where the mean shifts down to the SM value. Due to the nature of the
constraints, a reduction in the error bars which leaves the mean ∆aµ intact
will significantly narrow the band of allowed masses, while a shift down to
SM will widen the allowed region, but reject SUSY masses < 500 GeV/c2. In
both cases, this will provide significant new constraints on SUSY dark matter
under the CMSSM.

7 Conclusions

On the experimental front, the BNL g-2 experiment has succeeded in its goal
to improve the precision of a fundamental constant by a factor of 15 since the
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last CERN experiment 30 years ago. However, the theoretical landscape has
shifted considerably. Originally, the BNL experiment was designed to search
for the Higgs and to confirm electroweak symmetry-breaking by measuring
aµ(weak) to 20%. As the mass limits on the Higgs moved upward over the
last decade and a half of Tevatron and LEP runs, the contribution to aµ from
diagrams containing the Higgs shrank below our sensitivity. The popularity
of SUSY as an answer to the hierarchy problem and as a means to unify gauge
couplings has renewed interest in aµ, especially since the hint of a discrepancy
points to such convenient SUSY masses. The experimental improvement has
lead theorists to uncover a number of errors, improve calculations involving
both hadronic vacuum polarizations, as well as higher order QED terms,
spurred further experimental work on R(s), and lead to a re-examination
of CVC and pion form factors. In the end, no matter what the fad of the
moment, precision measurements of fundamental constants are an enduring
contribution to physics, since they confront our preconceptions with reality
and guide future discussions.
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1 Outline

The search for supersymmetric particles will be one of the major research
programs at the Large Hadron Collider. Given the large amount of proton-
proton interactions per bunch crossing, the selection of processes with clean
final states will be of the outmost importance. From this point of view, we
discuss the present status of R-Parity Violation searches and the results ex-
pected at LHC with 10 fb−1of integrated luminosity, corresponding to one
year of data taking at the initial low luminosity value of 1033 cm−2 s−1.

This paper is organized as follows: first we will review the physical condi-
tions at LHC and the main characteristics of the general purpose detectors
(Sect. 2). We will discuss in some detail the electromagnetic calorimeter of
the CMS experiment (Sects. 3 and 4), which the RPV selection is based upon,
and which is currently under construction in Rome. Finally we will summa-
rize the R-Parity Violation scenario (Sect. 5), the status of RPV searches
after LEP (Sect. 6) and present the results expected by ATLAS and CMS
after one year of data taking at low luminosity (Sect. 7).

2 Physics and Experiments at LHC

The Large Hadron Collider (LHC) will become operational in 2007. Proton-
proton collisions will occur at the center-of-mass energy of 7+7GeV, with an
initial luminosity L = 1033 cm−2 s−1. The design luminosity of 1034 cm−2 s−1

is expected to be reached 2–3 years after the start-up. Each LHC experiment
will collect an integrated luminosity per year of about 10 fb−1under the initial
conditions, and will reach up to about 100 fb−1when the design luminosity
will be attained. An ultimate integrated luminosity of 300 fb−1per year and
per experiment is foreseen. Under this conditions LHC will actually be a
factory not only of Standard Model particles, but of new particles as well,
like the Higgs boson(s) and the supersymmetric particles, as summarized in
Table 1. Typical cross-section values are shown in Fig. 1, as a function of the
center-of-mass energy

√
s.

With a total p-p inelastic cross-section σ 
 70 mb, the event rate will be
between N = L σ = 7 · 107 Hz and 7 · 108, depending on the luminosity L.
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Table 1. Number of expected events at LHC, per second and per year, for some
physical processes, assuming a luminosity of 1033 cm−2 s−1. For comparison, the
number of produced events per year at other machines is given.

Process Events Events Other Machines
Per Second Per Year (events per year)

W →eν 15 108 LEP (104), Tevatron (107)
Z →ee 1.5 107 LEP (107)
tt̄ 0.8 107 Tevatron (104)
bb̄ 105 1012 Babar/Belle (108)
H (MH = 0.8 TeV) 0.001 104 −

Fig. 1. Proton-proton cross-section values vertical left scale and number of expected
events per second, for L = 1034 cm−2 s−1 (right scale), as a function of

√
s. The

dashed line at
√

s = 14 TeV shows the LHC center-of-mass energy. The
√

s values
of other machines are shown as well.
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Taking into account the bunch spacing ∆t = 25 ns, the number of overlapping
p-p interactions per bunch crossing will be N /∆t = 2−20, depending on L. It
is therefore clear that clean final states will be needed in order to disentangle
the desired signal events from the overwhelming background.

At the Large Hadron Collider there will be two so-called omni-purpose
detectors, ATLAS [1] and CMS [2], which will perform a general research
program, and two dedicated detectors, ALICE [3] and LHCb [4] for specific
research programs, i.e. on the physics of heavy ions and on b-physics, re-
spectively. The general purpose detectors aim at particle identification and
measurement for event selection and reconstruction. At this purpose, they
are based on a detector system consisting of inner tracker, calorimeters and
muon chambers.

The ATLAS inner detector is a combination of discrete high-resolution
pixel and strip detectors in the inner part and continuous straw-tube tracking
detectors with transition radiation capability in the outer part of the tracking
volume. The electromagnetic calorimeter consists of a granular Liquid Argon
(LAr) sampling calorimetry with very good performance in terms of energy
and position resolutions over the pseudorapidity range |η| < 3.2. The bulk of
the hadronic calorimetry is provided by a scintillator tile calorimeter. The en-
ergy resolutions are given by: σ/E 
 10%/

√
E (GeV) for the electromagnetic

calorimeter and σ/E 
 50%/
√
E (GeV) + 0.03 for the hadron calorimeter.

The calorimetry is surrounded by the muon spectrometer with three stations
of high-precision tracking chambers.

The CMS electromagnetic calorimeter is described in Sect. 3. The tracking
system consists of silicon pixel detectors, choosen for their radiation hardness
and small amount of material, corresponding to about 30% of the radiation
length X0.The hadron calorimeter is made by copper plates and plastic scin-
tillator tiles.

3 The CMS Electromagnetic Calorimeter

The CMS electromagnetic calorimeter (ECAL) is currently under construc-
tion and will contain 61200 PbWO4 crystals.

Scintillating crystals are the most precise calorimeters for energy mea-
surements and provide excellent energy resolution over a wide range, as
well as high detection efficiency for low energy electrons and photons. Their
structural compacteness allows to have simple building blocks for mechanical
assembly, hermetic coverage and fine transverse granularity. The choice of
PbWO4 crystals has been driven by their characteristics, as summarized in
Table 2. Furthermore, PbWO4 production on large scale is possible, making
this material interesting for a LHC detector. The energy resolution can be
parametrized as:

σ/E 
 2.7%/
√
E(GeV ) + 0.5% + 150MeV/E , (1)
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Table 2. Physics requirements and CMS solutions, explaining the choice of
PbWO4 crystals. X0 is the radiation length.

Physics Requirements CMS-ECAL Solution

Very good resolution for Crystal calorimeter
high energy e/γ
High LHC luminosity: L = 1034 cm−2 s−1 PbWO4 is radiation hard
LHC bunch separation: 25 ns PbWO4 is fast: 80% of light is

collected within 25 ns
Compact detector with high granularity PbWO4 has X0= 0.89 cm

and Moliére radius = 2.2 cm
Magnetic field inside CMS: 4T Compact solid state photodetectors

where the first term is the stochastic one and depends on the photoelectron
statistics, since the measured light yield (see Sect. 4) amounts usually to only
4–5 pe/MeV; the second is the constant term, due to shower containment,
crystal non-uniformity and crystal intercalibration; the last one is the noise
term, which the electronic noise and the pile-up contribute to.

4 The ACCOR Measurement System

Half of the barrel crystals are being fully characterized for dimensions, optical
properties and light yield in the INFN-ENEA Regional Center near Rome.
The ACCOR system, described in detail in [5], consists of three measuring
stations and allows the automatic measurement of crystal dimensions, optical
transmission and light output. Up to 70 crystals per day can be fully char-
acterized in two runs, feeding in turn the machine with seven trays of five
crystals each. Moving belts set the trays under each measurement station.

Dimensions are reconstructed with a commercial 3D machine, by measur-
ing five points on both the front and rear faces and eight points each on the
lateral ones. The measurement reproducibility is ±2 µm.

The transmission is measured with a single-beam array spectrometer, di-
rectly coupled to an integrating sphere, and by using a collimated Xenon
lamp as light source in the range 300–700 nm. The array spectrometer allows
to take in one single shot all data in the desired spectral range. In total twelve
transmission spectra are collected for each crystal: one longitudinal (LT) and
eleven transverse (TT) ones, taken every 2 cm along the crystal. The stability
of the reference measurements over two minutes is better than 1% in most
of the spectral range of interest (320–700 nm) and it is never worse than 2%
near the edge of the UV region, where the signal intensity is lower.

Afterwards we measure the uniformity of the light output as well as the
light yield (LY) at eight radiation lengths (8 X0) from the crystal front face,
distance corresponding to the shower maximum for a 50 GeV electron. The
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LY is evaluated by detecting the photo-peak in the scintillation spectrum
of a γ-emitting Co60 source, where Eγ = 1.173, 1.333 MeV. The source is
moved along the crystal and 21 spectra are collected with 1 cm step, in order
to check the light collection front non-uniformity (FNUF). The light yield
measurement and calibration procedure are discussed in detail in [6] and [7].
The ACCOR results are calibrated with reference measurements on a classical
bench, where the crystals are in optical contact with the photomultiplier
and wrapped in a Tyvek sheet on the lateral faces, in order to reproduce as
closely as possible the actual configuration of the CMS experiment, where the
crystals will be glued to the avalanche photodiodes (APDs) and inserted in
reflective alveola. Furthermore, the same five reference crystals are measured
every day to check the stability of the machine. The total time needed to
measure five crystals on a tray is about 55 minutes: 15 for the dimension, 20
for the transmission and 20 for the light yield measurement, respectively.

Almost 16 so-colled supermodules, out of 36 of 1700 crystals each, have
been already assembled and one supermodule has been calibrated with parti-
cles [8] in 2004. Crystals not being directly calibrated will undergo an inter-
calibration procedure, by means of the light yield and transmission laboratory
measurements [9]. The final intercalibration precision achievable before the
LHC start-up will be of the order of 3–4%.

5 R-Parity Violation

R-parity is a multiplicative symmetry defined as: R = (−1)3B+L+2S , where S
is the spin, B is the baryonic quantum number and L the leptonic quantum
number. R is +1 for all ordinary particles, and −1 for their supersymmetric
partners. If R-parity is conserved, supersymmetric particles can be produced
only in pairs and they decay in cascade to the lightest supersymmetric particle
(LSP), which is stable. R-parity violating terms can be present [10] in the
most general superpotential of the Minimal Supersymmetric Standard Model
(MSSM) [11], which describes a supersymmetric, renormalizable and gauge
invariant theory, with minimal particle content. They are:

λijkLiLjEk + λ′ijkLiQjDk + λ′′ijkUiDjDk (2)

where λijk, λ′ijk and λ′′ijk are the Yukawa couplings and i, j and k the gen-
eration indices; Li and Qi are the left-handed lepton- and quark-doublet su-
perfields, Ei, Di and Ui are the right-handed singlet superfields for charged
leptons, down- and up-type quarks, respectively. In order to prevent the si-
multaneous presence of identical fermionic fields, antisymmetry relations are
required for λijk and λ′′ijk, reducing to 9 + 27 + 9 the total number of in-
dependent Yukawa couplings. The LiLjEk and LiQjDk terms violate the
leptonic quantum number L, while the UiDjDk terms violate the baryonic
quantum number B. Their simultaneous presence would lead to a fast proton
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decay (with contributions at the tree level from λ′11kλ
′′
11k, and at one-loop

level from any product λijkλ
′′
lmn or λ′ijkλ

′′
lmn) [12], which is experimentally

excluded. This can be avoided by requiring R-parity conservation, which for-
bids all terms in (2). However, since the absence of either the B-violating or
the L-violating terms is enough to prevent a fast proton decay, there is no
need to impose a priori R-parity conservation. As a consequence, two new
kinds of processes are allowed: single production of supersymmetric particles,
or LSP decays into Standard Model particles via scalar lepton or quark ex-
change. In the latter case, the MSSM production mechanisms are unaltered
by the operators in (2).

6 Present LEP Limits

The LEP experiments have searched for pair-produced neutralinos (e+e− →
χ̃0

mχ̃
0
n, with m = 1, 2 and n = 1, .., 4), charginos (e+e− → χ̃+

1 χ̃
−
1 ), scalar

leptons (e+e− → �̃+R�̃
−
R, e+e− → ν̃ν̃) and scalar quarks (e+e− → q̃q̃), with

subsequent R-parity violating decays, assuming that only one of the cou-
pling constants λijk, λ′ijk or λ′′ijk is non-negligible. Only �̃R (supersymmetric
partners of the right-handed charged leptons) are considered, since they are
expected to be lighter than the corresponding left-handed ones. Supersym-
metric particles can decay directly into two or three fermions according to
the dominant interaction term, as detailed in Table 3. Indirect decays via
the LSP can occur as well. In the LEP analyses, the dominant coupling is
assumed to be greater than 10−5 [13], corresponding to decay lengths less
than 1 cm.

LEP results [14] are based on about 700 pb−1per experiment (about 2.7
fb−1in total at LEP) and have shown a global sensitivity to cross sections of
0.01–0.03 pb, with selection efficiency values, for the various final states, in
the range 30%–40%.

In the MSSM-mSUGRA framework, neutralino and chargino masses, cou-
plings and cross sections depend on the gaugino mass parameter, M2, the hig-
gsino mass mixing parameter, µ, the ratio of the vacuum expectation values
of the two Higgs doublets, tanβ, and the common mass of the scalar particles
at the GUT scale, m0. The results presented in this section are obtained by
performing a scan in the ranges: 0 ≤ M2 ≤ 1000 GeV, −500 GeV ≤ µ ≤
500 GeV, 0 ≤ m0 ≤ 500 GeV and 0.7 ≤ tanβ ≤ 40 and by deriving overall
limits from combined analyses. A point in the MSSM parameter space is ex-
cluded if the total number of expected events is greater than the combined
upper limit at 95% C.L. on the number of signal events. Neutralino, chargino,
scalar lepton and scalar quark analyses are combined since several processes
can occur at a given point. Gaugino and scalar mass unification at the GUT
scale is assumed.

Figure 2 shows the 95% C.L. lower limits on neutralino and scalar lepton
masses as a function of tanβ. The χ̃0

1 and χ̃0
2 mass limits are shown for
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Table 3. Possible R-parity violating decays (charged conjugate states are implied).
Only supersymmetric partners of the right-handed sleptons are taken into account.
Decays to more than three fermions are not listed. W∗ indicates virtual W bosons.

Particle Direct Decays Indirect Decays

λijk λ′
ijk λ′′

ijk via χ̃0
1

χ̃0
1 �−i νj�

+
k , νi�

+
j �−k �−i uj d̄k, νi dj d̄k ūid̄j d̄k −

χ̃+
1 νiνj�

+
k , �+i �+j �−k νiuj d̄k, �+i d̄jdk d̄id̄j d̄k, uiujdk, W∗χ̃0

1

uidjuk

�̃−kR νi�
−
j , νj�

−
i − − �−k χ̃0

1

ν̃i, ν̃j �−j �+k , �−i �+k dj d̄k, − − νiχ̃
0
1, νjχ̃

0
1

ũiR − − d̄j d̄k uiχ̃
0
1

d̃jR, d̃kR − ν̄i dj , �−i uj ūid̄k, ūid̄j djχ̃
0
1, dkχ̃0
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Fig. 2. MSSM mass limits from combined analyses. The solid and dashed lines,
labelled with the corresponding coupling, show the 95% C.L. lower limits on the
masses of (a) χ̃0

1, (b) χ̃0
2 and (c) �̃R, as a function of tan β, for 0 ≤ M2 ≤ 1000GeV

and −500 GeV ≤ µ ≤ 500GeV. m0 = 500 Gev in (a) and (b) and m0 = 0 in (c).
For those values of m0 the global minima on the mass limit are obtained.
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m0 = 500 GeV and the �̃R ones for m0 = 0. These values of m0 correspond
to the absolute minima from the complete scan on M2, µ, m0 and tanβ.
The chargino mass limit is almost independent of tanβ, and is close to the
kinematic limit for any value of tanβ and m0. For high m0 values, neutralino
and scalar lepton pair-production contributions are suppressed and the mass
limits are given mainly by the chargino exclusion.

The overall 95% C.L. lower limits on the χ̃0
1 mass obtained by the LEP

experiments is:
Mχ̃0

1
> 40GeV . (3)

7 Expectations at LHC

Analyses of R-Parity violating χ̃0
1 decays via λ or λ′′ have been performed

by the CMS and ATLAS experiments, respectively [15]. The experiments
have assumed an integrated luminosity of 10 fb−1and have investigated a
few mSUGRA points. ATLAS shows that a precise reconstruction of the
neutralino mass is possible from the 4-jets of λ′′212 mediated decays (Fig. 3).
CMS shows the feseability of the neutralino mass measurements from the

Fig. 3. Reconstructed 4-jet invariant mass for λ′′
212 mediated decays: Mrec = 125±

10GeV. The generation parameters are: m0 = 100 GeV, m1/2 = 300 GeV and
tan β = 1.2, corresponding to a generated neutralino mass of 121.5 GeV.
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Fig. 4. Reconstructed 2-lepton invariant mass for λ121 (top) and λ233 (bottom).
The generation parameters are: m0 = 200, 400 GeV, m1/2 = 700GeV and tan β = 2,
corresponding to a generated neutralino mass of 300GeV.

end-point of two-lepton mass spectrum, with λ121 and λ233. The measurement
is more difficult for final states with taus (Fig. 4).

8 Conclusions and Outlook

Results on LHC detector construction are presented, with emphasis on the
CMS electromagnetic calorimeter. By exploiting the detector performances it
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is expected to detect R-Parity violating SUSY particles at LHC and measure
their masses up to O(100) GeV with 10 fb−1, corresponding to one year of
data taking at low luminosity.
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Tripling the LHC:
The Path from Technology to Discovery
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The Large Hadron Collider (LHC) will dramatically extend the mass scale
for finding signals from new fields of nature – the Higgs sector, supersymme-
try, large extra dimensions, and ultimately superstrings. LHC will produce
collisions of protons on protons with a center-of-mass energy

√
s = 14 TeV

and a luminosity L ∼ 1033cm−2s−1. This performance should suffice to ac-
cess signals from particles conjectured in current models of the Higgs field
and minimal supergravity. Even as LHC is being built, however, there have
been spectacular discoveries of the past few years in astrophysics – dark mat-
ter and dark energy [1]. Among current efforts to connect these discoveries
with physics at the microscale, it appears that the ∼TeV mass of LHC could
prove insufficient for accessing many of these states [2] It is therefore timely
to pose the question: “Is it feasible to extend LHC’s mass reach by technology
improvements?”

This paper presents a conceptual design for a superconducting magnet
technology that could enable a tripling of LHC’s energy by installing a second
ring of magnets in the same tunnel, as shown in Fig. 1. The design of the
Tripler dipoles is shown in Fig. 2. The Tripler dipoles would operate at 24
Tesla field strength, utilizing a hybrid coil containing windings of Nb3Sn and
Bi-2212 superconducting cables. The technology for the dipoles builds upon
a decade of development of these superconductors [3] and of new methods to
accommodate the stresses [4] and magnetic effects [5] that arise at such large
field strength. Continued development of this technology should mature to
a practical magnets for colliders within another decade, just in time to be
available to upgrade LHC after its first long runs if the added energy reach
appears desirable.

Also presented are first considerations for several of the most important
accelerator issues that must be take into account in tripling LHC’s energy.
Perhaps the most important of those is the treatment of synchrotron ra-
diation, which increases as E4 and is already a dominant cryogenic load in
LHC. Because the spectrum of synchrotron radiation hardens as E3, the peak
photon energy shifts from ultraviolet (which scatters in the beam tube and
cannot be locally collected) to soft X-rays which can be absorbed on room-
temperature photon stops located between consecutive dipoles. The room-
temperature heat load should be comparable to that of LHC, even though
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Fig. 1. Typical cross section of LHC tunnel, showing possible placement for the
Tripler dual dipole.

the radiated power increases 100-fold! Indeed this increased radiation has
a collateral benefit: it damps the beam emittance of the stored beam with
a damping time ∼1 hour, which should provide a means to enhance and
maintain luminosity during each store.

1 Discovery Reach for New Particles

In order to assess the potential of the Tripler for the discovery of new parti-
cles, Dutta [6] has calculated parton luminosities with which the constituents
of colliding hadrons interact. Parton luminosities [7] are calculated for gluon-
gluon scattering for the cases of the Tevatron, LHC, and the Tripler. The
calculations use the CTEQ4 parton distributions [8]. The results are pre-
sented in Fig. 3 as a function of ŝ, the c.m. energy for the colliding partons.
The arrows indicate the requirement to double the mass reach at any given
mass scale. Because production cross-sections scale geometrically (∝ ŝ), in-
creasing the mass scale by a factor 2 would require 4 times the luminosity
in the gluon-gluon initial state. On the other hand beams in a collider damp
adiabatically as the beam energy is increased, so that the same circulating
current and same invariant emittance as LHC would yield 3 times greater
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Fig. 2. Cross-section of the Tripler dipole: (a) overall view showing flux return
and outer NbTi windings to suppress fringe field; (b) detail of hybrid coil region
showing Bi-2212 windings, Nb3Sn windings, and flux plate.
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Fig. 3. Gluon-gluon luminosity vs.
√

s in hadron colliding beams for the Tevatron,
LHC, and LHC Tripler. Arrows indicate an increase of a factor 2 in mass reach.

luminosity in a Tripler. The arrows indicate an increase of a factor of 2 in
mass scale and a factor of 4/3 in cross-section. It is seen that the Tripler
would roughly double the mass reach of LHC for discovery of new particles.

To understand the significance of this factor of 2 in mass reach, one must
have a model for the particle states that would result from new gauge fields.
One model of current significance is the minimal supersymmetric extension
of the Standard Model (MSSM). Ellis et al. [9] have calculated the masses
of the lightest sparticles in MSSM, applying constraints on the range of
model parameters arising from recent results from astrophysics and cosmol-
ogy (CMSSM). They have mapped the parameter space of CMSSM within
those constraints under variations of m0,m1/2, A0, tanβ,and µ. The results
are plotted in Fig. 4 for the constrained range of these parameters in order
to illustrate the range of sensitivity (σ > 10−8 pb) provided by underground
WIMP searches (light gray dots in lower left), LHC (those plus gray crosses
in center region), and the Tripler (all the previous plus square boxes in upper
right). Only with the Tripler is it possible to cover the entire parameter space
of CMSSM.

2 Dipole Requirements for an LHC Tripler

The mass reach of a hadron collider is determined by the field strength and
field quality of its superconducting magnets. The beam momentum in the
collider is determined by the collider radius R and the field strength B:

p[TeV] = 0.3B[T] R[km]
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Fig. 4. Masses of the lightest visible particle (LVSP) and next-lightest visible
particle (NLVSP) in cosmology-constrained CMSSM.

In turn the uniformity of the magnetic fields in the dipoles is key to sus-
taining the luminosity of collisions needed to create rare heavy particles of
new gauge fields. Slight excitations of multipole components in the dipoles
can drive the growth of non-linear instabilities through the beam-beam inter-
action, which would cause beam growth and loss of luminosity through the
duration of a collision cycle.

The LHC dipole, shown in Fig. 5, reaches the highest performance that
is possible with the classic technology of NbTi superconductor and cos θ coil
geometry. That methodology was first used in the Fermilab Tevatron, later
in HERA and in RHIC, and now ultimately in LHC. The design field of 8
Tesla is the highest field that is practical to attain with NbTi.

2.1 Superconductor Optimization at High Magnetic Field

The current in a superconducting coil produces the magnetic field that is
used to guide the beams in a collider. This same magnetic field acts back
upon the superconductor itself, however, in two key ways. With any given
superconducting material, the current density that can be carried in a wire
is proportional to the density of Cooper-paired electrons in the metal. Each
superconducting material has an upper critical field Bc2 at which the last
Cooper pair is dissociated. The macroscopic magnetic field exerts a shear
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Fig. 5. LHC dipole: (a) cross section of dual dipole; (b) string test of dipoles and
quadrupoles prior to tunnel installation.

force upon the Cooper pairs within the wires, so that the density of Cooper
pairs (and hence the transport current density jc that can be carried) is
described by the Kramer phenomenology:

j1/2
c B1/4 ∝

(
1 − B

Bc2

)
Figure 6 illustrates this dependence for the superconductors NbTi, Nb3Sn,

and Bi-2212 [10]. The highest practical field for each conductor is ∼9 T for
NbTi and ∼17 T for Nb3Sn. Allowing for the distribution of field in a collider
dipole, in which the maximum field stength actually occurs in the coil and is
∼10% greater than that in the bore tube, the greatest bending field attainable
for dipoles is thus ∼8 T for NbTi, ∼16 T for Nb3Sn. Thus to build a 24 T
dipole for a Tripler one must utilize Nb3Sn in the regions where B < 18
T, and Bi-2212 in the regions where B > 17 T. The technology for high-
performance multifilament strand, Rutherford cables, coil winding, and heat
treat and impregnation have all been matured for both Nb3Sn [3] and Bi-2212
[11]. Until recently no one knew how to make such a hybrid dipole.

2.2 Stress Management

The second effect of the magnetic field on the superconducting coil is the
Lorentz force F /� = I × B. Since the current required to produce a given
field increases at least linearly, the force acting on the coils increases at least
as B2. This force acts as a lateral piston pushing the dipole open horizontally.
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Fig. 6. The dependence of current density upon magnetic field of various super-
conductors at liquid helium temperature.

The forces are immense at high field, and for B � 12 T approach the limit
of degradation of the superconducting materials and the insulation used in
the coils. Degradation is particularly troublesome with the high-field super-
conductors Nb3Sn and Bi-2212, since they are brittle materials that must be
formed in their superconducting phase in a high-temperature heat-treat of
the final dipole after all coils are wound.

The Lorentz stress accumulates through the thickness of a superconduct-
ing coil, as the field acts upon each conductor in turn and the forces add up
as they are passed to the outside structure. This is unavoidable in coils that
utilize the cos θ geometry of the classic design because the entire coil is one
mechanical assembly.

For managing stress in high-field dipoles, we adopt the same simple ap-
proach that is used in a multi-story building. There gravity acts on people
and objects on each floor, and if there were no support structure the forces
would accumulate as each occupant was pressed upon the one below. We
insert floors to intercept the forces acting on each floor, and walls to bypass
those forces past the occupants in floors below. We have developed simi-
lar stress management in high-field dipoles [12]. The coils are configured in
a rectangular block configuration and a support matrix of ribs and plates
tis integrated within the coil to intercept the forces acting on inner wind-
ings and bypass them past outer windings to the flux return. The stragegy
is summarized in Fig. 7. Three windings in a horizontal section are shown,
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Fig. 7. Stress management in a block- coil dipole: (a) support matrix and laminar
springs in coil region; (b) hydraulic bladders deliver uniform preload within coil
assembly; (c) bladders assembled in flux return.

with ribs and plates of high-strength Inconel providing the support matrix.
A preload is applied to the structure from the left, and Lorentz forces push
to the left. A laminar spring is located at the inner end of each winding to
enforce the decoupling of stress from one winding to the next. In this way,
even if the overall Lorentz stress exceeds 200 MPa (which no superconductor
could withstand), the stress in the windings would never exceed 70 MPa!

Figure 8 shows a design for a 14 Tesla dipole that uses Nb3Sn supercon-
ductor and incorporates stress management [13]. We are currently building
a succession of model dipoles with this design as the ultimate goal. Already
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Fig. 8. 14 Tesla Nb3Sn dipole: (a) profile of dipole; (b) flux plate suppression of
persistent-current multipoles; (c) close-up of coil winding.
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LBNL’s Supercon group has successfully tested a proof-of-principle dipole
(of similar design but without central beam tube) that reached its 16 Tesla
short-sample field [14].

2.3 Flux Plate Suppression of Persistent-Current Magnetization
and Snap-Back

The dipole designs shown in Fig. 7 and for the Tripler in Fig. 2 also in-
corporate a new strategy for suppressing the magnetic multipoles that are
induced by persistent currents within each strand of superconductor. When
the dipole is ramped from high field (collision energy) to low field (injec-
tion of fresh beams), loops of supercurrents are induced within the filaments
of each strand. Since the filament is superconducting, these induced current
loops persist for very long times (hours to weeks). The magnetization from
the persistent currents produces its own distribution of magnetic field in the
beam tube, which can disrupt the beam at injection. This effect is further ex-
acerbated by the “snap-back” phenomenon [5] that occurs when the current
ramp is applied as the beam is accelerated. The snap-back produces a step-
change in chromaticity that is already a problem to be managed at LHC and
would be much worse for the larger filaments of high-field superconducting
strand.

To suppress snap-back multipoles we utilize a flux plate [15] as shown in
Fig. 7. The flux plates are a simple planar sheets of steel, located between
winding layers just above and below the beam tube. For injections fields below
the saturation of steel (1.7 T) the plates are unsaturated and produce a very
strong dipole boundary condition closely coupled to the beam tube region.
This boundary condition suppresses multipoles from persistent magnetization
in the coils, and does so dynamically during snap-back. By this means it
should be possible to control magnetization effects to a level comparable to
that in LHC.

2.4 Heat Treatment for in Situ Formation
of High-Field Superconductors

Both Nb3Sn and Bi-2212 are brittle materials. If the multi-filament strands
in each cable were fabricated with the final superconducting filaments within,
the filaments would fracture under the bending stress of cabling and of coil
winding. Over the past decade techniques have been developed to overcome
this problem: the strand is fabricated as a heterogeneous composite in which
each filament contains the right stoichiometry of mixed-phase materials. The
coil is then heat treated to form the superconducting phase once all cabling
and coil winding are finished.

This technique has been perfected for Nb3Sn coils [4], for which the neces-
sary heat treat is at ∼650 C in an argon atmosphere, and for Bi-2212 [11], for
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Fig. 9. Heat treat of Nb3Sn windings for the 14 Tesla dipole of Fig. 5: (a) winding
assembly mounted in furnace; (b) purge manifold used for gas flow during heat
treat and epoxy flow during impregnation.

which the necessary heat treat is at ∼870 C in an oxygen atmosphere. Figure
9a shows a completed Nb3Sn coil being prepared for heat treat in a gas-purge
furnace. Figure 9b shows the arrangement of purge channels that maintains
gas flow throughout the coil windings during the heat treat of Nb3Sn. and
subsequently provides epoxy flow during the epoxy impregnation to stabilize
the completed coil.

The challenge for a hybrid coil is that one must accomplish both of these
heat treats, one for each set of windings. We have devised a means to ac-
complish these conflicting processes. We will first complete all of the inner
Bi-2212 windings, support that portion of the coil in its final shape, and
perform its heat treat. We will then wind the Nb3Sn windings to form the
outer windings and complete the coil. The box-like configuration of ribs and
plates that is provided for stress management will then be used for a different
purpose: to channel purge gas flow separately through the two coil regions –
oxygen through the inner Bi-2212 windings and argon through the outer Bi-
2212 windings. The coil will be heat treated to form the superconducting
phase in the Nb3Sn windings; the oxygen purge in the inner Bi-2212 wind-
ings during that heat treat should maintain optimum stoichiometry in the
already–prepared Bi-2212 windings so that its superconducting properties
will not be degraded by the second heat treat.

This 2-step process will require considerable process development, but
the process should be feasible within the heat treat parameters previously
established for each superconducting material when prepared individually.
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3 Synchrotron Radiation and Damping

Perhaps the most obvious challenge that arises in a Tripler is the strong
dependence of synchrotron radiation upon beam energy.The power per unit
length that is radiated in a beam of energy E, current I and curvature radius
ρ is

P̃ ∝ E4I

ρ2

So tripling the energy and keeping I and ρ constant increases the radi-
ated power from 0.22 W/m (LHC) to 14 W/m! Already in LHC absorbing
the synchrotron radiation is a major challenge, requiring an intermediate-
temperature heat shield within the beam tube. It would seem at first that
this issue would make a Tripler untenable.

But the spectrum of synchrotron light also hardens. The critical energy
Ec is the peak of this spectrum:

Ec ∝ E3

ρ

So tripling the energy increases the critical energy from 44 eV (hard UV in
LHC) to 1.2 keV (soft X-ray)! Hard UV has large cross-sections for scattering
from the surface layers of anything it hits and degassing those surfaces; soft
X-rays tend to penetrate into the surfaces and stop within the first ∼100
µm within the metal. It may prove possible to efficiently collect these X-
rays on room-temperature photon stops located between adjacent dipoles, so
that the heat budget from synchrotron radiation can be absorbed at room
temperature. Figure 10 shows the conceptual design of such a photon stop
from Bauer [16]. This approach has been used successfully in the arcs of some
synchrotron light sources.

In another respect the enhanced synchrotron radiation may provide a sig-
nificant benefit. Synchrotron radiation damps the phase space of the beam.
Each proton radiates synchrotron light in a narrow cone centered on its direc-
tion of travel at the instant of radiation. Since the individual protons are de-
scribing betatron oscillations as they are focused and re-focused to the beam
axis by the succession of arc quadrupoles, they radiate transverse momen-
tum in this radiation. The longitudinal momentum is replaced (on average)
by the RF cavities to sustain beam energy, but the transverse momentum is
not, hence transverse damping.

The damping time depends strongly upon beam energy:

τ =
2years

E[TeV] B2[T]

Transverse damping in LHC has a damping time of ∼1 day; transverse
damping in the Tripler would have a damping time of ∼1 hour! It could
prove useful in controlling slow beam growth and sustaining luminosity, up
to limits from beam depletion from collisions and beam-beam tune shift.
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Fig. 10. Room-temperature photon stop for absorption of the fan of synchrotron
light from each dipole.

4 Integration of a Tripler with LHC

The Tripler could be located directly above the LHC ring in the existing
tunnel. Space in this region is very limited and it is necessary to minimize
the cross-section of the Tripler while maintaining compatibility for transfer
of beams from LHC (its injector) and for beam collision.

The cross-section for a high-field dual dipole is largely determined by the
condition to return magnetic flux within a steel flux return structure so that
the minimum fringe field is produced in the tunnel and neighboring elements.
For the Tripler we have managed to shrink the size of flux return steel by
utilizing a pattern of NbTi windings located on the outer surface of the flux
return (see Fig. 2). The NbTi windings are used to cancel flux that would
otherwise fringe beyond the steel boundary. In this way we can contain the
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flux of the Tripler within a cryostat that is no larger than that of the LHC
itself.

The transfer of beams from LHC to the Tripler could be done at some
intermediate energy, perhaps ∼4 TeV. The dynamic range required of the
Tripler dipoles would then be quite modest (6:1) compared to the 20:1 dy-
namic range required for the LHC dipoles.

The Tripler dipole has been designed to preserve the same beam tube
spacing as that in LHC, so the crossing geometry would be similar. Of course
it will be necessary to develop quadrupoles that attain the same ratio of
performance to those in LHC, but in general the arc quadrupoles are less
challenging to build than dipoles for a collider.

Special magnets are required in the crossing region to bring the beams to
crossing and to achieve low-β focus. These magnets will be very challenging:
the beams have higher stored energy and there is much greater synchrotron
radiation power and greater losses from interacting protons that must be
absorbed.

5 Conclusions

Thanks to developments in superconducting materials and magnet technol-
ogy, it could become possible to build a Tripler for the LHC. Preliminary
looks at issues of synchrotron radiation, beam transfer, and magnetic field
requirements indicate that the Tripler could be feasible to operate with high
luminosity. Calculation of the physics reach through gluon-gluon interactions
indicates that a Tripler should provide a doubling of the mass reach for dis-
covery of new particles of the gauge fields that have been conjectured.

The extension of superconducting magnet technology will require inte-
gration of the techniques for building, heat treating, and stabilizing windings
of Nb3Sn and Bi-2212 within a hybrid coil assembly. These techniques have
been developed and proven separately, but never before integrated with one
another. A great deal of technology development will be required to make
hybrid-coil dipoles and to mature high-field magnets from model coil stud-
ies to manufacturable collider magnets. Given vigorous and sustained R&D
support, it should be feasible to arrive at that mature technology in about
a decade, in time for it to be available when the results come from the first
long physics runs of LHC and we begin to ask: “Where do we go from here?”
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Summary. The results from several experiments studying atmospheric [2, 3, 4],
and solar neutrinos [5, 6, 7, 8, 9] gives a strong indication that neutrinos must have
mass and therefore must oscillate. Given that neutrinos have mass and that they
interact only weakly with their surroundings, they represent a portion of the dark
matter contained in our universe. While it is clear that neutrinos are not the major
component of this dark matter, they do represent a segment of matter for which
our knowledge is rather limited. The interest in investigating the properties of these
particles in more detail has lead to the staging of several “long baseline” neutrino
oscillation experiments. The NuMI(Neutrinos at the Main Injector) beam at Fer-
milab coupled with the MINOS(Main Injector Neutrino Oscillation Search) experi-
ment focuses on just these issues. In this paper we will describe the NuMI/MINOS
programs at Fermilab and present a status report on these activities.

1 Introduction

Experiments studying the properties of atmospheric [2, 3, 4] and solar neu-
trinos [5, 6, 7, 8, 9] have observed fewer neutrinos than would be expected
for many years. In the case of the cosmic ray induced neutrinos, the num-
bers of neutrinos seen are below that expected based on the flux of cosmic
ray primaries on the atmosphere, and for solar neutrinos, while the observed
rate of electron anti-neutrinos is below that expected from the standard so-
lar model, the total flux of solar neutrinos in all flavors matches the solar
model predictions almost perfectly [9]. These deficits of muon neutrinos for
the atmospheric measurements and electron anti-neutrinos for the Sun can
be explained by the oscillation of neutrinos from one flavor to another as
they travel from their point of production to the point of detection. Such
oscillations would arise if neutrinos had mass.

While these experiments have given a tantilizing hint of the possibility of
neutrino masses, the final step in quantifying the processes involved requires
a new set of long baseline neutrino oscillation experiments to be performed.
One of these experiments is the Main Injector Neutrino Oscillation Search
(MINOS) experiment at Fermilab using the NuMI beamline from the newly
commissioned Main Injector(MI). The combination of this intense new neu-
trino beam and the near and far detectors of MINOS offers the opportunity
to measure neutrino ∆m2 differences down to 10−3 eV2.
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In a long baseline experiment with both a near and far detector, we are
able to measure the primary beam parameters and then project that beam
flux to the far detector to compare with our observations. By having two
detectors, we are able to obtain a partial cancelation of some of the systematic
effects associated with our knowledge of the beam. Further, by matching
the range of neutrino energies with the length of the baseline we are able
to fine tune the ranges of ∆m2 we are investigating. The primary physics
goal of MINOS is to measure ∆m2

23 to the 10% level and to search for the
“subdominant” oscillations of νµ → νe below the levels currently set by the
CHOOZ [10] experiment.

In the sections which follow, we will describe the NuMI beam and the
MINOS experiment, discuss the anticipated physics reach of this program
and give an update on the status of this project.

2 The NuMI Beam

The NuMI beam is produced by extracting the primary 120 GeV proton beam
from the Main Injector to a pion production target in the NuMI beamline.
The production target is made of carbon and has been designed to withstand
the intense flux of protons(2.5×1013 protons per pulse) being targeted every
1.9 sec in an 8.7 msec burst. The total beam power being dissipated in the
target under these conditions is 0.3 MW. The primary proton beam as well
as the secondary pion beam are aimed 3.3o below the horizontal in order to
have the beam strike the far detector at Soudan. A plan view of the neutrino
beam is shown in Fig. 1.

Fig. 1. A plan view of the NuMI/MINOS beam line.

The secondary π+ beam then passes through a set of focussing horns
in order to capture as much of the secondary beam flux as possible. By
adjusting the relative positions of these two focussing horns with respect to
the target, we are able to generate a wide range of neutrino beam energies at
the location of our detectors. We classify these beam configurations as Low
Energy (1–5 GeV), Medium Energy (2–10 GeV) and High Energy (7–20 GeV).
The fluxes in these three beams varies in the ratio of approximately 1:2.7:5.8
respectively. By using beams of varying energy with a fixed baseline length,
MINOS will be able to span a broad range of ∆m2 ≥ 10−3 eV2. Figure 2
shows the energy spectra for the three beam configurations.
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Fig. 2. This figure shows the three beam configurations to the left and the neutrino
energy spectra corresponding to these NuMI beam configurations on the right.

After the pions are collected by the horns, the beam travels down a ≈ 675
meter evacuated decay pipe to allow the π+’s to decay into µ+ and νµ. The
length of this decay pipe has been selected to allow for a significant fraction
of the beam pions to decay in flight as they pass down this decay pipe. At
5.0 Gev/c, γcτ ≈ 200 m for pions. At the end of the decay pipe is a hadron
absorber that is designed to stop the non-interacting proton beam as well
as any surviving secondaries. Following the hadron absorber is an additional
≈ 300 meters of rock absorber that is used to range out the µ+’s in the beam.
The neutrino beam then enters the near detector hall and travels through the
earth 735 km to the far detector located 2500 feet below the surface at the
Soudan Mine in northern Minnesota.

The civil construction of the NuMI beam line was begun in the spring
of 2001. It took contractors approximately one year to dig this down sloping
beam transport tunnel from the Main Injector extraction point to the end
of the beam line in the near detector hall. The total length of this tunnel
is approximately 1500 meters. From the spring of 2002 until the summer of
2004, the beamline tunnel was outfitted with beam line transport elements,
target hall elements, beam line monitoring equipment and the near detector
support structure. The near detector was then assembled underground in late
summer of 2004 in preparation for the first NuMI beams to be delivered by
the end of 2004. The first beam was successfully extracted from the Main
Injector and transported to the MINOS target location and then on down
the decay pipe to the hadron absorber in late November 2004 and the first
neutrino interactions were observed in the near detector using NuMI beam
neutrinos on January 21, 2005!
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3 The MINOS Detectors

The MINOS experiment is composed of a Near Detector located at Fermilab
and a Far Detector located 735 km away at the Soudan Mine. In addition to
these two detectors, the collaboration has also constructed a smaller version
of these detectors to be used to study the calorimetric energy response of
the system to hadrons, electrons and muons. The Calibration Detector (Cal
Det) was staged in several test beams at CERN to study the system’s energy
response over a wide range of particle energies (1–15 GeV). In the sections
which follow, we will describe the overall features of these MINOS detector
systems.

3.1 The Far Detector at Soudan

Each of the three MINOS detectors is composed of the same basic ingredients.
All are fine grained Fe/scintillator sampling calorimeters with 2.54 cm thick
steel plates and strips of extruded scintillator 1cm X 4 cm in cross section and
varying lengths. In the Far Detector, each of the scintillator strips is readout
from both ends using a 1.2 mm diameter wavelength shifting fiber through the
scintillator coupled to a clear fiber cable on the outside of the detector. The
clear fibers are then routed to the face of a multi-anode photomultiplier(M-
16) for readout into the data acquisition system.

The Far Detector is composed of 8 m diameter octagonal sheets of 2.54 cm
thick steel plates upon which we have mounted 8 detector modules contain-
ing 198 individual scintillator strips of varying lengths. Successive planes are
rotated with respect to the axis of the detector by ±45o to provide two stereo
views for tracking. There are a total of 485 such planes in the Far Detector,
separated into two sections each approximately 15 meters long called super-
modules. Each supermodule has a coil inserted down the axis of the octagon
with the coil return traveling back down the detector along the floor. This
coil is used to magnetize the calorimeter with a toroidal magnetic field that
is 1.5 T at 2.0 m from the coil hole. The total mass of the Far Detector is
≈ 5, 400 tons. Figure 3 shows an end view of the completed Far Detector at
the soudan Lab.

Due to cost considerations, the readout of the individual scintillator strips
in the detector is multiplexed bringing 8 fibers from 8 widely spaced scintil-
lator strips to a given pixel on a multi-anode pmt. Given that the typical
lateral size of a hadronic shower in our detector is ≈ 1 m, we group fibers on
a given pixel that are displaced by approximately 1 meter across the face of
the detector. The multiplexing pattern on the two ends of the detector are
different, allowing us to “de-multiplex” the data being readout, to position
it appropriately within the fiducial volume.

In the Far Detector, we record the pulseheight and timing of every energy
deposit above a fraction of a photoelectron in the detector and then ship
this information to the trigger processors to develop a “trigger” and record



368 R.C. Webb

Fig. 3. Photo of the MINOS far detector after the 485th plane was hung in place
on July, 2003.

data for offline analysis. The trigger processor sorts through all of the time
stamped data looking for correlations in time within the detector. Once it
finds a collection of energy deposits within a 100 ns time window, this data
is flagged as an event and shipped to the data archive for further processing.
A sample two muon event recorded with a fraction of the first supermodule
is shown in Fig. 4.

The far detector construction was begun in 2000 with the excavation of
the far detector hall at the Soudan Mine. By the summer of 2001 we began
the assembly of the far detector and finished this job almost two years later
in the summer of 2003. Since that time, the far detector has been taking
cosmic ray data which we have used to commission the detector. Using real
cosmic ray data to commission the detector has allowed us to confirm that
the system is working properly as well as giving us a source of data that can
be used to develop the analysis programs needed to mine the physics out of
the coming beam neutrino data set.

3.2 The Near Detector at Fermilab

The Near Detector, located following the rock absorber in the NuMI beam
line at Fermilab, is composed of elements similar in makeup to those being
used for the Far Detector. However, due to the increased flux of neutrinos at
the Near Detector location, the mass of detector required is only 1/5 of that
in the Far Detector and even at that a different DAQ system must be used
to deal with the higher rates.
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Fig. 4. A sample event display from the Far Detector showing a downward traveling
muon.

The detector is again an array of steel and scintillator planes, arranged
in the form of a squashed octagon. Each squashed octagon is 4.8 m wide
and 3.8 m high with a coil hole slightly offset from the center of the plate.
There are 282 such planes in the near detector, that are magnetized to have a
toroidal field similar to that in the Far Detector. The first 120 planes contain
the target and calorimeter region of the detector. In this section, 4 out of
5 planes are instrumented only on the beam side of the coil hole and every
5th plane has the entire surface of the squashed octagon instrumented with
scintillator strips. Following these planes is 162 planes of the spectrometer
section. This section is used primarily to measure muon momenta in charged
current events and as such only 1 out of 5 planes in this section is fully
instrumented. The near detector is 16.6 m long and has a mass of 980 tons.

The scintillator modules in the near detector are composed of the same
4.0 cm × 1.0 cm strips readout by 1.2 mm diameter wavelength shifting fibers
like the Far Detector. However, for the Near Detector, we readout only one
end of the fiber and have mirrored the far end to collect the light from the
opposite side of the detector. The wavelength shifting fibers at the edge of
the detector are then connected to clear fiber cables, which bring the light
signals from the detector to the multi-anode photomultipliers(M-64) being
used to readout these signals. Due to the smaller number of fibers in the
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Near Detector and the larger number of pixels per tube in the M-64s, the
fibers in the Near Detector are not multiplexed.

The electronics and triggering in the Near Detector are somewhat different
than those described for the Far Detector due to the higher data rates found
there. In the Near Detector the pulse height and timing of the energy deposits
in the detector are again recorded, however this time they are stored in 5 ns
time slices locked to the 19.4 nsec RF structure of the proton/pion beam.
We are using a custom designed QIE based system to record this data. Pulse
height and timing information from the detector is grouped by RF bucket
and those buckets with non-zero data are saved for offline analysis.

The construction of the near detector elements began on the surface in
the new Muon Building at Fermilab back in 2003. Then in the summer of
2004, after the collaboration was given beneficial occupancy of the detector
hall, we began the installation, hook up and check out of the near detector.
The near detector was completed by the end of the summer of 2004 and since
that time has been taking data using cosmic rays in much the same way as
we have been running the far detector since 2003. As mentioned earlier, the
first beam neutrino interaction was recorded in the near detector on January
21, 2005. The display of this event is shown in the Fig. 5.

3.3 The MINOS Calibration Detector

In order to be able to maintain the systematic errors between the Near
and Far Detector in the few % range, we built a third, smaller version

Fig. 5. Event display for the first neutrino event recorded in the MINOS Near
detector on January 21, 2005.
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of the MINOS detectors that could be setup in a testbeam. This Calibra-
tion Detector or Cal Det was staged at CERN and was made up of 60
1.0 m × 1.0 m × 2.54 cm steel plates with an equal number of specially con-
structed MINOS scintillator modules. The steel in the Cal Det was not mag-
netized.

These scintillator modules were readout in three ways during these beam
tests. First, they were readout using the Far Detector electronics on both
ends of the fibers being readout, then they were readout with Far Detector
electronics reading out one side of the modules and with Near Detector elec-
tronics reading out the other and lastly, they were readout with only Near
Detector electronics on one side and a mirrored connector on the opposite
side of the modules.

We calibrated the MINOS calorimeter system in these three different elec-
tronics configurations using beams of hadrons, muons and electrons. Our first
test beam run was completed in the spring of 2001 in the T11 beamline at
energies up to 3.0 GeV and then there were subsequent runs in 2002 and 2003
to complete the program of calibration measurements.

We use the response of the three detectors to muons as our energy stan-
dard for setting the absolute energy scales in the Near and Far Detectors.
We then monitor any drifts of this energy calibration over time using a pro-
grammable light injection system that can inject light into every fiber in the
detector. Setting and maintaining the energy calibration of MINOS is criti-
cally important, since our knowledge of the total energy of each event directly
impacts our measurement error on ∆m2.

From the Cal Det measurements we established that the MINOS calorime-
ter has a resolution of σ/E = 55%/

√
E for hadronic showers and has a

σ/E = 23%/
√
E for electromagnetic showers.

4 MINOS Physics Reach

In MINOS we search for neutrino oscillation effects by comparing the rates of
neutrino interactions in the Far and Near Detectors as a function of neutrino
energy. We will compare the rates in the Far Detector to those based on the
rates seen in the Near Detector, projected to the Far Detector accounting for
beam transmission and hadron production effects. Any differences observed
between the expected and observed rates will be attributable to neutrino
oscillations or some other new and exotic effect.

In order to make the most convincing experiment possible, we take three
basic approaches to measurement of neutrino oscillation parameters. First,
we wish to make the measurement using a number of different physics signa-
tures. Since the measurements all make use of the same beam, they are not
completely free of correlated systematic error. However, the systematic errors
for the different measurements will largely be uncorrelated. We should be able
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to require consistency between the measurements. Second, whenever possi-
ble, we use ratios in order to limit the systematic errors involved in absolute
normalizations. Finally, we wish to demonstrate clear appearance signatures
for the neutrino flavor which the muon neutrinos have oscillated to. For elec-
tron neutrinos, this means identification of the electron in charged-current
interactions. For tau-neutrinos, we know of no means of either explicitly re-
constructing the tau mass or of observing a secondary vertex resulting from
the tau decay in our detector. Hence, we resort to statistical means to identify
tau appearance based on the different possible tau decay modes.

The results of simulation studies that have been carried out on charged
current events can be used to illustrate the sensitivity of MINOS to neu-
trino oscillation effects. In Fig. 6, we show the energy spectra of charge cur-
rent(CC) events expected in the Far Detector over a range of ∆m2 using
the low energy beam with an exposure of 10 kt yr. This range overlaps with
that suggested from the Super Kamiokande data [2]. The top plots show the
un-oscillated(solid line) and oscillated spectra for the oscillation parameters
noted. The bottom plots in this figure show the ratio between these spectra.
Figure 7 shows the 90% CL ellipses for the three values of ∆m2 presented in
the previous figure.

In addition to the data on CC events, we will be able to make measure-
ments of other sub-dominant oscillation modes allowing us to make modest
improvements in the limits from CHOOZ [10].

Fig. 6. MC study of Charged Current interactions from the Low Energy NuMI
beam configuration with a total exposure of 10 kt yr for three different ∆m2 values
as noted. The top row of plots shows the observed energy spectrum of events without
(solid line) and with oscillations (data points) for these three ∆m2 values. The
bottom row of plots shows the ratio of oscillated to unoscillated events as a function
of energy for the three cases.
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Fig. 7. The 90% Confidence Level ellipses for the three ∆m2 values compared to
the Super Kamiokande results for 1144 days of data. For MINOS we are using the
Low Energy beam with a 10 kt-yr exposure.

5 Summary

The MINOS experiment will open a new window on the study of neutrino
oscillations as the NuMI beam comes on-line for production data taking.
With the high statistics data set and control of systematics expected in 10 kt
yrs of running with the NuMI beam, the collaboration is in a strong position
to make direct measurements of the νµ oscillation parameters by early 2006.
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Cosmology, Baryogenesis, Dark Energy



Kinematics and Dark Energy
from Supernovae at z > 1
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Summary. We have discovered 16 Type Ia supernovae (SNe Ia) with the Hubble
Space Telescope (HST) and have used them to provide the first conclusive evidence
for cosmic deceleration that preceded the current epoch of cosmic acceleration.
Joint constraints on both the recent equation of state of dark energy, w0, and its
time evolution, dw/dz, are a factor of ∼ 8 more precise than its first estimate and
twice as precise as those without the SNe Ia discovered with HST. Our constraints
are consistent with the static nature of and value of w expected for a cosmolog-
ical constant (i.e., w0 = −1.0, dw/dz = 0), and are inconsistent with very rapid
evolution of dark energy.

1 Introduction

Observations of type Ia supernovae (SNe Ia) at redshift z < 1 provide star-
tling and puzzling evidence that the expansion of the Universe at the present
time appears to be accelerating, behavior attributed to “dark energy” with
negative pressure (Riess et al. 1998; Perlmutter et al. 1999; for reviews, see
Riess 2000; Filippenko 2001, 2004; Leibundgut 2001). Direct evidence comes
from the apparent faintness of SNe Ia at z ≈ 0.5. Recently expanded samples
of SNe Ia have reinforced the statistical significance of this result (Knop et
al. 2003) while others have also extended the SN Ia sample to z ≈ 1 (Tonry
et al. 2003; Barris et al. 2004). Observations of large-scale structure (LSS),
when combined with measurements of the characteristic angular size of fluc-
tuations in the cosmic microwave background (CMB), provide independent
(though indirect) evidence for a dark-energy component (e.g., Spergel et al.
2003). An independent, albeit more tentative investigation via the integrated
Sachs-Wolfe (ISW) effect also provides evidence for dark energy (Scranton
et al. 2003). The magnitude of the observed acceleration was not anticipated
by theory and continues to defy a post facto explanation. Candidates for
the dark energy include Einstein’s cosmological constant Λ (with a phenome-
nally small value), evolving scalar fields (modern cousins of the inflation field;
Caldwell, Davé, & Steinhardt 1998; Peebles & Ratra 2002), and a weakening
of gravity in our 3 + 1 dimensions by leaking into the higher dimensions
required in string theories (Deffayet, Dvali, & Gabadadze 2002). These ex-
planations bear so greatly on fundamental physics that observers have been
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stimulated to make extraordinary efforts to confirm the initial results on dark
energy, test possible sources of error, and extend our empirical knowledge of
this newly discovered component of the Universe.

Astrophysical effects could imitate the direct evidence from SNe Ia for an
accelerating Universe. A pervasive screen of grey dust could dim SNe Ia with
little telltale reddening (Aguirre 1999a,b). Luminosity evolution could corrupt
the measurements if SNe Ia at z ≈ 0.5 are intrinsically fainter than their low-
redshift counterparts. To date, no evidence for an astrophysical origin of the
apparent faintness of SNe Ia has been found (Riess 2000; Coil et al. 2001;
Leibundgut 2001; Sullivan et al. 2003). However, given the significance of the
putative dark energy and the unique ability of SNe Ia to illuminate it, we
need a more definitive test of the hypothesis that supernovae at z ∼ 0.5 are
intrinsically dimmer, or dimmed by absorption.

If cosmic acceleration is the reason why SNe Ia are dimmer at z ∼ 0.5,
then we expect cosmic deceleration at z > 1 to reverse the sign of the observed
effect. The combination of recent acceleration and past deceleration is a clear
signature of a mixed dark-matter and dark-energy Universe and one which
is readily distinguishable from simple astrophysical dimming (Filippenko &
Riess 2001).

Furthermore, assuming SNe Ia at z > 1 continue to trace the cosmological
world model, measurements of SNe Ia in the next redshift octave provide
the unique ability to discriminate between a static and evolving dark-energy
equation of state. This would provide a vital clue to distinguish a cosmological
constant from other forms of dark energy that change with time.

Ground-based efforts to look for past deceleration with SNe Ia have offered
hints of the effect, but ultimately they have suffered from insufficient signal-
to-noise ratios (Tonry et al. 2003; Barris et al. 2004). Discovering, confirming,
and then monitoring transients at I ≈ 25 mag on the bright sky is challenging
even with the largest telescopes and the best conditions. A single SN Ia at z ≈
1.7, SN 1997ff, discovered with WFPC2 on the Hubble Space Telescope (HST)
(Gilliland, Nugent, & Phillips 1999), provided a hint of past deceleration;
however, inferences drawn from a single SN Ia, while plausible, are not robust
(Riess et al. 2001; Beńıtez et al. 2002; Goobar & Mortsal 2001).

To study the early expansion history of the Universe, we initiated the
first systematic, space-based search and follow-up effort to collect SNe Ia at
z > 1, carried out in conjunction with the Great Observatories Origins Deep
Survey (GOODS) Treasury program (Giavalisco et al. 2003) conducted with
the Advanced Camera for Surveys (ACS) aboard HST.

2 Collecting SNe from Space

Our search was conducted in the F850LP (Z-band) to an effective limit of
∼26.0 (Vega) magnitude covering 0.1 square degree in 5 epochs (at intervals of
∼45 days). Our limiting magnitude was 1 to 2 mag fainter than the expected
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peak of a SN Ia over the target range of 1 < z < 1.6, therefore SNe Ia we
collected (whose intrinsic dispersion is expected to be < 0.2 mag)would not
preferentially be selected from the bright tail of their intrinsic distribution.
Our ToO candidates were generally too faint to anticipate useful spectral
discrimination from the ground; it was therefore necessary to initially identify
SNe Ia photometrically. To discriminate SNe Ia at z > 1 from SNe II and from
SNe I at lower redshifts, we used a combination of photometric redshifts of
the host galaxies (with 9 passbands) and rest-frame ultraviolet (UV) colors;
see Riess et al. (2003) for details. Figure 1 shows the UV color diagnostic for
the SNe Ia found with HST.
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Fig. 1. Finding and classifying SNe Ia with ACS via the UV deficit. The expected
i− z and v − z colors of SNe Ia and SNe II near maximum brightness compared to
the observed colors of candidate SNe Ia found in GOODs data. SNe Ia are readily
distinguishable from SNe II by their red colors. Reddened SNe II would be too
faint for this magnitude-limited sample. SNe shown at z < 1.5 were independently
confirmed to be SNe Ia.

We obtained multi-color light curves and spectroscopic redshifts for 16
new SNe Ia which uniformly sample the redshift range 0.2 < z < 1.6. Twelve
of these are classified by their spectra, 2 from their red, early-type host galax-
ies, and 2 by photometric diagnostics. Three of the SN spectra are at the
highest redshifts yet observed for SNe (see Fig. 2). Six of the SNe Ia are
among the seven highest-redshift known; all are at z > 1.25. These data
provide a robust extension of the Hubble diagram to 1 < z < 1.6.
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Fig. 2. Identification spectra (in fλ) of 12 of the new HST-discovered high-redshift
SNe Ia, shown in the rest frame. Classification features are analyzed in Sect. 2.3.
The data are compared to nearby SN Ia spectra of the same age as determined by
the light curves.

3 Kinematics

Here we show the Hubble diagram of distance moduli and redshifts for the
new HST-discovered SNe Ia in the gold and silver sets (see Fig. 3). Although
these new SNe Ia span a wide range of redshift (0.21 < z < 1.55), their most
valuable contribution to the SN Ia Hubble diagram is in the highest-redshift
region where they effectively delineate the range at 0.85 < z < 1.55 with 11
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Fig. 3. MLCS2k2 SN Ia Hubble diagram. SNe Ia from ground-based discoveries in
the gold sample are shown as diamonds, HST-discovered SNe Ia are shown as filled
symbols. Overplotted is the best fit for a flat cosmology: ΩM = 0.29, ΩΛ = 0.71.
Inset: SN Ia residual Hubble diagram comparing cosmological models and models
for astrophysical dimming. Upper panel: SNe Ia from ground-based discoveries in
the gold sample are shown as diamonds, HST-discovered SNe Ia are shown as
filled symbols. Bottom panel: weighted averages in fixed redshift bins are given
for illustrative purposes only. Data and models are shown relative to an empty
Universe model (Ω = 0).

new SNe Ia, including 6 of the 7 highest-redshift SNe known (the seventh
being SN 1997ff; Riess et al. 2001).

The relationship between distance and redshift over a significant fraction
of the Hubble time can be considered either empirically as a record of the
(integrated) expansion history of the Universe, or theoretically as constraints
on the mass-energy terms contained in the Friedman equation and affecting
the expansion. Here we consider both approaches.

Given evidence that the Universe has recently been accelerating [i.e.,
q(z ∼ 0) < 0], hints that it may have once been decelerating [i.e., q(z> 1) > 0;
Riess et al. 2001; Turner & Riess 2002], and the large leverage in redshift of the
current SN sample, we consider resolving q(z) into two distinct components
or epochs. A linear two-parameter expansion for q(z) which is continuous
and smooth is q(z) = q0 + zdq/dz, where dq/dz is defined to be evaluated at
z = 0.

We find that the SNe Ia favor recent acceleration and past deceleration at
the 99.2% confidence level. An alternate kinematic parameterization requires
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Fig. 4. Kinematic SN Ia residual Hubble diagram. Upper panel: SNe Ia from
ground-based discoveries in the gold sample are shown as diamonds, HST-discovered
SNe Ia are shown as filled symbols. Bottom panel: weighted averages in fixed redshift
bins are given for illustrative purposes only. Data and kinematic models of the
expansion history are shown relative to an eternally coasting model, q(z) = 0.
Models representing specific kinematic scenarios (e.g., “constant acceleration”) are
illustrated.

a positive jerk (third derivative of the scale factor). The best-fit redshift of
the transition between these kinematic phases is z = 0.46 ± 0.13, although
the precise value depends on the kinematic model employed (see Fig. 4).

4 Astrophysical Dimming or Dark Energy?

SNe Ia at z ≈ 0.5 appear fainter by ∼0.25 mag relative to a Universe with
ΩM = 0.3 and ΩΛ = 0, a result readily accommodated by a cosmological
constant with ΩΛ = 0.7 (Riess et al. 1998; Perlmutter et al. 1999). Despite
the lack of any independent evidence, an alternative explanation for this
dimming could lie in the astrophysics of supernovae or in the propogation of
their light to us.

We have compared the goodness-of-fit of cosmological models and sim-
ple models of astrophysical dimming. The “gold” sample of 157 SNe Ia is
consistent with the “cosmic concordance” model (ΩM = 0.3, ΩΛ = 0.7) with
χ2

dof = 1.06. The data reject at high-confidence simple, monotonic models of
astrophysical dimming which are tuned to mimic the evidence for acceleration
at z ≈ 0.5. See the inset in Fig. 3. These models include either a universe filled
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with gray dust at high redshift, or luminosity evolution ∝ z. More complex
parameterizations of astrophysical dimming which peak at z ≈ 0.5 and dis-
sipate at z > 1 remain consistent with the SN data (but appear unattractive
on other grounds).

5 Exploring Dark Energy

Despite the results of the last section which favor the dark-energy interpreta-
tion of SNe Ia, we avoid using this conclusion as a starting point for exploring
the nature of dark energy. Instead, we embark on a parallel study from the
previous section. We can use distance-independent information to justify the
cosmological interpretation of SNe Ia and combine with other experiments
to study dark energy. Based on such evidence, we will adopt in the following
analysis an a priori constraint that the net astrophysical contamination of
SN Ia distance measures does not exceed their statistical uncertainty in their
mean brightness. Quantitatively, our adopted limit on systematics is defined
to be 5% per ∆z at z > 0.1.

First we consider the SN data within an FRW cosmology of unknown
curvature and mass density (with a flat prior on all parameters), with the
simplest description of a dark-energy component (i.e., a cosmological con-
stant). Joint confidence intervals in the ΩM − ΩΛ plane were derived after
numerical integration of the probability density P (H0) ∝ exp(−χ2(H0)/2)
over all values of H0 and are shown in Fig. 5. Compared to the same analysis
in Riess et al. (1998), the gold sample presented here reduces the area of the
1σ contour by a factor of 6 (a factor of 7 including the silver sample). With
the current sample, the 4σ confidence intervals (i.e., > 99.99% confidence)
are now fully contained within the region where ΩΛ > 0. The “concordance”
model, of ΩM = 0.27, ΩΛ = 0.73 lies within the 1σ contour.

An ambitious plan and potentially more revealing approach to studying
dark energy is to allow for an unconstrained value of the equation of state
w = P/ρc2 (at some fiducial redshift, e.g., z = 0) and its time evolution, i.e.,
w(z) = w0+w′z, where w′ ≡ dw

dz |z=0. Flatness is assumed either on theoretical
grounds (i.e., as a consequence of inflation) or on observational grounds from
the characteristic angular size scale of the CMB fluctuations (Spergel et al.
2003, and references therein). This parameterization provides the minimum
possible resolving power to distinguish a cosmological constant and a rolling
scalar field from their time variation (or lack thereof). Indeed, rejection of the
hypothesis that w′ = 0 would rule out a cosmological constant as the dark
energy (as would the determination that w �= −1). The measured value of w′

would provide an estimate of the scale length of a dark-energy potential. The
only previous estimate of w′, by Di Pietro & Claeskens (2003), used the set
of SNe Ia from Perlmutter et al. (1999) and the constraints Ωtotal ≡ 1 and
ΩM ≡ 0.3, and concluded −12 < w′ < 12 at the 95% confidence level (best
fit: w0 = −1.4, w′ = 2.3).
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Regions representing specific cosmological scenarios are illustrated. Contours are
closed by their intersection with the line ΩM = 0.

For w(z) = w0 +w′z, (following Linder 2003) we find joint constraints on
both the recent equation of state of dark energy and its time evolution are
a factor of ∼ 8 more precise than its first estimate and twice more precise
than those derived without the SNe Ia discovered by HST. Both of these
dark energy properties are consistent with a cosmological constant (i.e., with
w0 = −1.0, w′ = 0) and are inconsistent with very rapid evolution of dark
energy (i.e., |w′| > a few). See Fig. 6. The absence of rapid evolution places
constraints on the time in which a simple scalar field could evolve to recollapse
the Universe. Specifically, the timescale to a potential recollapse is larger than
∼30 Gyr. If dark energy is evolving towards more negative w, we cannot place
any meaningful limit on the minimum time to a (speculative) Big Rip.

It is tempting to consider that we have reached the end of the beginning in
the exploration of dark energy. Two reliable and independent routes require it
in addition to a third more tentative investigation via the integrated Sachs-
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Fig. 6. Joint confidence intervals derived from SN samples for a two-parameter
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Wolfe effect (Scranton et al. 2003). SNe Ia continue to provide the most
direct route to illuminating dark energy because their light can be measured
propagating from within its era of dominance. Two clues about dark energy,
its equation of state and its recent time evolution, would be invaluable aids
to test and provoke theories. We suggest that the most efficient way forward
in the near term is by simultaneously mining both ends of the observable
redshift range: at z < 1 generally from the ground, and at z > 1 generally
from space. The constraints presented here in the w0−w′ plane have reduced
the allowable range of w′ from a factor of ∼ 10 to less than ∼ 1 while
retaining the constraints on w0 within −1.4 < w0 < −0.7. With continued
determination,an improvement in precision by a factor of a few in this plane
is expected.
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Low Redshift (z < 1) Supernova Studies

Wendy L. Freedman

Carnegie Observatories, 813 Santa Barbara St., Pasadena, CA 91101, USA

Summary. The evidence for an accelerating universe, with its implication for the
existence of a repulsive dark energy, is of profound significance for particle physics
and cosmology. Yet the explanation for the dark energy remains a complete mystery.
More precise observations are critical to characterize the nature of this acceleration.
Type Ia supernovae offer a means of directly measuring luminosity distances and
the change in the expansion rate with time. Moreover, potential effects due to
evolution, chemical composition dependence, and changing dust properties (well-
known astrophysical systematic issues), can be tested empirically. I describe briefly
here several ongoing searches for supernovae at redshifts less than one: the LOTOSS,
the Nearby Supernova Factory, ESSENCE, and Supernova Legacy Survey (SNLS)
projects. I also provide an overview of the Carnegie Supernova Project (CSP), which
differs from other projects to date in its goal of providing an I-band restframe
Hubble diagram for type Ia supernovae (SNIa). The CSP is focused on testing
for and reducing systematic uncertainties, obtaining a sample of multiwavelength
observations of approximately 200 supernovae over the redshift range 0 < z < 0.6.
The goal of these studies is to measure the evolution of the expansion rate, to
characterize the acceleration of the Universe, and constrain the equation of state,
w, to a precision and accuracy of 10%.

1 Introduction

The comparison of nearby and distant Type Ia supernovae (Riess et al. 1998;
Perlmutter et al. 1999) has revealed the surprising result that about two
thirds of the total mass-energy appears to be in a new and different form: a
“dark energy.” This dark energy is not clumped with matter, and is causing
an acceleration of the expansion of the universe. The most recent observa-
tions (Riess et al. 2004; Knop et al. 2003; Tonry et al. 2003), using HST
observations, confirm this basic result, and Riess/Tonry also find evidence
for the transition from a decelerating to an accelerating universe. To date
there is no physical understanding of this new (dominant) component of the
universe.

There are at least two major challenges to a theoretical understanding of
the dark energy: 1) the small magnitude of the dark energy component rela-
tive to its expected value based on standard particle physics – a discrepancy
with the observed value of 55 orders of magnitude or more, and 2) it appears
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that we are living at an epoch when coincidentally the dynamics of the ex-
pansion are only now becoming dominated by the dark energy. Given these
immense challenges and the current lack of a physical understanding of dark
energy, further empirical characterization of the evolution of the expansion
rate of the Universe is clearly needed.

In general relativity, the expansion of the Universe, described in terms of
the scale factor, a(t) can be written:

ä/a = −4πG
∑

i

(ρi + 3Pi)

where ρ is the energy density and P is the pressure of the various components
(matter, radiation, dark energy) of the Universe. Both energy and pressure
govern the dynamics of the universe. This equation allows for the possibility
of both negative as well as positive pressure, with a negative pressure acting
as an effective repulsive gravity. Any component of the mass-energy density
can be parameterized by its ratio of pressure to energy density, w = P /ρ.

In a universe with dark energy, the expansion rate of the Universe is given
by:

H2(z)/H2
0 = [Ωm(1 + z)3 +ΩΛ(1 + z)3(1+w)]

where Ωm and ΩΛ represent the matter and dark energy densities. For ordi-
nary matter w = 0, for radiation w = 1/3, and for the cosmological constant
(dark energy) w = −1.

There are two main observational approaches that currently provide evi-
dence for dark energy. First are measurements of the Hubble diagram using
type Ia supernovae (SNIa), for which the best fit yields a model with Ωm ∼
0.3, and ΩΛ ∼ 0.7 (Riess et al. 1998; 2004; Tonry et al. 2003; Perlmutter et al.
1999; Knop et al. 2003). Second are measurements of the angular power spec-
trum of the cosmic microwave background (Spergel et al. 2003, Page et al.
2003), and large-scale structure (Percival et al 2001; Seljak et al. 2004) which
provide an independent check on, and a consistent set of cosmological para-
meters as the SNIa. The Wilkinson Microwave Anisotropy Probe (WMAP)
results, combined with measurements of large-scale structure, yield results
consistent with the type Ia supernova measurements, with a matter density
of about one third, and the remaining two-thirds contribution from a dark
energy component.

There are multiple advantages of using SNIa for measurements of ΩΛ.
First, SNIa are luminous and can observed over a wide redshift range. They
offer a means of directly providing measurements of a change in the expansion
rate over time, and hence for an acceleration of the Universe. (The CMB
measurements provide constraints on the energy density of an additional
component such as dark energy, but not on the acceleration of the Universe.)
Second, the dispersion in the SNIa Hubble diagram (∼0.14 mag) is small
enough that the shape of the Hubble diagram can be used to separate Ωm and
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ΩΛ, independently of the nearby, local calibration sample. Third, potential
effects due to evolution, chemical composition dependence, dust properties,
and gravitational lensing, can be empirically tested, calibrated, and corrected.

However, as ongoing and future supernova surveys yield larger sample
sizes, the statistical uncertainties will decrease further, and systematics will
dominate the total uncertainty. Tests for systematics are critical: for example,
currently, the highest redshift HST observations correspond to rest-frame
ultraviolet observations, where the effects of reddening by dust and chemical
composition differences are largest. Models of supernovae indicate that the
opacity in the atmospheres is greatest in the ultraviolet part of the spectrum,
and decreases substantially through the optical and infrared. An increasing
challenge for “precision measurements” in cosmology, is understanding and
minimizing small systematic uncertainties, essential for characterizing the
nature of the dark energy.

Riess (this meeting) has discussed HST searches for supernovae at very
high redshift (1 < z < 2). This contribution describes ongoing supernova
searches at lower redshift (z < 1).

2 Addressing Systematic Effects

In an era of precision cosmology, where 10% accuracy on the measurement of
w and 15% on w’ are desired goals, minimizing the effects of systematic errors
becomes the central issue to be addressed. Observations and careful study to
date have demonstrated that such systematic effects cannot explain away the
observed differences in supernova luminosities for the high- and low-redshift
samples. However, the requirement for increasing measurement accuracy –
and the lack of a detailed theoretical understanding of type Ia supernovae,
the current observations at restframe optical colors, the difficulty of obtaining
accurate K- and filter-corrections – mean that even previously small effects
become important to characterize and eliminate.

2.1 Reddening

An advantage of longer-wavelength photometry is the decreased sensitivity to
reddening. The ratio of total-to-selective absorption increases toward shorter
wavelengths:

Rλ = Aλ/E(B − V )

where the ratio of total-to-selective absorption, R, decreases from ∼5 for
the U-band, to ∼ 4 for the B-band, to 1.7 for the I-band (Cardelli et al.
1989). Thus, the U-band absorption is a factor of 3 greater at U than at I.
In practice, this means that even for very small reddenings, where E(B-V) <
0.03, the corrections to the restframe U-band magnitudes may be 0.15 mag;
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that is, comparable to the cosmological effect being measured. Hence, at bluer
restframe wavelengths, the reddening corrections are more uncertain.

2.2 Metallicity / Age:

Nearby SNIa occur in widely different stellar environments, with varying ages
and metallicities of their stellar populations. The effects of age and metal-
licity on the observed properties of SNIa have been modeled by a number
of investigators (e.g., Höflich et al. 1998, Lentz et al. 2000). These models
suggest that pre-explosion metallicity can have a significant effect on the ob-
served SNIa spectra. For example, the models of Lentz et al. (2000) indicate
that scattering in the atmospheres is greatest in the U-band, and decreases
through the optical to infrared. However, predictions from models to date
have not yet converged on the sign or the magnitude of such effects, and
therefore, empirical constraints are critical to minimize potential systematic
effects in measurements of the distances to SNIa.

To date, empirical searches for environmental dependences that might
correlate with the age of the supernova progenitor (host galaxy morphology,
color, position in the galaxy on supernova distances have led to null results
(e.g., Williams et al. 2003, Sullivan et al. 2003).

2.3 Other Systematics

Comparison of high- and low-redshift supernovae for the measurement of
cosmological parameters requires accurate transformations of photometric
bandpasses. The K-corrections in use today are based on observations of
a few low-redshift SNIa whose overall spectral shapes from the ultraviolet
through the near-infrared are adjusted to match observed broad-band colors
(e.g., Nugent et al. 2002). Unfortunately, errors in I and U bands remain large
(Strolger et al. 2002) due to intrinsic variations in the supernovae themselves.
In addition, Stritzinger et al. (2002), have found that the peak magnitudes of
supernovae can differ by up to 0.05 mag for data taken at different telescopes,
despite reducing the photometry to the same local standards around the
supernovae using the color terms derived for each site and instrument.

3 Ongoing Ground-Based Supernova Searches

3.1 LOTOSS (z < 0.2)

The Lick Observatory and Tenagra Observatory Supernova Searches (LO-
TOSS) is discovering supernovae over the redshift range z = 0.003–0.15, and
obtaining UBV RI light curves. Since 1998, this survey has led to the dis-
covery of over 400 supernovae, in fields accessible to telescopes in both the
northern and southern hemispheres.
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3.2 The Nearby Supernova Factory (0.03 < z < 0.08)

The Nearby Supernova Factory aims to discover and analyze in detail about
300 SNIa. Their goal is to collect accurate spectra for each supernova, start-
ing 1–2 weeks before peak brightness, and continuing for several weeks after-
ward. Their wide-area supernova search is being done in collaboration with
the Near-Earth Asteroid Team (NEAT), whose goal is to use 1.2-meter tele-
scopes in Hawaii and Palomar to find and catalog large asteroids and other
objects near the Earth. The follow-up spectra will be obtained with a re-
cently built, special-purpose integral-field-unit spectrograph, operating from
3200 to 10,000Å, at the University of Hawaii 2.2-meter Telescope at Mauna
Kea.

3.3 Supernova Legacy Survey (0.2 < z < 1)

The SNLS is a Canadian/French collaboration, which has been using the
Canada-France-Hawaii Telescope (CFHT) since 2003 to obtain deep optical
(ugriz) images for 4 fields totaling 16 square degrees around the equator. The
SNLS is revisiting each field every second night during a 5-month campaign
per semester for 5 years. Their goal is to discover 2000 type I supernovae out
to redshifts in excess of one, with 900 of those having z < 0.9.

3.4 ESSENCE (0.25 < z < 0.75)

ESSENCE is using the CTIO 4-m telescope to survey at VRI wavelengths
over the redshift range between z = 0.25–0.75. They have just completed their
third year of observing. Their observing strategy is to observe second night
(but revisit each field every four nights) during one 3-month campaign every
fall. ESSENCE aims to produce optical light curves for 200 SNIa over 5 years
(2002–2007). To date they have observed about 100 Type Ia supernovae.

4 The Carnegie Supernova Project (CSP)

The Carnegie Supernova Project1 is following up on the supernovae discov-
ered as part of the surveys discussed above. That is, the CSP is not a search
project, but rather focuses on obtaining more extensive (color and/or tem-
poral) coverage of already-identified objects. It makes use of the unique re-
sources available at the Las Campanas Observatory (LCO): the 1-m Swope,
2.5-m duPont, and two 6.5-m Magellan telescopes, instrumented with CCDs

1Members of the Carnegie Supernova Project include: Ray Carlberg, Alex Fil-
ippenko, Gaston Folatelli, Wendy Freedman, Mario Hamuy, Weidong Li, Barry
Madore, Nidia Morrell, Eric Persson, Mark Phillips, Chris Pritchett, Nick Suntzeff,
and Pamela Wyatt.
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and IR cameras and CCD spectrographs. At low redshift, the goal is to
provide well-observed lightcurves from the near-ultraviolet to the near-IR
(u′BV r′i′Y JHKs)2. An immediate result of this effort will be a fundamen-
tal dataset on the photometric and spectroscopic sytematics of both type Ia
and II SN events.

Fig. 1. Redshift and wavelength coverage. Diagonal lines indicate the rest-frame
wavelength passband; the redshift and wavelength at which the object is observed
can be read from the axes. At a redshift beyond z = 1, supernovae can still be
observed at UB rest wavelengths using optical CCDs. The redshift/wavelength do-
mains of several ongoing supernova projects are illustrated: HST at very high red-
shifts and bluer bandpasses (z > 1); ESSENCE/SNLS at more modest redshifts and
optical restframe coverage; the CSP with an extension to redder restframe wave-
lengths using infrared arrays. Locally the CSP will provide extensive wavelength
coverage from the ultraviolet through the near-infrared.

The primary aim of the CSP is to establish a rest-frame I-band Hubble
diagram, while at the same time assembling an extensive database for low
redshift supernovae, useful for a variety of supernova studies. For the Hubble
diagram, the I band represents the best compromise wavelength to work at;
shorter restframe passbands (UBV) have the advantage that they can be fol-
lowed out to higher redshifts, but they suffer larger systematic uncertainties,
as discussed above. The I passband offers important advantages for minimiz-
ing potential systematic effects such as reddening and metallicity; however,
the objects cannot be observed to as great distances. Hence, optical and near-
infrared observations remain quite complementary (see Fig. 1). However, by a
redshift of 0.5, the differences amongst various cosmological models are quite
significant (that is, testing for a dark energy component does not require
observations to high redshifts). The I-band restframe data will thus provide
both a critical test of the current shorter-wavelength restframe data, as well
as an independent measure of the dark energy component.

2The Y -band is centered at 1µm; Hillenbrand et al. 2002.
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4.1 Low Redshift (0 < z < 0.2)

For the nearby sample, the goal is to obtain u′BV r′i′Y JHKs photometry
and optical spectroscopy for 125 low-redshift type Ia supernovae and 100 type
II supernovae. Photometric observations with a precision of ∼0.03 mag will
be obtained every 2–4 nights so that large gaps in the light curves, common
in supernova studies to date, can be minimized. The observations are being
carried out from the time of discovery through 50 days past maximum for
SNIa, and through the extended plateau phase for SNII. An additional goal
is to obtain optical spectroscopy every 5–7 days from discovery through 40
days past maximum.

The photometry obtained for many of the CSP supernovae will provide
a unique resource for improving the precision of these objects as distance
indicators, and for computing bolometric light curves for comparison with
theoretical models. This nearby sample will serve as a reference for the rest-
frame I and Y light curves of the sample of about 100 high-redshift SNIa that
we hope to obtain. Furthermore, the infrared photometry will be valuable for
independent determinations of the Hubble constant. It will also be very useful
for studying the nearby peculiar flows of galaxies out to ∼10,000 km/s.

4.2 Near-Infrared Distances to Nearby Supernovae

Near-infrared observations offer the promise of improving the precision of
SNIa as cosmological standard candles for the determination of H0. Meikle
(2000) and Elias et al. (1985) have noted the advantages of infrared photom-
etry of supernovae, but the recent availability of large-format infrared arrays
now allows the full potential of infrared observations to be exploited. Nearby
supernova distances can be calibrated, using the local Cepheid distance scale
to yield a value of H0 at cosmologically interesting distances.

Well-known advantages of infrared photometry are reduced sensitivity
to both reddening and metallicity. In addition, the JHK data for type Ia
supernovae show peak absolute magnitudes in the near infrared that are
nearly constant, independent of decline rate (Meikle 2000; Krisciunas et al.
2004).

4.3 Higher Redshift (0.2 < z < 0.6)

HST NICMOS observations are available for a few high-redshift supernovae
(Riess et al. 2004), but due to practical limitations, the bulk of measurements
at high z are UV/optical restframe. To date, very few rest-frame I-band
measurements have been obtained for supernovae at high redshift. At z∼0.25
this wavelength is redshifted out of the reach of CCDs (thus requiring large-
format infrared arrays), while, in addition, the objects are faint (requiring
large telescopes). The higher redshift CSP supernova targets are coming from
the Supernova Legacy Survey (SNLS) and the ESSENCE Project. Using the
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Fig. 2. J-band images of 4 supernovae observed using the Baade 6.5-meter telescope
at Las Campanas and PANIC. The supernovae range in redshift from 0.34 to 0.69,
and were discovered by the ESSENCE and SNLS projects.

6.5-meter Baade telescope, our goal over the course of the next five years
is to observe a sample of ∼100 SNIa between z=0.2-0.6, obtaining Y J for
each of the candidates. With the optical photometry from the ESSENCE
and SNLS searches, these data will provide rest-frame BV I photometry for
each supernova, yielding two colors, allowing accurate reddening corrections
to be determined. We are obtaining 3-5 observations in Y and J covering the
SN maximum and thereby allowing a firm measure of the peak magnitude.
J-band images for four of our observed objects are shown in Fig. 2.

5 Summary

A number of ongoing ground-based supernova projects are slowly ramping up
over the next 5 years. Collectively, these datasets will allow us to determine
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better extinction corrections, to constrain evolutionary effects due to age and
metallicity, and to improve our current estimates of the amount of dark en-
ergy and its equation of state, w. Ultimately observations from a future space
mission (e.g., the Joint Dark Energy Mission) may routinely obtain multi-
wavelength data for the high-redshift supernovae (0.6 < z < 1.7). However,
the programs currently underway will provide the fiducial data from 0 < z <
1. If we live in a universe where w = −1 and w′ = 0, then this lower redshift
range is the one where the cosmological effects of dark energy dominate. And
should w turn out to vary with time, supernova data for redshifts less than
one will provide the critical comparison data for higher redshifts required to
characterize the evolution in w.
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Abstract. Liouville string theory is a natural framework for discussing the non-
equilibrium evolution of the Universe. It enables non-critical strings to be treated
in mathematically consistent manner, in which target time is identified with a
world-sheet renormalization-group scale parameter, preserving target-space general
coordinate invariance and the existence of an S-matrix. We review our proposals for
a unified treatment of inflation and the current acceleration of the Universe. We link
the current acceleration of the Universe with the value of the string coupling. In such
a scenario, the dilaton plays an essential background rôle, driving the acceleration of
the Universe during the present era after decoupling as a constant during inflation.

1 Issues in String Cosmology

Formal developments in string theory [1] over the past decade [2], with the
discovery of a consistent way of studying quantum domain-wall structures (D-
branes), have opened up novel ways of looking at not only the microcosmos,
but also the macrocosmos.

In the microcosmos, there are novel ways of compactification, either via
the observation [3] that extra dimensions that are large compared to the string
scale [3] are consistent with the foundations of string theory, or by viewing
our four-dimensional world as a brane embedded in a higher-dimensional bulk
space-time, whose extra dimensions might even be infinite in size [4]. Such
ideas are still consistent with the required large hierarchy between the Planck
scale and the electroweak- or supersymmetry-breaking scale. In this modern
approach, fields in the gravitational (super)multiplet of the (super)string are
allowed to propagate in the bulk, but not the gauge fields, which are attached
to the brane world. In this way, the weakness of gravity compared to the
rest of the interactions is a result of the large compact dimensions, and the
compactification is not necessarily achieved through the conventional means
of closing the extra dimensions up on spatial compact manifolds, but could
also involve shadow brane worlds with special reflecting properties, such as
orientifolds, which restrict the bulk dimension [5]. In such approaches, the
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string scale Ms is not necessarily identical to the four-dimensional Planck
mass MP . Instead, they are related by

M2
P =

8M2
s V6

g2
s

. (1)

through the large compactification volume V6.
In the macrocosmos, this modern approach has offered new insights into

the evolution of our Universe. Novel ways of discussing cosmology in brane
worlds have been discovered over the past five years, which may revolutionise
our way of approaching issues such as inflation [6, 7]. On the other hand,
mounting experimental evidence from diverse astrophysical sources presents
some important issues that string theory must address if it is to provide a
realistic description of Nature. Observations of distant supernovae [8] and the
cosmic microwave background fluctuations, e.g., by the WMAP satellite [9],
indicate that the expansion of our Universe is currently accelerating, and that
73% of its energy density consists of some unknown Dark Energy.

This cosmological development may be quite significant for string theory,
requiring that we revolutionise the approach usually followed so far. If the
dark energy turns out to be an honest-to-God cosmological constant, leading
to an asymptotic de Sitter horizon, then the entire concept of the scattering
matrix, the basis of perturbative string theory, breaks down. This would
cast doubts on the very foundations of string theory, at least in its familiar
formulation [10]. Alternatively, one might invoke some quintessential model
for the vacuum energy, in which the vacuum energy relaxes to zero at large
cosmic time. This may be consistent with the existence of an S-matrix as well
as with the astrophysical data, but there is still the open issue of embedding
such models in (perturbative) string theory. In particular, one must develop
a consistent σ-model formulation of strings propagating in such relaxing,
time-dependent space-time backgrounds.

The world-sheet conformal-invariance conditions of critical string theory,
which are equivalent to the target-space equations of motion for the back-
ground fields on which the string propagates, are very restrictive, correspond-
ing only to vacuum solutions of critical strings. The main problem may be
expressed as follows. Consider the graviton world-sheet β function, which is
nothing but the Ricci tensor of the target space-time background to lowest
order in α′:

βµν = α′Rµν , (2)

in the absence of other fields. Conformal invariance requires the vanishing of
βµν , which implies that the background must be Ricci-flat, a characteristic
of solutions to the vacuum Einstein equations.

The issue then arises how to describe cosmological string backgrounds,
which are not vacuum solutions, but require the presence of a matter fluid,
yielding a non-flat Ricci tensor. Specifically, a vacuum solution with a cosmo-
logical constant is inconsistent with conformal invariance: a de Sitter Universe
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with a positive cosmological constant Λ > 0 has a Ricci tensor Rµν = Λgµν ,
where gµν is the metric tensor.

We now discuss how these issues may be addressed in Liouville Cosmology.

2 Universes in Dilaton Backgrounds

A proposal for obtaining a non-zero cosmological constant in string the-
ory was made in [11], according to which dilaton tadpoles in higher-genus
world-sheet surfaces produce additional modular infinities. Their regulari-
sation would lead to extra world-sheet structures in the σ model that do
not appear at the world-sheet tree level, leading to modifications of the β-
function. As a result, the Ricci tensor of the space-time background is now
that of a (anti) de Sitter Universe, with a cosmological constant given by the
dilaton tadpole graph JD > 0 (JD < 0). One problem with this approach
is the above-mentioned existence of an asymptotic horizon in the de Sitter
case, which prevents the proper definition of asymptotic states, and hence a
scattering S-matrix. However, since the perturbative world-sheet formalism
is based on such an S-matrix, one may question the fundamental consistency
of this approach.

A way out of this dilemma was proposed in [12], namely a dilaton back-
ground depending linearly on time in the so-called σ-model frame. Such a
background, even when the σ-model metric is flat, leads to solutions of the
conformal invariance conditions of the pertinent stringy σ-model that are ex-
act to all orders in α′, thereby constituting acceptable solutions from a per-
turbative view point. It was argued in [12] that such backgrounds describe
linearly-expanding Robertson-Walker (RW) Universes, which were shown to
be exact conformal-invariant solutions, corresponding to Wess-Zumino mod-
els of appropriate group manifolds. The important novelty in [12] was the
identification of target time t with a specific dilaton background:

Φ = const −Q t , (3)

where Q is a constant.
The square of Q is the σ-model central charge deficit in a supercritical

string theory [12]. Consistency of the underlying world-sheet conformal field
theory, as well as modular invariance of the string scattering amplitudes, led
to discrete values of Q2, when expressed in units of the string length Ms.
This was actually the first example of a non-critical string, with the target-
space coordinates Xi, i = 1, . . . D − 1 playing the rôles of the pertinent
σ-model fields. This non-criticality broke conformal invariance, which was
compensated by Liouville dressing [13]. The required Liouville field had time-
like signature, since the central-charge deficit was positive: Q2 > 0 in the
model of [12], and played the rôle of target time.
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In the presence of a non-trivial dilaton field, the Einstein term in the
effective D-dimensional low-energy field theory action is conformally rescaled
by e−2Φ. This requires a redefinition of the σ-model-frame space-time metric
gσ

µν to become the physical metric in the ‘Einstein frame’, gE
µν :

gE
µν = e

2Φ
D−2 gσ

µν . (4)

A redefinition of target time is also necessary to obtain the standard RW
form of the metric in the Einstein frame:

ds2E = −dt2E + a2
E(tE)

(
dr2 + r2dΩ2

)
, (5)

where we assume for definiteness a spatially-flat RW metric. Here aE is an
appropriate scale factor, which is a function of tE alone in the homogeneous
cosmological backgrounds we assume throughout. Time in the Einstein-frame
is related to time in the σ-model frame [12] by:

dtE = e−Φdt → tE =
∫ t

e−Φ(t)dt . (6)

The linear dilaton background (3) therefore yields the following relation be-
tween the Einstein and σ-model time variables:

tE = c1 +
c0
Q
eQt , (7)

where c1,0 are appropriate (positive) constants.
Thus, the dilaton background (3) scales logarithmically with the Einstein-

Robertson-Walker cosmic time tE :

Φ(tE) = (const.′) − ln
(
Q

c0
tE

)
(8)

In this regime, the string coupling, which is defined as [1]:

gs = exp (Φ(t)) (9)

varies with the cosmic time tE as

g2
s(tE) ≡ e2Φ ∝ 1

t2E
. (10)

Thus, the effective string coupling vanishes asymptotically in cosmic time.
The effective low-energy action for the gravitational multiplet of the string

in the Einstein frame reads [12]:

Sbrane
eff =

∫
d4x

√−g{R− 2(∂µΦ)2 − 1
2
e4Φ(∂µb)2 −

1
3
e2Φδc} , (11)
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where b is the four-dimensional axion field associated with the antisym-
metric tensor and δc = Cint − c∗ is the central charge deficit, where Cint

is the central charge of the conformal world-sheet theory corresponding to
the transverse (internal) string dimensions, and c∗ = 22(6) is the critical
value of this internal central charge of the (super)string theory in a flat four-
dimensional space-time. The linear-dilaton configuration (8) corresponds, in
this language, to a background charge Q of the conformal theory, which con-
tributes a term −3Q2 (in our normalisation (8)) to the total central charge,
which also receives contributions from the four uncompactified dimensions of
our world. In the case of a flat four-dimensional Minkowski space-time, one
has: Ctotal = 4− 3Q2 +Cint = 4− 3Q2 + c∗ + δc, which should equal 26. This
implies that Cint = 22+3Q2 (6+3Q2) for bosonic (supersymmetric) strings.

An important result in [12] was the discovery of an exact conformal field
theory corresponding to the dilaton background (8), i.e., a constant curva-
ture (Milne) (static) metric in the σ-model frame or, equivalently, a linearly-
expanding RW Universe in the Einstein frame. This conformal field the-
ory corresponds to a two-dimensional Wess-Zumino-Witten (WZW) model
on the world sheet, on a group manifold O(3) with appropriate constant
curvature, whose coordinates correspond to the spatial components of the
four-dimensional metric and antisymmetric tensor fields, together with a free
world-sheet field corresponding to the target time coordinate. The total cen-
tral charge in this more general case reads Ctotal = 4 − 3Q2 − 6

k+2 + Cint

with k a positive integer, which corresponds to the level of the Kac-Moody
algebra associated with the WZW model on the group manifold. The value
of Q is chosen in such a way that the overall central charge c = 26 and the
theory is conformally invariant.

It was observed in [12] that known unitary conformal field theories have
discrete central charges, which accumulate to integers or half-integers from
below, and hence that the values of the central charge deficit δc are also
discrete. From a physical point of view, this implies that the linear-dilaton
Universe may either stay at such a state for ever with a fixed δc, or else
tunnel through different discrete levels before relaxing to a critical δc = 0
theory corresponding to a flat four-dimensional Minkowski space-time.

The analysis in [12] also showed that there were tachyonic mass-squared
shifts of order −Q2 for the bosonic string excitations, but not for the fermi-
onic ones. This in turn would imply the breaking of target supersymmetry
in such backgrounds, as far as the excitation spectrum is concerned, and the
appearance of tachyonic instabilities. The latter could trigger these cosmo-
logical phase transitions, since they correspond to world-sheet operators that
are relevant in the renormalization-group sense. As such, they can trigger the
flow of the internal unitary conformal field theory towards minimisation of
its central charge, according to the Zamolodchikov c theorem [14]. As we dis-
cuss below, in semi-realistic cosmological models [15], such tachyons decouple
from the spectrum relatively quickly. On the other hand, as a result of the



Liouville Cosmology 401

form of the dilaton in the Einstein frame (8), we observe that the dark-energy
density for this Universe, Λ ≡ e2Φδc, relaxes towards zero as 1/t2E , for each of
the stationary values of δc. The breaking of supersymmetry induced by the
linear dilaton should therefore be considered an obstruction [16], rather than
a spontaneous breaking, in the sense of appearing only in the boson-fermion
mass splittings between the excitations, whereas the vacuum energy of the
asymptotic equilibrium theory vanishes.

In [17] we went one step further than [12], considering more complicated σ-
model metric backgrounds in (D+1)-dimensional target space-times, that did
not satisfy the σ-model conformal-invariance conditions, and therefore were
in need of Liouville dressing [13]. These backgrounds were even allowed to be
time-dependent. Non-criticality can be introduced in many mathematically
consistent ways, for instance via cosmically catastrophic events such as the
collision of brane worlds [18, 19], which lead naturally to supercritical σ
models. The Liouville dressing of such non-critical models results in D + 2-
dimensional target spaces with two time directions. The important point
of [17] was the identification of the world-sheet zero mode of the Liouville
field with the target time, thereby restricting the Liouville-dressed σ model to
a (D+ 1)-dimensional hypersurface of the (D+ 2)-dimensional target space-
time, maintaining the initial target space-time dimensionality. We stress once
more that this identification is only possible in cases where the initial σ model
is supercritical, so that the Liouville mode has time-like signature [12, 13].
Such an identification was shown in certain models [18, 19] to be energetically
preferable from a target-space viewpoint, since it minimised certain effective
potentials in the low-energy field theory corresponding to the string theory
at hand.

Such non-critical σ-models relax asymptotically in the cosmic Liouville
time to conformal σ models, which may be viewed as equilibrium points in
string theory space. In some interesting cases of relevance to cosmology [15],
which were particularly generic, the asymptotic conformal field theory was
that of [12] with a linear dilaton and a flat Minkowski target-space metric
in the σ-model frame. In others, the asymptotic theory was characterised
by a constant dilaton and a Minkowski space-time [18]. In what follows, we
describe briefly the main features of such non-critical cosmological string
models, and compare them with recent observations.

3 Non-Critical Liouville String Cosmologies

We now consider in more detail the model of [15]. Although formulated in
the specific framework of ten-dimensional Type-0 [20] string theory. This has
a non-supersymmetric target-space spectrum, thanks to a special projection
of the supersymmetric partners out of the spectrum. Nevertheless, its basic
cosmological properties are sufficiently generic to be extended to the bosonic
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sector of any effective low-energy supersymmetric field theory obtained from
a supersymmetric string model.

The ten-dimensional metric configuration considered in [15] was:

GMN =

⎛⎝ g
(4)
µν 0 0

0 e2σ1 0
0 0 e2σ2I5×5

⎞⎠ , (12)

where lower-case Greek indices are four-dimensional space-time indices, and
I5×5 denotes the 5 × 5 unit matrix. We have chosen two different scales for
internal space. The field σ1 sets the scale of the fifth dimension, while σ2

parametrises a flat five-dimensional space. In the context of the cosmological
models we deal with here, the fields g(4)

µν , σi, i = 1, 2 are assumed to depend
only on the time t.

Type-0 string theory, as well as its supersymmetric extensions that ap-
pear, e.g., in brane models, contains form fields with non-trivial gauge fluxes
(flux-form fields), which live in the higher-dimensional bulk space. In the spe-
cific model of [20], there is one such field that was assumed to be non-trivial.
As was demonstrated in [15], a consistent background choice for the flux-form
field has a flux parallel to to the fifth dimension σ2. This implies that the
internal space is crystallised (stabilised) in such a way that this dimension is
much larger than the remaining four, demonstrating the physical importance
of the flux fields for large radii of compactification.

Considering the fields to be time-dependent only, i.e., considering spheri-
cally-symmetric homogeneous backgrounds, restricting attention to the com-
pactification (12), and assuming a RW form of the four-dimensional metric,
with scale factor a(t), the generalised conformal invariance conditions and
the Curci-Pafutti σ-model renormalisability constraint [21] imply a set of dif-
ferential equations which were solved numerically in [15]. The generic form
of these equations reads [13, 17, 15]:

g̈i +Q(t)ġi = −β̃i, (13)

where the β̃i are the Weyl anomaly coefficients of the stringy σ model on
the background {gi}. In the model of [15], the set of {gi} includes the gravi-
ton, dilaton, tachyon, flux and moduli fields σ1,2, whose vacuum expectation
values control the size of the extra dimensions.

The detailed analysis of [15] indicated that the moduli σi fields froze
quickly to their equilibrium values. Thus, they together with the tachyon
field, which also decays rapidly to a constant value, decouple from the four-
dimensional fields at very early stages in the evolution of this string Universe1.

1The presence of the tachyonic instability in the spectrum is due to the fact that
in Type-0 strings there is no target-space supersymmetry by construction. From a
cosmological viewpoint, the tachyon fields are not necessarily bad features, since
they may provide the initial instability leading to cosmic expansion [15], as well as
a mechanism for step-wise reduction in the central-charge deficit.
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There is an inflationary phase in this scenario and a dynamical exit from it.
The important point that guarantees the exit is the fact that the central-
charge deficit Q2 is a time-dependent entity in this approach, obeying specific
relaxation laws determined by the underlying conformal field theory [15, 18,
19]. The central charge runs with the local world-sheet renormalisation-group
scale, namely the zero mode of the Liouville field, which is identified [17] with
the target time in the σ-model frame. The supercriticality [12] Q2 > 0 of the
underlying σ model is crucial, as already mentioned. Physically, the non-
critical string provides a model of non-equilibrium dynamics, which may be
the result of some catastrophic cosmic event, such as a collision of two brane
worlds [7, 18, 19], or an initial quantum fluctuation [22, 15]. It also provides,
as we now discuss briefly, a unified mathematical framework for analysing
various phases of string cosmology, including the inflationary phase in the
early Universe, graceful exit from it and reheating, as well as the current and
future eras of accelerated cosmologies. It is interesting that one can constrain
string parameters such as string coupling, the separation of brany worlds at
the end of inflation and the recoil velocity of the branes after the collision,
by fits to current astrophysical data [19].

4 Liouville Inflation: the Big Picture

As discussed in [22, 18, 19], a constant central-charge deficit Q2 in a stringy
σ model may be associated with an initial inflationary phase, with

Q2 = 9H2 > 0 , (14)

where the Hubble parameter H may be fixed in terms of other parameters
of the model. One can consider various scenarios for such a departure from
criticality. For example, in the specific colliding-brane model of [18, 19], Q
(and thus H) is proportional to the square of the relative velocity of the
colliding branes, Q ∝ u2 during the inflationary era. As is evident from (14)
and discussed in more detail below, in a phase of constant Q one obtains an
inflationary de Sitter Universe.

The specific normalization in (14) is imposed by the identification of the
time t with (minus) the zero mode of the Liouville field −ϕ of the supercritical
σ model. The minus sign may be understood both mathematically, as due
to properties of the Liouville mode, and physically by the requirement that
the deformation of the space-time relaxes following the distortion induced by
the recoil. With this identification, the general equation of motion for the
couplings {gi} of the σ-model background modes is [17]:

g̈i +Qġi = −βi(g) = −Gij∂C[g]/∂gj , (15)

where the dot denotes a derivative with respect to the Liouville world-sheet
zero mode ϕ, and Gij is an inverse Zamolodchikov metric in the space of



404 J. Ellis et al.

string theory couplings {gi} [14]. When applied to scalar inflaton-like string
modes, (15) would yield standard field equations for scalar fields in de Sitter
(inflationary) space-times, provided the normalization (14) is valid, implying
a “Hubble” expansion parameter H = −Q/32. The minus sign in Q = −3H is
due to the sign in the identification of the target time t with the world-sheet
zero mode of −ϕ [17].

The relations (15) generalize and replace the conformal-invariance condi-
tions βi = 0 of the critical string theory, and express the conditions necessary
for the restoration of conformal invariance by the Liouville mode [13]. Inter-
preting the latter as an extra target dimension, the conditions (15) may also
be viewed as conformal invariance conditions of a critical σ model in (D+1)
target space-time dimensions, where D is the target dimension of the non-
critical σ model before Liouville dressing. In most Liouville approaches, one
treats the Liouville mode ϕ and time t as independent coordinates. However,
in our approach [17, 15, 18], as already mentioned, we take the further step
of restricting this extended (D+1)-dimensional space-time to a hypersurface
determined by the identification ϕ = −t. This means that, as time flows,
one is restricted to a D-dimensional subspace of the full (D+1)-dimensional
Liouville space-time. This restriction arose in the work of [18, 19] because the
potential between massive particles in the effective field theory was found to
be proportional to cosh(t+ ϕ), which is minimized when ϕ = −t.

However, the flow of the Liouville mode opposite to that of target time
may be given a deeper mathematical interpretation. It may be viewed as
a consequence of a specific treatment of the area constraint in non-critical
(Liouville) σ models [17], which involves the evaluation of the Liouville-mode
path integral via an appropriate steepest-descent contour. In this way, one
obtains a ‘breathing’ world-sheet evolution, in which the world-sheet area
starts from a very large value (serving as an infrared cutoff), shrinks to a very
small one (serving as an ultraviolet cutoff), and then inflates again towards
very large values (returning to an infrared cutoff). Such a situation may then
be interpreted [17] as a world-sheet ‘bounce’ back to the infrared, implying
that the physical flow of target time is opposite to that of the world-sheet
scale (Liouville zero mode).

We now become more specific. We consider a non-critical σ model with
a background metric Gµν , antisymmetric tensor Bµν , and dilaton Φ. These
have the following O(α′) β functions, where α′ is the Regge slope [1]:

2The gradient-flow property of the β functions makes the analogy with the
inflationary case even more profound, with the running central charge C[g] [14]
playing the rôle of the inflaton potential in conventional inflationary field theory.
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βG
µν = α′

(
Rµν + 2∇µ∂νΦ− 1

4
HµρσH

ρσ
ν

)
,

βB
µν = α′

(
−1

2
∇ρH

ρ
µν +Hρ

µν∂ρΦ

)
,

β̃Φ = βΦ − 1
4
GρσβG

ρσ =
1
6

(C − 26) . (16)

The Greek indices are four-dimensional, including target-time components
µ, ν, ... = 0, 1, 2, 3 on the D3-branes of [18], and Hµνρ = ∂[µBνρ] is the an-
tisymmetric tensor field strength. We consider the following representation
of the four-dimensional field strength in terms of a pseudoscalar (axion-like)
field b:

Hµνρ = εµνρσ∂
σb , (17)

where εµνρσ is the four-dimensional antisymmetric symbol. Next, we choose
an axion background that is linear in the time t [12]:

b = b(t) = βt , β = constant , (18)

which yields a constant field strength with spatial indices only: Hijk = εijkβ,
H0jk = 0. This implies that such a background is a conformal solution of the
full O(α′) β function for the four-dimensional antisymmetric tensor. We also
consider a dilaton background that is linear in the time t [12]:

Φ(t,X) = const + (const)′t . (19)

This background does not contribute to the β functions for the antisymmetric
and metric tensors.

Suppose now that only the metric is a non-conformal background, due to
some initial quantum fluctuation or catastrophic event, such as the collision
of two branes discussed above, which results in an initial central charge deficit
Q2 (14) that is constant at early stages after the collision. Let

Gij = eκϕ+Hctηij , G00 = eκ′ϕ+Hctη00 , (20)

where t is the target time, ϕ is the Liouville mode, ηµν is the four-dimensional
Minkowski metric, and κ, κ′ and c are constants to be determined. As already
discussed, the standard inflationary scenario in four-dimensional physics re-
quires Q = −3H, which stems from the identification of the Liouville mode
with time [17] ϕ = −t, that is imposed dynamically [18] at the end of our com-
putations. Initially, one should treat ϕ, t as independent target-space compo-
nents.

The Liouville dressing induces [13] σ-model terms of the form
∫

Σ
R(2)Qϕ,

where R(2) is the world-sheet curvature. Such terms provide non-trivial con-
tributions to the dilaton background in the (D+1)-dimensional space-time
(ϕ, t,Xi):
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Φ(ϕ, t,Xi) = Qϕ+ (const)′t+ const . (21)

If we choose
(const)′ = Q , (22)

we see that (21) implies a constant dilaton background during the inflationary
era, in which the central charge deficit Q is constant.

The choices (21) and (22), like the identification ϕ = −t, apply to the
world-sheet zero modes of the Liouville field and the time coordinate. As
such, they imply a constant dilaton at the mean-field (classical) level. World-
sheet quantum fluctuations of the dilaton, associated with non-zero modes
of these fields, do not cancel, since the identification ϕ = −t is not valid for
the fluctuating parts of the respective σ-model fields. This leads in turn to
non-trivial fluctuations of the dilaton field during inflation. The summation
over world-sheet genera turns such fluctuations into target-space quantum
fluctuations. This allows one [19] to apply the phenomenology of scalar field
fluctuations used in conventional inflationary models also in this case, in order
to constrain physically important parameters of the non-critical string theory
by means of recent cosmological data [9].

We now consider the Liouville-dressing [13] (15) for the β functions of
the metric and antisymmetric tensor fields (16) at the level of world-sheet
zero modes of the σ-model fields. The dilaton equation yields no independent
information for a constant mean dilaton field, apart from expressing the dila-
ton β function in terms of the central-charge deficit as usual. For the axion
background (18), only the metric yields a non-trivial constraint (we work in
units with α′ = 1 for convenience):

G̈ij +QĠij = −Rij +
1
2
β2Gij , (23)

where the dot indicates differentiation with respect to the (zero mode of
the) world-sheet Liouville mode ϕ, and Rij is the (non-vanishing) Ricci ten-
sor of the (non-critical) σ model with coordinates (t,x): R00 = 0 , Rij =
c2H2

2 e(κ−κ′)ϕηij . One should also take into account the temporal equation for
the metric tensor:

G̈00 +QĠ00 = −R00 = 0 , (24)

where the vanishing of the Ricci tensor stems from the specific form of the
background (20). The analogue equation is identically zero for the antisym-
metric tensor background. We seek metric backgrounds of inflationary (de
Sitter) RW form:

G00 = −1 , Gij = e2Htηij . (25)

Then, from (25), (20), (19) and (18), we observe that there indeed is a con-
sistent solution with:

Q = −3H = −κ′, c = 3, κ = H, β2 = 5H2, (26)
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corresponding to the conventional form of inflationary equations for scalar
fields.

In this talk we do not mention ways of exiting from this inflationary
phase and reheating the Universe. These issues may also be approached from
a Liouville σ-model point of view, as we shall report in a forthcoming publi-
cation [23].

5 Liouville Dark Energy: the End Game

In the generic class of non-critical string models described in this talk, the σ
model always asymptotes, for long enough cosmic times, to the linear-dilaton
conformal σ-model field theory of [12]. However, it is important to stress that
this is only an asymptotic limit, and the current era of our Universe should
be viewed as close to, but still not at the equilibrium relaxation point. Thus
the dilaton is almost linear in the σ-model time, and hence varies almost
logarithmically in the Einstein-frame time (8). This slight non-equilibrium
would lead to a time dependence of the unified gauge coupling and other
constants such as the four-dimensional Planck length (1), mainly through
the time-dependence of the string coupling (9) that results from the time
dependence of the linear dilaton (3).

The asymptotic-time regime of the Type-0 cosmological string model
of [15] has been obtained analytically, by solving the pertinent (13) for the
various fields. As already mentioned, at later times the theory becomes four-
dimensional, and the only non-trivial information is contained in the scale
factor and the dilaton, given that the topological flux field remains conformal
in this approach, and the moduli and initial tachyon fields decouple very fast
at the initial stages after inflation in this model. For times long after the
initial fluctuations, such as the present times where the linear approximation
is valid, the solution for the dilaton in the σ-model frame, as follows from the
(13), takes the form:

Φ(t) = −ln
[
αA

F1
cosh(F1t)

]
, (27)

where F1 is a positive constant, α is a numerical constant of order one, and

A =
C5e

s01

√
2V6

, (28)

with s01 the equilibrium value of the modulus field σ1 associated with the
large bulk dimension, and C5 the corresponding flux of the five-form flux
field. Notice the independence of A from this large bulk dimension.

For very large times F1t  1 (in string units), one therefore approaches
a linear solution for the dilaton: Φ ∼ const− F1t. From (27), (9) and (1), we
thus observe that the asymptotic weakness of gravity in this Universe [15] is
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due to the smallness of the internal space V6 as compared with the flux C5

of the five-form field. The constant F1 is related to the central-charge deficit
of the underlying non-conformal σ-model [15]:

Q = q0 +
q0
F1

(F1 +
dΦ

dt
) , (29)

where q0 is a constant, and the numerical solution of (13) studied in [15])
requires that q0/F1 = (1 +

√
17)/2 
 2.56. However, we believe that this is

only a result of the numerical approximations in the analysis of [15], and for
our purposes we consider from now on

F1 ∼ q0 , (30)

in accord with [12], to which the model relaxes for large times. In this spirit,
we require that the value of q0 to which the central charge deficit (29) asymp-
totes must be, for the consistency of the underlying string theory, one of the
discrete values obtained in [12], for which the string scattering amplitudes fac-
torise. This asymptotic string theory with a time-independent central-charge
deficit, q20 ∝ c∗−25 (or c∗−9 for superstring) may therefore be considered as
an equilibrium situation, with an S-matrix defined for specific (discrete) val-
ues of the central charge c∗, generalizing the standard critical (super)string
which corresponds to central charge c∗ = 25 (=9 for superstrings) [13, 12].

Defining the Einstein frame time tE through (6), we obtain in this case
(27)

tE =
αA

F 2
1

sinh(F1t) . (31)

In terms of the Einstein-frame time one obtains a logarithmic time-dependence
[12] for the dilaton

ΦE = const − ln(γtE) , (32)

where

γ ≡ F 2
1

αA
. (33)

For large tE , e.g., now or in the future, one has

aE(tE) 
 F1

γ

√
1 + γ2t2E . (34)

At very large times a(tE) scales linearly with the Einstein-frame cosmological
time tE [15], and hence there is no cosmic horizon. From a field-theoretical
viewpoint, this would allow for a proper definition of asymptotic states and
thus a scattering matrix. As we mentioned briefly above, however, from a
stringy point of view, there are restrictions in the asymptotic values of the
central charge deficit q0, and there is only a discrete spectrum of values of
q0 that allow for a full stringy S-matrix to be defined, respecting modular
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invariance [12]. Asymptotically, the Universe relaxes to its ground-state equi-
librium situation, and the non-criticality of the string caused by the initial
fluctuation disappears, giving rise to a critical (equilibrium) string Universe
with a Minkowski metric and a linear-dilaton background. This is a generic
feature of the models considered here and in [24], allowing the conclusions
to be extended beyond Type-0 string theory to incorporate also string/brane
models with target-space supersymmetry, such as those in [25, 19].

An important comment is in order at this point, regarding the form of
the Einstein metric corresponding to (34):

gE
00 = −1, gij = a2

E(tE) =
F 2

1

γ2
+ F 2

1 t
2
E . (35)

Although asymptotically for tE → ∞ the above metric asymptotes to the
linearly-expanding Universe of [12], the presence of a constant F 2

1 /γ
2 contri-

bution implies that the solution for large but finite tE , such as the current
era of the Universe, is different from that of [12]. Indeed, the corresponding
σ-model metric (4) is not Minkoswski-flat, and the pertinent σ model does
not correspond to a conformal field theory. This should come as no surprise,
because for finite tE , no matter how large, the σ-model theory requires Liou-
ville dressing. It is only at the end-point of the time-flow: tE → ∞ that the
underlying string theory becomes conformal, and the system reaches equilib-
rium.

The Hubble parameter of such a Universe becomes for large tE

H(tE) 
 γ2tE
1 + γ2t2E

. (36)

On the other hand, the Einstein-frame effective four-dimensional “vacuum
energy density”, defined through the running central-charge deficit Q2,
upon compactification to four dimensions of the ten-dimensional expression∫
d10x

√−ge−2ΦQ2(tE), is [15]:

ΛE(tE) = e2Φ−σ1−5σ2Q2(tE) 
 q20γ
2

F 2
1 (1 + γ2t2E)

∼ γ2

1 + γ2t2E
, (37)

where, for large tE , Q is given in (29) and approaches its equilibrium value
q0, and we took into account (30). Thus, the dark energy density relaxes to
zero for tE → ∞. Notice an important feature of the form of the relaxation
(37), namely that the proportionality constants in front are such that, for
asymptotically large tE → ∞, Λ becomes independent of the equilibrium
conformal field theory central charge q0.

Finally, and most importantly for our purposes here, the deceleration
parameter in the same regime of tE becomes:

q(tE) = − (d2aE/dt
2
E) aE

(daE/dtE)2

 − 1

γ2t2E
. (38)
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The important point to make in connection with this expression is that, as
is clear from (32) and (9), it can be identified, up to irrelevant constants of
proportionality which conventional normalisation sets to one, with the square
of the string coupling [24]:

|q(tE)| = g2
s (39)

To guarantee the consistency of perturbation theory, one must have gs < 1,
which can be achieved in our approach if one defines the present era by the
time regime

γ ∼ t−1
E (40)

in the Einstein frame. This is compatible with large enough times tE (in
string units) for

|C5|e−5s02/F 2
1 ∼ |C5|e−5s02/q20  1 , (41)

as becomes clear from (28),(33) and (30). This condition can be guaranteed
either by small radii of five of the extra dimensions, or by a large value of
the flux |C5| of the five-form of the Type-0 string, compared with q0. We
discuss later concrete examples of non-critical string cosmologies, in which
the asymptotic value of the central charge q0 � 1 in string units. Recalling
that the relatively large extra dimension in the direction of the flux, s01,
decouples from this condition, we observe that there is the possibility of
constructing effective five-dimensional models with a large uncompactified
fifth dimension while respecting the condition (40).

The Hubble parameter and the cosmological constant continue to be com-
patible with the current observations in the regime (40) of Einstein-frame
times, while the string coupling (39) is kept finite and of order unity by the
conditions (38, 40), as suggested by grand unification phenomenology [1].

6 Dark Energy and the String Coupling

We next turn to the equation of state of our Universe. As discussed in [15],
our model resembles quintessence models, with the dilaton playing the rôle
of the quintessence field. Hence the equation of state for our Type-0 string
Universe reads [26]:

wΦ =
pΦ

ρΦ
=

1
2 (Φ̇)2 − V (Φ)
1
2 (Φ̇)2 + V (Φ)

, (42)

where pΦ is the pressure and ρΦ is the energy density, and V (Φ) is the effective
potential for the dilaton, which in our case is provided by the central-charge
deficit term. Here the dot denotes Einstein-frame differentiation. In the Ein-
stein frame, the potential V (Φ) is given by ΛE in (50). In the limit Q → q0,
which we have argued should characterise the present era to a good approx-
imation, the effective potential V (Φ) is then of order (q20/2F

2
1 )t−2

E , where we
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recall (c.f., (30)) that q0/F1 is of order one. In the Einstein frame the exact
normalisation of the dilaton field is ΦE = const − ln(γtE). We then obtain
for the present era:

1
2
Φ̇2 ∼ 1

2t2E
, V (Φ) ∼ 6.56

2
1
t2E

. (43)

This implies an equation of state (42):

wΦ(tE  1) 
 −0.74 (44)

for (large) times tE in string units corresponding to the present era (40).
This number can be pushed lower, towards w → −1, by a slight adjustment
of the various parameters, improving the agreement with current cosmological
data [9]. Assuming a conventional effective four-dimensional low-energy fluid
Universe, which is a good picture in our situation where the moduli and other
fields have decoupled at early stages of the Universe, we have:

q =
1
2
(1 + 3wΦ) (45)

from which we obtain
q = −0.61 . (46)

This fixes the string coupling (39) in the perturbative regime consistent with
grand unification scenarios extrapolated from low energies.

So far the model does not include ordinary matter: only fields from the
string gravitational multiplet have been included. Inclusion of ordinary mat-
ter is not expected to change qualitatively the result. We conjecture that the
fundamental relation (39) will continue to hold, the only difference being that
the inclusion of ordinary matter will tend to reduce the string acceleration:

q =
1
2
ΩM −ΩΛ , (47)

where ΩM (ΩΛ) denotes the total matter (vacuum) energy density, normalised
to the critical energy density of a spatially flat Universe.

There is a remarkable coincidence in numbers for this non-supersymmetric
Type-0 string Universe with the astrophysical observations, which yield q
close to th value (46). The ordinary matter content of the Universe has
Ωordinary matter 
 0.04 and the dark matter content is estimated to have
ΩDM = 0.23, while the Dark Energy content is ΩΛ 
 0.73. This yields
q = −0.595, which is only a few per cent away from (46). In fact, if one
naively used the value (46) for q, obtained in our case where ordinary matter
was ignored, in the expression (47), one would find ΩΛ 
 0.74, indicating
that the contribution of the dilaton field to the cosmic acceleration is the
dominant one.

If the relation (39) holds after the inclusion of matter, even in supersym-
metric models, one arrives at an even better value of the string coupling,
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g2
s 
 0.595, more consistent with the unification prediction of the minimal

supersymmetric standard model at a scale ∼ 1016 GeV. The only require-
ment for the asymptotic condition (39) to hold is that the underlying stringy
σ model is non-critical and asymptotes for large times to the linear dilaton
conformal field theory of [12]. It should be understood, of course, that the pre-
cise relation of the four-dimensional gauge coupling with the ten-dimensional
string coupling depends on the details of compactification, which we do not
discuss here.

The variation of the dilaton field at late cosmic times implies a slow
variation of the string coupling (39), ġs/gs = 1/tE ∼ 10−60 in the present
era. The corresponding variations of the gauge couplings are too small to
affect current phenomenology.

The above considerations are rather generic to models which relax as-
ymptotically to the linear-dilaton conformal field theory solutions of [12],
and from this point of view are physically interesting. We did not need to
specify above the microscopic theory underlying the deviation from non criti-
cality. For this one would need some specific example of such a deviation from
a conformally-invariant point in string theory space. One such example, with
physically interesting consequences, is provided by the colliding brane-world
scenario, in which the Liouville string σ model describes stringy excitations
on the brane worlds, at relatively long times after the collision so that string
perturbation theory is valid. We now discuss this briefly.

7 A Concrete Non-Critical String Example:
Colliding Branes

We now concentrate on particular examples of the previous general sce-
nario [22], in which the non-criticality is induced by the collision of two
branes as seen in Fig. 1. We first discuss the basic features of this scenario.
For our purposes below we assume that the string scale is of the same order as
the four-dimensional Planck scale, though this is an assumption that may be
relaxed, in view of recent developments in strings with large compactification
directions, as we mentioned in the Introduction.

Following [18], we consider two 5-branes of Type-II string theory, in which
the extra two dimensions have been compactified on tori. On one of the
branes (assumed to be the hidden world), the torus is magnetized with a field
intensity H. Initially our world is compactified on a normal torus, without a
magnetic field, and the two branes are assumed to be on a collision course
with a small relative velocity v � 1 in the bulk, as illustrated in Fig. 1.
The collision produces a non-equilibrium situation, which results in electric
current transfer from the hidden brane to the visible one. This causes the
(adiabatic) emergence of a magnetic field in our world.

The instabilities associated with such magnetized-tori compactifications
are not a problem in the context of the cosmological scenario discussed here.
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Fig. 1. A scenario in which the collision of two Type-II 5-branes provides inflation
and a relaxation model for cosmological vacuum energy.

As discussed in [18], the collision may also produce decompactification of the
extra toroidal dimensions at a rate much slower than any other rate in the
problem. As also discussed in [18], this guarantees asymptotic equilibrium
and a proper definition of an S-matrix for the stringy excitations on the
observable world. We shall come back to this issue at the end of this Section.

The collision of the two branes implies, for a short period afterwards, while
the branes are at most a few string scales apart, the exchange of open-string
excitations stretching between the branes, whose ends are attached to them.
As argued in [18], the exchanges of such pairs of open strings in Type-II string
theory result in an excitation energy in the visible world. The latter may
be estimated by computing the corresponding scattering amplitude of the
two branes, using string-theory world-sheet methods [27]: the time integral
for the relevant potential yields the scattering amplitude. Such estimates
involve the computation of appropriate world-sheet annulus diagrams, due
to the existence of open string pairs in Type-II string theory. This implies
the presence of “spin factors” as proportionality constants in the scattering
amplitudes, which are expressed in terms of Jacobi Θ functions. For the
small brane velocities v � 1 we are considering here, the appropriate spin
structures start at quartic order in v, for the case of identical branes, as a
result of the mathematical properties of the Jacobi functions [27]. This in
turn implies [18, 25] that the resulting excitation energy on the brane world
is of order V = O(v4), which may be thought of as an initial (approximately
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constant) value of a supercritical central-charge deficit for the non-critical
σ model that describes stringy excitations in the observable world after the
collision:

Q2 =
(√

βv2 + H2
)2

> 0 . (48)

where, in the model of [25, 19], the proportionality factor β, computed using
string amplitude computations, is of order

β ∼ 2
√

3 · 10−8 · gs , (49)

with gs the string coupling g2
s ∼ 0.5 for interesting phenomenological mod-

els [1, 5], as discussed above. We recall that the supercriticality, i.e., the posi-
tive definiteness of the central charge deficit (48), of the model is essential [12]
for a time-like signature of the Liouville mode, and hence its interpretation
as target time.

At times long after the collision, the branes slow down and the central
charge deficit is no longer constant but relaxes with time t. In the approach
of [18], this relaxation has been computed by using world-sheet logarithmic
conformal field theory methods [28], taking into account recoil (in the bulk)
of the observable-world brane and the identification of target time with the
(zero mode of the) Liouville field. In that work it was assumed that the
final equilibrium value of the central charge deficit was zero, i.e., the theory
approached a critical string. This late-time varying deficit Q2(t) scales with
the target time (Liouville mode) as (in units of the string scale Ms):

Q2(t) ∼ (H2 + v2)2

t2
. (50)

Some explanations are necessary at this point. In arriving at (50), one identi-
fies the world-sheet renormalisation group scale T = ln(L/a)2 (where (L/a)2

is the world-sheet area), appearing in the Zamolodchikov c-theorem used to
determine the rate of change of Q, with the zero mode of a normalised Liou-
ville field φ0, such that φ0 = QT . This normalisation guarantees a canonical
kinetic term for the Liouville field in the world-sheet action [13]. Thus it is
φ0 that is identified with −t, with t the target time.

On the other hand, in other models [15] the asymptotic value of the
central-charge deficit may not be zero, in the sense that the asymptotic theory
is that of a linear dilaton, with a Minkowski metric in the σ-model frame [12].
This theory is still a conformal model, but the central charge is a constant
q0, and in fact the dilaton is of the form Φ = q0t+const, where t is the target
time in the σ-model frame. Conformal invariance, as mentioned previously,
requires [12] that q0 takes on one of a discrete set of values, in the way
explained in [12]. In such a case, following the same method as in the q0 = 0
case of [18], one arrives at the asymptotic form
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Fig. 2. A model for supersymmetric D-particle foam consisting of two stacks each
of sixteen parallel coincident D8-branes, with orientifold planes (thick dashed lines)
attached to them [25]. The space does not extend beyond the orientifold planes.
The bulk region of ten-dimensional space in which the D8-branes are embedded
is punctured by D0-branes (D-particles, dark blobs). The two parallel stacks are
sufficiently far from each other that any Casimir contribution to the vacuum en-
ergy is negligible. If the branes are stationary, there is zero vacuum energy, and the
configuration is a consistent supersymmetric string vacuum. To obtain excitations
corresponding to interesting cosmologies, one should move one (or more) of the
branes from each stack and then let them collide (Big Bang), bounce back (infla-
tion), and then relax to their original position, where they collide again with the
remaining branes in each stack (exit from inflation, reheating).

Q2(t) ∼ q20 + O
(H2 + v2)

t
q0

)
(51)

for large times t.
The colliding-brane model of [18] can be extended to incorporate proper

supersymmetric vacuum configurations of string theory [25]. As illustrated in
Fig. 2, this model consists of two stacks of D8-branes with the same tension,
separated by a distance R. The transverse bulk space is restricted to lie
between two orientifold planes, and is populated by D-particles. It was shown
in [25] that, in the limit of static branes and D-particles, this configuration
constitutes a zero vacuum-energy supersymmetric ground state of this brane
theory. Bulk motion of either the D-branes or the D-particles3 results in non-
zero vacuum energy [25] and hence the breaking of target supersymmetry,
proportional to some power of the average (recoil) velocity squared, which

3The latter could arise from recoil following scattering with closed-string states
propagating in the bulk.
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depends on the precise string model used to described the (open) stringy
matter excitations on the branes.

The colliding-brane scenario can be realized [19] in this framework by al-
lowing (at least one of) the D-branes to move, keeping the orientifold planes
static. One may envisage a situation in which the two branes collide at a
certain moment in time corresponding to the Big Bang - a catastrophic cos-
mological event setting the beginning of observable time - and then bounce
back. The width of the bulk region is assumed to be long enough that, after
a sufficiently long time following the collision, the excitation energy on the
observable brane world - which corresponds to the conformal charge deficit
in a σ-model framework [18, 25] – relaxes to tiny values. It is expected that a
ground-state configuration will be achieved when the branes reach the orien-
tifold planes again (within stringy length uncertainties of order �s = 1/Ms,
the string scale). In this picture, since observable time starts ticking after
the collision, the question how the brane worlds started to move is merely
philosophical or metaphysical. The collision results in a kind of phase tran-
sition, during which the system passes through a non-equilibrium phase, in
which one loses the conformal symmetry of the stringy σ model that de-
scribes perturbatively string excitations on the branes. At long times after
the collision, the central charge deficit relaxes to zero [18], indicating that the
system approaches equilibrium again. The Dark Energy observed today may
be the result of the fact that our world has not yet relaxed to this equilibrium
value. Since the asymptotic ground state configuration has static D-branes
and D-particles, and hence has zero vacuum energy as guaranteed by the
exact conformal field theory construction of [25, 19], it avoids the fine tuning
problems in the model of [18].

Sub-asymptotically, there are several contributions to the excitation en-
ergy of our brane world in this picture. One comes from the interaction of the
brane world with nearby D-particles, i.e., those within distances at most of or-
der O(�s), as a result of open strings stretched between them. The other con-
tribution comes from the collision of the identical D-branes. For a sufficiently
dilute gas of nearby D-particles we may assume that this latter contribution
is the dominant one. In this case, one may ignore the D-particle/D-brane
contributions to the vacuum energy, and hence apply the previous consid-
erations on inflation, based on the O(v4) central charge deficit, with v the
velocity of the brane world in the bulk.

The presence of D-particles, which inevitably cross the D-branes in such
a picture, even if the D-particle defects are static initially, distorts slightly
the inflationary metric on the observable brane world at early times after
the collision, during an era of approximately constant central charge deficit,
without leading to significant qualitative changes. Moreover, the existence of
D-particles on the branes will affect the propagation of string matter on the
branes, in the sense of modifying their dispersion relations by inducing local
curvature in space-time, as a result of recoil following collisions with string
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matter. However, it was argued in [29] that only photons are susceptible
to such effects in this scenario, due to the specific gauge properties of the
membrane theory at hand. The dispersion relations for chiral matter particles,
or in general fields on the D-branes that transform non-trivially under the
Standard Model gauge group, are protected by special gauge symmetries in
string theory, and as such are not modified.

8 Liouville’s Dark Secrets

The use of Liouville strings to describe the evolution of our Universe seems
generally appropriate, since non-critical strings are associated with non-
equilibrium situations which undoubtedly occurred in the Early Universe,
and may still occur today. It is remarkable that the departure from critical-
ity may even enhance the predictability of string theory, although the space
of non-critical string theories is much larger that of critical strings, to the
point that purely stringy quantities such as the string coupling are accessible
to experiment.

We have discussed in this talk Liouville cosmological models based on
non-critical strings with various asymptotic configurations of the dilaton,
speculating on the Big Bang itself, on the inflationary phase and the possi-
bility of exit from it, as well the evolution of the Universe at large times, both
current and future. A particularly interesting case from the physical point of
view is that of a dilaton that is asymptotically linear in cosmic time. This
is known to correspond to a proper conformal field theory [12]. We have ob-
served that the string coupling is identified in such a model (up to irrelevant
constants of order one) [24] with the deceleration parameter of the Universe
through equation (39).

We stress once more the importance of non-criticality in arriving at (39).
In critical strings, which usually assume the absence of a four-dimensional
dilaton, such a relation is not obtained, and the string coupling is not directly
measurable in this way.

The approach of the identification of target time in such a framework with
a world-sheet renormalisation group scale, the Liouville mode [17], provides
a novel way of selecting the ground state of the string theory, which may not
necessarily be associated with minimisation of energy, but could be a matter
of cosmic ‘chance’. Indeed, it may be a random event that the initial state
of our cosmos corresponds to a certain Gaussian fixed point in the space of
string theories, which is then perturbed in the Big Bang by some relevant
(in a world-sheet sense) deformation, thereby making the theory non-critical,
and hence out of equilibrium from a target space-time viewpoint. Then the
theory flows along some renormalisation-group trajectory to some specific
ground state, corresponding to the infrared fixed point of this perturbed
world sheet σ-model theory. This approach allows for many parallel universes
to be implemented of course, and our world might be just one of these. Each
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Universe, may flow between different fixed points, perturbed by different
operators. Standard world-sheet renormalization-group arguments imply that
the various flow trajectories do not intersect, although this is something that
is far from proven in general. It seems to us that this scenario is much more
specific than the landscape scenario [30], which has recently been advocated
as an attempt to parametrise our ignorance of the true structure of string/M
theory.
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Summary. We review the physical and cosmological consequences of two possible
electromagnetic couplings to the dark sector: (i) a neutral lightest dark-matter
particle (LDP) with nonzero electric and/or magnetic dipole moments and (ii) a
charged next-to-lightest dark-matter particle (NLDP) which decays to a neutral
LDP. For scenario (i) we find that a relatively light particle with mass between
a few MeV and a few GeV and an electric or magnetic dipole as large as ∼ 3 ×
10−16e cm (roughly 1.6×10−5 µB) satisfies experimental and observational bounds.
In scenario (ii), we show that charged-particles decaying in the early Universe result
in a suppression of the small-scale matter power spectrum on scales that enter the
horizon prior to decay. This leads to either a cutoff in the matter power spectrum,
or if the charged fraction is less than unity, an effect in the power spectrum that
might resemble a running (scale-dependent) spectral index in small-scale data.

1 Motivation

The origin of the missing ‘dark’ matter in galaxies and clusters of galaxies has
been an outstanding problem for over 70 years, since Zwicky’s measurement of
the masses of extragalactic systems [1]. Recent cosmological observations not
only tell us how much dark matter exists but also that it must be nonbaryonic
[2] – it is not one of the familiar elementary particles contained within the
standard model of particle physics. Dark matter is a known unknown. We do
not know what the underlying theory of dark matter is, what the detailed
particle properties of it are, nor the particle spectrum of the dark sector.

Promising candidates for the lightest dark-matter particle (LDP) – those
that appear in minimal extensions of the standard model and are expected
to have the required cosmological relic abundance – are a weakly-interacting
massive particle (WIMP), such as the neutralino, the lightest mass eigen-
state from the superposition of the supersymmetric partners of the U(1) and
SU(2) neutral gauge bosons and of the neutral Higgs bosons [3], or the axion
[4]. There is a significant theoretical literature on the properties and phe-
nomenology of these particles, and there are ongoing experimental efforts to
detect these particles.

There has also been a substantial phenomenological effort toward plac-
ing model-independent limits on the possible interactions of the LDP. For
instance, significant constraints have been made to dark-matter models with
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strong interactions [5] and self-interactions [6], and various models with un-
stable particles have been investigated [7]. Electromagnetic interactions have
also been considered, and models with stable charged dark matter have been
ruled out [8] while there are strong constraints on millicharged dark-matter
models [9].

Dark matter is so called because the coupling of it to photons is assumed
to be nonexistent or very weak. Here we ask the question, “How dark is
‘dark’?”, and review several recent investigations that consider the physical
and cosmological constraints to and effects of the electromagnetic interac-
tions of the LDP and the next-to-lightest dark-matter particle (NLDP). In
particular, in Sect. 2 we discuss the consequences of a neutral LDP with
nonzero electric and/or magnetic dipole moments [10], and in Sect. 3 we dis-
cuss the cosmological effects of a charged NLDP which decays to a neutral
LDP [11, 12].

2 Dark-Matter: Electric and Magnetic Dipole Moments

In this section we consider the possibility that the dark matter possesses an
electric or magnetic dipole moment. The result of [10], illustrated in Fig. 1,
is that a Dirac particle with an electric or magnetic dipole moment of order
∼ 10−17e cm with a mass between an MeV and a few GeV can provide the
dark matter while satisfying all experimental and observational constraints.1

The effective Lagrangian for coupling of a Dirac fermion χ with a magnetic
dipole moment M and an electric dipole moment D to the electromagnetic
field Fµν is

Lγχ = − i

2
χ̄σµν(M + γ5D)χFµν . (1)

Below we summarize various physical and cosmological limits to the form of
interaction shown in (1). For further details of these limits see [10].

2.1 Dark Matter: Annihilation and Relic Abundance

We assume χ particles exist in thermal equilibrium in the early Universe
and their dipole interactions freeze out when T drops below mχ. Their cos-

mological relic abundance is Ωχh
2 
 3.8 × 107 (mχ/mp) ln

(
A/

√
lnA

)
/A

where A = 0.038
√
g∗mplmχ(σannv) (see, e.g., (5.47) in [13]). Here, g∗ is the

effective number of relativistic degrees of freedom at the freezeout temper-
ature Tf ∼ mχ/A. χ–χ̄ pairs annihilate to either photons or charged pairs
through the diagrams shown in Fig. 2 and σannv = σχχ̄→2γv + σχχ̄→ff̄ =

1We quote numbers for both the electric and magnetic dipole moments in units
of e cm, where e is the electron charge. For reference, the Bohr magneton µB =
e�/2me = 1.93 × 10−11 e cm in these units.
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Fig. 1. The constraints to [mχ, (D, M)] that come from present-day searches and
experiments. Viable candidates must lie in the shaded region. The short-dashed
“relic abundance” curve shows where the dark matter would have a cosmological
relic abundance Ωχh2 = 0.135, assuming standard freezeout of annihilations via
the dipole coupling to γ and no χ-χ̄ asymmetry.

(a) (b)

Fig. 2. Feynman diagrams for (a) annihilation of a χ–χ̄ pair to two photons and
(b) χ–χ̄ annihilation to charged f–f̄ pairs.

(D4 +M4)m2
χ/2π+Neffα(D2 +M2), where Neff is the number of f–f̄ pairs

with mf < mχ. If Ωχh
2 = 0.135 then (D2 + M2)1/2 
 1.0 × 10−17 e cm for

mχ ∼ 1 GeV, as shown in Fig. 1. The present-day mass density of χ particles
might differ from these estimates if other interactions are significant or there
is a χ–χ̄ asymmetry.
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2.2 Direct Detection

In the nonrelativistic limit, the differential cross section for the process shown
in Fig. 3a is dσ/dΩ = Z2e2

(
D2 + M2

)
/[8π2v2(1 − cos θ)], where v is the

relative velocity. Roughly speaking, σ ∼ (Ze)2(D2 + M2)/2πv2 
 6.4 ×
10−32 Z2(D2

17 + M2
17) cm2, using v ∼ 10−3 c.2 Current null searches in ger-

manium detectors [14] thus require (D2
17 +M2

17)
1/2 <∼ 10−7 at mχ ∼ 10 GeV

— improving upon previous limits [15].

(a) (b)

Fig. 3. Feynman diagrams for (a) the scattering of χ particles by charged particles
and (b) γ-χ scattering.

However, for large enough dipole moments, χ particles will lose energy
in the rock/shielding above the detector and evade detection in under-
ground experiments. Given a shielding thickness L (in meters water equiv-
alent), we obtain the lower bound D2 + M2 > [ 12mχv

2 − 1
4

mχmd

µ[mχ,md]2Eth] ×
[ e2

2πL
∑

i fiZ
2
i

µ[mχ,mi]
2

m2
i

(1 +
√

mi

2mχ
)]−1, where µ[mχ,m] = mχm(mχ + m)−1

is the reduced mass, md is the mass of detector nuclei, Eth is the threshold
nuclear-recoil energy, the index i sums over the composition of the shielding
material, and fi is the fractional composition by weight. The most restrictive
constraints for large dipoles actually come from shallow experiments with null
results such as the Stanford Underground Facility run of the Cryogenic Dark
Matter Search [16], and the Cryogenic Rare Event Search with Supercon-
ducting Thermometers [17]. Airborne experiments, in particular the balloon
experiment of [18] and the rocket experiment of [19] provide important com-
plimentary constraints. The bounds due to all these experiments are shown
in Fig. 1.

2.3 Constraints from Precision Measurements

In [10] the effect of the dipole interaction on the anomalous magnetic moment
of the muon, standard model EDMs, and corrections to Z-pole observables

2[D17, M17] = [D, M]/(10−17 e cm)
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were considered. The strongest constraint was found to arise from the con-
tribution of χ particles to the running of α. Such running affects the rela-
tionship between GF , mW , and the value of α at zero momentum: m2

W =
(πα)/(

√
2GF )

[
(1 −m2

W /m2
Z)(1 −∆r)

]−1. In the standard model ∆rSM =
0.0355 ± 0.0019 ± 0.0002 while experimentally ∆rExp = 0.0326 ± 0.0023
yielding ∆rNew < 0.003 with 95% confidence. The dipole interaction con-
tributes to ∆r via the diagram in Fig. 4 and so (D2+M2)1/2 <∼ 3×10−16 e cm
is required, as shown in Fig. 1.

Fig. 4. One-loop correction to the photon self-energy induced by dipole moments
M,D of the dark-matter particle.

2.4 Direct Production

Missing-energy searches for light (mχ
<∼ 1 GeV) dark matter in rare B+

decays was suggested in [20] where Br(B+ → K+ + invisible) <∼ 10−4 was
derived. This limit requires D <∼ 3.8×10−14 e cm for mχ < (mB+−mK+)/2 =
2.38 GeV. Similarly, rare K+ decays lead to the limit D <∼ 1.5×10−15 e cm for
mχ < (mK+−mπ+)/2 = 0.18 GeV. These constraints are not yet competitive
with other constraints shown in Fig. 1.

In order to limit dipole couplings using collider experiments an expression
for the rate ff̄ → Xχ̄χ, where X is some set of visible final-state particles,
is necessary. Naive application of the effective Lagrangian in (1) is invalid
because perturbation theory breaks down when the energy scale of a process
satisfies E >∼ 1/D. Missing-energy searches from L3 (E ≈ 200 GeV) and CDF
(E = 1.8 TeV) can not be directly applied to effective dipole moments D >
10−16 e cm and D > 10−17 e cm, respectively, unless a high-energy theory is
specified.

2.5 Constraints from Large-Scale Structure and the CMB

A dipole moment induces a coupling of the dark matter to the primordial
plasma by scattering via the diagrams shown in Fig. 3. Dark matter couples
to the plasma at early times, and subsequently decouples. When coupled
to the plasma, short-wavelength modes of the dark-matter density field will
grow less quickly relative to the standard case. The long-wavelength modes
that enter the horizon after dark matter decoupling remain unaffected. The
full calculation in cosmological perturbation theory is provided in [10].
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In Fig. 5 we show the linear matter power spectrum and in angular power
spectrum of the cosmic microwave background (CMB) for several values of
the dipole moment and mχ = 1 GeV. Using a Markov chain Monte Carlo
algorithm (see, e.g., [21], and data from SDSS [22], WMAP [23], CBI [24],
VSA [25], and Type Ia supernovae [26] we find the bound shown in Fig. 1.
Dipole moments as large as D ∼ 10−17 e cm are thus cosmologically viable.

2.6 Gamma Rays

In the Galactic halo χ–χ̄ pairs can annihilate to two photons through the
diagrams shown in Fig. 2a. The non-observation of a gamma-ray line by
EGRET leads to the limit shown in Fig. 1. A detailed search for a line flux
with GLAST may find an observable signature for mχ ∼ 0.1 − 1 GeV and
D17 ∼ 10. There may also be constraints to the annihilation rate from the
low excess heat of Uranus [27].

3 The Effect of a Quasistable Charged-NLDP

In this section we discuss how the decay of a quasistable charged particle φ
(the NLDP) to a neutral dark-matter particle χ (the LDP) suppresses the
linear power spectrum on scales smaller than the horizon during the decay
epoch. Prior to decay, the charged NLDPs couple to and oscillate with the
primordial plasma. After decay, the plasma is coupled only gravitationally to
the LDP. If all LDPs are produced through the late decay of charged NLDPs,
then, as shown in [11], the power spectrum is cutoff on small scales. For a
lifetime τ ∼ 3.5 yr this would reduce the expected number of dwarf galaxies
and may solve the small-scale structure problem of cold-dark-matter theory
[28]. If, instead, a fraction fφ of LDPs are produced through the late decay
of charged NLDPs, the linear power spectrum is suppressed only by a factor
(1− fφ)2. This suppression might be confused with a negative running of the
spectral index αs ≡ dns/dlnk in data that probes the power spectrum on
small-scales. We describe these effects in further detail below.

3.1 Charged Decay in the Primordial Plasma

As φ→ χ, the φ/χ comoving density drops/increases as ρφa
3 = mφnφ0e

−t/τ

and ρχa
3 = mχnχ0(1 − fφe

−t/τ ) respectively. Here nχ0 = Ωχρcrit/mχ is the
comoving density of dark matter, fφ the fraction produced through φ decays,
a is the scale factor, and t is the cosmic time. The charged φ particles are
tightly coupled to the baryons through Coulomb scattering. We can thus
describe the combined φ-baryon fluid as a generalized baryon-like component
β.

In the synchronous gauge the perturbation evolution equations are iden-
tical to the standard equations for the baryons (see, for example, [29]) with
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(a)

(b)

Fig. 5. The (a) matter (b) CMB power spectra including baryon-χ drag for mχ =
1 GeV. The solid curve is for (D2 + M2)1/2 = 1.4 × 10−15 e cm, short-dashed
for (D2 + M2)1/2 = 1.0 × 10−16 e cm, and long-dashed for (D2 + M2)1/2 = 5 ×
10−15 e cm. The data points are from (a) SDSS [22] and (b) WMAP [23].
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the subscript b replaced by β. For the dark matter δ̇χ = −ikVχ − 1
2 ḣ +

λm
ρφ

ρχ

a
τ (δβ −δχ), and V̇χ = − ȧ

aVχ +λm
ρφ

ρχ

a
τ (Vβ −Vχ), where δχ = δρχ/ρχ, Vχ

is the bulk velocity, λm ≡ mχ/mφ, and an overdot is a derivative with respect
to conformal time. The modifications to photon perturbation evolution are
negligibly small.

Due to Compton scattering the β component and the photons are tightly
coupled as a β-photon fluid at early times which supports acoustic oscilla-
tions. Since dark-matter perturbations are sourced by the perturbations of
the β component, k-modes that enter the horizon prior to decay, when ρφ/ρχ

is large, will track the oscillations in the β-photon fluid rather than growing
due to gravity. After decay, when ρφ/ρχ is small, dark-matter modes that en-
ter the horizon undergo the standard growing evolution. In Fig. 6 we follow
the evolution of the dark-matter perturbations through the epoch of decay.
We used a modified version of cmbfast [30].

Fig. 6. The comoving k = 30.0 Mpc−1 left, k = 3.0 Mpc−1 center, and k =
0.3 Mpc−1 right δχ perturbation for the ΛCDM model (long-dashed) and a fφ = 1
model with τ = 3.5 yr (solid). Also shown is the δβ perturbation (short-dashed).

In Fig. 7a we plot the linear power spectrum for fφ = 1 and τ = 3.5 yr.
Power is cutoff for k−1 <∼ 0.3 Mpc relative to a standard ΛCDM power spec-
trum, reducing the expected number of subgalactic halos and bringing pre-
dictions in line with observation [31]. In Fig. 7b we show the linear power
spectrum for several values of τ and fφ. The linear power spectrum is now
suppressed by a factor of (1 − fφ)2. On large scales the linear power spec-
trum describes the statistics of density fluctuations, but on small scales the
full nonlinear matter power spectrum is required. The effects of nonlinear
evolution are accounted for in [12] where it is shown that the effect of the
charged-NLDP decay on the small-scale nonlinear power spectrum can be
similar (but different in detail) to that of a model parametrized by a running
of the spectral index αs ≡ dns/dlnk.
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(a)

(b)

Fig. 7. (a): The linear power in the standard ΛCDM model (dashed), and a fφ = 1
charged-NLDP model (solid) with τ = 3.5 yr. (b): Shown is ∆2(k) = k3P (k)/2π2

for a ns = 1 ΛCDM model (dashed) and for several charged-NLDP models.

We note that since the NLDP is charged, LDP production will be accom-
panied by an electromagnetic cascade. The latter could in principle reprocess
the light elements produced during big bang nucleosynthesis, or induce unrea-
sonably large spectral distortions to the CMB. In fact, the models discussed
are safely below current limits [11, 12].



How Dark is ‘Dark’? Electromagnetic Interactions in the Dark Sector 429

3.2 Particle-Theory Models of Quasistable Charged NLDPs

In the fφ = 1 case, in order to be a solution to the small-scale structure
problem the charged-NLDP must have a comoving density equal to the dark-
matter density today and τ ∼ yr. One way to make the NDLP long lived is
to suppress the LDP coupling. If LDP is a stable super-weakly–interacting
particle [32], such as a gravitino G̃ or the first Kaluza-Klein graviton G1

in the universal extra-dimensions scenario [33], the NLDP can be charged
and, since it decays gravitationally, have a super-weak decay rate. The re-
quired mass-spliting and lifetime can be achieved for mφ ≈ mχ ∼ 100 TeV.
These masses are above the TeV range discussed in most supersymmetric
phenomenology, and uncomfortably close to violating the unitary bound for
thermal production [34] – nonthermal production is likely required for such
large masses.

For fφ < 1, remarkably, there are configurations in the minimal super-
symmetric extension of the standard model (MSSM) with the properties re-
quired here [12]. If the LDP is a neutralino quasi-degenerate in mass with the
lightest stau, one can naturally obtain, at the same time, LDPs with a relic
abundance Ωχh

2 = 0.113 [2] and NLDP lifetimes and the densities needed
in the proposed scenario. Such configurations arise even in minimal schemes,
such as minimal supergravity (mSUGRA) [35] and the minimal anomaly-
mediated supersymmetry-breaking (mAMSB) model [36]. A detailed study
of the (τ ,fφ) parameter space using current and future cosmological data
may constrain otherwise viable regions of the MSSM parameter space. Fur-
thermore, this scenario may be tested at future particle colliders (such as the
Large Hadron Collider (LHC) ) or dark matter detection experiments (See
[12] for full details). The decays of staus at rest might even be studied by
trapping these particles in large water tanks placed outside of LHC detectors
[37]. Other methods of trapping staus have also been considered [38].

4 Conclusion

We have considered two distinct scenarios for electromagnetic interactions in
the dark sector. In the first we considered the effects of a LDP with nonzero
electric and/or magnetic dipole moments and found that a light particle
with mχ ≈ MeV–GeV and a dipole as large as ∼ 3 × 10−16e cm ≈ 1.6 ×
10−5 µB satisfies experimental and observational bounds. The second scenario
examines how the decay of charged NLDPs in the early Universe results
in, depending on fφ, either a cutoff or suppression of the small-scale power
spectrum. For a purely gravitationally interacting LDP configurations with
fφ = 1 may exist, while configurations with fφ < 1 can be found within the
MSSM.
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The observation of neutrino masses leads to the possibility of leptonic mixing
and CP violation. One of the simplest extensions of the Standard Model
giving rise to neutrino masses consists of the introduction of one righthanded
neutrino field per generation, singlet of SU(2). In the context of the seesaw
mechanism this leads to three light and three heavy neutrinos. The charged
current interactions couple the charged leptons to both the light and the
heavy physical neutrinos and leptonic CP violation may occur at low energies
as well as at high energies giving rise to the possibility of leptogenesis. There
are special scenarios where it is possible to establish a connection between
CP violation at the two different scales, an interesting example is included in
this work. Furthermore, we describe how the conjecture that all phenomena
of CP violation present in nature could have a common origin can be realized
in the framework of a further minimal extension of the Standard Model with
CP broken through the phase of the vacuum expectation value of a complex
Higgs singlet.

1 Introduction

At present there is strong evidence for nonzero neutrino masses and nontrivial
leptonic mixing implying for the first time the exitence of physics beyond the
Standard Model. In fact in the Standard Model (SM) neutrinos are strictly
massless and any extension giving rise to neutrino masses will contain new
ingredients not present before in the SM. The simplest way of extending
the SM in order to take into account neutrino masses is the inclusion of
righthanded neutrino singlets, in analogy with all other fermions in the theory.
Yet once righthanded neutrinos are included both Dirac mass terms and
Majorana mass terms for righthanded neutrinos are allowed. The scale of the
Dirac mass terms is the electroweak scale, v, whilst there are no constraints on
the scale of the righthanded Majorana mass tems. In Grand Unified models it
is natural to assume this scale, V, to be of the order of the Grand Unification
scale. Mixing and CP violation in the leptonic sector naturally arise once
righthanded neutrinos are included. In what follows we generally assume their
number to be three although, in fact, the number of righthand neutrino fields
could differ from the number of lefthanded fields. When the two scales v and
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V are very different, with V much larger than v, the seesaw mechanism [1]
operates providing an elegant explanation for the smallness of the observed
neutrino masses. In the context of seesaw there are three light neutrinos with
small masses and an additional number of very heavy neutrinos (the number
of heavy neutrinos equals the number of righthanded neutrinos included)
with masses that can be of the order of the Grand Unification scale. As a
result there can be leptonic CP violation at low energies as well as at high
energies. Leptonic CP violation at high energies could be the explanation for
the generation of the observed baryon asymmetry of the Universe (BAU) via
the leptogenesis mechanism [2] where a CP asymmetry generated through
the out-of-equilibrium L-violating decays of the heavy Majorana neutrinos
leads to a lepton asymmetry which is subsequently transformed into a baryon
asymmetry by (B+L)-violating sphaleron processes [3]. In general there is
no connection between CP violation at low and high energies [4] yet this
connection can be established in special frameworks [5]. One can go further
and ask whether there is a framework where all CP violations have a common
origin. In [6] it was shown that this is indeed possible in a small extension
of the Standard Model with neutrino righthanded singlets, a vectorial quark
isosinglet and a complex Higgs scalar.

2 Framework

We work in the context of a minimal extension of the SM which consists of
adding to the standard spectrum one right-handed neutrino per generation.
After spontaneous gauge symmetry breaking, the following leptonic mass
terms can be written:

Lm = −
[
ν0

LmDν
0
R +

1
2
ν0T

R CMRν
0
R + l0Lmll

0
R

]
+ h.c.

= −
[
1
2
nT

LCM∗nL + l0Lmll
0
R

]
+ h.c. (1)

where mD, MR and ml denote the neutrino Dirac mass matrix, the right-
handed neutrino Majorana mass matrix and the charged lepton mass matrix,
respectively, and nL = (ν0

L, (ν
0
R)c) (should be interpreted as a column ma-

trix). In order to study CP violation in a weak basis (WB) it is necessary to
consider the most general CP transformation which leaves the gauge interac-
tion invariant:

CPlL(CP)† = Uγ0ClL
T

CPlR(CP)† = V γ0ClR
T

CPνL(CP)† = Uγ0CνL
T CPνR(CP)† = Wγ0CνR

T (2)

where U, V, W are unitary matrices acting in flavour space and where for
notation simplicity we have dropped here the superscript 0 in the fermion
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fields. Invariance of the mass terms under the above CP transformation,
requires that the following relations have to be satisfied:

WTMRW = −M∗
R (3)

U†mDW = mD
∗ (4)

U†mlV = ml
∗ (5)

In [7], it was shown, making use of these equations, that the number of
independent CP violating phases which appear in general in this model is
(n2 − n), with n the number of generations. The same result was obtained
in [8] through an analysis performed in the physical basis. In the general
case where a Majorana mass term for lefthanded neutrinos is also present
the number of CP violating phases would be [9] (n2 + n(n− 1)/2).

In the case of three generations (three lefthanded and three righthanded
neutrinos), the full neutrino mass matrix, M in (1), is 6 × 6, and has the
following form:

M =
(

0 m
mT M

)
(6)

We have dropped the subscript inmD andMR in order to simply the notation.
Starting from a weak basis where ml is already diagonal and real the neutrino
mass matrix is diagonalized by the transformation:

V TM∗V = D (7)

where D = diag.(mν1 ,mν2 ,mν3 ,Mν1 ,Mν2 ,Mν3), with mνi
and Mνi

denoting
the physical masses of the light and heavy Majorana neutrinos, respectively.
It is convenient to write V and D in the following form:

V =
(
K R
S T

)
; (8)

D =
(
d 0
0 D

)
. (9)

It can be easily verified that both S and R are of order m
M (withR = mT ∗D−1)

and that K is, to an excellent approximation, the unitary matrix that diago-
nalizes meff ≡ m 1

MmT :

−K†m
1
M
mTK∗ = d (10)

which is the usual seesaw formula. In this approximation K is a unitary matrix
which coincides with the Maki, Nakagawa and Sakata matrix (VMNS) [10].
The neutrino weak-eigenstates are related to the mass eigenstates by:

ν0
i L = ViαναL = (K,R)

(
νiL

NiL

) (
i = 1, 2, 3
α = 1, 2, ...6

)
(11)
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and thus the leptonic charged current interactions are given by:

− g√
2

(
liLγµKijνjL + liLγµRijNjL

)
Wµ + h.c . (12)

From (11), (12) it follows that K and R give the charged current couplings
of charged leptons to the light neutrinos νj and to the heavy neutrinos Nj ,
respectively. In the exact decoupling limit, R can be neglected and only K is
relevant.In this case two of the phases that can be factored out of K (in the
approximation of exact unitarity) cannot be rotated away due to the Majo-
rana character of the neutrino fields and, as a result, K is left with three CP
violating phases (one of Dirac type and two of Majorana character). However,
since we want to study the connection between CP violation relevant to lep-
togenesis and that observable at low energies (e.g., in neutrino oscillations)
we have to keep both K and R.

The present knowledge of leptonic masses and mixing is still incomplete
despite great recent progress. The evidence for solar and atmospheric neutrino
oscillations is now solid and it is already established that the pattern of
the leptonic mixing matrix VMNS is very different from that of the quark
sector (VCKM ), since only one of the leptonic mixing angles, θ13, is small (the
notation is that of the standard parametrization of VCKM in [11]). Recent
KamLAND results [12], a terrestreal long baseline experiment which has great
sensitivity to the square mass difference relevant for solar oscillations, ∆m2

21,
combined with those of SNO [13] and previous solar experiments [14] lead,
for the 1σ range [15], to:

∆m2
21 ≡ |m2

2 −m2
1| = 8.2+0.3

−0.3 × 10−5 eV2 (13)

tan2 θ12 = 0.39+0.05
−0.04 (14)

and corresponds to the large mixing angle solution (LMA) of the Mikheev,
Smirnov and Wolfenstein (MSW) effect [16]. On the other hand, atmospheric
neutrino results from Superkamiokande [17] and recent important progress by
K2K [18], which is also a terrestrial long baseline experiment, are consistent
with, for the 1σ range [15]:

∆m2
32 ≡ |m2

3 −m2
2| = 2.2+0.6

−0.4 × 10−3 eV2 (15)

tan2 θ23 = 1.0+0.35
−0.26 (16)

Assuming the range for ∆m2
32 from SuperKamiokande and K2K, the present

bounds for sin2 θ13 from the CHOOZ experiment [19] at 3σ lie [15] in
sin2 θ13 < 0.05−0.07. The value for the angle θ13 is critical for the prospects of
detection of low energy leptonic CP violation, mediated through a Dirac-type
phase, δ, whose strength is given by JCP :

JCP ≡ Im [ (V11V22V12
∗V21

∗ ] =
1
8

sin(2 θ12) sin(2 θ13) sin(2 θ23) cos(θ13) sin δ ,

(17)
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Direct kinematic limits on neutrino masses [20] from Mainz and Troitsk and
neutrinoless double beta decay experiments [21] when combined with the
given square mass differences exclude light neutrino masses higher than order
1 eV. Non-vanishing light neutrino masses also have an important impact in
cosmology. Recent data from the Wilkinson Microwave Anisotropy Probe,
WMAP [22, 23], together with other data, put an upper bound on the sum
of light neutrino masses of 0.7 eV.

3 General Conditions for Leptogenesis

The lepton-number asymmetry resulting from the decay of heavy Majorana
neutrinos, εNj

, was computed by several authors [24]. The evaluation of εNj
,

involves the computation of the interference between the tree level diagram
and one loop diagrams for the decay of the heavy Majorana neutrino N j into
charged leptons l±i (i = e, µ , τ) leading to:

εNj
=

g2

MW
2

∑
k �=j

[
Im

(
(m†m)jk(m†m)jk

) 1
16π

(
I(xk) +

√
xk

1 − xk

)]
1

(m†m)jj

=
g2

MW
2

∑
k �=j

[
(Mk)2Im

(
(R†R)jk(R†R)jk

) 1
16π

(
I(xk) +

√
xk

1 − xk

)]
1

(R†R)jj

(18)

where Mk denote the heavy neutrino masses, the variable xk is defined as
xk = Mk

2

Mj
2 and I(xk) =

√
xk

(
1 + (1 + xk) log( xk

1+xk
)
)
. From (18) it can be

seen that the lepton-number asymmetry is only sensitive to the CP-violating
phases appearing in m†m in the WB, where MR ≡M is diagonal (notice that
this combination is insensitive to rotations of the left-hand neutrinos). The
simplest leptogenesis scenario corresponds to heavy hierarchical neutrinos
where M1 is much smaller than M2 and M3. In this limit only the asymmetry
generated by the lightest heavy neutrino is relevant, due to the existence of
washout processes, and εN1 can be simplified into:

εN1 
 − 3
16πv2

(
I12

M1

M2
+ I13

M1

M3

)
, (19)

where

I1i ≡
Im

[
(m†m)21i

]
(m†m)11

. (20)

Thermal leptogenesis is a rather involved thermodynamical non-equilibrium
process and depends on additional parameters. In the hierarchical case the
baryon asymmetry only depends on four parameters [25]: the mass M1 of the
lightest heavy neutrino, together with the corresponding CP asymmetry εN1

in their decays, as well as the effective neutrino mass m̃1 defined as
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m̃1 = (m†m)11/M1 (21)

in the weak basis where M is diagonal, real and positive and, finally, the sum
of all light neutrino masses squared, m̄2 = m2

1 +m2
2 +m2

3. It has been shown
that this sum controls an important class of washout processes. Successful
leptogenesis would require εN1 of order 10−8, if washout processes could be
neglected, in order to reproduce the observed ratio of baryons to photons
[22]:

nB

nγ
= (6.1+0.3

−0.2) × 10−10 . (22)

Leptogenesis is a non-equilibrium process that takes place at temperatures
T ∼ M1. This imposes an upper bound on the effective neutrino mass m̃1

given by the “equilibrium neutrino mass” [26]:

m∗ =
16π5/2

3
√

5
g
1/2
∗

v2

MPl

 10−3 eV , (23)

where MPl is the Planck mass (MPl = 1.2 × 1019 GeV), v = 〈φ0〉/
√

2 

174GeV is the weak scale and g∗ is the effective number of relativistic degrees
of freedom in the plasma and equals 106.75 in the SM case. Yet, it has been
shown [27], [28] that successful leptogenesis is possible for m̃1 < m∗ as well
as m̃1 > m∗, in the range from

√
∆m2

12 to
√
∆m2

23. The square root of the
sum of all neutrino masses squared m̄ is constrained, in the case of normal
hierarchy, to be below 0.20 eV [27], which corresponds to an upper bound
on light neutrino masses very close to 0.10 eV. This result is sensitive to
radiative corrections which depend on top and Higgs masses as well as on the
treatment of thermal corrections. In [28] a slightly higher value of 0.15 eV is
found. From (19) a lower bound on the lightest heavy neutrino mass M1 is
derived. Depending on the cosmological scenario, the range for minimal M1

varies from order 107 Gev to 109 Gev [25] [28].

4 Weak Basis Invariants and CP Violation

In this section we present WB invariants which must vanish if CP invariance
holds. Non-vanishing of any of these WB invariants signals CP violation.
Weak basis invariant conditions are very useful since they allow us to deter-
mine whether or not a Lagrangean violates CP without the need to go to the
physical basis. Clearly they can be very useful for instance in the study of
mass models with particular textures or symmetries. The strategy to build
these conditions was first applied in the context of the Standard Model [29].
The starting point are (3) to (5). The technique proposed allows to build
several different conditions. Different conditions may be sensitive to different
CP violating phases. Furthermore some of them are identically zero under
particular circumstances. This requires a careful choice of invariants.
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Since leptogenesis only depends on the product m†m this combination
must appear in the conditions relevant for leptogenesis. From (4), (3), one
obtains :

W †hW = h∗

W †HW = H∗ (24)

where h = m†m, H = M†M . It can be then readily derived, from (3), (24),
that CP invariance requires [7]:

I1 ≡ ImTr[hHM∗h∗M ] = 0 (25)

Analogously several other different conditions can be derived [7]:

I2 ≡ ImTr[hH2M∗h∗M ] = 0 (26)
I3 ≡ ImTr[hH2M∗h∗MH] = 0 (27)

It has been shown [7] that if none of the heavy neutrino masses vanish and
furthermore there is no degeneracy among them these conditions are inde-
pendent and do not automatically vanish. Since there are six independent
CP violating phases, one may wonder whether one can construct other three
independent WB invariants, apart from Ii, which would describe CP viola-
tion in the leptonic sector. This is indeed possible, a simple choice are the
WB invariants Īi(i = 1, 2, 3), obtained from Ii, through the substitution of h
by h̄ = m†hlm, where hl = mlml

†. For example one has:

Ī1 = ImTr(m†hlmHM
∗mThl

∗m∗M) (28)

and similarly for Ī2, Ī3. As it was the case for Ii, CP invariance requires that
Īi = 0.

Since low energy physics is sensitive to meff it is possible to show that
the strength of CP violation at low energies, observable for example through
neutrino oscillations, can be obtained from the following low-energy WB in-
variant:

Tr[heff , hl]3 = 6i∆21∆32∆31Im{(heff )12(heff )23(heff )31} (29)

where heff = meffmeff
†, hl = mlml

† and ∆21 = (mµ
2 −me

2) with analo-
gous expressions for ∆31, ∆32.

5 Relating CP Violation at Low Energies
with CP Violation Required for Leptogenesis

It is clear from (1) that it is possible to choose a weak basis where the
matrices ml and M are simultaneously diagonal. In this case all CP violating
phases appear in m. There is no loss of generality in parametrizing the Dirac
neutrino mass matrix by [30]:
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m = UY� (30)

with U a unitary matrix and Y� a matrix with triangular form:

Y� =

⎛⎝ y1 0 0
|y21| exp(iφ21) y2 0
|y31| exp(iφ31) |y32| exp(iφ32) y3

⎞⎠ (31)

where the yi are real. Since U is unitary, it contains in general six phases.
However, three of these phases can be rephased away through the transfor-
mation:

m → Pξm (32)

where Pξ = diag (exp(iξ1), exp(iξ2), exp(iξ3)). In a WB, this corresponds to
a simultaneous phase transformation of the left-handed charged lepton fields
and the left-handed neutrino fields. Furthermore, Y� defined by (31) can be
written as:

Y� = P †
β Ŷ� Pβ (33)

where Pβ = diag(1, exp(iβ1), exp(iβ2)) and

Ŷ� =

⎛⎝ y1 0 0
|y21| y2 0
|y31| |y32| exp(iσ) y3

⎞⎠ (34)

with σ = φ32 − φ31 + φ21. It follows from (30), (33) that the matrix m can
then be written as [7]:

m = ÛρPαŶ�Pβ (35)

where Pα = diag(1, exp(iα1), exp(iα2)) and Ûρ contains only one phase ρ
as, for example, in the standard parametrization of VCKM . Therefore, in this
WB, where ml and M are diagonal and real, the phases ρ, α1, α2, σ, β1, β2 are
the only physical phases and can be used to characterize CP violation in this
model. It follows from here that leptogenesis is controlled by the phases σ,
β1, β2. If these three phases vanish there is no possibility of leptogenesis, still
the remaining three phases can be responsible for low energy CP violation
thus it is possible to have no CP violation at high energies responsible for
leptogenesis and still have leptonic low energy CP violation [7]. Conversely
one may ask whether it is possible to have leptogenesis with no low energy CP
violation either of Dirac or Majorana type [4]. The answer to this question
can be given by going to the weak basis where both ml and M are real and
diagonal. Then from (10) one can derive:

m = iK
√
dOc

√
D , (36)
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where
√
d and

√
D are diagonal real matrices such that

√
d
√
d = d,

√
D
√
D =

D and Oc is an orthogonal complex matrix, i.e. OcOcT = 1I but in general
OcOc† �= 1I. It is clear that with this parametrization the product m†m,
relevant for leptogenesis, is insensitive to K. It is also clear from (10) that K is
insensitive to the matrix O. Yet, although a connection cannot be established
in general, it can be established in special frameworks.

Here we present an interesting illustrative example of such a connection
[31]. Starting from the parametrization of (30) and (31) it follows that U
does not play any rôle for leptogenesis since it cancels out in the product
m†m. This suggests the simplifying choice of taking U = 1I. With this choice
several texture zeros were studied for the matrix Y�. Two patterns with one
additional zero in Y� where found to be consistent with low energy physics
(either with hierarchical heavy neutrinos or two-fold quasi degeneracy):⎛⎝ y11 0 0

y21 e
i φ21 y22 0

0 y32 e
i φ32 y33

⎞⎠ ,

⎛⎝ y11 0 0
0 y22 0

y31 e
i φ31 y32 e

i φ32 y33

⎞⎠ (37)

Still it is possible to eliminate one of the two remaining phases and obtain
viable leptogenesis together with specific predictions for low energy physics
consistent with the known experimental constraints. In [31] special examples
were built with strong hierarchies in the entries of Y� parametrized in terms
of powers of a small parameter.

The question of whether the sign of the baryon asymmetry of the Uni-
verse can be related to CP violation in neutrino oscillation experiments was
addressed by considering models with only two heavy neutrinos [32]. In this
case the Dirac mass matrix has dimension 3 × 2. The interesting examples
correspond to textures of the form given above in (37) with the third column
eliminated and corresponds to the most economical extension of the SM lead-
ing to leptogenesis. In this case the number of parameters is further reduced
and the remaining non zero parameters are strongly constrained by low en-
ergy physics. This fact leads to a definite relative sign between Im (m†m)212
and sin 2δ.

6 A Common Origin for All CP Violations

CP violation has been observed both in the Kaon sector [34] and in the B-
sector [35] [36]. The existence of a matter dominated Universe constitutes
indirect evidence for CP violation. It has been established that within the
framework of the SM it is not possible to generate the observed size of BAU,
due in part to the smallness of CP violation in the SM. This provides motiva-
tion for considering new sources of CP violation beyond the KM mechanism.

The question of whether it is possible to find a framework where all these
manifestations of CP violation have a common origin has been addressed in [6]
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in the context of a small extension of the Standard Model and also in [33] in
the framework of a SUSY SO(10) model. In [6] a minimal model is proposed
with spontaneous CP violation, where CP breaking both in the quark and
leptonic sectors arises solely from a phase α in the vacuum expectation value
of a complex scalar singlet S, with 〈S〉 = V√

2
exp(iα). Since S is an SU(2) ×

U(1) × SU(3)c singlet, V can be much larger than the electroweak breaking
scale. Therefore, in this framework CP violation is generated at a high energy
scale. In order for the phase α to generate a non-trivial phase at low energies
in the Cabibbo, Kobayashi and Maskawa matrix, one is led to introduce at
least one vector-like quark, whose lefthanded and righthanded components
are singlets under SU(2). In the leptonic sector, righthanded neutrinos play
the rôle of the vector-like quarks, establishing the connection between CP
breaking at high and low energies, and allowing also for the possibility of
leptogenesis.

The model considered consists of adding to the SM the following fields:
one singlet charge − 1

3 vectorial quark D0, three righthanded neutrino fields
ν0

R (one per generation) and a neutral scalar singlet field, S. A Z4 symmetry
is imposed, under which the fields D0, S, ψ0

l (the lefthanded lepton doublets),
l0R and ν0

R transform non trivially, all other fields remain invariant under the
Z4 symmetry.

The scalar potential will contain terms in φ and S with no phase de-
pendence, together with terms of the form (µ2 + λ1S

∗S + λ2φ
†φ)(S2 + S∗2)

+λ3(S4 + S∗4) which, in general, lead to the spontaneous breaking of T and
CP invariance [37] with φ and S acquiring vacuum expectation values (vevs)
of the form:

〈φ0〉 =
v√
2
, 〈S〉 =

V exp(iα)√
2

(38)

and the Z4 symmetry is also broken.
After spontaneous symmetry breaking the leptonic mass terms are given

by (1). In the model a bare Majorana mass term for the righthanded neutrinos
would break the Z4 symmetry yet, a term of this form is generated through
the couplings of ν0

R to the scalar singlet S, after Z4 breaking. It was shown
in [6] that leptogenesis is possible in this framework. Furthermore, whenever
the matrix m†m is real there is also no CP violation at low energies. On the
other hand the matrix mm† is always real in this framework.

In the hadronic sector the phase δKM , generated through spontaneous
CP violation in general is not suppressed and the Z4 symmetry allows to find
a solution [38] of the strong CP problem of the type proposed by Nelson [39]
and Barr [40].
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It is pointed out that if vector-like heavy quarks, Q, are present at a high
energy scale then they can serve toward baryogenesis. We study a few phe-
nomenological constraints on Q so that this idea is implementable.

1 Introduction

The observed facts in cosmology are (i) cosmic microwave background ra-
diation, (ii) abundant light elements, (iii) galaxies and inter-galactic mole-
cules, and (iv) dark matter and dark energy. We present here the work of
[1] toward baryogenesis. The baryon asymmetry of universe is one of the
most important cosmological observations probably explainable by a parti-
cle physics model(s). Starting from a baryon symmetric universe, Sakharov
proposed three conditions for generating a baryon asymmetry in the universe
from fundamental interactions applicable in cosmology [2]: the existence of
∆B �= 0 interaction which accompany C and CP violation, and their work-
ing in a non-equilibrium state in the cosmos. Grand unified theories(GUTs)
seemed to provide the basic theoretical framework for baryogenesis [3], be-
cause in most GUTs ∆B �= 0 interaction is present. Introduction of C and
CP violation in GUTs is always possible if not forbidden by some symmetry.
The condition on non-equilibrium is possible in the evolving universe but
the consistency has to be checked given a specific interaction. Namely, a cos-
mological evolution with ∆B �= 0 and C and CP violating particle physics
model can produce a nonzero ∆B. The question is how big the generated
∆B is, which can be compared to the observed value ∆B 
 0.6 × 10−9nγ .
For example, an SU(5) GUT with X,Y gauge bosons for the ∆B �= 0 inter-
action is not generating the needed magnitude when applied in the evolving
universe. In the SU(5) GUT, two quintet Higgs are needed for an allowable
magnitude [4].

GUTs seemed to be the theory for baryogenesisfor some time. However,
this belief underwent a fundamental change in the mid-1980’s. The spon-
taneously broken electroweak(EW) sector of the standard model(SM) does
not allow instanton solutions. When SU(2)weak is not broken, there are EW
SU(2) instanton solutions. Tunneling via these EW instantons is extremely
suppressed (viz. e−2π/αw), which is the zero temperature estimate. At a high
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Fig. 1. Tunneling via sphaleron processes. The real(dashed) long arrow represents
the high(zero) temperature tunneling.

temperature however, the transition rate can be huge and in the hot Big-
Bang(BB) cosmology this effect must be considered [5]. The vacuum transi-
tion is shown schematically in Fig. 1.

We are familiar with the QCD instanton which combines a left-handed
quark triplet and a left-handed anti-quark anti-triplet, uαuc

α, etc. Sim-
ilarly, the sphaleron combines a left-handed SU(2) doublet with a left-
handed SU(2) doublet, εijqiqj . The resulting effective interaction must be
SU(3)×SU(2)×U(1)Y singlet. The ’t Hooft diagram is shown in Fig. 2.

Due to the ’t Hooft interaction, the baryon number produced during the
GUT era is washed out during the EW phase transition when the temperature
is of order the EW scale. Since the sphaleron interaction of Fig. 2 violates
B + L but conserves B − L, if there were a net B − L in the beginning then
there results a baryon asymmetry below the EW scale. If a complete washout
of B + L is achieved, the partition of B − L into B and L is

Fig. 2. The ’t Hooft determinental interaction of SU(2) doublets.
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∆B =
1
2
(B − L)orig. , ∆L =

1
2
(B − L)orig. (1)

The familiar leptogenesis uses this transformation of the B −L number gen-
erated by the decay of heavy Majorana neutrino(s) to the B number [6].

Thus, we need to generate a net B−L number at the GUT scale, or more
generally above the EW scale. The SU(5) conserves B−L and hence cannot
generate a net B−L. For baryogenesis, one has to go beyond the SU(5) GUT.
There are three proposals in this regard:

(i) N -genesis known as leptogenesis [6],
(ii) neutrino(ν)-genesis [7], and
(iii) Q-genesis [1].

Among these we focus on the Q-genesis.

2 Introduction of Heavy Quarks

We will introduce heavy quarks. For baryogenesis these heavy quarks are
better to be SU(2) singlets since the singlet quarks can survive the EW era
not hampered by the sphaleron process of Fig. 2. We note the following
toward a successful baryogenesis,

– Heavy quarks Q must mix with light quarks so that after the EW phase
transition they can generate the quark number (= 1

3B).
– They must live sufficiently long.
– A correct order for ∆B �= 0 should be generated.

SU(2) singlet quarks were considered before in connection with the fla-
vor changing neutral current(FCNC) at the EW scale [8, 9], and recently in
connection with the new BELLE result [10]. For the absence of the FCNC
at tree level, the weak isospin T3 eigenvalues of the mixable fermions must
be the same. Thus, introducing left-handed singlets potentially introduce the
FCNC problem. But in most discussions, the smallness of mixing angles with
singlets were overlooked. Since quark singlets in our scheme are super heavy
compared to 100 GeV, the small mixing angles are natural rather than un-
natural.

For definiteness, we work out for Q = − 1
3 SU(2) singlet quarks, D. So,

the conditions on D must be:

1. There should be a ∆D generation,
2. 10−10 s < τD < 1 s,
3. Sphaleron should not wash out ∆D, and
4. FCNC bound must be satisfied.

The question is, “Is it natural to introduce such a heavy quark D?”
In E6 GUT, there exist Ds in 27F . Also, the trinification GUT has such

Ds. With the notation given in [11], the branching of 27F is
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27F → 16 + 10 + 1 → 10 + 5 + 1 + 5 + 5 + 1

→ (q + uc + e+) + (l + dc) +N5 + (D + L2) + (Dc + L1) +N10 (2)

where one vector-like D appears per family.
When we consider this kind of vector-like quarks, there are three imme-

diately related physical problems to deal with, the heavy quark axion, the
Nelson-Barr type strong CP solution, and the FCNC [12]. Here, we focus on
the FCNC issue.

Consider one family(the third family) first,(
t
b

)
L

bR (3)

which gives all the needed features. The mass matrix with D is(
m J
0 M

)
(4)

where the entry 0 is natural since it can be obtained by a redefinition of
right-handed singlets. The mass matrix can be diagonalized by considering
MM†,

|mb|2
|mD|2 =

1

2

{
(|M |2 + |m|2 + |J |2) ±

√
[(|M | + |m|)2 + |J |2][(|M | − |m|)2 + |J |2]

}
(5)

With the hierarchy we are assuming |M |2  |m|2, |J |2, we have |mb| 
 |m|
and |mD| 
 |M |. With the vanishing phases, the b and D mass eigenstates
are

|b〉 

(

1
−J/M

)
, |D〉 


(
J/M

1

)
. (6)

Since J is the doublet VEV and M is a mass parameter or a singlet VEV,
the mixing angle can be sufficiently small. This is the well-known decoupling
of vector-like quarks. It can be generalized to three ordinary quarks and n
heavy quarks with (3 + n) × (3 + n) matrix

M =
(
Md J
J ′ MD

)
(7)

can take the following form by redefining the right-handed d and D fields,

M =
(
Md J
0 MD

)
. (8)

The essential feature, the decoupling of the vector-like quarks, is not changed
with this generalization to (3 + n) × (3 + n) mass matrix. For the estimate
below, we will use J with respect to the bottom quark mass, |J | = fmb.
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3 Q-Genesis by Heavy Quarks

In the Q-genesis the generation of D number is worked out as usual through
the Sakharov mechanism. Going through the EW phase transition, this D
number becomes 1

3B number.
The interaction we introduce is

gDiXiu
cDc + geiX

∗
i u

cec + h.c. . (9)

To generate the D-number, we need an interference of the tree and one-loop
diagrams shown in Fig. 3.

Fig. 3. The interference between tree and one-loop diagrams is needed for a nonzero
∆D generation.

The interference term contributes as

g∗e1g
∗
e2g

∗
D1gD2 . (10)

So, if we allow arbitrary phases in the Yukawa couplings, the relative phases
of gD1 and gD2 can be cancelled only by the relative phase redefinition of X2

and X1. The same applies to gD1 and gD2. Thus, the phase η appearing in
(10) is physical. Let X1 be the lighter among X1 and X2. Then, theD-number
generated by this mechanism is

nD

nγ

 0.5 × 10−2ε

ε 
 η
8π 10−2[F (x) − F (x−1)], x = mX1

mX2
(11)

F (x) = 1 − x ln(x+ x−1)

4 Lifetime Constraints

The dominant D decay modes are the processes,

D → t+W, b+ Z, b+H0 (12)



450 J.E. Kim

from which we obtain

ΓD =
GF

4
√

2π
|J |2mD, |J | = fmb, ε =

fmb

mD
. (13)

The lifetime of D must fall in the region

2 × 10−11 s < τD < 1 s (14)

so that it must live long enough to live up the EW phase transition but must
decay before the commencement of nucleosynthesis. This consideration gives
a bound on ε

1
(106mD, GeV)3/2

< |ε| < 1
(2.7 × 102mD, GeV)3/2

(15)

where mD, GeV is the D quark mass in units of GeV. Note that the mixing of
D with b is of order ε(viz. (6)). For one period of oscillation, we expect that
the |ε|2 fraction of D is expected to transform to b. Since the period of the
EW phase is of order

1
H

=

√
3M2

P

ρ
∼
√

3
g∗

MP

M2
W

, (16)

the following fraction of D is expected to be washed out

MPm
2
b

M2
WmD

f2 
 1016 f2

mD,GeV
. (17)

Thus, for mD ∼ 106 GeV, we need f < 10−5. Anyway, we need a heavy quark
so that the sphaleron does not erase the D number.

5 Flavor Changing Neutral Current

For the FCNC, we may consider the processes of Z decay, B decay, and K+

decay. These give the bounds on the relevant couplings as

process experiment bounds
Z → bb̄ zbb = 0.996 ± 0.005 |ε|2 ≤ 0.009
B → Xsl+l− |zsb| = JbJs

m2
D
< 1.4 × 10−3

K+ → π+νν̄ |zsd| ≤ 7.3 × 10−6

(18)

Note that in the last row of (18), we used the ratio

Br.(K+ → π+νν̄)
Br.(K+ → π0e+ν)

=
3|zsd|2
2λ2

≤ 2 × 10−9 . (19)
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Fig. 4. The current allowed region in the ε−MD plane. The allowed region is the
intersection of the region above the solid line and the common region below two
dashed lines.

Therefore, we obtain

1
4.8 × 109√mD, GeV

< |f | < 1
2.1 × 104√mD, GeV

(20)

All the bounds we discussed so far are summarized in Fig. 4. Note, how-
ever, that if we assume SUSY, the bound comes from the upper bound of
MX ∼ 109 GeV. In that case MD < 1 TeV is the bound. On the other hand,
if we take MX ∼ 1013 GeV without SUSY, MD can be as heavy as 1000 TeV
or 104 TeV. These are not marked in Fig. 4.

Z2 Symmetry

To implement the small f obtained above naturally, we can impose a discrete
symmetry. Thus, let us introduce a Z2 parity,

Z2 : bL,R → bL,R, DL,R → −DL,R . (21)

The SU(2)W doublet qL having bL as its component has the same Z2 = +1
eigenvalue as bR. But the gauge symmetry forbid them to get a bare mass.
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On the other hand, the SU(2)W singlet D can have a bare mass or obtain a
mass by a large VEV of Z2 = +1 singlet scalar S. All the interactions are
consistent with the Z2 parity if L, ec and X are Z2 parity odd and all the
other fields are even. We can introduce two Higgs doublets, φ and ϕ,

Z2 : φ→ φ, ϕ→ −ϕ . (22)

Thus, we can write the following renormalizable Lagrangian consistent with
the Z2 parity except for the soft term m2

δ ,

V (φ, ϕ) = (m2
δϕ

†φ+ h.c.) − µ2φ†φ+M2
ϕϕ

†ϕ+ λ1(ϕ†ϕ)2 + λ2(φ†φ)2

+λ3ϕ
†ϕφ†φ+ λ4ϕ

†φφ†ϕ+ (λ5ϕ
†φϕ†φ+ h.c.) (23)

where we assume M2
ϕ  µ2  |m2

δ | > 0.
If Z2 were exact, there is no mixing of D with b and hence D would be

absolutely stable, and

〈φ〉 = v �= 0 , 〈ϕ〉 = 0 .

But the existence of soft term violates the Z2 symmetry and a tiny VEV of
ϕ is generated,

〈ϕ〉 =
m2

δv

M2
ϕ

, foff q̄LϕDR → J 
 foff
m2

δv

M2
ϕ

(24)

or

f =
√

2foff

fb

m2
δ

M2
ϕ

(25)

which can be made naturally small by a small ratio of mδ/Mϕ. The mass of
ϕ can be superheavy.

Assuming no approximate discrete symmetry, proton decay can proceed
via the X particle exchange dcuc → X∗ → ue. Thus, the mass of X particle
should be in the GUT scale with a small Yukawa couplings to the first family
members as studied in GUT proton decay. This is the standard colored Higgs
mediated proton decay.

6 Conclusion

In this talk, we presented a new type baryogenesis, the Q-genesis. There are
constraints on the parameters introduced in the model. We also pointed out
that a discrete symmetry such as Z2 can render the smallness of f natural.
The interesting thing in this scenario is that this so-far unnoticed baryogenesis
has an allowed region in the parameter space as shown in Fig. 4.

Finally, we summarize three classes of baryogenesis in Table 1.
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Table 1. Comparison of three types of baryogenesis.

(B − L)orig. = 0 (B − L)orig. �= 0 Sphaleron

N -genesis Yes (ν, e) converts to B
ν-genesis Possible Possible (ν, e) converts to B
Q-genesis Possible Possible Q decay produces B
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Summary. We outline a solution to the cosmological constant problem and dy-
namics of the Universe expansion that follow from the quantum field theory of in-
teracting gravity and matter with an unbounded Hamiltonian taking into account
a negative-energy contribution from the metric conformal factor.

1 Introduction

This paper contains notes of our DARK2004 talk on the cosmology that
follows from the quantum field theory of gravity and matter suggested in
[1, 2]. In Sect. 2 we review a simplified model of quantized conformally-flat
gravity conformally coupled to a massive scalar field. The Lagrangian is

L =
1
2
(ψ,µψ,µ −m2

ψψ
2) +

1
2
(−φ,µφ,µ +m2

φφ
2)

− λψ

4!
ψ4 +

λφ

4!
φ4 − λ

4
ψ2φ2 (1)

in a Minkowski space-time with a metric ηµν = diag(1,−1,−1,−1), µ, ν =
0, 1, 2, 3. Here ψ = ΩΨ , the field Ψ describes matter with a mass m and a
self-interaction coupling constant λψ, φ is the gravity field (the scaled confor-
mal factor of the spacetime metric tensor gµν = Ω2ηµν , φ = (3/4πG)1/2Ω),
λ = 8πGm2/3, and λφ = −16πGΛ/3, where G is the universal gravitational
constant and Λ is the cosmological constant. Following the renormalization-
group analysis, we lay stress on a remarkable property of a co-existence of
the ultraviolet and infrared asymptotical freedom in such systems.

In Sects. 3, 4 we discuss a simple cosmological (minisuperspace) model
where the fields are spatially homogeneous but their amplitudes vary in time.
Numerical examples (Figs. 2–4) of the classical (not quantum) dynamics im-
posed by this model are taken from a recent paper [3] where very rich and
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unusual stability and dynamical properties of the system were demonstrated.
(For a general reference on the cosmological models see, e.g., [4, 5].) For
spatially homogeneous fields ψ = x and φ = y the Lagrangian (1) reads

L = −1
2
(−ẋ2 + ω2

xx
2) +

1
2
(−ẏ2 + ω2

yy
2) − a

4
x4 +

b

4
y4 − c

2
x2y2 , (2)

where ẋ = dx
dt , ẏ = dy

dt , and c = λ/2. The partial matter (x-) and gravity (y-)
oscillators have frequencies ωx = mx and ωy = my as well as self-coupling
constants a = λψ/6 and b = λφ/6, respectively. The canonical momenta
px = ∂L

∂ẋ and py = ∂L
∂ẏ imply the Hamiltonian H = pxẋ+ py ẏ−L in the form

H =
1
2
(px

2 + kx2) − 1
2
(py

2 + ky2) +
a

4
x4 − b

4
y4 +

c

2
x2y2 . (3)

A distinctive feature of this Hamiltonian is that it is unbounded from
below as well as from above due to the fact that the cosmological-scale y-
oscillator contributes with the negative kinetic and potential energies to the
total energy of the system. The case when ωx = ωy, a = b, and c are all pos-
itive constants was analyzed in [3]. When c = 0 the uncoupled matter (x−)
and gravity (y-) oscillators are stable anharmonic oscillators. Simultaneous
creation of the matter and gravity, i.e. the cosmological birth and growth of
the Universe, occurs only due to the nonlinear coupling (c > 0) of matter
and gravity. The Hamiltonian has to be set equal to zero, H = 0, which is a
constraint imposed by the General Theory of Relativity in order to get the
proper classical Einstein equations. Within a semiclassical analysis, the fact
that the conformal factor of the spacetime metric contributes with a nega-
tive kinetic energy to the Hamiltonian has been known for a long time (see
references in [1]). Within a classical, non-quantized theory, some particular
examples of the Hamiltonian systems with a similar structure were studied in
[6]–[11]. In this talk we present elements of an analytical description of some
interesting regimes generated by the cosmological model (2)–(3). In Sect. 4
we comment on the relation of this model to cosmology and outline a possible
solution to the cosmological constant problem.

2 Quantum Field Theory of Conformally-Flat Gravity
Coupled to Massive Scalar Field

The original idea [1, 2] was to accept (i) a negative kinetic energy com-
ing from a conformal factor as well as from higher-derivative terms of the
gravity Lagrangian, (ii) an unboundedness of a gravity-matter Hamiltonian
from below, and (iii) a corresponding negative-energy instability of an empty
vacuum state (i.e., inflation and Big Bang) as a physical reality, but to
quantize negative-energy fields properly. The proper quantization rules are
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predetermined by the condition of convergence of a path integral representing
the amplitude of the vacuum-vacuum transition and imply an opposite way
to go around the poles of the propagators of the negative-energy fields as
compared to that in the usual Feynman rules for the positive-energy fields.
As a result, a Wick rotation of the time axes in a complex plane without
crossing singularities is not possible anymore and the theory is not equiv-
alent to the quantum statistical mechanics near a stable ground state in a
Euclidean space. The theory includes nontrivial nonlinear dynamics of an
unstable vacuum in a Minkowski spacetime with an indefinite metric.

Most of the formulas and methods of usual quantum field theory can be
applied with small modifications to the unstable system (1). Vacuum for the
system (1) is just usual tensor product of the partial vacua of ψ- and φ-fields.
However, now it is not the ground state, but an unstable state. In order to
pick out the contribution of the unstable vacuum state to the observable
quantities, e. g., Green’s functions, it is necessary to use the “anti-Feynman”
propagator for the negative-energy field and the Feynman propagator for the
positive-energy field. For the two-scalar-fields model (1), it means that one
should change the sign in front of ε → +0 in the Feynman propagator of the
negative-energy field as well as the sign in front of the whole φ-propagator:

pφ

−− → −−= −i
/(
p2

φ −m2
φ − iε

)
,

pψ

−−→−−−= i
/(
p2

ψ −m2
ψ + iε

)
. (4)

As a result we obtain causal and unitary evolution of unstable field system.
We apply the method of the renormalization-group analysis to describe

the behavior of interacting fields at arbitrary energy-momentum scale κpi

through the effective (running) coupling constants λ(κ), λϕ(κ) if they are
known at a given scale κ0pi. For the theory (1) with mψ = mφ = 0 we derived
the following renormalization-group equations in the one-loop approximation

dλψ

ds
= λ2

ψ − λ2,
dλφ

ds
= λ2

φ − λ2,
dλ

ds
=
λ

3
(
λψ + λφ

)
, (5)

where s = (3/16π2) ln(κ/κ0). This result cannot come from euclidean in-
tegration because in the Minkowski momentum space the integration path
along the real axis is squeezed by poles from all sides so that there is no any
possibility for Wick rotation without crossing singularities. In particular, the
minus sign in front of λ2, which is crucial for the infrared&ultraviolet asymp-
totic freedom, appears due to a diagram with a two-vertex loop formed by
virtual propagators of the field with the energy sign opposite to the sign of
in- and out- fields. The exact solution of (5) for λψ(λ) and λφ(λ) is

λϕ = εϕ
√

3βλ3 ±
√

3λ2
(
1 − αλ+ β2λ4

)
, ϕ = ψ or φ , (6)

where arbitrary initial conditions are set by two parameters α and β at a
reference scale κ = κ0; εϕ is equal to +1 for ϕ = ψ and −1 for ϕ = φ. The
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scale dependence is given via a quadrature s = 3
∫

(λψ+λφ)−1λ−1dλ. Solution
(6) takes a simple form for the plane λψ ≡ λφ, see Fig. 1. The respective scale
dependence for a bounded trajectory is s =

√
3[2

√
1 − αλ/λ + αv]/4, where

v = ln |(
√

1 − αλ+ 1)/(
√

1 − αλ− 1)|, λ(κ0) = α−1 > 0.
Inside the separatrix cone, λψλφ > 3λ2, in the (λψ, λφ, λ)-space the self-

interaction of fields prevails. The theory resembles either QED with infrared
asymptotic freedom and ultraviolet divergence (upper part of the separatrix
cone where both self-couplings are positive, λψ, λφ > 0, that corresponds to
stable partial fields), or quantum chromodynamics (QCD) with ultraviolet
asymptotic freedom and infrared divergence (lower part of the cone).

Outside the separatrix cone, 3λ2 > λψλφ, the interaction between positive-
energy and negative-energy fields is so strong that it results in a remarkable
phenomenon of the co-existence of the ultraviolet and infrared asymptotic
freedom. A trajectory starts at the point of freedom at s → −∞ and tends
to the same point of freedom at s → +∞ without going to infinity (Fig. 1).

Fig. 1. Phase portrait of (5) and scale dependence of coupling constants for the
case λψ = λφ.

The fact that a finite coupling and, hence, gravity-matter structure ap-
pears only within a finite range of energy-momentum scales can be related
to the observed range of scales from a Planck’s scale κ−1

max ∼ 10−33cm to a
cosmological scale κ−1

min ∼ 1027cm on which the Universe becomes homoge-
neous according to the cosmological principle. The ratio κmax/κmin ∼ 1060

corresponds to the interval ∆s = (3/16π2) ln(κmax/κmin) ∼ 3 of the order of
unity and is accounted for by quantum field theory without introducing big
numbers ad hoc. Another consequence is the impossibility to fix arbitrarily
a cosmological constant Λ ∝ λφ, in particular, to set Λ ≡ 0. It is correlated
with a gravitational constant G ∝ λ and matter self-interaction λψ, changes
a sign, and is asymptotically small outside some interval of energy scales.
Therefore, different scales (energies) contribute to the total expansion of the
local, observable Universe with different weights and even signs.
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3 Dynamics of a Cosmological Model

3.1 Basic Model

We assume that the gravity-matter coupling constant is positive, c > 0, since
a change of its sign is equivalent to an interchange of the positive-energy
matter x-oscillator with the negative-energy metric y-oscillator. Remember
that the case a > 0, b > 0 is appropriate to the physical interpretation of
the Hamiltonian (3) as describing the birth and cosmological evolution of
the Universe in the process of the mutual creation of partially stable gravity
(spacetime metric) and matter due to their nonlinear coupling c. In the case
b < 0 the gravity y-oscillator is partially unstable. Hamilton’s equations of
motion are the coupled second order differential equations,

ẍ+ ω2
xx+ ax3 + cxy2 = 0 and ÿ + ω2

yy + by3 − cx2y = 0 . (7)

This, very basic model of just two coupled anharmonic oscillators already
reveals many surprises coming from the unbounded Hamiltonians. First, there
are no runaway solutions in the vast regions of the parameter space, i.e.,
despite of the unboundedness of the energy from below the nonlinear coupling
can prevent from a runaway to infinity. Second, there is a fractal structure
of regions with bounded and unbounded solutions in the phase space. Third,
there is a dynamical chaos and variety of the stable and unstable regimes.

3.2 Bounded and Unbounded Solutions

The gravity-matter interaction (c�=0) affects the matter and gravity in quite
different ways. The paper [3] demonstrates numerically an impressive non-
linear dynamics generated by the systems with the unbounded Hamiltonian.
In particular, there is a wide range of parameters for which the system (3)
generates very interesting unstable solutions which, contrary to the stable
(bounded) solutions, approach infinity (in most cases in an explosive fashion
in a finite interval of the conformal time) and are relevant to the Big Bang.

Regions of bounded (stable) and unbounded (unstable) solutions in phase
space for the case a = b are shown in Fig. 2 copied from [3]. In Fig. 2
and all numerical examples below the initial conditions were (px, py, x, y) =
(d, d, 0, 0). Generally, if a trajectory is unstable, the instability occurs very
rapidly after some initial time interval 0 < t < tesc. Before the time tesc, the
trajectory appears to be stable and remains at small values of x and y. After
the time tesc unstable trajectories appear to diverge exponentially or even
explosively rapidly.

Because there is an elliptic fixed point at the origin (px = py = x = y = 0),
there will always be a small stable harmonic region in the immediate neigh-
borhood of the origin. Within the original quantum theory of this minisuper-
space model, the latter implies that the initially small vacuum spontaneous
fluctuations of matter and gravity have to tunnel through a finite barrier in
order to give birth and subsequent Universe inflation to a macroscopic state.
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3.3 Scaling Properties

First, if the canonical variables are scaled by a factor of
√
a, so that x′ = x

√
a

and y′ = y
√
a, then the equations of motion take the form

ẍ′ + ω2
xx

′ + x′3 +
c

a
x′y′2 = 0 and ÿ′ + ω2

yy
′ +

b

a
y′3 − c

a
x′2y′ = 0 . (8)

Hence, as we change all three nonlinear coupling constants proportionally
keeping the ratios c/a and b/a constant, the structure of the phase space
motion in terms of the original variables (px, py, x, y) will be unchanged and
only its overall scale will be changed. This scaling is the reason why there are
stripes of stable and unstable motion along lines of constant c/a in Fig. 2.

a

c

us su

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Fig. 2. A coarse-grained plot of stable and unstable regions for the system (7) as
a function of parameters a = b and c for ωx = ωy = 1. Black squares contain one
stable trajectory and white squares contain one unstable trajectory. In all cases the
initial conditions were (px, py, x, y) = (d, d, 0, 0) with d = 10.

Second, if we further scale the canonical variables and time according to
x′ → |ωy|x′′, y′ → |ωy|y′′, t → t/|ωy|, then the motion (8) become

ẍ′′+
ω2

x

|ω2
y|
x′′+x′′3+

c

a
x′′y′′2 = 0, ÿ′′+sgn(ω2

y)y′′+
b

a
y′′3− c

a
x′′2y′′ = 0 . (9)

In other words, only a ratio (ωx/|ωy|)2 and a sign of ω2
y are important and it

is enough to consider only three values sgn(ω2
y) = 1, 0,−1 which correspond

to a positive, flat or negative spatial curvature, respectively.
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For the limiting case a = b = 0 and arbitrary ωx, ωy, we can use an ad-
ditional scaling x → x/

√
|c|, y → y/

√
|c|, px → px/

√
|c|, py → py/

√
|c| that

results in the equations of motion with c replaced by sgn(c). Combining it
with the ωy-scaling law (9), we conclude that a stability border between sta-
ble (bounded) and unstable (unbounded) trajectories in the parameter space
of initial conditions, d, gravity-matter coupling constant, c, and curvature ω2

y

is determined by the scaling law c = ccrω
4
y/d

2. Numerically it was found in [3]
that there is only one critical value of the gravity-matter coupling, ccr 
 0.61,
and the stability border, indeed, satisfies the above scaling law.

3.4 Regime of Long Adiabatic Evolution Intermittent
by Short Non-Adiabatic Crunches

Adiabatic Invariants and Averaged Equations of Motion

Some of the behavior of unstable oscillations can be understood using the
theory of the adiabatic invariants [12]. Typical solutions are shown in Figs. 3–
4 copied from [3]. We see some distinctive differences in the behavior for zero
and nonzero a = b. For a = b = 0, the period of the y-oscillations is constant
and the maximum amplitude of the y-oscillations can increase or decrease
with increasing time. The x-oscillations have very small amplitude relative to
those of the y-oscillator. For a = b = 0.0015, the period of the y-oscillations
Ty can vary and appears to depend on the amplitude of the y-oscillations.
Also, both the amplitude and period of the x-oscillations appear to depend
on the amplitude of the y-oscillations.

Let us write y(t) = ȳ(t) +∆y(t), where ∆y is assumed small,

ȳ(t) =
1

Tx(t)

∫ Tx(t)

0

y(t) dt , (10)

Fig. 3. (a) Plots of x(t) and y(t) versus t for ωy = ωx = 1, a = b = 0, c = 0.8, and
initial momenta d = 10; (b) similar plots of x(t) and y(t) versus t for one oscillation
interval of the Fig. 4(a) at d = 1.9.



Cosmological Constant and Gravity+Matter Self-Creation 461

0 1000 2000 3000 4000 5000 6000 7000 8000

0 1000 2000 3000 4000 5000

x1010

0 500 1000 1500

(a)

(b)

t

0 10 20 30 40 50
t

(a)

(c)

(b)

(d)

0

500

1000

200

0

200

10

0

10

5

0

5

y(
t)

y(
t)

y(
t)

y(
t)

x(
t)

x(
t)

0 10 20 30 40 50 60 70 80 90

500

0

500

1000

2
1.5

1
0.5

0
0.5

1
1.5

2000

0

2000

Fig. 4. Left: plots of x(t) and y(t) versus t for (a)–(b) a = b = 0 and (c)–(d)
a = b = 0.0015. Right: plots of y(τ) versus τ for (a) a = b = 0 (the same case as
left plot (b)) and (b) a = b = 0.0015 (the same case as left plot (d)). For all plots
ωy = ωx = 1, d = 1.9, c = 0.8. The inset shows details of the early time behavior.

and Tx(t) is the period of the x-oscillator at time t. If Tx(t) is a slowly
varying function and does not change significantly during one period of the
x-oscillation, we can write x = x̄(t) +∆x(t), where ∆x is assumed small and

x̄(t) = X(t)sin
[ ∫ t

Ωx(t)dt+ φ

]
, (11)

with X(t) a slowly varying function. If we average (7) for x(t) over one period,
Tx(t), we obtain an equation with a slowly varying frequency Ωx(t),

¨̄x+Ω2
xx̄ = 0, Ω2

x(t) = ω2
x +

a

2
X2(t) + cȳ2(t) . (12)

In Fig. 3(b), we plot x(t) versus t and y(t) versus t for an interval of oscil-
lations in Fig. 4(a). In the region where y(t) is large enough to ensure the
condition of adiabatic approximation, |Ω̇x| � Ω2

x, the agreement is excellent.
Equation for ȳ can be obtained by averaging the second equation in (7)

over one period, Tx(t), and has the following form

¨̄y + ω2
y ȳ + bȳ3 − c

2
X2(t)ȳ = 0 . (13)

We can find X2(t) using conservation of an adiabatic invariant Ωx(t)X2(t)
of the x-oscillator during the time interval Ty between successive non-
adiabatic regions. Approximate conservation of the adiabatic invariant yields

X2(t)
√
ω2

x +
a

2
X(t)2 + cȳ2(t) = X2

min

√
ω2

x +
a

2
X2

min + cA2 . (14)

Here ymax = A is a maximum value of the y-oscillator amplitude, and Xmin

is a minimum value of the x-oscillator amplitude within a particular time
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interval Ty. The value X2
min can be found from the equation H = 0 with the

Hamiltonian (3) averaged over one period of oscillation Tx of the x-oscillator
at the maximum of y(t) where ẏ(t) = 0 and X = Xmin. The result is

H = X2
min

(
cA2 +

ω2
x

2

)
+

3a
16
X4

min−ω2
yA

2− b

2
A4 = 0 ⇒ X2

min =
ω2

y

c
+
bA2

2c
.

(15)
Thus for a = b = 0 the minimum amplitude of the x-oscillator is always
the same, but for a�=0 the minimum value Xmin depends on the maximum
amplitude A of the y-oscillator, as can be seen in Fig. 4(c).

For a finite ω2
x � cȳ2 and small enough self-coupling a (14) yields

X(t)≈Xmin

√
A/ȳ(t) . (16)

Thus, as the scale factor ȳ(t) decreases away from its maximum value, the
amplitude of the x-oscillations increases as in Figs. 3–4.

Dynamics of the adiabatic expansion is governed by the equation

¨̄y + ω2
y ȳ + bȳ3 − c

2
X2

minA = 0 ⇒ Ty ∼
√
ω2

y + bA2 , (17)

that follows from (13). After each interval of adiabatic motion Ty, the system
undergoes a relatively short interval of non-adiabatic motion (Big Crunch)
where y(t) approaches and crosses zero. During the nth non-adiabatic inter-
val, the adiabatic approximation |Ω̇x| � Ω2

x is violated, and the x-oscillator
acquires an additional phase shift ∆φn so that its phase φ at the next, (n+1)-
th interval of adiabatic motion becomes φn+1 = φn + ∆φn. The amplitude
of the y-oscillator is also changed from An to An+1 that, for large enough A
and small enough b, results in a very large change of the integral adiabatic
phase shift

∫ t
Ωx(t)dt  π at the (n + 1)-th interval of adiabatic motion

compared to the n-th interval. Since the result of the non-adiabatic transfor-
mation An → An+1, φn → φn+1 strongly depends on the phase with which
the x-oscillator enters the non-adiabatic region, the system turns out to be
very sensitive to any perturbations. The latter may explain qualitatively one
of the possible mechanisms of the dynamical chaos in (2).

To study the non-adiabatic region more closely, it is convenient to intro-
duce an amplitude ya of the y-oscillator at which the condition of adiabaticity
becomes broken, |Ω̇x| 
 Ω2

x, and rescale the amplitudes and time in the basic
(7) as follows: y → yay, x→ yax, and t→ t/ya. The result is

ẍ+ (ωx/ya)2x+ ax3 + cy2x = 0 , ÿ+ (ωy/ya)2y+ by3 − cx2y = 0 . (18)

In the limit ya → ∞ (A → ∞) both partial frequencies become zero
and initial conditions at the beginning of non-adiabatic region become y =
−ẏ = 1 and X = 1. The only free parameter is the phase of the rapid
x-oscillator, which eventually determines an increase (or decrease) of the
maximum expansion, A, after the passage through the non-adiabatic region.
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Harmonic Partial Oscillators

If the partial oscillators are harmonic (zero self-coupling nonlinearities, a =
b = 0), ȳ evolves as harmonic oscillator, (17), with a displaced point of
equilibrium at the amplitude y0 = (c/2ω2

y)X2
minA. The latter yields A =

2y0, i.e., the point ȳ = 0 is a point of reflection. With increasing A some
initial departure of Hamiltonian from zero becomes less important, so that
asymptotically H → 0 for the above asymptotical initial conditions.

The condition of adiabaticity means

|Ω̇x|/Ω2
x � 1 ⇒ ȳ  ya = (ω2

yA/c)
1/3 . (19)

At the beginning of the non-adiabatic region we have X(ya) = ya.
Depending on the entry phase, the ratio An+1/An varies from

(An+1/An)max 
 2.15 to (An+1/An)min = (An+1/An)−1
max with the average

value 〈An+1/An〉 
 1.5. Since small deviations in the amplitude of the slow
y-oscillator lead to large changes in the phase increment of the rapid matter
x-oscillator during its adiabatic evolution, the growth is chaotic. However,
on a timescale much larger than 1/ωy, the amplitude of the slow y-oscillator
satisfies the equation of exponential growth,

∂A/∂t = γA , (20)

where the growth rate is equal to γ 
 [(ln 1.5)/2π]ωy 
 0.07ωy. A typical
example of such behavior is shown in Fig. 3, where, in accord with the above
theory, the scale factor y goes to zero exactly after each period, ∆t = 2π/ωy =
6.28, of harmonic oscillations back to the point of reflection in (17) and
the minimum amplitude of the rapid x-oscillator reaches the universal value,
Xmin = ωy/c = 1.25, at each maximum of y, independendly on the amplitude
A of y. Moreover, the frequency of the rapid x-oscillator nicely matches the
value Ωx(t) =

√
ω2

x + cȳ2 =
√

1 + 0.8ȳ2 predicted by (12).

Effects of Self-Nonlinearity of Matter

Nonlinearity in the rapid x-oscillator becomes important when ȳ < (a/c)1/3ya.
If |a| < c it is important only in the non-adiabatic region. With growing am-
plitude of the slow oscillator, the contribution of nonlinearity to the phase
increment during adiabatic evolution becomes less and less important, even
if |a|  c. On the other hand, the nonlinearity changes the shape of effective
potential for the slow y-oscillator near ȳ = 0. Close to ȳ = 0, the potential
goes down for a > 0 and rises for a < 0.

Because of the different potential, the passage of ȳ = 0 point has differ-
ent consequences. Dependence of An+1/An on the entry phase changes. In
particular, the growth rate in (20) is considerably larger for negative a, and
large (a > c) positive nonlinearity causes the adiabaticity to extend up to
ȳ = 0. In response, the growth rate should become exponentially small.
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Effects of Self-Nonlinearity of Gravity

In the presence of b �= 0, independently on its sign, the slow y-oscillator
almost always exhibits explosive growth. For b < 0 the partial y-oscillator is
unstable. When it falls out of its potential well, its evolution is governed by

˙̄y = (
√

|b| /2)ȳ2 . (21)

If 1
2

√
|b|/c � 1, the x-oscillator remains adiabatic and follows the slow one.

For b > 0 and in the limit A→ ∞, the time interval between subsequent
passages of non-adiabatic regions is Ty = 2π/

√
bA, so that (20) becomes

∂A/∂t = η(
√
b/2π)A2 (22)

with some numerical pre-factor η. It also describes explosive instability
(on average). In the case b > 0, one has Xmin = A

√
b/2c in the limit

of large amplitude. The approximation of adiabaticity remains valid for
ȳ  y′a = (b/2c)1/3A. The equality X(y′a) = y′a as well as the condition
for the importance of the nonlinearity, ȳ < (a/c)1/3y′a, remain unchanged.

3.5 Non-Adiabatic Phase Shift, Origin of Chaos,
and Stochastic Explosion

Analysis of the non-adiabatic effects, chaos, and stochastic explosion can
be done through a closer look at the ratio of amplitudes at subsequent y-
oscillations, An+1/An, as a function of the non-adiabatic phase shift ∆φn.

This function can be calculated numerically as follows. Let us define ”adi-
abatic” phase increment ∆θadiab =

∫ t2
t1
Ωx(t)dt where t1 and t2 correspond

to subsequent zeroes of ȳ(t) in one variant or subsequent extrema of ȳ(t) in
another variant (see the end of this subsection). To calculate it we have to
find Ωx, (12). Hence, we need to know the relation between X(t) and ȳ(t),
which can be found from (14), as well as ȳ(t) itself that can be found from
the equation

¨̄y + ω2
y ȳ + bȳ3 =

cȳ

2Ωx(t)
X2

min

√
ω2

x +
a

2
X2

min + cA2 . (23)

The latter is a consequence of the (13) and (14) since X2(t)Ωx(t) = const is
the adiabatic invariant along a given adiabatic loop. One has to substitute
Xmin from the equation H = 0 (see (16)).

In the numerical solution, one can determine the phase of the x-oscillator,
x(t) = X(t) sin θ(t), from the equation θ(t) = Arcsin(x(t)/X(t)). This
approximately corresponds to the equation sin θ(t) = x(t)(ẋ2(t)/Ω2

x(t) +
x2(t))−1/2. For ∆θnumer = θ(t2) − θ(t1), the phase shift of φ from one adi-
abatic loop to the next adiabatic loop is ∆φn = φn+1 − φn = ∆θnumer −
∆θadiab.
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Another variant is to calculate phase increments (both adiabatic and nu-
merical) between adjacent extrema of the slow y-oscillator. For the adiabatic
phase it requires calculating A two times: separately for the rising and falling
legs of |ȳ|-trajectory. Moreover, one needs to know the locations of extrema
with precision much better than Tx. This can be done if one tries to find the
best fit of the adiabatic solution as a function of parameter A to the actual
solution. It is interesting to compare the results for both variants.

4 Cosmological Implications and Possible Solution
to the Cosmological Constant Problem

The purpose of this section is to sketch how the dynamics of the models
in (1) or (2) can be translated into cosmology. The model (2) describes an
evolution of our Universe as a self-consistent process of mutual creation of
the interacting gravity (spacetime metric) and matter fields from originally
small quantum fluctuations. The model only describes a classical stage of the
evolution when both fields have reached the macroscopic coherent values. The
model (2) assumes that both fields are spatially homogeneous. Subsequent or
simultaneous creation of all other spatial modes of the scalar and other matter
fields, for example incoherent components of matter and radiation, could
alter cosmological evolution, especially near singularities [10]. In particular,
the process of reheating of the Universe due to decay and dissipation of
the coherent inflaton scalar field into incoherent matter and radiation as
well as the processes of spontaneous quantum creation of particles from a
vacuum due to various non-adiabatic mechanisms in a non-stationary curved
spacetime (e.g., like Hawking radiation near black holes) [4] could become
important at some stage [5]. Obviously, all such effects should be treated on
the basis of a full quantum field theory of the model (1) or of the more general
models and are beyond the scope of the minisuperspace model (2).

The behavior of the model (2), so far, has only been studied in terms of
the conformal time, t. In order to relate the predictions of the model with
the observational cosmology, one has to use the well-known relations [4]

τ =
∫ t

0

|Ω(t)|dt =

√
4πG

3

∫ t

0

|y(t)|dt (24)

between the conformal, t, and observable, τ , times. It is instructive to plot
the conformal factor (the ”radius” of the Universe) y(τ) versus τ rather than
y(t) versus t, see Fig. 4. For the case a �= 0, while in the y(t) versus t plot the
y-oscillations with larger amplitude have shorter periods, in the y(τ) versus
τ plot, these same y-oscillations have constant period.

The conformal field Ω(t), i.e. the y-oscillator y = (3/4πG)1/2Ω, plays the
part of an overall scale factor in the Universe that stretches the observable
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time τ with respect to the conformal time t. As a reference regime, let us
consider a regime of the explosive evolution of the conformal factor,

Ω(t) =
1

(t∞ − t)h
, t =

∫ τ

0

dτ

|Ω(τ)| =
1 − e−hτ

hΩ0
→ t∞ =

1
hΩ0

at τ → +∞ ,

(25)
that ends in a singularity at a finite moment of the conformal time t∞
(y(t)→∞ as t→t∞) and corresponds to a standard de Sitter inflation

Ω(τ) = Ω0 exp(hτ), Ω0 = (ht∞)−1 , (26)

over an infinite interval of the observable time with a constant Hubble pa-
rameter h = Ω−1dΩ/dτ = Ω−2dΩ/dt. Therefore, if the model has solutions
which are not stabilized dynamically at some finite level but appear to end
in the singularities, these singular solutions can have a well-defined physical
meaning in the Friedmann-Robertson-Walker representation and, in fact, are
of great importance for they describe the observable cosmological inflation.

Such explosive solutions seem arise naturally in the present model (2). It
is obvious when b < 0 and a > 0 since in this case the gravity y-oscillator is
unstable by itself. For example, a pure explosive solution of the (21) yields
the de Sitter inflation, (25) and (26), with the Hubble parameter h =

√
Λ/6.

When b > 0 the explosive solutions take place due to the nonlinear inter-
action of the y-oscillator (gravity) with the x-oscillator (matter), even if the
y-oscillator is partially stable, b > 0, i.e., the cosmological constant is neg-
ative, Λ = −3λφ/(16πG) < 0. In this case the model exhibits a stochastic
oscillatory explosion governed by (22), that corresponds to an averaged Hub-
ble parameter h = (η/π)

√
Λ/6 with some numerical pre-factor η.

Recent observations reveal an existence of the so-called ”dark energy”
that constitutes about 73% of the critical mass density of the Universe, ρc =
3h2/8πG, and obeys an equation of state provided by cosmological constant
Λ = 0.73(3h2). In other words, the observed Hubble parameter is related to
the cosmological constant, namely, hobserv 


√
3
√
Λ/6, that is of the same

order as the indicated above values h ∼
√
Λ/6 suggested by the simplified

model (2). Thus, the field theory (1) has a potential to explain naturally
inflation and simultaneously solve the cosmological constant problem.

The idea is to relate the cosmological constant to a running coupling con-
stant of the unstable quantum field theory of interacting gravity and matter,
Λ = −3λφ/16πG. Together with the property of ultraviolet and infrared as-
ymptotical freedom of the theory, this idea offers a natural explanation of
the fact that cosmological constant is not zero and, at the same time, is very
small (by a famous factor ∼ 10−120) compared to irrelevant vacuum energy.

The discussion above indicates that the unstable and explosive solutions
are more interesting and closely related to the observational cosmology than
the stable solutions. At the same time, the stable solutions which demonstrate
chaotic bounded behavior are also interesting for they shed a light on how a
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newly borning Universe is ”hesitating” and searching for a way out of a small
scale phase-space region around zero fixed point to inflationary large scales.

Other regimes relevant to the observations are possible in this system as
well. Of course, for the actual explanation of the Universe evolution, along
with the basic classical dynamics (2) of two oscillators the other essential
properties of the original quantum field theory (1) have to be included in the
analysis. Let us mention one of them which is relevant both to the problem
of the cosmological constant and the acceleration of the Universe expansion.

According to the renormalization-group analysis [1, 2], the nonlinear cou-
pling parameters λ, λφ, and λψ, that is c, b, and a, are in fact the running
coupling constants which are the functions of the energy scale of the process
(in particular, of the momentum ẏ). This feature effectively modifies the non-
linearities of the coupled anharmonic oscillators (7). It is especially important
in the regions where the self-coupling parameter λφ = −16πGΛ/3 changes
its sign around zero value, i.e., for relatively small cosmological constant Λ,
and in the infrared and ultraviolet asymptotically free regions where all non-
linear couplings vanish. It would be interesting to check whether the original
quantum field model (1), that is much more involved than the classical min-
isuperspace model (2), could explain a transition from a decelerating regime
to an accelerating regime of the Universe expansion that, according to recent
astronomical observations [13], occurs at a redshift z ∼ 0.5. This transition
means that the observable acceleration d2|Ω|/dτ2 after being positive at the
de Sitter-like inflation, should become negative for a finite interval of time
and then should change its sign to a positive value again at the latest times.
An illustrative example shown in Fig. 4 is not of that complicated type since
the second derivative d2|Ω|/dτ2 has the same sign on each interval of adi-
abatic motion that corresponds to the expansion of the Universe from zero
size to some radius (y = A) with a deceleration and then contraction of the
Universe again to the zero size (Big Crunch) with an acceleration. These and
other effects in the original model (1), which were not included in the partic-
ular model (2), as well as a realistic cosmology based on the quantum field
theory [1, 2] with the unbounded Hamiltonian will be discussed elsewhere.

5 Conclusions

The quantum field theory of interacting gravity and matter with an un-
bounded Hamiltonian, that takes into account a negative-energy contribution
from the metric conformal factor, provides an elegant solution to the cosmo-
logical constant problem by an identification of the cosmological constant
with a running coupling constant of the theory. Together with the remark-
able property of the ultraviolet and infrared asymptotical freedom of this
theory, this idea offers a natural explanation of the striking fact that the
cosmological constant is not zero and, at the same time, is very small (by a
well-known factor ∼ 10−120) compared to an irrelevant vacuum energy.
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A nontrivial change of sign of the cosmological constant at some finite
scale predicted by the renormalization-group equations and nontrivial dy-
namics of even very simplified cosmological model (2) clearly indicate that
the actual dynamics of the Big Bang and cosmological expansion is more in-
triguing and rich than was assumed in most of the models used until recently
for the interpretation of the astronomical observations in cosmology.
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Abstract. We first discuss the exact solution of the timelike geodesic and the
perihelion precession in the Schwarzschild gravitational field without cosmological
constant Λ. Results for the perihelion precession of Mercury and values of perihelion
and aphelion are listed for different values of the invariant parameters. By use of
Jacobi’s inversion theorem the influence of the cosmological constant is taken into
account and the modified results are presented for different values of Λ.

1 Geodesics and Perihelion Advance of Mercury

Mercury is the inner most of the four terrestrial planets in the Solar system,
moving with high velocity in the Sun’s gravitational field. Only comets and
asteroids approach the Sun closer at perihelion. This is why Mercury offers
unique possibilities for testing General Relativity [1] and exploring the limits
of alternative theories of gravitation with an interesting accuracy [5].

As seen from the Earth the precession of Mercury’s orbit is measured to be
5599.7 seconds of arc per century [3]. As observed, in 1859 by Urbain Jean-
Joseph Leverrier there is a deviation of Mercury’s orbit from Newtonian’s
predictions that could not be due to the presence of other planets.

Perihelion precessions of Mercury and other bodies have been the sub-
ject of experimental study from AD 1765 up to the present. In 1882 Simon
Newcomb obtained the value 43 seconds per century for the discrepancy for
Mercury [4]. According to Pireaux et al [5], the observed advance of the peri-
helion of Mercury that is unexplained by Newtonian planetary perturbations
or solar oblatness is1

∆ωobs
= 42.980 ± 0.002 arc − seconds per century

=
2π(3.31636 ± 0.00015) × 10−5radians

415.2019revolutions
= 2π(7.98734 ± 0.00037) × 10−8radians/revolution (1)

1The observations seem to exclude Brans-Dicke theory with ω ∼ 5 whose post-
Newtonian contribution to the perihelion shift would thus have been 39 arc-seconds
per century 1) [3, 5].
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In this talk I am going to describe my recent work in which the first precise
calculation of the orbit and the perihelion precession of Mercury in General
Relativity including cosmological constant contributions was performed [2].
The calculation was based on the exact solution of the time-like geodesics that
describe motion of a test-particle in Schwarzschild-(anti) de Sitter spacetime.
We also compare the result with observations (1). We assume that the motion
of Mercury is a time-like geodesic in a Schwarzschild space-time surrounding
the Sun.

In [8] a direct connection between general exact solutions of general rela-
tivity with a cosmological constant in large-scale cosmology and the theory
of modular forms and elliptic curves was established.

Einstein’s equations with the cosmological constant Λ are as follows

Rµν − 1
2
gµνR = (8πG/c4)Tµν + Λgµν (2)

where Rµν , R denotes the Ricci tensor and scalar respectively. Also G denotes
Newton’s gravitational constant and c the velocity of light. For vanishing
stress-energy momentum tensor Tµν the field equations reduce to

Rµν = Λgµν (3)

The motion of a planet according to General Relativity is a time-like geo-
desic in a Schwarzschild space-time [12] surrounding the Sun. The Schwarz-
schild solution for the metric taking into account the cosmological constant
(see e.g., [24]) is

ds2 = c2
(

1 − 2GM�
c2r

+
1
3
Λr2

)
dt2 −

(
1 − 2GM�

c2r
+

1
3
Λr2

)−1

dr2

− r2(dθ2 + sin2 θdφ2) (4)

where M� denotes the mass of the Sun. For zero cosmological constant (4)
reduces to the original Schwarzschild metric element [12]. We note at this
point, that by taking the time-like geodesic equation as a starting point for
the subsequent calculus represents an approximation to the real situation:
it is strictly true for point-like bodies with negligible mass. However, since
mM � M� where mM denotes the mass of Mercury the approximation is
adequate for all practical purposes.

The geodesic equation has the general form:

d2xµ

ds2
+ Γµ

αβ

dxα

ds

dxβ

ds
= 0 (5)

In Schwarzschild spacetime the orbit remains in the same plane. We choose
that plane to be the equatorial plane θ = π/2.

Furthermore, we can ignore (5) with µ = 1 in favour of (4), which is a first
integral of the geodesic equations. The resulting equations can be written as
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1 = gµν
dxµ

ds

dxν

ds
= c2

(
1 − 2GM�

c2r
+

1
3
Λr2

)(
dt

ds

)2

−
(

1 − 2GM�
c2r

+
1
3
Λr2

)−1(
dr

ds

)2

− r2
(
dφ

ds

)2

(6)

d2φ

ds2
+

2
r

dr

ds

dφ

ds
= 0 (7)

d2t

ds2
+

2
(

GM�
c2 + 1

3Λr
3
)

r
(
r − 2GM�

c2 + 1
3Λr

3
) dr
ds

dt

ds
= 0 (8)

Next, define v := dt/ds and w := dφ/ds. Then (7),(8) can be written as

dw

dr
+

2
r
w = 0,

dv

dr
+

[
−1
r

+
1 + Λr2

r − 2GM�
c2 + 1

3Λr
3

]
v = 0 (9)

which can be integrated to yield [24]

w = dφ/ds =
L

r2
, v =

dt

ds
=

E
1 − 2GM�

c2r + 1
3Λr

2
(10)

where L, E are arbitrary constants. Substituting in (6) we get the following
equation after definining a new variable u := r−1

(
du

dφ

)2

=
2GM�
c2

u3 − u2 +
2GM�
c2L2

u− 1
3

(
1

u2L2
+ 1

)
Λ+

(
E′2 − 1
L2

)
(11)

First we will solve (11) with a zero Cosmological Constant, the non-zero,
more general case, will be considered in the following section. Making the
following definitions,

αS :=
2GM�
c2

, β :=
2GM�
c2L2

, γ := −1 − E′2

L2
(12)

our geodesic equation reduces to:(
du

dφ

)2

= αSu
3 − u2 +

αS

L2
u+ γ (13)

Differentiating (13) with respect to φ and comparing with the Newtonian
term we get cL = LM , where LM is the angular momentum per unit mass
of the planet [2]. Equation (13) is a cubic equation which can be reduced to
the Weierstraß form using the substitution:

u =
4
αS

U +
1

3αS
(14)
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Then the Weierstraß representation of the geodesic equation becomes2(
dU

dφ

)2

= 4 U3 +
{
− 1

12
+

1
4L2

α2
S

}
U − 1

216
+

α2
S

48L2
+
α2

S

16
γ (15)

where the Weierstraß cubic invariants are given by:

g2 =
1
12

− 1
4
Lc2, g3 =

1
216

− 1
48

Lc2 − 1
16

L(E2 − c2) (16)

where L := α2
S

L2
M

and E = cE′. Then the solution of (15) is given by:

U = ℘(φ+ ε) (17)

and ε is a constant of integration. The solution in terms of the original vari-
ables is given by:

r =
αS

4℘(φ+ ε) + 1
3

(18)

For the calculation of the perihelion precesion and the orbital character-
istics of Mercury we use the following values for the physical constants:

c = 299 792 458 m s−1 , αS = 2.953 250 08 Km (19)

The data is taken from [6] and [7], respectively. The value of the speed of
light in vacuum, given in (19), is exact, since a metre is the length of the
path travelled by light in vacuum during a time interval of 1/299 792 458 of
a second [6]. As free parameters we may use L and E. Then L2

M = c2L2 =
1
Lα

2
S

3. Our free parameters are mixed through the Weierstraß invariants g2, g3
with exact numbers.

We find that the physically acceptable solutions that reproduce the orbital
data of Mercury correspond to the case where ∆ > 0, e3 → − 1

12 , e2 → − 1
12

and e1 → 1/6. The analytic expressions for the roots of the elliptic curve
and other special orbit cases are given in appendix B in [2]. The Weierstraß
function, ℘(z), is an even meromorphic elliptic function of periods 2ω, 2ω′

(i.e., ℘(z + 2ω) = ℘(z) = ℘(z + 2ω′), for all complex numbers z). The two
half-periods ω and ω′ are given by the following Abelian integrals (for ∆ > 0)
[23]:

2The differential equation that the Weierstraß function satisfies is the equation
of an elliptic curve and is given by : (℘′(z))2 = 4℘(z)3 − g2℘(z)− g3, ℘′(z) = ∂℘(z)

∂z
,

see [8] for further details. The inversion of the elliptic integral
∫ U dU√

4U3−g2U−g3
= φ,

by the Weierstraß function, i.e. U = ℘(φ + ε), is a simple case of the problem of
inversion for elliptic integrals.

3The integration constant L has dimensions of length and thus scales with αS .
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ω =
∫ ∞

e1

dt√
4t3 − g2t− g3

, ω′ = i

∫ e3

−∞

dt√
−4t3 + g2t+ g3

(20)

The value of the Weierstraß function at the half-periods are the three roots
of the cubic. For positive discriminant ∆ one half-period is real while the
second is imaginary. The exact expression for the precesion of the perihelion
of planet Mercury, is given by

∆GTR
ω = 2(ω − π) (21)

which is proportional to the deviation of the real half-period ω of the
Weierstraß modular form of weight 2, from the transcendental number π.

An alternative expression for the real half-period in terms of a hypergeo-
metric function is given by

ω =
1√

e1 − e3

π

2
F

(
1
2
,
1
2
, 1,

e2 − e3
e1 − e3

)
(22)

where F (α, β, γ, x) = 1 + α.β
1.γ x+ α(α+1)β(β+1)

1.2.γ(γ+1) x2 + · · ·
The exact expressions for the minimum distance of planet Mercury from

the Sun (Perihelion) and its maximum distance (Aphelion) are given by4:

rP ≡ rPerihelion =
αs

4e2 + 1
3

, rA ≡ rAphelion =
αs

4e3 + 1
3

(23)

We also note the following. Although by construction the roots of the
cubic are calculated with arbitrary precision, our output for the perihelion
and aphelion distances can only be displayed with nine significant figures
given the nine digit accuracy of the Schwarzschild length αS . However, their
ratio which is given by:

rP

rA
=

4e3 + 1/3
4e2 + 1/3

(24)

constitutes a genuine and precise prediction5. Thus the theory predicts es-
sentially the eccentricity of the orbit with an arbitrary precision. For a given
choice of values for the free parameters, (21)–(24) are the output of the precise
theory assuming zero cosmological constant, for the corresponding physical
quantities, that should be tested against observations. For a particular choice
of the invariant parameters L, E the corresponding predictions of the theory
are displayed in Tables 1 and 2.

4We organize the roots as: e1 > e2 > e3.
5In Newtonian theory the orbit of a planet is described by an ellipse with ec-

centricity e and semi-major axis a. For an ellipse, the perihelion (rN
P ) and aphelion

(rN
A ) distances, are a(1 − e), a(1 + e), respectively, and then e =

1−rN
P /rN

A

1+rN
P

/rN
A

.
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Table 1. Predictions for ∆GTR
ω , rP , rA for the indicated choice for L, E. The two

half-periods are: ω = 3.14159290452929, ω′ = 20.409059 i and the period ratio
τ = 6.496i. Also L2

M = 7.36010550 × 1038 cm4 s−2.

Parameters Roots Predicted Results

L = 0.16666664004116 ∆GTR
ω = 42.9817 arcs

century

1.1849947026647969× −0.083333317282230892 rP = 4.59976206 × 1012cm

×10−28 cm−2 s2

E = −0.083333322758930472 rA = 6.98207293 × 1012cm

0.029979245417779875×
×1012 cm s−1

Table 2. Predictions for ∆GTR
ω , rP , rA for the indicated choice for L, E. The two

half-periods are: ω = 3.141592904522524, ω′ = 20.409391 i and the period ratio
τ = 6.4965i. Also L2

M = 7.36030420 × 1038 cm4 s−2.

Parameters Roots Predicted Results

L = 0.16666664004188 ∆GTR
ω = 42.9805 arcs

century

1.1849627128268641× −0.08333331728350096 rP = 4.60012605 × 1012cm

×10−28 cm−2 s2 rP = 4.60012605 × 1012cm

E = −0.08333332275837917 rA = 6.98170894 × 1012cm

0.029979245417779875×
×1012 cm s−1

2 Precise Calculation of the Perihelion Advance with
the Contribution of the Cosmological Constant

Including the cosmological constant effect we need to calculate the integral:∫ u u du√
2GM�

c2 u5 − u4 + 2GM�
c2L2 u3 − 1−E′2

L2 u2 − Λ
3L2 − Λ

3 u
2

= φ (25)

Equation (25) defines6 a hyperelliptic integral whose inversion involves
genus 2, four-periodic Abelian-Siegelsche modular functions. The problem of
inversion (whose solution was culminated in the Jacobisches Umkehrtheo-
rem) of hyperelliptic integrals were first investigated by Abel [13], Jacobi,
Göpel and Rosenhain [14], [15], [16]. The explicit solution of Jacobi’s inver-
sion problem in terms of higher genus theta functions was provided by Göpel
and Rosenhain for the case n = 5 or 6, and the general solution for the hy-
perelliptic case (i.e. ∀ n ≥ 5) was provided by Weierstraß [17]. Riemann

6When all roots of the quintic are distinct.
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introduced the idea of a Riemann surface to study algebraic singularities. He
also introduced the Riemann theta function which served as a useful tool for
solving the Jacobi’s inversion problem [18].

2.1 Abel’s Theorem, Jacobi’s Inversion Problem and the Λ Effect

Let the genus g Riemann hyperelliptic surface be described by the equation:

y2 = 4(x− a1) · · · (x− ag)(x− c)(x− c1) · · · (x− cg) (26)

For g = 2 the above hyperelliptic Riemann algebraic equation reduces to:

y2 = 4(x− a1)(x− a2)(x− c)(x− c1)(x− c2) (27)

where a1, a2, c,c1, c2 denote the finite branch points of the surface.
The Jacobi’s inversion problem involves finding the solutions, for xi in

terms of ui, for the following system of equations of Abelian integrals [19]:

ux1,a1
1 + · · · + u

xg,ag

1 ≡ u1

... + · · · +
...

...
ux1,a1

g + · · · + uxg,ag
g ≡ ug (28)

where ux,µ
1 =

∫ x

µ
dx
y , u

x,µ
2 =

∫ x

µ
xdx
y , · · · , ux,µ

g =
∫ x

µ
xg−1dx

y .
For g = 2 the above system of equations takes the form:∫ x1

a1

dx

y
+
∫ x2

a2

dx

y
≡ u1∫ x1

a1

x dx

y
+
∫ x2

a2

x dx

y
≡ u2 (29)

where u1, u2 are arbitrary. The solution is given by the five equations [19]

θ2(u|ub,a)
θ2(u)

= A(b− x1)(b− x2) = ± (b− x1)(b− x2)√
eπiPP ′f ′(b)

; (30)

where f(x) = (x − a1)(x − a2)(x − c)(x − c1)(x − c2), and eπiPP ′
= ±1

according as ub,a is an odd or even half-period. Also b denotes a finite branch
point and the branch place a being at infinity [19]. The symbol θ(u|ub,a)
denotes a genus 2 theta function with characteristics: θ(u; q, q′) [19], where
u,= (u1, u2), denotes two independent variables, see appendix A in [2] for the
definition of genus-2 theta functions that solve Jacobi’s inversion problem.
From any 2 of these equations, (30), the upper integration bounds x1, x2 of
the system of differential equations (29) can be expressed as single valued
functions of the arbitrary arguments u1, u2. For instance,
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x1 = a1 +
1

A1(x2 − a1)
θ2(u|ua1,a)
θ2(u)

(31)

and

x2 = −

[
(a2 − a1)(a2 + a1) + 1

A1

θ2(u|ua1,a)
θ2(u) − 1

A2

θ2(u|ua2,a)
θ2(u)

]
2(a1 − a2)

±

√[
(a2 − a1)(a2 + a1) + 1

A1

θ2(u|ua1,a)
θ2(u) − 1

A2

θ2(u|ua2,a)
θ2(u)

]2
− 4(a1 − a2)η

2(a1 − a2)
(32)

where

η := a2 a1(a1 − a2) −
a2

A1

θ2(u|ua1,a)
θ2(u)

+
a1

A2

θ2(u|ua2,a)
θ2(u)

(33)

Also, Ai = ± 1√
eπiP P ′f ′(ai)

.

The solution can be reexpressed in terms of generalized Weierstraß func-
tions:

x
(1,2)
k =

℘2,2(u) ±
√
℘2

2,2(u) + 4℘2,1(u)

2
, k = 1, 2 (34)

where

℘2,2(u) =
(a1 − a2)(a2 + a1) − 1

A1

θ2(u|ua1,a)
θ2(u) + 1

A2

θ2(u|ua2,a)
θ2(u)

a1 − a2
(35)

and

℘2,1(u) =
−a1a2(a1 − a2) − a1

A2

θ2(u|ua2,a)
θ2(u) + a2

A1

θ2(u|ua1,a)
θ2(u)

a1 − a2
(36)

Explicit expressions for the orbit in terms of genus-2 theta functions are
exhibited in [2]. In the presence of the cosmological term there are five branch
points for the hyperelliptic surface, (27), which are obtained by solving the
quintic polynomial that appears in the time-like geodesics, (25).

For negative Λ all the roots are real. For positive Λ and depending on its
magnitude and the values of the parameters L, E three roots are real and
two complex conjugates. For some particular values all the roots are real.

When all roots are real we arrange them in ascending order of magni-
tude and denote them by e2g, e2g−1, · · · , e0, g = 2, so that e2i, e2i−1, are
respectively cg−i+1, ag−i+1 and e0 is c. We then define linearly independent
Abelian integrals of the first kind [19], denoted by Ux,a

i , i = 1, · · · g, whose
periods we want to calculate. These integrals are such that dUx,a

r /dx = ψr/y,
where ψr is an integral polynomial in x, of degree g − 1 = 1 at most, with
only real coefficients. Then the half-periods, Ue4,e3

r and Ue2,e1
r , are real, while

the half-periods Ue3,e2
r and Ue1,e0

r are purely imaginary [19]. For clarity, by
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Ue4,e3
2 we denote

∫ e4

e3

xdx
y , Ue4,e3

1 denotes
∫ e4

e3

dx
y and similarly for the rest of

the periods.
An alternative expression for the genus-2 hyperelliptic integral for the real

half-period that determines the perihelion precession can be given in terms of
generalised hypergeometric functions of three-variables. This can be achieved
by bringing the hyperelliptic integrals of the 1st kind into Richelot’s form [20]∫

dx√
x(1 − x)(1 − κ2x)(1 − λ2x)(1 − µ2x)

(37)

then the periods satisfy a system of differential equations of the hypergeo-
metric series [9]

F1(α, β, β′, β′′, γ, x, y, z) =
∑
abc

(α, a+ b+ c)(β, a)(β′, b)(β′′, c)
(γ, a+ b+ c)(1, a)(1, b)(1, c)

xaybzc (38)

when the following identification takes place x = κ2, y = λ2, z = µ2 and the
constants of the series take certain arithmetical values7. The moduli κ, λ, µ
can be expressed in terms of the five distinct roots of the quintic polynomial.

For Λ = −10−42cm−2,L = 1.1848820116975453 × 10−28 cm−2 s2, E =
0.0299792454178×1012cm s−1 the roots have been calculated in [2] which give
ω = Ue1,e2

2 = 3.14159290255 and thus there is a substantial effect on the peri-
helion advance due to the cosmological constant with ∆GTR

ω = 42.6427 arcs
century

in conflict with observations (1).
For Λ = 10−42cm−2,L = 1.1848820116975453 × 10−28 cm−2 s2, E =

0.0299792454178×1012cm s−1 ∆GTR
ω = 42.8689 arcs

century in conflict with obser-
vations, while for the same set of values of L, E and Λ = 0 the corresponding
prediction was ∆GTR

ω = 42.9776 arcs
century [2].

For the values for L, E chosen in table 2, and for Λ = 10−56cm−2,∫ e1

e2

udu
y = 3.141592904524534 and ∆GTR

ω = 42.9809 arcs
century [2]. For compar-

ison we note that in this case and for Λ = 0, ∆GTR
ω = 42.9805 arcs

century and
∆ωobs

= 42.980 ± 0.002 arcs
century .

It is evident that in more accurate future experiments of the orbit of Mer-
cury, such as ESA’s mission BepiColombo [10], one can measure the Λ effect.
The need to compare with other relativistic effects like the rotation of the Sun
and the associated Lense-Thirring effect [11], led the author to investigate the
geodesic motion for the Kerr and Kerr-(anti) de Sitter spacetimes [22]. The
Kerr rotation adds longitudinal dragging to the precession discussed in this
talk. The exact solution of the more complicated set of differential geodesics
equations in this case was again given by modular functions. The geodesic
equations were derived by integrating the Hamilton-Jacobi equation with sep-
aration of variables (completely integrable system). The application of these

7For m a positive integral number (α, m) = α(α + 1) · · · (α + m− 1), (α, 0) = 1.
The periods have also been regarded as functions of one variable, Fuchs [9].
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exact solutions for the determination of the Lense-Thirring effect due to the
rotation of the Sun on the perihelion precession of Mercury will be a subject
of a future publication.
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Summary. A singlet neutrino with mass in the 2–20 keV range is a viable candi-
date for dark matter. If such a particle exists, it would be emitted from a supernova
with an appreciable anisotropy due neutrino oscillations in a medium polarized by
a strong magnetic field. An asymmetric emission of singlet neutrinos could explain
the observed velocities of pulsars. Future X-ray telescopes may be able to detect a
1–10 keV photon line from the decays of the relic sterile neutrinos. In addition, one
may be able to detect gravity waves from a pulsar being accelerated by neutrinos
in the event of a nearby supernova.

Astronomical observations lead to a conclusion that there exists at least
one new particle, which makes up the dark matter. The most economical
solution (although not necessarily the best motivated one, from a theoretical
point of view) is to add just one fermion, a singlet neutrino,with the mass
ane the mixing angle consistent with dark matter [1]. It turns out that, if
this particle exists, its emission from a supernova could be anisotropic [2, 3].
This anisotropy can explain the observed pulsar velocities.

The space velocities of pulsars are measured either by observation of their
angular proper motions [4], or by measuring the velocity of an interstellar
scintillation pattern as it sweeps across the Earth [5, 6]. Based on the data
and population models, the average velocity estimates range from 250 km/s
to 500 km/s [4, 7]. The distribution of velocities is non-gaussian, and there
is a substantial population of pulsars with velocities in excess of 700 km/s.
Some 15% of pulsars [7] appear to have velocities greater than 1000 km/s,
while the fastest pulsars have speeds as high as 1600 km/s. Obviously, an
acceptable mechanism for the pulsar kicks must be able to explain these very
fast moving pulsars.

Pulsars are born in supernova explosions, so it would be natural to look
for an explanation in the dynamics of the supernova [8]. However, state-
of-the-art 3-dimensional numerical calculations [9] show that even the most
extreme asymmetric explosions do not produce pulsar velocities greater than
200 km/s. Earlier 2-dimensional calculations [10] claimed a somewhat higher
maximal pulsar velocity, up to 500 km/s. Of course, even that was way too
small to explain the population of pulsars with speeds (1000–1600) km/s.
Recent three-dimensional calculations by Fryer [9] show an even stronger
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discrepancy than the earlier numerical calculations of the supernova. The hy-
drodynamic kick could be stronger if some large initial asymmetries developed
in the cores of supernova progenitor stars prior to their collapse. Goldreich
et al. [11] have suggested that unstable g-modes trapped in the iron core by
the convective burning layers and excited by the ε-mechanism may provide
the requisite asymmetries. However, according to recent numerical calcula-
tions, [12] the ε-mechanism may not have enough time to significantly amplify
the g-modes prior to the collapse. A different kind of the seed anisotropies
may develop from the north-south asymmetry in the neutrino heating due
to a strong magnetic field [13]. If these asymmetries grow sufficiently during
the later phases of the supernova, they may be relevant for the pulsar kicks.
Evolution of close binaries [14] and asymmetric emission of radio waves [15]
have been considered as possible causes of the rapid pulsar motions. However,
both of these explanations fail to produce a large enough effect.

Most of the supernova energy, as much as 99% of the total 1053 erg are
emitted in neutrinos. A few per cent anisotropy in the distribution of these
neutrinos would be sufficient to explain the pulsar kicks. Alternatively, one
needs (and, one is apparently lacking) a much larger asymmetry in what
remains after the neutrinos are subtracted from the energy balance. Can the
emission of neutrinos be anisotropic?

Neutrino production and scattering are both affected by the polariza-
tion of fermions in matter, which, in turn, is determined by the mag-
netic field. However, as was shown by Vilenkin et al. [18], in (approxi-
mate) thermal and chemical equilibrium these asymmetries do not result
in a pulsar kick. However, if a singlet neutrino is produces through mix-
ing with ordinary neutrinos, its production is out-of-equilibrium. Therefore,
this anisotropy can explain the pulsar kick velocities. It is intriguing that
the allowed range of parameters overlaps with that for dark matter. Oscil-
lations of active neutrinos could work as well if the took place at such a
density at which one of the species (νe) is trapped, while some other species
(νµ or ντ ) is free-streaming [26]. This, however, would require too large a
mass for one of the active neutrino species, ∼102 eV.

Let us consider a sterile neutrino that has a small mixing with electron
neutrino:

|ν1〉 = cos θm |νe〉 − sin θm |νs〉 (1)
|ν2〉 = sin θm |νe〉 + cos θm |νs〉. (2)

To be the dark matter and to give a kick to pulsars, sterile neutrino should
have mass in the 2–20 keV range, and they should also have a small mixing
(sin θ ∼10−4) with ordinary neutrinos, for example, the electron neutrino.
Theoretical models of neutrino masses can readily produce a sterile neutrino
with the required mass and mixing [16, 17].

Sterile neutrinos are produced through oscillations of active neutrinos.
The relation between their mass and the abundance is very different from
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what one usually obtains in freeze-out. One can trace the production of sterile
neutrinos in plasma by solving the Boltzmann equation for the distribution
function f(p, t):(

∂

∂t
−Hp

∂

∂p

)
fs(p, t) ≡ xH∂xfs = (3)

Γ(νa→νs) (fa(p, t) − fs(p, t)) , (4)

where H is the Hubble constant, x = 1MeVa(t), a(t) is the scale factor, and
Γ is the probability of conversion. The solution [1] of this equation in the rel-
evant range of parameters gives the following expression for the cosmological
density of relic sterile neutrinos:

Ωs ≈ 0.3
(

sin2 θ

10−9

)( ms

10 keV

)2

(5)

The band of the masses and mixing angles consistent with dark matter is
shown in Fig. 1.
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Fig. 1. The range of neutrino masses and mixing angles consistent with cosmolog-
ical bounds on dark matter and with the required magnitude of the pulsar kick.
The L = 0 band refers to the lepton asymmetry of the universe assumed small.

In the cooling neutron star, sterile neutrinos can be produced through
oscillations of ordinary neutrinos in two regimes, on resonance and off reso-
nance. Figure 1 shows the allowed range of parameters for the singlet neutrino
to be dark matter and also to explain the pulsar kicks, based on the analysis
of Fuller et al. [3]. In region 1, the Mikheev-Smirnov-Wolfenstein resonance
deep in the core of the proto-neutron star can produce enough asymmetry
for the pulsar kick. In region 2, the resonant oscillations take place outside
the core, and the mechanism is somewhat different [24, 25]. Finally, in region
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3, the emission of sterile neutrinos takes place deep in the core of the super-
nova through neutrino oscillations off resonance. A detailed discussion can
be found in a recent review article [25].

There are two ways in which this mechanism can be tested. First, if the
sterile neutrinos with requisite masses and mixing exist, a photon line from
relic neutrino decay can be detected by X-ray telescopes [28]. The rate of the
radiative decay is

Γγ ≈ 6.8 × 10−33 s−1

(
sin2 2θ
10−10

)( ms

1 keV

)5

. (6)

Although τ = Γ−1 ∼ 1025 − 1033 s is much longer than the age of the uni-
verse, there are, nevertheless, enough decays in the clusters of galaxies for the
photons to be observed [28]. Since ν2 → ν1γ is a two-body decay, the pho-
ton energy is equal (ms/2), which is in the 1–10 keV range for the masses of
interest to us. These photons should be detectable by the X-ray telescopes.
Chandra and XMM-Newton can exclude part of the parameter space [28]
shows in Fig. 1 and labeled “X-rays”. Future Constellation-X mission can
probably explore the entire range of parameters.

In the event of a nearby supernova, LIGO and LISA may be able to see
a characteristic signal from an asymmetric neutrino emission [29, 30].

In summary, a sterile neutrino with mass in the 2–20 keV range is a viable
dark matter candidate. The emission of this particle form a supernova may
be the explanation of the long-standing puzzle of pulsar velocities. Future
observations of X-ray telescopes, as well as gravity wave detectors, may help
confirm or rule out this explanation.
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Discoveries in the last few years have revolutionized our knowledge of the
universe and our ideas of its ultimate fate. Measurements of the expansion of
the universe show that it is not slowing down under normal gravity but ac-
celerating due to an unknown, gravitationally repulsive “dark energy”. This
may be a clue to new properties of quantum physics or of gravity beyond Ein-
stein. I present an overview of the puzzles of dark energy and the means for
unraveling them through cosmological probes, on both a generally accessible
and a technical level. I also highlight the strong benefits of meshing super-
nova distance and weak lensing methods. Next generation experiments such
as the Supernova/Acceleration Probe (SNAP) satellite would measure the
supernova distance-redshift relation to high accuracy and map the evolution
of structure and dark matter through gravitational lensing. These observa-
tions will explore the frontiers of physics and aim to uncover what makes up
the still unknown 95% of our universe.

1 Introduction

Discovery of the acceleration of the expansion of the universe has prompted
great excitement in physics, and energized speculation about the dark energy
responsible. Such physics acts contrary to the ordinarily attractive nature of
gravity. It is unknown whether the answer to this extraordinary puzzle lies
within modifications of gravitation or new elements of high energy physics
such as a quantum vacuum.

New, high precision experiments are being developed to reveal the nature
of dark energy. In this next generation, the use of simple, well understood
physical probes will be crucial to reduce the systematic uncertainties in the
observations due to astrophysical effects. Complementary probes will also be
essential to increase the rigor of the results: to provide crosschecks, synergy
leading to tighter constraints, and improved accuracy. Ideally these comple-
mentary methods would also be capable of separating a gravitational origin
of dark energy from a high energy physics origin.

In Sect. 2 we discuss the basic issues regarding our current understanding
of and future characterization of dark energy. Section 3 investigates the re-
quirements for substantial progress with the next generation of experiments,
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emphasizing systematics control and complementarity. In the conclusion, we
summarize the possible techniques for probing the nature of dark energy and
indicate the fundamental need for complementary measurements to explore
the physics frontiers. Note that Sect. 2 is written at a level to make the dis-
cussion accessible to the general physicist; experts may wish to concentrate
on Sect. 3 which examines more technical issues on how to reveal the physics.

2 Dark Energy – New Paradigm/New Paradox

Cosmology and fundamental physics have grown ever closer over the past few
decades, with dark energy now firmly linking them together. Astrophysical
observations, including Type Ia supernovae distance-redshift relations, cosmic
microwave background measurements, and large scale structure properties,
give clues to the expansion history of the universe: the growth in distance
scales over time, a(t). Within the cosmological dynamics this translates into
the energy densities and physical properties of the components of the uni-
verse. These can be described in terms of present day energy densities relative
to the critical density, e.g. the matter density Ωm and the dark energy density
Ωw, and the equations of state, or pressure to energy density ratios, w(a).
Finally, we hope to relate these to fundamental physics, such as the potential
of a high energy scalar field, V (φ).

The paradigm is to link the observational data with the underlying
physics, the astrophysical with the fundamental. The new aspect is that this
appears to be much more direct and of vastly greater import than before –
that the current (and ultimate future) state of the expansion of the universe
is intimately tied to fundamental, new physics. Acceleration of the universe
is giving us tangible clues to new gravitation, new quantum physics, or even
the union of the two. Illustratively we can write

V (φ(a(t))) , (1)

to denote the interdependence of the astrophysics measuring the expansion
history, the cosmology depending on the microphysical properties of the com-
ponents, and the field theory describing the fundamental physics.

The flow can, and should, go both ways. Theories of high energy physics
and extended gravitation can be predictive; the implications of a specific
model can be calculated and compared to the data. As well, high preci-
sion measurements of subtle variations in the expansion behavior can guide
researchers toward classes of theories. A happy medium exists in a model
independent parametrization of the physics, such as the key quantity of the
equation of state function of the dark energy, w(a).

We then proceed forward in our exploration of the universe in a man-
ner analogous to uncovering, say, global warming of the Earth. The subtle
slowing and growth of scales with time – precisely a(t) – map out the cos-
mic environment history like the lesser and greater growth of tree rings map
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out the Earth’s climate history. Whether it was a cold year, a wet year –
the width of the tree ring growth – tells us the climate environment just as
the growth of distances between cosmological markers tells us the expansion
history. The search, for decades, in astronomy was to find suitable markers
covering a substantial part of the universe’s 14 billion year history.

The efforts finally came to fruition in 1998 when two groups [1, 2] inde-
pendently announced evidence for mapping the expansion history using Type
Ia supernovae (SN Ia) as markers. These exploding stars are highly suitable
for such work because they can be as bright as their entire host galaxy, and so
are able to be observed at great distances and hence lookback times into the
past. Crucially, they can be calibrated to about 7% in distance [3, 4] and so
provide precise measurements. Furthermore, the supernova light comes from
simple, clean nuclear physics and has a direct translation to the expansion
history a(t): with the luminosity calibrated, the flux measures the distance
through the cosmological inverse square law, and hence the lookback time t,
and the redshift z = a−1 − 1 measures the scale factor.

However, rather than deriving the details of the matter properties of the
universe through the deceleration of the expansion under gravitational at-
traction, both groups found an acceleration. Some force was acting in a way
contrary to attractive gravity. This was clearly an astonishing discovery and
led to the new paradox: when is gravity not attractive?

In general relativity the gravitating mass depends on the energy-momentum
tensor, not just the rest mass. For a perfect fluid, both the energy density
ρ and the pressure p enter – as a specific combination ρ + 3p. So a compo-
nent with a sufficiently negative pressure can provide an effective negative
gravitating mass, and hence turn gravity into a repulsive force.

More quantitatively, consider the acceleration arising from Newton’s law
of gravitation,

R̈ = −GM/R2 = −(4π/3)GρR , (2)

where we take a test particle a distance R from the center of a homogeneous
mass M . For positive mass densities, the force is always attractive. But in
Einstein gravity, the Friedmann equation of acceleration is

ä = −(4π/3)G(ρ+ 3p) a . (3)

So as stated above, negative pressure can accelerate the expansion.
Since both the energy density and pressure appear in the equation, it is

convenient to define their ratio, w = p/ρ, known as the equation of state
ratio. Acceleration then occurs for p < −(1/3)ρ or w < −1/3.

What is the physical meaning of a negative pressure? It is not as unusual
as it might appear. Consider the first law of thermodynamics:

dU = −p dV , (4)

where dU is the change in internal energy of a system upon expansion of
the volume by dV . Expansion then decreases the energy (for positive p), as
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(adiabatically) opening an oven door cools down the air inside, or breath-
ing out through pursed lips gives a stream of cooler air than your internal
temperature (contrast the feeling on your hand in front of your mouth when
breathing with lips pursed vs. with mouth open).

Systems with negative pressure would have an overall positive sign for dU ,
increasing energy upon expansion. Everyday examples include springs, dU =
+kx dx, and rubber bands, dU = +T dl, where dx, dl are displacements, k
the spring constant, and T the tension. So what we need for the acceleration
of the expansion of the universe is a sort of springiness of spacetime.

Quantum physics, as developed in the 1920’s, predicts that the very struc-
ture of the vacuum should have properties like a simple harmonic oscillator:
a spring. So the universe filled with a quantum vacuum energy will have a
springiness, or tension, and measurements of the acceleration could be inter-
preted as direct observations of a vacuum energy with negative pressure.

To quickly review: gravity says that the acceleration of the expansion
depends on energy density and pressure, ρ + 3p, thermodynamics says that
pressure can negative, and quantum physics says that vacuum energy has such
negative pressure. Cosmological “tree ring” markers can map the expansion
history, measure the acceleration, and detect the vacuum energy. And they
did.

The 1998 results have been strongly confirmed by further, more precise
supernova observations, and by corroborating measurements of the cosmic
microwave background (CMB) temperature anisotropies and of large scale
structure (LSS) properties. SN Ia most directly probe the acceleration as
such, saying that there is a nonzero vacuum energy and it is abundant enough
to govern the expansion dynamics. CMB in combination with some large scale
structure data (such as the Hubble constant, which gives the present expan-
sion rate, or measurements of the matter density) indicates our cosmology
is consistent with a spatially flat universe (total energy density equals the
critical density) and one with a nonzero vacuum energy. Any two of the three
data sets combine to imply that the vacuum energy, or more generically “dark
energy”, must account for ∼ 70 − 75% of the energy density of the universe.

These are profound and exquisite experimental results. Dark energy dom-
inates the energy of the universe, governing the expansion, accelerating it like
inflation did in the first fraction of a second of cosmic history, and determin-
ing the fate of the universe. But what is it? We do not even know whether it
belongs to the right hand side or left hand side of the Einstein equations, i.e.
whether it is a new, physical component, arising from a high energy physics
scalar field, say, or a change in the gravitational framework, an extension to
general relativity due to extra dimensions, for example. Is it new quantum
physics, new gravitational physics, or a sign of unification of the two?

A first attempt at a solution might be the cosmological constant, which is
equally at home on the right and left hand sides. But it has two outstanding
problems: the fine tuning and coincidence puzzles (for more details see, e.g.,
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[5]). Thinking about the cosmological constant Λ as arising from the vacuum
expectation value of a quantum zeropoint energy “sea”, one can calculate
that the sea level should drown the matter energy density (the “land”) by a
factor 10120 or so. Furthermore, the cosmological constant and matter energy
densities evolve differently under expansion: a mere factor of 4 in expansion
scale smaller (back in time) and dark energy would be undetectable, while a
factor 4 larger and matter would be quite rare – we would not see a universe
filled with clusters of galaxies. Dark energy cosmology is only possible today,
where today means within a factor of 4 in expansion while the universe has
expanded by a factor of about 1054 to date!

To attempt to overcome these difficulties, physicists consider dynamical
models of dark energy. But guidance through the vast space of possible theo-
ries is required from observations precise enough to map the acceleration and
discern subtle variations. The leading role in this endeavour is being played
by SN Ia (other methods for the future are discussed in Sect. 3).

As mentioned at the beginning of this section, SN Ia have a high degree
of robustness in their properties, enabling them to be calibrated to better
than 10% accuracy. In a cartoon version of why nuclear physics provides a
standard explosion, consider the scenario of a white dwarf star and a mas-
sive companion. The white dwarf accretes matter from the companion until
it gets “full” enough, with full being related to the Chandrasekhar mass be-
yond which the electron degeneracy pressure can no longer support the white
dwarf. Since degenerate stars have simple structures to begin with, and the
explosions occur under near identical conditions, the class of SN Ia is remark-
ably homogeneous. The real situation is not quite so simple, but end to end
computations show that a high degree of “stellar amnesia” – independence
of initial conditions – occurs [6].

Moreover, each SN Ia does not merely provide a single data point, a sin-
gle luminosity. They contain a rich array of information about their physical
conditions in measurements of their lightcurve (flux vs. time evolution), en-
ergy spectrum, and images showing their galactic environment. Such a data
set for each SN can provide robust control of systematic uncertainties [7].

Currently, of order 200 SN Ia have been analyzed, though few with the
complete data characteristics just discussed at high quality. In combination
with CMB and large scale structure data, they impose constraints on an
a priori constant equation of state of wconst = −1.05+0.15

−0.20 ± 0.09 [8] or
wconst = −1.08+0.18

−0.20±? [9]. These appear roughly consistent with the cos-
mological constant value w = −1.

Ongoing projects to characterize many more SN include Essence (∼ 200 at
0.15 < z < 0.75 [10]), Nearby Supernova Factory (∼ 300 at 0.03 < z < 0.08
[11]), Canada-France-Hawaii Telescope Supernova Legacy Survey (∼ 700 at
0.3 < z < 0.9 [12]), Supernova Cosmology Project (∼ 25 at z > 0.8 [13]),
and Carnegie Supernova Project (optical and near infrared, and spectro-
scopic, follow up [14]). Additional ground based surveys are proposed. The
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Supernova Cosmology Project and PANS groups are studying supernovae at
high redshifts, z > 1, from space with the Hubble Space Telescope and may
characterize ∼ 20 − 25 such SN.

While these improvements should allow constraints on wconst without de-
pending on combination with CMB and LSS data, they will not have the
accuracy, precision, and reach to impose substantial limits on the dynamics
at the heart of the physics responsible for the acceleration. Indeed, while one
can use wconst to test for consistency with the cosmological constant, it is
dangerous to interpret it more broadly, extrapolating to any conclusion that
the dark energy is the cosmological constant. See [15] for examples of how
assuming that w = wconst can deceive us about the true fundamental physics.

To correctly learn the new physics, we have to look for the generically
expected time variation w(z) – indeed essentially all models for dark energy
other than the cosmological constant predict w′ = dw/d ln a �= 0. Achieving
robust measurements, with tight control of systematics over a long baseline
of the expansion history of the universe, is a major challenge. In the next
section we discuss how to address it.

3 Dark Energy – New Generation/New Physics

Data constraints in the plane of dimensionless matter density Ωm vs. con-
stant equation of state wconst that suggest a concordance cosmological model
solution of, say, Ωm = 0.3 and cosmological constant ΩΛ = 0.7 could also be
fit at the ∼ 1% level in distance, out to redshift z = 2, by a very different
cosmology: one containing Ωm = 0.27 with 0.73 of the critical density in a
component with w(a) = −0.8−0.6(1−a), exhibiting physics rather unlike the
cosmological constant. This extreme example shows the necessity for probing
the dynamics.

To have confidence in our results uncovering the new physics we need
to design the next generation of experiments properly. They should possess
three crucial properties:

• Longer lever arm – i.e. data covering to higher redshift, more cosmic his-
tory;

• Better statistics – many more measurements, more precisely;
• High accuracy – robust control of systematic uncertainties.

As we will discuss later, complementary methods of probing the dark
energy are also critical. Together, these give the science requirements for a
successful experiment.

Consider the SN Ia method. To see the most distant supernovae, space
observations are required because the SN light is redshifted into the near
infrared part of the spectrum, but the Earth’s atmosphere is basically opaque
there. Furthermore, correction of extinction – dimming due to dust – requires
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a broad wavelength coverage, also pushing observations into the near infrared.
Currently the only applicable space telescope is the Hubble Space Telescope
(HST). HST has indeed found a few supernovae of order 10 billion years back
in the cosmic expansion history (a factor 2.7 in scale factor, or z = 1.7). But
these are exceedingly faint, about the same flux as the limit of the Hubble
Deep Fields (which required commitment of a substantial part of the HST
observing schedule). Yet a Hubble Deep Field has scanned (just sufficient to
detect, not to characterize, SN) only 4× 10−8 of the sky. In proportion, this
is like meeting about 10 people and trying to understand the complexity of
the entire US population.

A new, dedicated dark energy experiment is required. To address the
science needs above, its catchphrase has to be “wide, deep, and colorful”. This
will 1) ensure sufficient numbers of SN for statistical and systematic analysis,
2) map a large fraction of cosmic history to pick up the subtle variations
between dark energy theories, and 3) allow multiwavelength and spectral
characterization of the sources to tightly control systematic uncertainties.

The Supernova/Acceleration Probe (SNAP: [16]) is a possible realization
of this experiment, specifically designed to meet these criteria. The exper-
iment will employ a two meter space telescope to obtain optical and near
infrared, high accuracy observations, including spectra, of more than 2000
SN from z = 0.1 − 1.7 (over 70% of the age of the universe). The sky cover-
age will be 4 orders of magnitude greater than a Hubble Deep Field, and a
wider survey aimed at using weak gravitational lensing (see later) as a part-
nering, complementary probe will cover 6 orders of magnitude more sky than
a Hubble Deep Field, and almost as deep.

Systematics control will be a major challenge in this, as in any experiment
utilizing any method. Supernovae, however, have a long history of use that
has generated identification of the systematics and techniques for controlling
them. We give an illustration of one approach here, but see [17, 18, 19] for
specifics.

With sufficient, highly characterized supernovae, one can imagine sorting
them into subsets based on their slight residual heterogeneity after calibra-
tion. Subsets might be defined based on host galaxy morphology, spectral
feature strength and velocity, early time behavior, etc. – obviously requiring
a comprehensive set of measurements, far beyond what a typical supernova in
the current data has. Then one analyzes each subset, of supernovae occurring
over the full redshift range, and derives the cosmological model. By compari-
son of the results from subset to subset – “like vs. like” – one can gain strong
confidence that the results are free from significant systematics. Conversely,
by analyzing supernovae at the same redshift between subsets, one can fur-
ther develop systematics controls. While theories of the supernova progenitor
and explosion mechanism can guide the establishment of subset criteria, such
understanding is not required – only comprehensive measurements are – for
robustness of the cosmological results.
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Dark energy – the failure of attractive gravitation – is such a profound
mystery, possibly such a clue to fundamental physics, that we should strive
to probe it in as many useful, stringent ways as possible. While SN provide
the most direct probe of cosmic acceleration, CMB and LSS measurements
make contributions as well.

The CMB, except on very large scales, is basically a snapshot of the
universe at 380,000 years old – only 0.003% its present age (when the reader
was 0.003% of their present age, they were composed of merely two cells –
independent of how old the reader is now!). So it is not surprising that the
CMB, while fantastically precise and well understood, is not a strong probe of
detailed dark energy properties, a more recent phenomenon. On large scales
it can provide some rough clues, particularly in combination with full sky
LSS surveys, but this is fundamentally limited by cosmic variance (there
are few independent samples of large volumes, or, the sky only contains 4π
steradians).

Nevertheless, it has excellent complementarity upon addition to SN data,
as it breaks degeneracies between cosmological parameters [20]. Together,
SN+CMB (exemplified by the SNAP SN and Planck CMB [21] experiments)
can detect time variation of the dark energy equation of state, w′, at the 99%
confidence level (this assumes a specific model, SUGRA [22], with w′ = 0.3;
see [23] for further details and comparisons).

Large scale structure data can provide constraints on dark energy, both
through breaking parameter degeneracies and through indirect measurement
of the acceleration. In its most basic use, it enters not through data as such,
but through a prior on, say, the matter density Ωm. Of course this must trace
back to data in some way, and often the dependence of the observations
is not purely on the matter density, but also involves assumptions about
the dark energy, e.g. that it is a cosmological constant. Such assumptions
can sometimes be hidden quite deeply, but must be sought out for a robust
cosmological analysis.

One improvement on the “prior” approach, more closely related to the
data, is to employ constraints on the logarithmic growth factor, f = d ln δ/
d ln a, at some redshift, where δ is the fractional overdensity of a matter
density perturbation. This is directly related to the peculiar velocity field of
large scale structure. Such a prior was used for the cosmological constraint
analysis the author did for [8]. An unpublished study by the author shows that
this prior is roughly equivalent to an Ωm prior. That is, ±0.03 in Ωm (11%
uncertainty) has about the same effect as ±0.035 in f (6% uncertainty). Note
that due to its slight curvature in the Ωm-w plane, its complementarity with
SN is somewhat less than an Ωm prior (though more realistic). Its tighter
connection with data is a plus, however some doubt has been cast [24] on
the intermediate step of removing the galaxy bias parameter from velocity
surveys (see, for example, [25]).
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Direct use of large scale structure measurements is obviously the preferred
method. The most promising technique appears to be weak gravitational lens-
ing. Since gravity bends light, we can detect mass (including that contributed
by dark matter) in structures such as galaxies and clusters of galaxies through
the gravitationally distorted images of distant sources – lensing. While this
happens on rare instances very visibly through the production of multiple
images or grossly distorted arcs (strong lensing), it occurs copiously as more
subtle, percent level shearing of image shapes (weak lensing). This signal must
be pulled out statistically from vast surveys of millions of resolved galaxies.

By studying the growth of massive structure over cosmic history, one can
infer properties of the dark energy. While mass aggregates in an expanding
universe, with gravitational attraction causing overdense regions to become
more and more so, this growth shuts down in an accelerating universe. As an
analogy, consider a person trying to join a group of friends standing at the
bottom of a uprunning escalator. Due to the “stretching” of space between
the groups, the attraction is overcome and clustering does not increase.

Weak lensing was first measured in 2000 and is rapidly developing as a
cosmological probe, though it has not yet achieved the precision and accuracy
to provide constraints on dark energy. Next generation experiments compil-
ing hundreds of millions of galaxy shears over a wide area of sky with precise
redshift measurements, for a three dimensional catalog, will be needed. Plans
for such surveys include PanStarrs [26] and LSST [27] from the ground and
SNAP from space. Ground observing can cover large areas quickly and part-
ners well with space measurements. Space provides access to 1) a higher
density of resolved images, useful for probing smaller scale structure where
the growth effects are amplified by nonlinearities, 2) deeper lenses allowing
mapping of the mass growth over more cosmic time, and 3) reduction of
systematics such as atmospheric distortion of the shapes [28].

The combination of weak lensing and CMB data yields dark energy con-
straints roughly comparable to SN bounds. But the true synergy comes
from bringing weak lensing and SN together. In this case complementarity is
achieved on several levels. An experiment that incorporates both techniques
is truly comprehensive in that no external priors are required: no outside de-
termination of the matter density or CMB acoustic peak location is necessary.
Furthermore, the two methods conjoined provide a test of the spatial curva-
ture of the universe to ∼ 1− 2% (for the SNAP experiment), independent of
the CMB constraint on flatness (note that the Planck CMB measurements
in isolation would only determine the curvature to ∼ 6% [29]). On dark en-
ergy properties, supernovae plus weak lensing methods conjoined determine
the present equation of state ratio, w0, to 5%, and its time variation, w′,
to 0.11 (for the SNAP experiment baseline mission, including an estimate of
systematics, and in the relatively insensitive scenario of a true cosmological
constant: see Fig. 1). Such an experiment can give a truly exciting view into
the nature of new fundamental physics.
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Fig. 1. Weak gravitational lensing and supernovae distances work superbly together
as cosmological probes. To realize the tightest bounds requires systematics control
only possible from space – point spread function resolution, stability, and low noise.
Here we show constraints on two dark energy models from 2000 supernovae and a
1000 square degree weak lensing survey (employing power spectrum and bispectrum
data and cross-correlation cosmography), both with systematics. No external priors
are needed.

Other cosmological probes, not yet mature, may contribute to the next
generation. These include angular distance-redshift tests through baryon
acoustic oscillations in the matter power spectrum, growth of mass tests
through cluster abundances identified by the Sunyaev-Zel’dovich effect or
weak lensing, say, and possibly tests using some aspects of strong lensing or
distances to another class of supernovae, Type IIs.

We must be cautious however about, first, identification, and then control
of systematic uncertainties that might plague methods without a proven track
record. The entanglement of astrophysical details with cosmology is another
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area needing great care. One can roughly regard probes as falling into three
categories of shedding light on dark energy:

• Geometric methods – a standard: like a lightbulb, where you don’t need
to know how the filament works, you can test it – e.g. supernovae Ia,
weak lensing (crosscorrelation cosmography method), baryon oscillations,
supernovae II

• Geometry+Mass methods – must understand aspects of the nonlinear mass
distribution: like a flashlight, where you need to know about the lens and
battery – e.g. weak lensing (shear), strong lensing

• Geometry+Mass+Gas methods – must understand aspects of hydrody-
namics: like a candle, where you need to know about the wax, flame, wind –
e.g. Sunyaev-Zel’dovich effect, cluster counts

4 Conclusion

The acceleration of the cosmic expansion poses a fundamental, and possibly
revolutionary, challenge to physics. To probe the nature of the dark energy
responsible for this behavior contrary to attractive gravity we need specially
designed next generation experiments, as well as some clever theoretical ideas.
We don’t know whether the new physics lies within the structure of the
quantum vacuum, extensions to general relativity, or a unification of high
energy physics and gravitation in the form of extra dimensions or string
theory.

Uncovering the dynamics of dark energy should guide us in development of
new fundamental physics. To achieve this understanding requires robust, well
understood cosmological probes, with greatest leverage coming from tech-
niques working in complementarity. Our picture of the universe is one where
only 5% is familiar energy components within the standard model of parti-
cle physics, 25% lies in possibly theorized dark matter, and 70% in wholly
unknown dark energy. The universe is mysteriously unsimple.

When you have a mystery ailment, you want a doctor with not just a
stethoscope as a tool to give a diagnosis; you want blood tests, EKG, MRI
to give confidence in the results. Our universe is out of sorts, and we should
seek similar complementarity to achieve fundamental understanding.

Complementary probes give (1) crosschecks, to test the results, (2) syn-
ergy, improved constraints from breaking degeneracies to reveal more of the
physics, (3) robustness, through reduced influence of systematics from one
approach. Currently, in maturity and application, Type Ia supernovae and
weak lensing give the greatest hope of understanding dark energy. Moreover,
an experiment combining the two possesses the virtues of comprehensiveness,
independence from external priors, and the ability to test the framework. By
mapping both the expansion history and growth history, such an experiment
can distinguish between a high energy physics origin for the acceleration (e.g.
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Fig. 2. The expansion history and the mass fluctuation growth history can probe
different elements of the physics responsible for the acceleration of the universe.
Individually they offer leverage in constraining parameters of dark energy or gravi-
tational models, and in complementarity they can distinguish between the different
physical origins. An extra dimensional braneworld model (solid, black curve) and
a quintessence model with w0 = −0.78, wa = 0.32 (dashed, red) appear indistin-
guishable, but when one takes into account the effects of altered gravity on the
growth history (long dashed, blue curve) this allows distinction of these models.
The expansion history in turn could rule out the quintessence model degenerate
with the long dashed curve. In all cases, the cosmological constant curves (dotted
magenta, with outliers indicating the effect of varying Ωm by ±0.02) are distinct.

a scalar field) and new gravitational physics (see, e.g., Fig. 2). A space mis-
sion surveying the universe wide, deep, and colorful will naturally encompass
further probes as well, and provide a bonanza for astrophysics, cosmology,
and fundamental physics.
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Possible Influence of Dark Energy
on the Dark Matter Relic Abundance
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Summary. Although a direct interaction between WIMP CDM candidates and
scalar Quintessence fields (sources of Dark Energy) poses severe phenomenologi-
cal threats, yet it is possible that the presence of Quintessence produces profound
deviations in the expansion rate of the early Universe at the moment of WIMP
decoupling, hence causing significant enhancements of the relic DM abundance.
We consider the occurrence of such a phenomenon in a couple of physically inter-
esting situations, kination and scalar-tensor theories of gravity where the scalar
component plays the role of Quintessence. The consequences for supersymmetric
DM candidates are briefly discussed.

1 Introduction

It is known that in the last years of the past century a major surprise occurred
in our knowledge of the Universe: the dominance of Dark Energy (DE) in the
total energy budget of the Universe, together with a close value of DE and
Dark Matter (DM) energy densities in the present epoch of the Universe
evolution. Indeed, their ratio is roughly two today, while one may expect it
to have taken values different from O(1) even by orders of magnitude during
the whole evolution of the Universe from the Big Bang until the present
time. This “coincidence problem” may hint at a possible correlation between
DE and DM. For instance, if one is to envisage DE as resulting from an
ultralight scalar field rolling down its potential (the so-called Quintessence
explanation of DE), then one could naively think that such a correlation
results from a direct interaction between the DM particles and the scalar
Quintessence field. However, the extreme lightness of the scalar Quintessence
field, whose mass should correspond roughly to the inverse of the Hubble
parameter, i.e. O(10−33eV), and its time variation are at the basis of a host of
severe phenomenological problems to be tackled (new long range forces with
violations of the weak equivalence principle, time variation of the fundamental
couplings, etc.). In this talk we wish to emphasize that the severe limitations
we have to impose on such direct interactions between DM and DE do not
prevent DE to have an indirect impact on DM. Namely, we wish to examine
a couple of situations where the presence of quintessential DE in the early
Universe largely influences today abundances of DM with significant changes
on our prospects for direct and indirect DM searches.
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According to the standard paradigm, a particle species goes through two
main regimes during the cosmological evolution. At early times it stays in
thermal equilibrium, until the particle interaction rate Γ remains larger than
the expansion rate H. Later on, the particles will be so diluted by the expan-
sion of the universe that they will not interact anymore and H will overcome
Γ . The epoch at which Γ = H is called ‘freeze-out’, and after that time
the number of particles per comoving volume for any given species will re-
main constant. This is how cold dark matter particle relics (neutralinos, for
example) are generated.

As it can be easily understood, this scenario strongly depends on the
evolution equation for H in the early universe, which is usually assumed to
be radiation–dominated. However, as it was already noticed some time ago
[1], there is little or no evidence that before Big Bang Nuclesynthesis (BBN)
it was necessarily so. Non-standard scenarios are then worth exploring. In
particular, if we imagine that for some time in the past the Hubble parameter
was larger than usually thought (for example, due to the presence of some
other component, in addition to radiation), then the decoupling of particle
species would be anticipated, resulting in a net enhancement of their relic
abundance.

A natural candidate for doing that is the Quintessence scalar, which is
thought to consitute the Dark Energy fluid dominating the present universe.
In most Quintessence models, the cosmological scalar is assumed to become
the dominant component of the universe after a long period of sub-domination
[2], playing little or no role in the earliest epochs. However, this has not
always to be the case, as we will show in the following. We will focus on the
possibility of modifying the past evolution of the Hubble paramenter H, with
the double aim of respecting all the post-BBN bounds for the expansion rate
and of producing a mesurable enhancement of the dark matter particles relic
abundance. In particular, we will report about two possible mechanism by
which the past dynamics of the Quintessence scalar could significantly modify
the standard evolution of the pre-BBN universe: an early “kination” phase
and a “scalar-tensor” model.

2 Kination Enhancement

If we imagine to add a significant fraction of scalar energy density to the
background radiation at some time in the cosmological history, this would
produce a variation in H2, depending on the scalar equation of state wφ. If
wφ > wr = 1/3, the scalar energy density would decay more rapidly than
radiation, but temporarily increase the global expansion rate. This possi-
bility was explicitly considered in [3], where it was calculated that a huge
enhancement of the relic abundance of neutralinos could be produced in this
way.



500 A. Masiero and F. Rosati

In a flat universe, a scalar field with potential V (φ) obeys the equations

φ̈+ 3Hφ̇+ dV/dφ = 0 ; H2 ≡ (ȧ/a)2 = 8πρ/3M2
p . (1)

For any given time during the cosmological evolution, the relative importance
of the scalar energy density w.r.t. to matter and radiation in the total energy
density ρ ≡ ρm +ρr +ρφ depends on the initial conditions, and is constrained
by the available cosmological data on the expansion rate and large scale
structure. If the potential V (φ) is of the runaway type, the initial stage of the
scalar evolution is typically characterized by a period of so–called ‘kination’
[2] during which the scalar energy density ρφ ≡ φ̇2/2+V (φ) is dominated by
the kinetic contribution Ek = φ̇2/2  V (φ), giving wφ = 1. After this initial
phase, the field comes to a stop and remains nearly constant for some time
(‘freezing’ phase), until it eventually reaches an attractor solution [2].

Then, if we modify the standard picture according to which only radiation
plays a role in the post-inflationary era and suppose that at some time t̂ the
scalar contribution was small but non negligible w.r.t. radiation, then at that
time the expansion rate H(t̂) should be correspondingly modified. During
the kination phase the scalar to radiation energy density ratio evolves like
ρφ/ρr ∼ a−3(wφ−wr) = a−2, and so the scalar contribution would rapidly fall
off and leave room to radiation. In this way, we can respect the BBN bounds
and at the same time keep a significant scalar contribution to the total energy
density just few red-shifts before. The increase in the expansion rate H due to
the additional scalar contribution would anticipate the decoupling of particle
species and result in a net increase of the corresponding relic densities. As
shown in [3], a scalar to radiation energy density ratio ρφ/ρr 
 0.01 at BBN
would give an enhancement of the neutralino codensity of roughly three orders
of magnitude.

The enhancement of the relic density of neutralinos requires that at some
early time the scalar energy density was dominating the Universe. This fact
raises a problem if we want to identify the scalar contribution responsible for
this phenomenon with the Quintessence field [4]. Indeed, the initial conditions
must be such that the scalar energy density is sub-dominant at the beginning,
if we want the Quintessence field to reach the cosmological attractor in time
to be responsible for the presently observed acceleration of the expansion [2].
For initial conditions ρφ >∼ ρr we obtain instead an ‘overshooting’ behavior:
the scalar field rapidly rolls down the potential and after the kination stage
remains frozen at an energy density much smaller than the critical one. How-
ever, as shown in [5], more complicated dynamics are possible if we relax the
hypothesis of considering a single uncoupled scalar. The presence of several
scalars and/or of a small coupling with the dark matter fields could modify
the dynamics in such a way that the attractor is reached in time even if we
started in the overshooting region.

Consider a potential of the form V (φ1, φ2) = Mn+4 (φ1φ2)
−n/2, with M

a constant of dimension mass. In this case, the two fields’ dynamics enlarges



Possible Influence of Dark Energy on the Dark Matter Relic Abundance 501

the range of possible initial conditions for obtaining a quintessential behavior
today. This is due to the fact that the presence of more scalars allows to
play with the initial conditions in the fields’ values, while maintaining the
total initial scalar energy density fixed. Doing so, it is possible to obtain
a situation in which for a fixed ρin

φ in the overshooting region, if we keep
initially φ1 = φ2 we actually produce an overshooting behavior, while if we
choose to start with φ1 �= φ2 (and the same ρin

φ ) it is possible to reach the
attractor in time.

Suppose, instead, that the Quintessence scalar is not completely decoupled
from the rest of the Universe. Among the possible interactions, two interesting
cases are the following:

Vb = b H2φ2 or Vc = cρmφ (2)

If we add Vb or Vc to V = Mn+4φ−n, the potential will acquire a (time-
dependent) minimum and the scalar field will be prevented from running
freely to infinity. In this way, the long freezing phase that characterizes the
evolution of a scalar field with initial conditions in the overshooting region can
be avoided. A more detailed discussion, together with numerical examples,
can be found in [4].

3 Scalar-Tensor Enhancement

A different possibility arises if we consider Quintessence models in the frame-
work of scalar-tensor (ST) theories of gravity (see [7] and references therein).
These theories represent a natural framework in which massless scalars may
appear in the gravitational sector of the theory without being phenomeno-
logically dangerous, since they assume a metric coupling of matter with the
scalar field, thus ensuring the equivalence principle and the constancy of all
non-gravitational coupling constants [6]. Moreover a large class of these mod-
els exhibit an attractor mechanism towards GR [8], that is, the expansion of
the Universe during the matter dominated era tends to drive the scalar fields
toward a state where the theory becomes indistinguishable from GR.

ST theories of gravity are defined, in the so–called ‘Jordan’ frame, by the
action

Sg =
1

16π

∫
d4x

√
−g̃

[
Φ2R̃ + 4ω(Φ)g̃µν∂µΦ∂νΦ− 4Ṽ (Φ)

]
. (3)

The matter fields Ψm are coupled only to the metric tensor g̃µν and not to
Φ, i.e. Sm = Sm[Ψm, g̃µν ]. Each ST model is identified by the two functions
ω(Φ) and Ṽ (Φ). The matter energy-momentum tensor is conserved, masses
and non-gravitational couplings are time independent, and in a locally inertial
frame non gravitational physics laws take their usual form. Thus, the ‘Jordan’
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frame variables g̃µν and Φ are also denoted as the ‘physical’ ones in the
literature. By means of a conformal transformation,

g̃µν ≡ A2(ϕ)gµν , Φ2 ≡ 8πM2
∗A

−2(ϕ) (4)

with
α2(ϕ) ≡ d logA(ϕ)/dϕ = 1/(4ω(Φ) + 6) , (5)

it is possible to go the ‘Einstein’ frame in which the gravitational action takes
the standard form, while matter couples to ϕ only through a purely metric
coupling,

Sm = Sm[Ψm, A
2(ϕ)gµν ] . (6)

In this frame masses and non-gravitational coupling constants are field-
dependent, and the energy-momentum tensor of matter fields is not conserved
separately, but only when summed with the scalar field one. On the other
hand, the Einstein frame Planck mass M∗ is time-independent and the field
equations have the simple form

Rµν − 1
2
gµνR = Tϕ

µν/M
2
∗ + Tµν/M

2
∗ , M2

∗∂
2ϕ+ ∂V/∂ϕ = −α(ϕ)T/

√
2 .

(7)
When α(ϕ) = 0 the scalar field is decoupled from ordinary matter and the ST
theory is indistinguishable from ordinary GR. The effect of the early presence
of a scalar field on the physical processes will come through the Jordan-frame
Hubble parameter H̃ ≡ d log ã/dτ̃ :

H̃ = H (1 + α(ϕ)ϕ′)/A(ϕ) , (8)

where H ≡ d log a/dτ is the Einstein frame Hubble parameter. A very at-
tractive class of models is that in which the function α(ϕ) has a zero with a
positive slope, since this point, corresponding to GR, is an attractive fixed
point for the field equation of motion [8]. It was emphasized in [9] that the
fixed point starts to be effective around matter-radiation equivalence, and
that it governs the field evolution until recent epochs, when the Quintessence
potential becomes dominant. If the latter has a run-away behavior, the same
should be true for α(ϕ), so that the late-time behavior converges to GR. For
this reason, we will consider the following choice ,

A(ϕ) = 1 +Be−βϕ , α(ϕ) = −βBe−βϕ/(1 +Be−βϕ) , (9)

which has a run-away behavior with positive slope.
In [7] it was calculated the effect of ST on the Jordan-frame Hubble para-

meter H̃ at the time of WIMP decoupling, imposing on the parameters B and
β the constraints coming from GR test, CMB observations and BBN. Com-
puting the ratio H̃/H̃GR at the decoupling time of a typical WIMP of mass
m = 200 GeV, it was found that it is possible to produce an enhancement
of the expansion rate up to O(105). As a further step, it was performed the
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calculation of the relic abundance of a DM WIMP with mass m and annihi-
lation cross-section 〈σannv〉. The effect of the modified ST gravity enters the
computation of particle physics processes (like the WIMP relic abundance)
through the “physical” expansion rate H̃ defined in (8). We have therefore
implemented the standard Boltzmann equation with the modified physical
Hubble parameter H̃:

dY/dx = −s〈σannv〉(Y 2 − Y 2
eq)/H̃ x (10)

where x = m/T , s = (2π2/45) h�(T ) T 3 is the entropy density and Y = n/s
is the WIMP density per comoving volume.

A numerical solution of the Boltzmann equation (10) is shown in Fig. 1
for a toy–model of a DM WIMP of mass m = 50 GeV and constant annihi-
lation cross-section 〈σannv〉 = 1 × 10−7 GeV−2. The temperature evolution
of the WIMP abundance Y (x)clearly shows that freeze–out is anticipated,
since the expansion rate of the Universe is largely enhanced by the presence
of the scalar field ϕ. This effect is expected. However, we note that a peculiar
effect emerges: when the ST theory approached GR (a fact which is parame-

Fig. 1. Numerical solution of the Boltzmann (10) in a ST cosmology for a toy–
model of a DM WIMP of mass m = 50 GeV and constant annihilation cross-section
〈σannv〉 = 1 × 10−7 GeV−2. The temperature evolution of the WIMP abundance
Y (x) clearly shows that freeze–out is anticipated, since the expansion rate of the
Universe is largely enhanced by the presence of the scalar field ϕ. At a value x =
m/Tϕ a re–annihilation phase occurs and Y (x) drops to the present day value.
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Fig. 2. Increase in the WIMP relic abundance in ST cosmology with respect
to the GR case. The solid curve refers to an annihilation cross section constant
in temperature, i.e. 〈σannv〉 = a = 10−7 GeV−2, while the dashed line stands for
an annihilation cross section which evolves with temperature as 〈σannv〉 = b/x =
10−7 GeV−2/x.

trized by A(ϕ) → 1 at a temperature Tϕ, which in our model is 0.1 GeV), H̃
rapidly drops below the interaction rate Γ establishing a short period during
which the already frozen WIMPs are still abundant enough to start a sizeable
re-annihilation. This post-freeze-out “re-annihilation phase” has the effect of
reducing the WIMP abundance, which nevertheless remains much larger than
in the standard case (for further discussion on this aspect see [7]).

The amount of increase in the relic abundance which is present in ST cos-
mology is shown in Fig. 2. The solid curve refers to an annihilation cross
section constant in temperature, i.e. 〈σannv〉 = a, while the dashed line
stands for an annihilation cross section which evolves with temperature as:
〈σannv〉 = b/x. In the case of s–wave annihilation the increase in relic abun-
dance ranges from a factor of 10 up to a factor of 400. For a pure b/x depen-
dence, the enhancement can be as large as 3 orders of magnitude. Needless
to say, such potentially (very) large deviations entail new prospects on the
WIMP characterization both for the choice of the CDM candidates and for
their direct and indirect detection probes [7, 10].
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Supersymmetric Dark Matter Q-balls
and their Interactions with Matter
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1 Potential Sources of Baryogenesis

We do not know how baryogenesis occurred, but several processes have been
suggested including

1. Plank scale baryogenesis
2. GUT Baryogenesis
3. Electroweak Baryogenesis
4. Leptogenesis
5. Affleck-Dine Mechanism

The Affleck-Dine mechanism is illustrated below.

baryons baryonic Q−balls

unstable stable

dark matter

Affleck−Dine condensate

Here a scalar field gains a large value during inflation becoming the
Affleck-Dine condensate. It then decays during reheating to baryons and Q-
balls. The Q-balls could themselves be the dark matter or they could decay
to the dark matter. This mechanism has the attractive feature that it is for
baryons and dark matter to have about the same density. (Experimentally
they are within an order of magnitude of each other.)

2 So What is a Q-ball

– A Q-ball is a localized region with a coherent state of squarks, sleptons,
or some other scalar field. (It may be viewed as a localized remnant of
Affleck-Dine Condensate)
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– Unlike other solitons, it is stabilized not by topology, but by some con-
served Quantum Number which takes on the value Q = 1

2i

∫
ϕ∗ ↔

∂ t ϕd
3x.

from a variety of symmetries. For example
– Baryon and/or Lepton Number
– Global Abelian
– Global Non-Abelian
– Gauge Abelian.

3 Q-balls’ Mass Behavior with Increasing Q

Depending on the Potential, the Q-ball mass may grow in different ways. If
the potential is curved the mass grows linearly with Q. For a baryonic Q-ball,
this will be completely stable if the mass per unit baryon number is less than
the mass of a proton (the lightest baryon). If instead the potential is flat
(meaning that it grows at a rate of less than φ4) the mass will grow more
slowly than linearly. For a completely flat potential it grows like Q3/4. In this
case the, if Q is sufficiently large, the mass per unit baryon number ω will
always fall below the mass of a proton, and the Q-ball is always stable. In
reality, all flat directions are eventually lifted by higher order operators, but
not until Q ∼ 1024 and ω ∼ 1 MeV so that the Q-ball is completely stable.
We will therefore focus on the stable CD Q-balls.

Linear (Curved Potential) Less than Linear (Flat potential)
M(Q) ∼ µ̃Q M(Q) ∼ mQ

3
4

Possibly Stable Completely Stable
Flat directions lifted by

higher dimension operators
around Q ≈ 1024, ω ≈MeV

4 Why the Interactions with MATTER

– A Q-ball’s interactions with matter determine how we might detect them.
– Q-balls, pack baryon number more efficiently than baryons. Therefore,

– Baryonic Matter can be absorbed into Q-balls.
– If the consumption is fast enough, Q-balls may consume neutron stars

or white dwarfs. (We focus on these, because other objects can not
capture Q-balls).

5 Overview of Q-ball Matter Interactions

– Previous work (Kusenko, Shaposhnikov, Tinyakov, and Tkachev) looked
only at perturbative decay of quarks in a squark background.
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– This decay was suppressed by gluino mass in gluino propagator, and
therefore predicted long neutron star lifetimes.

– In reality mass mixing of quarks and gluinos creates large (O(1)) proba-
bilities of absorbing matter into Q-balls.

– As a result, the consumption of neutron stars and white dwarfs by Q-balls
is limited by matter transport processes in the star.

6 Mass in a Q-ball

– If one field has a non-zero expectation value 〈φ〉 = ϕ then
– Interactions

−g
√

2T a
ij(λ

aσ2ψjφ
∗
i ) + C.C.

– Become mass terms as the constant field takes the role of the mass.

Ma
i λ

aσ2ψi

Ma
i = −g

√
2T a

jiϕ
∗
j

7 Simplest Example for B(aryon) - Ball

For simplicity we will consider a Q-ball with the following simplified proper-
ties.

– It has a color neutral condensate of squarks.
– We will consider only one flavor of quark.
– We will include both left and right handed quarks

In this case we will have a mass matrix of the form⎛⎝ 0 m ϕL

m 0 ϕR

ϕL ϕR M

⎞⎠⇒

⎛⎝ 0 0 ϕL

0 0 ϕR

ϕL ϕR M

⎞⎠
The Dirac mass m is negligibly small compared to the other scales in the

problem and will be ignored for simplicity.
The matrix can then be diagonalized with the following prescription.⎛⎝ 0 0 ϕL

0 0 ϕR

ϕL ϕR M

⎞⎠ ⇒ M̃

⎛⎝ 0 0 0
0 cos2 β 0
0 0 − sin2 β

⎞⎠
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α = arctan ϕR
ϕL

ϕ =
√

ϕL
2 + ϕR

2

β = 1
2

arctan 2ϕ
M

M̃ =
√

ϕ2 + 1
4
M2

M0 = 0

⎛⎝ sin α
− cos α

0

⎞⎠
M+ = M̃ cos2 β

⎛⎝ sin β

(
cos α
sin α

)
cos β

⎞⎠
−M− = −M̃ sin2 β

⎛⎝ cos β

(
cos α
sin α

)
− sin β

⎞⎠

8 A Bit on Masses

It is important to know if the two mass eigenstates M+ and M− will in
general be large or small. We will always assume that relative to the energy
the condensate ϕ and the gluino mass |M | are very large and the dirac mass
m is very small.

ϕ, |M |  E  m

In this case we find that

– If the condensate is much larger than the gluino mass ϕ ≥ |M |, then both
mass states are large M+,M−  E.

– But if the gluino mass is much larger than the condensate |M |  ϕ,
then the eigenstates still retain identity as quark and gluino states, with
a small quark mass.

9 Majorana Fermion Basics

– Majorana Fermions obey the differential equation

iσ̄ · ∂χ+ imσ2χ∗ = 0 ,

where σ = (1, σ) and σ̄ = (1,−σ) .
– This equation has the solutions

√
σ · p

(
Ae−ip·x + σ2A∗eip·x) m > 0√

σ · p
(
Ae−ip·x − σ2A∗eip·x) m < 0

for positive and negative mass states respectively.
– Reflection is now a simple quantum mechanics continuity problem. If mass

eigenstates change at a boundary, the wave function must be continuous.
(There is no restriction on the derivative).
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To solve the reflection problem we need to consider the following mass
eigenstates. (At the moment I am considering only the quark state which
gains a large mass).

Outside Inside(
0 0
0 M

) (
0 ϕ
ϕ M

)
Name Eigenvalue Eigenvector

Quark m = 0
(

1
0

)
Gluino M

(
0
1

)
Name Eigenvalue Eigenvector

Positive M+ = M̃ cos2 β
(

sinβ
cosβ

)
Negative −M− = −M̃ sin2 β

(
cosβ
− sinβ

)

10 Simplest Case

In the simplest case where the moment is normal to the surface, and all
masses are much larger than the energy we find that the reflection coefficient
is simply i.

M,M+,M−  E

p ⊥ boundary

r = i

11 Some Implications

This has some interesting implications.

– First there is 100 percent reflection.
– (This makes sense because a particle can not propagate if M ≥ E)

– There is also a total frequency flip.
– Positive (negative) frequency components are reflected as negative

(positive) frequency components.
– So the particle must either change its handedness or particle

anti-particle identity.
– Why?

– Massless particles have only a positive (negative) frequency compo-
nent.

– When M > E both positive and negative frequency components must
be present with equal magnitude.

– Thus, IF the incoming particle matches the positive (negative) com-
ponents of the states inside the Q-ball,

– THEN the outgoing particle must match the negative (positive) com-
ponents.
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12 Some Possible Caveats

– If the gluino mass is negative then r = −i. This is essentially the same
result.

– If the incoming momentum is not normal to the surface, the reflection
coefficient is more complicated, but still implies 100 percent reflection
and 100 percent frequency flipping.

– If |M | >> ϕ then one of the important reflection mass can be small.
In this case, frequency flipping is intact, but the reflection probability is
suppressed if and only if M± < E or ϕ2 < |MgE| .

– If the condensate is mostly Stop t̃ or other flavors, that are not well
represented in ordinary baryonic matter, the Q-ball may not couple well
to protons and neutrons.

13 Effect on Incoming Quark

Of course, these results apply only to the linear combination of left and
right handed quarks that gains a mass. Since, both left and right handed
quarks are present in ordinary matter, an ordinary quark has a probability
to be reflected and a probability to be transmitted. A chance of changing
to an anti-quark and a chance of remaining a quark. These probabilities are
summarized below.

Incoming Left Handed Incoming Right Handed
Quark Anti-Quark

Trans sin4 α sin2 α cos2 α
Ref cos2 α sin2 α cos4 α

Quark Anti-Quark
Trans cos4 α sin2 α cos2 α
Ref cos2 α sin2 α sin4 α

Total ref cos2 α = ϕL
2

ϕ2 sin2 α = ϕR
2

ϕ2

Total anti cos2 α = ϕL
2

ϕ2 sin2 α = ϕR
2

ϕ2

– Total Probability to Change Handedness = 2 sin2 α cos2 α = 1
2 sin2 2α

= ϕL
2ϕR

2

ϕ4

– Averaged Total Probability to Reflect = Total Probability to Change
Identity = 1

2

The final result is most important. Whatever the left right composition of
the condensate, if the quarks in the star are randomly left and right handed
with equal probability, the total reflection probability and the total proba-
bility of changing from particle to anti-particle are both 1/2.
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14 Time Dependent Effects

– Q-balls have a time dependence which we have so far ignored.

〈φ〉 = ϕ exp iqω

– As a result of this time dependence, if the particle (anti-particle) remains
a particle (anti-particle) then the extra phases cancel with no effect.

– If instead the incoming quark is changed from a particle (anti-particle)
to an anti-particle (particle), the energy is decreased (increased) by 2ω.
There is also a slight increase (decrease) of the reflection probability P ≈
Ein

Eout
.

– This demonstrates that omega (ω) is the chemical potential of the Q-ball,
i.e. the energy required to change its baryon number by one unit. Because
ω roughly 1000 times smaller than the mass of a baryon, this is a very
slight effect for large Q-balls.

15 Observable Effects

– We expect large Q-ball effects.
– They can leave a large signature in water Cerenkov detectors. However,

the effect is so large that it is often rejected as bad data.
– Q-balls are so dense and massive that they only stop in a neutron star or

a white dwarf.

16 Effects in a Neutron Star or White Dwarf

– Half of all incident quarks turn to anti-quarks.
– These annihilate with the other half.
– Therefore, All matter incident on the Q-ball is converted to radiation

(Mostly pions).
– Because of this we might expect quick consumption. In fact, if matter in

the neutron star could move toward the Q-ball at the speed of light the
entire neutron star could be consumed in about 1 day.

– However, neutron and thermal transport processes inside the star will
slow the process down. We are still uncertain what the exact rate would
be.

17 Conclusions

1. Quarks incident on a Q-ball are converted to anti-quarks with large (O(1))
probability.



Supersymmetric Dark Matter Q-balls and their Interactions with Matter 513

2. Even with such high conversion rates, the difficulty of getting baryonic
matter to the small Q-ball remains a limiting factor on the rate at which
a Q-ball can consume a neutron star or white dwarf.

3. The exact rate of consumption is unknown, but for now, Affleck-Dine
Baryogenesis remains a viable mechanism and Q-balls remain a viable
dark matter candidate.
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Summary. We review recent results from X-ray observations of galaxy clusters
with Chandra. These observations lead to high-quality measurements of the global
cluster properties and thus open a possibility for reliable application of several
cosmological tests. Independent tests based on the observed baryon fraction in
massive clusters, the shape of the cluster mass function at low redshifts, and its
evolution at z ∼ 0.5, all provide value of the matter density parameter Ωm � 0.26.
Observed evolution of the mass function leads to independent constraints on the
Dark Energy.

1 Introduction

Dark matter is the dominant mass component of galaxy clusters and thus
governs their dynamics. Observations of galaxy clusters lead to a number of
well-established cosmological tests, outlined below.

Due to their large size, clusters of galaxies should represent fair samples of
the Universe in the sense that the mass ratio of the baryonic and dark matter
components within the cluster, fb, is close the Universal value, Ωb/Ωd. If the
average density of baryons is measured by an independent method, e.g. from
the Big Bang Nucleosynthesis or from CMB fluctuations, observations of
nearby clusters should provide a value for Ωm. The theoretical foundations
of this test were laid out by White et al. [1], followed by many observational
implementations (e.g., [2, 3, 4]; see [5] for the most recent application of this
test).

The real cluster baryon fraction also should be redshift-independent, while
observationally derived fb depends on the assumed distance to the cluster as
d3/2. The apparent cluster baryon fraction is therefore a distance indicator
[6, 7], and measurements of fb(z) lead to cosmological tests identical to those
possible with Supernovae Ia (see Linder et al. in this volume). Allen et al.
[5] have recently applied this test to independently detect acceleration in the
expansion of the Universe and to put constraints on the properties of Dark
Energy.

Another group of cosmological tests uses the cluster mass function as a
sensitive indicator of the power spectrum of the matter density perturbations,
P (k). Clusters are formed via the gravitational collapse of growing dark mat-
ter density perturbations. The theory of this process, which is well-developed
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[8, 9, 10] and calibrated by cosmological numerical simulations (see, e.g.,
[11, 12, 13]), shows that the slope of the mass function is sensitive to the
slope of P (k) on the cluster scales, ∼10h−1 Mpc, and the number density of
clusters with a given mass is exponentially sensitive to normalization of P (k),
usually expressed as σ8, the rms amplitude of fluctuations on the 8h−1 Mpc
scale. Cluster observations, therefore, can be used to determine these para-
meters (see [14] and many later works). If mass function measurements are
available at high redshifts, one recovers the history of growth of perturba-
tions, G(z) = σ8(z)/σ8(0). The P (k) slope mainly depends on the product
Ωm h (assuming that matter density is dominated by CDM), and growth of
perturbations is sensitive to Ωm and, more weakly, to the density and prop-
erties of Dark Energy. High quality cluster observations can, therefore, be
used to constrain these cosmological parameters independently of all other
astronomical methods.

High quality of the observational data is absolutely necessary for reliable
application of the cosmological tests outlined above1. The main problems are
the need for accurate measurements of the cluster total mass, and possible
effects of non-gravitational processes on the observed cluster properties (see
[15] for a recent review). The high-quality data are now being provided by X-
ray observations of galaxy clusters with the Chandra X-ray observatory. X-ray
telescopes directly observe the spatial distribution of density and temperature
of the dominant baryonic component, the intra-cluster medium (ICM). In
dynamically relaxed clusters, these data can be used to infer the total mass
(including dark matter), which leads to a number of cosmological applications
outlined above. A review of Chandra X-ray observations is the topic of this
paper.

2 Self-Similarity of Cluster Profiles

Almost every cluster cosmological test is based – explicitly or implicitly – on
the assumptions that clusters form from scale-free primordial density pertur-
bations and their dynamics is driven by gravity of the CDM. The necessary
consequence of these postulates is that clusters should be self-similar. Self-
similarity implies, in particular, that profiles of the temperature (and density
etc.) of the intra-cluster medium (ICM) should be similar when radii are
scaled to the cluster virial radius, which can be estimated from the average
temperature, rvir ≡ r180 ∝ 〈T 〉1/2 (for detailed discussion see, e.g., [16]). This
prediction is strongly confirmed by recent Chandra observations.

Chandra is well-suited for measurements of the temperature profiles to
0.5–0.6 of the virial radius thanks to its stable detector background, and fine

1The same is generally true for most observational techniques because the effects
of the interesting cosmological parameters on the observationally derived quantities
are usually small.
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Fig. 1. Compilation of the ICM temperature profiles [17] plotted as a function of
the cluster virial radius. Virial radii are estimated from the average temperature,
r180 = 2.74 Mpc (〈T 〉/10 keV)1/2 [19].

angular resolution. To date, 11 low-redshift clusters were observed by Chan-
dra with sufficiently long exposures and spatial coverage. All these objects
have a very regular overall X-ray morphology and show only weak signs of dy-
namical activity, if any. The scaled temperature profiles for this sample show
a remarkable similarity at large radii (see Fig. 1 and [17] for more details).
The greatest scatter is observed at small radii, where the non-gravitational
process make a non-negligible contribution to the energy budget of the ICM,
as discussed below.

Chandra X-ray data allow one to trace the X-ray surface brightness distri-
bution to the virial radius. In the soft X-ray band, the emissivity of the plasma
with T = 1−10 keV is proportional to ρ2

gas and insensitive to other parameters
(T , metallicity). Therefore, the X-ray imaging data can be easily deprojected
to infer the density distribution of the ICM. The derived ICM density profiles
(Fig. 2) also show self-similarity at large radii, r � 0.1 − 0.2 rvir. Just as the
temperature profiles, the ICM density shows a large scatter at smaller radii.

The source of non-similarity at small radii is various non-gravitational
processes which act as a significant source or sink of energy in this region. The
dense ICM is subject to the radiative cooling. Another important process is
periodic outbursts of the central AGN which can deposit up to 1061 ergs into
the ICM [18]. Note that the strongest outlier on Fig. 1 is A2390 (magenta)
whose central galaxy contains an unusually active central AGN.
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Fig. 2. Scaled ICM density profiles for the Chandra clusters. Density is scaled to
the mean density of the Universe at the cluster redshift (ρ → ρ/(1+ z)3), and radii
are in units of the virial radius.

3 Baryon Fraction in Nearby Clusters

In the dynamically relaxed clusters, the X-ray data can be used to estimate
the total mass as a function of radius using the hydrostatic equilibrium con-
dition for the ICM:

GMtot

r2
= −∇Pg

ρg
= −µmp × T/r ×

(
d log n
d log r

+
d log T
d log r

)
, (1)

where T (r) and n(r) are the temperature and density profiles derived from
X-rays, and m 
 0.6 is the mean molecular weight of the fully ionized plasma.
This equation can also be used to determine the mass fraction of the ICM
and apply the first group of cosmological tests outlined in Sect. 1. Figure 3
shows the fgas measurements within the radius r25002, as a function of clus-
ter mass. A strong trend is observed, apparently violating the assumption of
universality of the baryon fraction in clusters. Recall, however, that the inner
cluster regions are not self-similar and thus the trend is explainable. Univer-
sality of the gas fraction can be expected at larger radii, where the clusters
are self-similar. Indeed, fgas measured in the radial range r2500 − r500, or
≈ 0.25 − 0.6 of rvir, shows only a weak trend with mass, if any (Fig. 4).

The measurements of fgas should be slightly corrected to determine the
baryon mass fraction. First, ∼15% of the cluster baryons are converted into

2This radius is defined so that the mean cluster density, M(r2500)/(4/3π r3
2500),

is is a factor of 2500 higher than the critical density. For typical clusters, r2500 ≈
0.25rvir.



518 A. Vikhlinin

1012 1013 1014 1015
0.00

0.05

0.10

0.15

0.20

0.25

Mg, M

f g
at

r 25
00

Fig. 3. Gas fraction within the radius r2500 (≈ 0.25rvir) as a function of cluster
mass.
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Fig. 4. Same as Fig. 3, but fgas is measured in the spherical shell r2500 − r500, or
≈ 0.25 − 0.6 of rvir.

stars (see [20] and references therein). Second, a small decoupling of the dark
matter and ICM is expected due to collisional nature of the latter. Numerical
simulations show that baryons in the outer cluster regions are underdense
by ∼7% relative to the Universal value [21]. Applying these corrections to
the measurements shown in Fig. 4, we obtain the average baryon fraction
fb = 0.153± 0.008 in the most massive clusters. This is in a good agreement
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with the independent WMAP determination fb = 0.166 ± 0.012 [22]. Using
the WMAP measurement of the average baryon density, the X-ray results
give Ωm = Ωb/fb = (0.28 ± 0.02) (h/0.71)−1/2.

4 Mass Function at Low Redshifts

Observationally verified universality of the gas fraction in clusters can be
used to implement a new method of estimating their total mass and fitting
the mass function data to the cosmological models:

Mtot = 1.15 × Υ−1 ×Mgas × ΩM

Ωb
, Υ ≈ 0.93 , (2)

where the factor 1.15 accounts for 15% of the cluster baryons being in the
form of stars, and Υ is the correction for small non-Universality of the baryon
fraction in clusters (see above). Gas masses can be easily derived from the
X-ray imaging data for a large number of clusters, and (2) allows one to apply
the mass function models to F (Mgas), the number density of clusters as a
function of their gas mass (see [20] for details).

Observational determination of F (Mgas) for a statistically complete sam-
ple of low-redshift clusters is shown in Fig. 5. It is fully consistent with

ΩM = 0.27
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Fig. 5. Comoving number density of clusters as a function of their baryon mass,
derived using a statistically complete sample at z < 0.1 [20]. The solid line shows
the model corresponding to the best-fit WMAP cosmological parameters, with only
normalization adjusted.
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the theoretical prediction computed for the CDM power spectrum, corre-
sponding to the best-fit WMAP parameters (shown by the solid line); fitting
the mass function models to the data gives Ωm = (0.21 ± 0.05) (h/0.71)−1.
The only caveat is that the best-fit normalization of the power spectrum,
σ8 = 0.77 ± 0.03, is marginally lower than the WMAP value.

5 Evolution of Mass Function at z ∼ 0.5

Statistically complete samples of clusters at high redshift, z ∼0.5 are now
provided by the X-ray surveys using the data from the ROSAT satellite [23].
Followup observations with Chandra and XMM-Newton can be used to accu-
rately determine their baryon masses and thus measure the evolution in the
F (Mgas). Observations show that the comoving number density of clusters at
a fixed mass threshold evolves by a factor of ∼10 between redshifts of 0.5 and
0 (Fig. 6; for details, see [24]). The observed evolution is a direct measure of
the growth factor of the linear matter density perturbations at z = 0.5, which
slightly depends on the assumed value of Ωm: G = 0.726±0.027 for Ωm = 0.3
and G = 0.760 ± 0.045 for Ωm = 0.2. The measurement of the perturbation
growth factor leads to constraints on Ωm and ΩΛ which are consistent with
the CMB and SN Ia results, and have a different degeneracy [24]. Under as-
sumption of the spatially flat Universe, one can also constrain the properties
of the Dark Energy. Figure 7 shows constraints for equation of state para-
meter of the Dark Energy, w ≡ pX/ρX , obtained using the observed cluster
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M
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Fig. 6. Observed evolution of the cluster mass function observed at z ∼ 0.5 [24].
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Fig. 7. Constrains on the equation of state parameter for Dark Energy obtained
assuming Ωtot = 1. Shading shows 68% and 90% confidence regions from fitting the
cluster evolution data from Fig. 6.

evolution. The results agree with the SN Ia and CMB measurements, and
show comparable accuracy. The on-going Chandra survey of distant clusters
should provide a factor of ∼ 2 better statistical uncertainties.

6 Conclusions

High-quality Chandra observations of galaxy clusters with Chandra lead to
accurate measurements of the global cluster properties and thus open a possi-
bility for reliable application of several cosmological tests. Independent tests
based on the observed baryon fraction in massive clusters, the shape of the
cluster mass function at low redshifts, and its evolution at z ∼ 0.5, all provide
value of the matter density parameter Ωm 
 0.26. Observed evolution of the
mass function leads to independent constraints on the Dark Energy, which
will be significantly improved in the near future.

I thank the organizers for their hospitality and invitation to speak. Contribu-
tions from my collaborators, A. Kravtsov, M. Markevitch, and A. Voevodkin,
is gratefully acknowledged. This work was supported by NASA grant NAG5-
9217 and contract NAS8-39073.
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Axion Dark Matter in the Universe
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Summary. Growing amount of observations indicate presence of intrinsically faint
quasar subgroup (a few % of known quasars) with noncosmological quantized red-
shift. Here we find an analytical solution of Einstein equations describing bub-
bles made from axions with periodic interaction potential. Such particles are well-
motivated cold dark matter candidate. The bubble interior possesses equal grav-
itational redshift which can have any value between zero and infinity. Quantum
pressure supports the bubble against collapse and yields states stable on the scale
more then hundreds million years. Our results explain the observed quantization of
quasar redshift and suggest that intrinsically faint point-like quasars associated with
nearby galaxies are axionic bubbles with masses 108–109M� and radii 103–104R�.
They are born in active galaxies and ejected into surrounding space. Properties of
such quasars unambiguously indicate presence of axion dark matter in the Universe
and yield the axion mass m ≈ 1 meV, which fits in the open axion mass window
constrained by astrophysical and cosmological arguments.

1 Introduction

Since their discovery in 1960’s [1] quasars (QSOs) became one of the most
mysterious objects in the Universe. The present-day conventional understand-
ing of QSOs is based on the paradigm that redshift of all QSOs has cosmolog-
ical origin. Hovewer, this contradicts to some observations which can not be
ignored. There is a strong evidence that many low redshift (nearby) galaxies
and high redshift QSOs are physically associated and, hence, these QSOs are
no further away than the close galaxies and must have redshifts noncosmo-
logical in origin (see, e.g., [2, 3, 4, 5, 6, 7, 8, 9, 10, 11] and references therein).
Observations indicate that such objects are ejected from nearby active galax-
ies or in the process of ejection from the galactic nucleus [2, 4, 9, 12, 11, 13].

In 1990 Karlsson [14] noted division of quasars into two groups with differ-
ent redshift properties and concluded the following. If we select QSOs associ-
ated with most nearby, distance d < 50−100 Mpc, galaxies then their redshift
is close to certain values (quantized), as shown in Fig. 3 below. Meanwhile,
in QSO samples associated with distant galaxies no periodicity in intrinsic
redshift is observed. Such a division is supported by later studies of QSOs
associated with most nearby galaxies where the quantization was confirmed
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[15, 16] and distant (0.01 < zgal < 0.3) galaxies for which absence of any
periodicity was claimed [17].

The observations suggest existence of intrinsically faint QSO subgroup
with quantized noncosmological redshift. Being intrinsically faint, such ob-
jects are not detected from large distances (which yields disappearance of
redshift quantization in distant QSO samples) and constitute only a few % of
the known QSO population. Typical absolute magnitude Mv of such quasars
lies in the range −8 to −13 (optical luminosity L = 105 − 107L�) [9, 11].
They are born in nuclei of active galaxies; ejected into surrounding space and
cluster at a distance upto 100−300 kpc from the parent galaxy. About 15
such objects have been discovered close to M82, the nearest active galaxy to
the Milky Way [9], and about 10 in the vicinity of NGC 3628 [12].

Here we show that bubbles of dark matter with periodic interaction poten-
tial, masses 108 − 109M� and radii 103 − 104R� can explain the intrinsically
faint quasars. The redshift of such QSOs is purely gravitational. The bub-
ble is supported against collapse by quantum pressure and decays on a time
scale more than hundreds million years. Hypothetical axions, one of the lead-
ing dark matter candidate, fit well into this picture and can account for the
redshift quantization. Usual baryonic matter falls into the bubble interior,
heated by the release of the gravitational energy and produce electromag-
netic radiation. The amount of baryonic matter trapped in the bubble we
assume to be small compared to the bubble mass. Photons emitted any-
where inside the bubble interior posses identical gravitational redshift and
freely propagate into surrounding space because dark matter is transparent
for electromagnetic waves.

2 Dark Matter Bubbles

In this paper we study massive real scalar field ϕ with periodic interaction
potential

V (ϕ) = V0[1 − cos(ϕ/f)] , (1)

where V0 > 0. This potential is quite general and derived in quantum filed
theory in connection with pseudo Nambu-Goldstone bosons (PNGBs) [18].
In all such models, the key ingredients are the scales of global symmetry
breaking f and explicit symmetry breaking (V0)1/4. One of the examples of
a light hypothetical PNGB is the axion which possess extraordinarily feeble
couplings to matter and radiation and is well-motivated dark matter candi-
date [19]. Axion arises as a solution to the strong CP problem. If the axion
exists, astrophysical and cosmological arguments constrain its mass to be in
the range of m = 10−6−3×10−3 eV and the global symmetry-breaking scale
to lie in a window f ≈ 107 GeV ×0.62/m(eV) = 2× 109 − 6× 1012 GeV [19].

We consider spherically symmetric system with metric

ds2 = −N2dt2 + g2dr2 + r2dΩ2 , (2)
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where g, the radial metric, and N , the lapse, are functions of t and r with
r being the circumferential radius. We introduce dimensionless coordinates
and define the unit of distance, time and ϕ as

r0 =
�

mc
, t0 =

�

mc2
, ϕ0 =

1√
4πG

, (3)

where c is the speed of light, G is the gravitational constant, m =
√
V0/f is

the particle mass. In dimensionless units the static Klein-Gordon and Einstein
equations describing the self-gravitating field ϕ and the metric are [20]

ϕ′

g2

(
g2 + 1
r

− 2rg2V

)
+
ϕ′′

g2
− ∂V

∂ϕ
= 0 , (4)

N ′ =
N

2

[
g2 − 1
r

+ r
(
ϕ′2 − 2g2V

)]
, (5)

g′ =
g

2

[
1 − g2

r
+ r

(
ϕ′2 + 2g2V

)]
, (6)

with boundary conditions

g(0) = g(∞) = N(∞) = 1 , g′(0) = N ′(0) = ϕ′(0) = 0, V (ϕ(∞)) = 0 ,

where prime denotes ∂/∂r ,

V =
1
α2

[1 − cos(αϕ)], α =
1√

4πGf
=

mpl√
4πf

(7)

is the dimensionless potential and the coupling parameter respectively, mpl =√
�c/G = 1.2 × 1019 GeV is the Planck mass. The interaction potential has

degenerate minima at ϕ = 2πn/α, where n is an integer number. Here we
show that in the limit of strong nonlinearity, α  1, equations (4)-(6) have
an approximate static solution that describes a spherical bubble with surface
width much smaller then its radius R. The bubble surface is an interface
between two degenerate vacuum states with ϕ = 2πn/α (r < R) and ϕ = 0
(r > R) . Outside the bubble (4)-(6) lead to the known Schwazschild solution

g2 =
1

1 − 2M/r
, N2 = 1 − 2M

r
, (8)

where M is the bubble mass in units of m2
pl/m.

Let us assume that R  α  1. Then, near the surface one can omit
terms with 1/r in (4)-(6) and take r ≈ R, we obtain

−2Rϕ′V +
ϕ′′

g2
− ∂V

∂ϕ
= 0 , (9)
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N ′ =
NR

2
(
ϕ′2 − 2g2V

)
, (10)

g′ =
gR

2
(
ϕ′2 + 2g2V

)
. (11)

Equations (9)–(11) can be solved analytically. Their first integral is

N = const, ϕ′2 = 2g2V, g′ = Rgϕ′2 . (12)

We assume ϕ(0) = 2πn/α, where n = 1, 2, 3, . . . is the number of kinks at
the bubble surface, and ϕ(r) monotonically decreases with r. Equations (12)
yield

1
g

= 1 −R

∫ ϕ(0)

ϕ

√
2V dϕ, ϕ′ = −

√
2V

1 −R
∫ ϕ(0)

ϕ

√
2V dϕ

. (13)

For V (ϕ) given by (7) the final solution is

4R
α2

ln | sin(αϕ/2)| +
[
1 − 4R

α2
(2m− 1)

]
arctanh[cos(αϕ/2)]

= sign[sin(αϕ/2)](r−Rm), ϕ ∈ [2π(n−m+ 1)/α, 2π(n−m)/α] , (14)

where Rm is a position of the mth kink, m = 1, 2, . . . , n. When the coordinate
r passes through the point Rm the field ϕ(r) changes from 2π(n−m+ 1)/α
to 2π(n−m)/α (see Fig. 1).

Fig. 1. Scalar field ϕ as a function of distance r to the bubble center for bubbles
with equal radius and different quantum numbers n = 1, 2, 3. The unit of length
is �/mc. Note, we plot the field ϕ only in the vicinity of the bubble surface where
it undergoes variation.



Intrinsically Faint Quasars 527

Equation (13) yields the following expression for g as a function of ϕ
inside the bubble:

1
g

= 1 − 4R
α2

[2m− 1 + cos(αϕ/2)] . (15)

Outside the bubble ϕ = 0, m = n and 1/g = 1 − 8nR/α2. The solution is
valid if 1/g > 0, that is R < Rmax = α2/8n. Match of the inner solution (13)
with the Schwazschild solution (8) determines the mass-radius relation

M = 4πnuR2 − 8π2n2u2R3 , (16)

where u is the surface energy density given by an integral over one potential
period u =

∫ √
2V dϕ/4π. For the cosine potential (7) u = 2/πα2.

Redshift of the bubble interior z = 1/N − 1 can be found by matching
the inner N = const and the outer (8) solutions:

z =
1√

1 − 2M/R
− 1 =

1
1 − 4πnuR

− 1 . (17)

The internal redshift monotonically increases from zero to infinity when the
bubble radius R changes from zero to Rmax. Figure 2 shows the redshift
of space as a function of the distance r to the bubble center. The redshift
is constant in the bubble interior and monotonically decreases outside the
bubble.

Fig. 2. Redshift z of space as a function of distance r to the bubble center for
bubbles shown in Fig. 1.
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2.1 Redshift Quantization

Let us make rescaling M → M/4πu, R → R/4πu, then (16), (17) yield

M = nR2 − n2R3/2, z =
1

1 − nR
− 1 . (18)

For a given bubble mass M the redshift depends on the integer number n,
which implies the redshift is quantized.

In early samples of QSOs associated with nearby spiral galaxies, Karlsson
showed that the redshift distribution has a periodicity log(1+zn+1)− log(1+
zn) = 0.089, where n = 0, 1, 2, . . . and z0 = 0.061 [21]. It has been later
confirmed by other groups [22, 15]. In a recent paper, Burbidge and Napier
[16] tested for the occurrence of this periodicity in new QSO samples and
found it to be present at a high confidence level. The peaks were found at
z ≈ 0.30, 0.60, 0.96, 1.41 and 1.96 in agreement with Karlsson’s empirical
formula. The formula also includes the peak at z0 = 0.061, however, this peak
does not occur for quasars, but for morphologically related objects.

The redshift periodicity is observed only in QSO samples satisfying certain
selection criteria, in particular, the galaxies which are assumed to be paired
to the QSOs must be most nearby spirals [14, 23]. This implies that redshift
quantization is a property of intrinsically faint QSOs which are not detected
from large distances.

It is naturally to assume that QSOs born in the same type of galaxies
have approximately equal masses because their formation mechanism must
be similar. Such phenomenon is well known for type Ia supernovae or neutron
stars: practically all measured neutron star masses cluster around the value of
1.4M� with only a few percent deviation [24]. If dark matter bubbles are born
with equal masses then, according to (18), their redshift must be quantized.
For M = 0.0601 (in dimension units M = 0.00752α2m2

pl/m) equations (18)
have solutions for n = 1, 2, . . . , 8, they are given in Table 1.

Table 1. Redshift of the bubble interior z and its radius R for
M = 0.00752α2m2

pl/m and different kink numbers n.

n 1 2 3 4 5 6 7 8

R, in α2
�/mc 0.0329 0.0241 0.0204 0.0182 0.0168 0.0159 0.0153 0.0151

z 0.357 0.629 0.96 1.40 2.06 3.24 6.11 26.6

In Fig. 3 we plot the most recent histogram of the redshift distribution
from [23] in which five peaks are clearly seen. The solid lines show the red-
shifts from our Table 1, they match well the observed peaks. The agreement is
remarkable because the theory has only one free parameter, the bubble mass
M . Such coincidence strongly suggests that the point-like quasars associated
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Fig. 3. Histogram of the redshift distribution of QSOs close to bright nearby active
spiral galaxies or multiple QSOs with small angular separation from [23]. The solid
lines represent position of the peaks from Table 1.

with nearby galaxies are dark matter bubbles composed of scalar particles
with periodic interaction potential. One should mention an alternative possi-
bility of quasar evolution. Bubbles can be originally born with the same mass
and number of kinks n = 5 that corresponds to the 5th peak. During evo-
lution the kinks tunnel to the bubble center and quasars sequentially decay
into states with smaller n but the same mass.

For axions with m = 0.1−3 meV and f = 2×109−6×1010 GeV (7) yields
α = 5.6 × 107 − 1.7 × 109. Hence, an axion bubble with the internal redshift
z = 0.36 and n = 1 would have the mass M = 3×107−109M� and the radius
R = 3× 102 − 104R�. Such radius range agrees with the size of the emission
region expected for the intrinsically faint QSOs. Indeed, for Seyfert 1 galaxies
the size of the broad-line region is R ∼ 10−100 light days. The luminosity L
of the QSOs is 5–6 orders smaller. Based on the empirical relation for Seyfert
1 galaxies R ∝ L1/2 [25], we obtain for the quasars R ∼104R�.

2.2 Bubble Life Time

Under the influence of surface tension and gravitational attraction an initially
static bubble starts to collapse. In the thin-wall approximation the initial
acceleration is given by [26]

R̈ = −2N3

R
− N2M

(1 +N)R2
, (19)
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where N =
√

1 − 2M/R. For one kink thin-wall contracting bubble the con-
served mass is [26]

M =
4πuR2√

1 − (dR/dτ)2
− 8π2u2R3 , (20)

where τ is the interior coordinate time. Based on (19), (20) one can expect
a continuous contraction of the bubble to the origin on an astronomically
short time scale R/c � 1yr. However, so far we treated the scalar field as
classical. Quantum corrections suppress the collapse and result in appearance
of long-lived bubbles. To include quantum effects it has been suggested to
interpret (20) as the canonical hamiltonian of the bubble at the quantum level
[27, 28, 29]. The bubble wave function Ψ(R) satisfies the following stationary
quantum mechanical equation in one dimension (� = 1) [29]:[(

E + 8π2u2R3
)2

+
∂2

∂R2
− 16π2u2R4

]
Ψ(R) = 0 . (21)

This equation possesses stationary solutions that are not possible in the clas-
sical model. Bubbles of non-negligible redshift correspond to highly excited
stationary states for which the energy spectrum can be treated as quasi-
continuous. At the quantum level the collapse is prevented by quantum pres-
sure that balances the surface tension and gravitational attraction producing
stationary configurations.

Let us estimate the decay time of an excited stationary state of the quan-
tum bubble. The decay occurs by means of scalar particle emission. We esti-
mate the decay time using the Bohr correspondence principle as the time of
energy loss by the classical bubble with the radius R(t) oscillating between
the turning points R(t) = R and R(t) = 0, where R is determined by (16).
In the quantum picture, however, there are no such oscillations. The proba-
bility of creation a particle with the energy mc2 by a moving bubble surface
is governed by the Boltzmann factor exp(−mc2/Teff), where Teff = a/c is
the effective temperature and a is the acceleration of the surface [30]. For
the bubble a ≈ c2/R(t) and the Boltzmann factor reduces to exp(−R(t)/l)
where l = �/mc is the surface width. Hence, emission of scalar particles is ex-
ponentially suppressed apart from small regions where R(t) ≤ l. As a result,
during one period of oscillation, tc ∼ R/c, the energy loss is ∆E ∼ (l/R)E,
which yields the bubble life time

t ∼ R

l
tc =

R2

cl
. (22)

For an axionic bubble with R > 102R� and l < 0.7 cm (22) yields t > 108 yrs
which is the time we need to account for the phenomenon of quasars. Indeed,
if the intrinsically faint quasars cluster at a distance upto 100 - 300 kpc from
the parent galaxy and their ejection speed v ∼ 0.003 − 0.04c [16] then the
life-time turns out to be greater then 107 − 108 yrs.
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Apart from stabilization, the quantum effects lead to broadening of emis-
sion lines. An observer outside the bubble detects a line λ0 at the wavelength
λ = λ0(1 + z), where z = 1/

√
1 − 2M/R− 1 is the redshift of the bubble in-

terior. At a given bubble mass M the redshift depends on the radius R which
for the quantum bubble becomes uncertain. Its distribution is determined by
the square of the bubble wave function |Ψ(R)|2. Hence, the emission line is
detected at the redshift z(R) with a probability ∝ |Ψ(R)|2 and, instead of
a sharp line, the observer would detect a broaden peak centered near z(R)
corresponding to a maximum of |Ψ(R)|2.

In the WKB approximation the wave function has a sharp peak near the
turning point R determined by (16). Therefore, the external observer would
detect a peak in the bubble radiation spectrum at the wavelength λ′ as if the
emission line is redshifted according to the classical (16), (17). However, the
detected emission line profile F (λ) would be different from those emitted by
the atom. If for the atom F (λ) ∝ δ(λ−λ0) then the external observer would
detect F (λ) ∝ Θ(λ − λ′)/

√
λ− λ′. The line profile becomes asymmetric.

However, the line width due to quantum broadening is negligible and other
broadening mechanisms, e.g., atom motion, would probably wash out the
quantum profile.

3 Discussion

The results obtained show that the intrinsically faint QSOs are probably
bubbles of scalar field with periodic interaction potential. The observed five
peaks in the quasar redshift distribution match well the theoretical result with
only one free parameter, which is a strong argument in favor of our theory.
The hypothetical axions fit well into the quasar picture and can account for
the bubble composition.

Properties of the intrinsically faint point-like QSOs, combined with equa-
tions for the bubble mass M = 0.00752α2m2

pl/m = 2.94m(eV)×1011M� and
the radius R = 0.0329α2

�/mc = 2.73m(eV) × 106R�, allow us to determine
the axion mass m. The quasar luminosity suggests that the bubble radius is
larger then 103R� which yields m > 0.4 meV and M > 108M�. From the
other hand, the quasar ejection from active galaxies implies that the bubble
mass M must be much smaller then the galactic mass. It is reasonable to con-
strain M < 109M� which leads to m < 3 meV and R < 104R�. At last, the
life-time constraint t > 108 yrs gives m > 0.03 meV. We conclude, the axion
mass is m = 0.4 − 3 meV. This value fits in the open window for the axion
mass constrained by astrophysical and cosmological arguments [19], which
unambiguously points towards the axion nature of dark matter composing
the intrinsically faint point-like quasars. Current cavity search experiments
in Livermore [31] and Kyoto University [19] are looking for the axion in the
mass range 1 − 10 µeV which deviates by two orders of magnitude from
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our result. Probably now, when the axion mass is established from quasar
observations, the axion has a better chance to be discovered.

Understanding the mechanisms of quasar creation requires further de-
tailed study. We mention only that previous three-dimensional simulation
of the evolution of inhomogeneities in the axion field has demonstrated for-
mation of bubble-like structures (see Fig. 5a in [32]). Bose-Einstein conden-
sation of scalar particles and gravitational cooling are, probably, important
processes involved in quasar nucleation [33].

At last, we mention that data on central “black hole” masses in small
companion galaxies allow us to determine the axion mass more accurately
and yield m = 1.0 − 1.9 meV. We will discuss this elsewhere. Moreover,
observations show that apart from the intrinsically faint point-like objects
considered here there is a subgroup of bright quasars which probably also
possess noncosmological redshift. Tachyons, another dark matter candidate,
can explain their nature. We discuss this in a detail paper [34].
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Summary. The quantum theory of the spin light of neutrino (SLν) exactly ac-
counting for the effect of the background matter is developed. Contrary to the
already performed studies of the SLν, in this paper we derive expressions for the
SLν rate and power and also for the emitted photon’s energy that are valid for
an arbitrary value of the matter density including the case of a very dense matter.
The spatial distribution of the radiation power and the dependence of the emitted
photon’s energy on the direction of radiation are also studied in detail for the first
time. We analyze the SLν polarization properties and show that in a wide range
of the neutrino momentum and density of matter the SLν radiation is nearly to-
tally circular polarized. Conditions for the effective SLν photon propagation in the
electron plasma are discussed.

There are various mechanisms of an electromagnetic radiation that can
be produced by a massive neutrino moving in a background environments
(see, for instance, [1])3. Recently within the quasi-classical approach we have
shown [2] that a massive neutrino moving in the background matter can emit
a new type of electromagnetic radiation. This radiation has been named as
“the spin-light of neutrino” (SLν) in matter. Developing the quantum theory
of this phenomenon [3, 4], we have demonstrated that the SLν appears due
to the two underlying phenomena: (i) the shift of the neutrino energy levels in
matter, that are different for the two opposite neutrino helicity states, and (ii)
the radiation of the SLν photon in the process of neutrino transition from the
”exited” helicity state to the low-lying helicity state in matter. However, the
calculations of the transition rate and radiation power have been performed
in the limit of a low matter density and, therefore, the evaluation of the
consistent quantum theory of the SLν has still remained an open issue.

In this paper we develop the quantum theory of the neutrino spin-light
exactly accounting for the effect of the background matter and obtain the ex-
pressions for the SLν rate and power that are valid for any value of the matter
density parameter. Thus, we present below a consistent quantum theory of

3A brief classification of the known mechanisms of the electromagnetic radiation
by a neutrino is given in the first paper of [2]
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the spin light of neutrino in matter. Within the developed theory we also
obtain the expression for the emitted photon energy that is valid in the case
of a very dense matter. We also consider the polarization properties of the
emitted photons and find out that in a wide range of the neutrino momen-
tum and matter density parameter the SLν is circularly polarized. We also
discuss below restrictions on the emitted photon propagation that are set by
the background electron plasma.

To account for the influence of the background matter on neutrinos we use
the approach [3] (similar to the Furry’s representation in quantum electrody-
namics) that is based on the exact solutions of the modified Dirac equation
for a neutrino in matter:{

iγµ∂
µ − 1

2
γµ(1 + γ5)fµ −m

}
Ψ(x) = 0 , (1)

In the case of matter composed of electrons

fµ =
GF√

2
(1 + 4 sin2 θW )jµ , (2)

where the electrons current jµ is given by

jµ = (n, nv) , (3)

θW , n, v, being, respectively, the Weinberg angle, the number density of the
background electrons, the speed of the reference frame in which the mean
momentum of the electrons is zero.

Note that the modified effective Dirac equations for a neutrino in-
teracting with various background environments were previously used in
[5, 6, 7, 8, 9, 10, 11] for the study of the neutrino dispersion relations and
derivation of the neutrino oscillation probabilities in matter. On the same
basis the neutrino decay into an antineutrino and a light scalar particle (ma-
joron), as well as the corresponding process of the majoron decay into two
neutrinos or antineutrinos, were studied in the presence of matter [12, 13, 14].
If we neglect the contribution of the neutral-current interaction and possible
effects of motion and polarization of the matter then from (1) we can get
corresponding equations for the left-handed and right-handed chiral compo-
nents of the neutrino field derived in [6]. The similar equation for a neutrino
in the background of non-moving and unpolarized neutrons was also used in
[15, 16].

As it has been shown [3] the solutions of (1) are given by

Ψε,p,s(r, t) =
e−i(Eεt−pr)

2L
3
2

⎛⎜⎜⎜⎜⎜⎜⎝

√
1 + m

Eε−αm

√
1 + sp3

p

s
√

1 + m
Eε−αm

√
1 − sp3

p eiδ

sε
√

1 − m
Eε−αm

√
1 + sp3

p

ε
√

1 − m
Eε−αm

√
1 − sp3

p eiδ

⎞⎟⎟⎟⎟⎟⎟⎠ , (4)
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Γ̂

γ

ψ ψi f

Fig. 1. The effective diagram of the SLν photon emission process. The broad lines
correspond to the initial and final neutrino states in the background matter.

where the energy spectrum

Eε = ε

√
p2
(
1 − sα

m

p

)2

+m2 + αm , (5)

α =
1

2
√

2
G̃F

n

m
, G̃F = GF (1 + 4 sin2 θW ) (6)

depends on the neutrino helicity s = ±1 which splits the solutions into the
two branches that in the limit of the vanishing matter density, α → 0, repro-
duce the positive and negative-frequency solutions for the Dirac equation in
vacuum.

The amplitude of the SLν (see Fig. 1) calculated within the developed
quantum theory is given by (see also [3])

Sfi = −µ
√

4π
∫
d4xψ̄f (x)(Γ̂e∗)

eikx

√
2ωL3

ψi(x) ,

Γ̂ = iω
{[

Σ × κκκ
]
+ iγ5Σ

}
,

(7)

where µ is the neutrino magnetic moment, ψi and ψf are given by (4) exact
solutions of the equation (1) for the initial and final neutrino states, kµ =
(ω,k) and e∗ are the photon momentum and polarization vector, κκκ = k/ω
is the unit vector pointing the direction of the emitted photon propagation.

The integration in (7) with respect to time yields

Sfi = −µ
√

2π
ωL3

2πδ(E′ − E + ω)
∫
d3xψ̄f (r)(Γ̂e∗)eikrψi(r) , (8)

where the delta-function stands for the energy conservation, E and E′ are
the energies of the initial and final neutrino states in matter. Performing the
integrations over the spatial co-ordinates, we can recover the delta-functions
for the three components of the momentum. Finally, we get the law of the
energy-momentum conservation for the considered process,

E = E′ + ω , p = p′ + κκκ , (9)
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where p and p′ are the initial and final neutrino momenta, respectively. From
(9) it follows that the emitted photon energy ω exhibits the critical depen-
dence on the helicities of the initial and final neutrino states. In the case of
electron neutrino moving in matter composed of electrons α is positive. Thus,
it follows that the only possibility for the SLν to appear is provided in the
case when the neutrino initial and final states are characterized by si = −1
and sf = +1, respectively. We can also conclude that in the considered
process the relativistic left-handed neutrino is converted to the right-handed
neutrino. A discussion on the main properties of the SLν emitted by differ-
ent flavour neutrinos moving in matter composed of electrons, protons and
neutrons can be found in [3] (see also [17]).

The emitted photon energy in the considered case (si = −sf = −1)
obtained as an exact solution of the equations (9) reads

ω =
2αmp [(E − αm) − (p+ αm) cos θ]

(E − αm− p cos θ)2 − (αm)2
, (10)

where θ is the angle between κκκ and the direction of the initial neutrino prop-
agation. In the case of not very high density of matter, when the parameter
α � 1, we can expand the photon energy (10) over the α and in the liner
approximation get the result of [3, 4]:

ω =
1

1 − β cos θ
ω0 , (11)

where

ω0 =
G̃F√

2
nβ , (12)

β is the neutrino speed in vacuum.
Using the wave functions (4) for the neutrino initial and final states in

matter we calculate the spin light transition rate exactly accounting for the
matter density parameter and get

Γ =
∫ π

0

ω3

1 + β̃′y
S sin θdθ , (13)

where
S = (β̃β̃′ + 1)(1 − y cos θ) − (β̃ + β̃′)(cos θ − y) . (14)

Here we use the notations

β̃ =
p+ αm

E − αm
, β̃′ =

p′ − αm

E′ − αm
, (15)

where the final neutrino energy and momentum are, respectively,

E′ = E − ω , p′ = Kω − p , (16)
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and
y =

ω − p cos θ
p′

, K =
E − αm− p cos θ

αm
. (17)

Performing the integration in (13), we obtain for the SLν rate in matter

Γ =
1

2 (E − p)2 (E + p− 2αm)2 (E − αm) p2

×
{(
E2 − p2

)2 (
p2 − 6α2m2 + 6Eαm− 3E2

) (
(E − 2αm)2 − p2

)2

× ln
[
(E + p) (E − p− 2αm)
(E − p) (E + p− 2αm)

]
+ 4αmp

[
16α5m5E

(
3E2 − 5p2

)
−8α4m4

(
15E4 − 24E2p2 + p4

)
+ 4α3m3E

(
33E4 − 58E2p2 + 17p4

)
−2α2m2

(
39E2 − p2

) (
E2 − p2

)2
+ 12αmE

(
2E2 − p2

) (
E2 − p2

)2
−
(
3E2 − p2

) (
E2 − p2

)3]}
, (18)

where the energy of the initial neutrino is given by (5) with ε = −si = 1.
As it follows from (18), the SLν rate is a rather complicated function of

the neutrino momentum p and mass m, it also non-trivially depends on the
matter density parameter α. In the limit of a low matter density, α � 1, we
get

Γ 
 64
3
µ2α3p3m

E0
, (19)

where E0 =
√
p2 +m2. The obtained expression is in agreement with our

results of [2, 3, 4]. Note that the considered limit of α � 1 can be appropriate
even for a very dense media of neutron stars with n ∼ 1033 cm−3 because

1
2
√

2
G̃Fn ∼ 1 eV for a medium characterized by n = 1037 cm−3.
Let us consider the SLν rate for the different limiting values of the neu-

trino momentum p and matter density parameter α. In the relativistic case
p m from (18) we get

Γ =

⎧⎨⎩
64
3 µ

2α3p2m , for α � m
p ,

4µ2α2m2p , for m
p � α � p

m ,

4µ2α3m3 , for α  p
m .

(20)

In the opposite case p � m we have

Γ =

⎧⎨⎩
64
3 µ

2α3p3 , for α � 1,
512
5 µ2α6p3 , for 1 � α � m

p ,

4µ2α3m3 , for α  m
p .

(21)

On the basis of (7) we also derive the SLν radiation power:

I = µ2

∫ π

0

ω4

1 + β̃′y
S sin θdθ . (22)
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Performing the integration in (22), we obtain the total SLν radiation power
in matter

I =
5

2 (E − p)3 (E + p− 2αm)3 p2
×

{
(E + p)2(E −m)3(E + p− 2αm)3

× (E − p− 2αm)2
(
2α2m2 − 2αm(E +

1
5
p) + E2 − 3

5
p2
)

× ln
(

(2αm− p−E)(E − p)
(2αm+ p−E)(E + p)

)
−4αmp

(
32α6m6

(
E4 − pE3 − 5

3
p2E2 +

5
3
p3E +

8
15
p4
)

−96α5m5
(
E5 − 23

30
pE4 − 83

45
p2E3 +

11
9
p3E2 +

38
45
p4E − 1

10
p5
)

+128α4m4
(
E6 − 47

80
pE5 − 511

240
p2E4 +

127
120

p3E3 +
157
120

p4E2

− 89
240

p5E − 7
48
p6
)

−96(E2 − p2)α3m3
(
E5 − 53

120
pE4 − 3

2
p2E3 +

89
180

p3E2

+
47
90
p4E − 19

360
p5
)

+42(E2 − p2)2α2m2
(
E4 − 32

105
pE3 − 314

315
p2E2 +

4
21
p3E +

17
105

p3
)

−10αm(E2 − p2)3
(
E3 − 4

25
pE2 − 17

25
p2E +

2
25
p3
)

+ (E2 − p2)4
(
E2 − 3

5
p2
))}

. (23)

In the case α � 1, we get

I 
 128
3
µ2α4p4 (24)

in agreement with [2, 3, 4].
Let us now consider the SLν radiation power for the different limiting

values of the neutrino momentum p and matter density parameter α. From
(22) we have for the relativistic neutrino, p  m,

I =

⎧⎨⎩
128
3 µ2α4p4 , for α � m

p ,
4
3µ

2α2m2p2 , for m
p � α � p

m ,

4µ2α4m4 , for α  p
m ,

(25)

and for the non-relativistic neutrino, p� m,

I =

⎧⎪⎨⎪⎩
128
3 µ2α4p4 , for α � 1 ,

1024
3 µ2α8p4 , for 1 � α � m

p ,

4µ2α4m4 , for α  m
p .

(26)
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Note that the obtained SLν rate and radiation power for p m and α  m
p

are in agreement with [17].
From the expressions for the SLν rate and total power it is possible to

get an estimation for the emitted photons average energy:

〈ω〉 =
I

Γ
. (27)

In the relativistic case p m we get

〈ω〉 


⎧⎪⎨⎪⎩
2αp2

m , for α � m
p ,

1
3p , for m

p � α � p
m ,

αm , for α  p
m .

(28)

For the matter parameter α  m
p we again confirm here the result obtained

in [17]. In the non-relativistic case, p � m, we have for the emitted photon
average energy

〈ω〉 


⎧⎨⎩
2αp , for α � 1 ,

10
3 α

2p , for 1 � α � m
p ,

αm , for α  m
p .

(29)

We should like to note that for a wide range of the neutrino momentum p
and density parameter α the SLν power is collimated along the direction of
the neutrino propagation. The form of the radiation power spatial distribution
calculated with use of (22) in the case p > m for low and high matter density
are shown in Figs. 2, 3, respectively. As it follows from these figures, the
shape of the distribution depends on the density of matter. The shape of the
spatial distribution of the radiation changes from the projector-like to the
cap-like one with increase of the matter density. From (22) we derive, that
in the case of p  m for a wide range of the matter densities, α � p

m , the
direction of the maximum in the spatial distribution of the radiation power
is characterized by the angle

cos θmax 
 1 − 2
3
α
m

p
. (30)

It follows that in a dense matter the SLν radiation in the direction of the
initial neutrino motion is strongly suppressed, whereas there is a lighted ring
on the plane perpendicular to the neutrino motion. Note that the rate of the
matter-induced neutrino majoron decay, as it was shown in the second paper
of [12], has the similar angular distribution.

The emitted photon polarization, together with the discussed above tran-
sition rate, emission power and photon spectrum, is a very important charac-
teristic of the SLν. In our previous studies [3, 4] we have considered the SLν
in the low matter density limit, α � 1, with account for the photon linear
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p

Fig. 2. The spatial distribution of the SLν radiation power for the case p/m =
5, αm = 0.01.

p

Fig. 3. The spatial distribution of the SLν radiation power for the case p/m =
103, αm = 100.

and circular polarizations. Let us now discuss the polarization properties of
the SLν in the case of an arbitrary value of the matter density parameter α.
To specify the two different linear photon polarizations we introduce the two
orthogonal vectors

e1 =
[κκκ × j]√
1 − (κκκj)2

, e2 =
κκκ(κκκj) − j√
1 − (κκκj)2

, (31)

where j is the unit vector pointing in the direction of the initial neutrino
propagation. Decomposing the neutrino transition amplitude (7) in contri-
butions from the photons of the two linear polarizations determined by the
vectors e1 and e2, we get

I(1),(2) = µ2

∫ π

0

ω4

1 + β′y

(
1
2
S ∓∆S

)
sin θdθ , (32)

where

∆S =
1
2

m2p sin2 θ

(E′ − αm) (E − αm) p′
. (33)

In the low matter density case α � 1 the total radiation power of the linearly
polarized photons reads

I(1),(2) 
 64
3

(
1 ∓ 1

2

)
µ2α4p4 , (34)

in agreement with [3, 4]. Thus, the radiation powers for the two liner polar-
izations differs by a factor of three. On the contrary, in all other cases the
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radiation powers for the two polarizations, e1 and e2, are of the same order,

I(1) 
 I(2) 
 1
2
(
I(1) + I(2)

)
. (35)

It is also possible to decompose the radiation power for the circular po-
larized photons. The two orthogonal vectors

el =
1√
2
(e1 + ile2) (36)

describe the two photons circular polarizations (l = ±1 corresponds to the
right and left photon circular polarizations, respectively). For the radiation
power of the circular-polarized photons we obtain

I(l) = µ2

∫ π

0

ω4

1 + β′y
Sl sin θdθ , (37)

where
Sl =

1
2

(1 + lβ′) (1 + lβ) (1 − l cos θ) (1 + ly) . (38)

In the limit of low matter density, α � 1, we get for the power

I(l) 
 64
3
µ2α4p4

(
1 − l

p

2E0

)
. (39)

In this limiting case the radiation power of the left-polarized photons exceeds
that of the right-polarized photons

I(−1) > I(+1) . (40)

In particular, this result is also valid for the non-relativistic neutrino, p� m,
for a low density with α � 1.

It is remarkable that in the most interesting case of a rather dense matter
(α  m

p for p  m and α  1 for p � m), the main contribution to the
power is provided by the right-polarized photons, whereas the emission of the
left-polarized photons is suppressed:

I(+1) 
 I, (41)
I(−1) 
 0 . (42)

Thus, we conclude that in a dense matter the SLν photons are emitted with
nearly total right-circular polarization.

Finally, we should like to discuss in some detail restrictions on the prop-
agation of the SLν photons that are set by the presence of the background
electron plasma in the case of p m for the density parameter m

p � α � p
m .

Only the photons with energy that exceeds the plasmon frequency
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Radiation power

Photon’s energy

Plasmon frequency

10-6

10-5

10-4
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1.0

2x10-6 4x10-6 6x10-6 8x10-6 10-5

θ

Fig. 4. The angular dependence of the emitted photon’s energy and radiation
power for the set of parameters: m = 1 eV, p = 100 MeV, n = 1032 cm−3. The solid
line denote the energy level that corresponds to the plasmon frequency.

ωpl =

√
4πe2

me
n , (43)

can propagate in the plasma (here e2 = αQED is the fine-structure constant
and me is the mass of the electron). From (10) and (30) it follows that
the photon energy and the radiation power depend on the direction of the
radiation. We can conclude that the maximal value of the photon energy,

ωmax = p , (44)

and the energy of the photon emitted in the direction of the maximum radi-
ation power,

ω(θmax) =
3
4
p , (45)

are of the same order in the considered case. For the relativistic neutrino and
rather dense matter the angle θmax, at which the radiation power (22) has
its maximum, and the angle of the maximal value (44) of the photon energy
are both very close to zero (to illustrate this we show in Fig. 4 the photon
energy and radiation power angular distributions for the particular case of
m = 1 eV, p = 100MeV and n = 1032 cm−3). In addition, as it follows from
(28), the overage photon energy 〈ω〉 = 1

3p is also of the order of ωmax and
ω(θmax). Therefore, the effective SLν photon energy reasonably exceeds the
plasmon frequency (43) if the following condition is fulfilled:
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p  pmin = 3.5 × 104
( n

1030 cm−3

)1/2

eV . (46)

The SLν photon emitted by a neutrino with the momentum p  pmin freely
propagates through the plasma. For n ∼1033 cm−3 we have pmin ∼ 1MeV .

The investigated properties of the neutrino spin light in matter (i.e., the
spatial distribution of the radiation power and the angular dependence of the
emitted photon’s energy, as well as nearly total circular polarization of the
radiation) might be important for the experimental identification of the SLν
from different astrophysical and cosmology objects and media. In conclusion,
we should like to note that for the Majorana neutrino (discussion on this
item can be found in [18, 19]), which has no magnetic moment [20, 21], the
spin light radiation cannot be produced if not to consider the possibility of
the neutrino flavour conversion due to the nonzero transition moment.
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An analysis of dark matter within the framework of modular invariant soft
breaking is given. In such scenarios inclusion of the radiative electroweak
symmetry breaking constraint determines tanβ which leads to a more con-
strained analysis. It is shown that for µ positive for this constrained system
the WMAP data leads to upper limits on sparticle masses that lie within
reach of the LHC with also the possibility that some sparticles may be ac-
cessible at RUNII of the Tevatron.

1 Introduction

In this talk we will focus on modular invariant soft breaking and an analysis
of dark matter within this framework [1]. We will then show the constraints
of WMAP [2, 3], the flavor changing neutral current constraint arising from
b → s + γ[4, 5, 6, 7] and the constraints of radiative electroweak symmetry
breaking (REWSB) put stringent limits on the sparticle masses. Specifically
we will show that for the case of µ > 0 the WMAP constraints lead to
upper limits on sparticle masses which all lie within the reach of the Large
Hadron Collider (LHC). Further, it is found that some of these particles may
also lie within reach of RUNII of the Tevatron. An analysis of dark matter
detection rates is also given and it is shown that for µ > 0 the WMAP
data leads to direct detection rates which lie within reach of the current
and the next generation of dark matter detectors [8, 9, 10, 11, 12, 13, 14].
For the case of µ < 0 the detection rates will be accessible to the future dark
matter detectors for a part of the allowed parameter space of the models with
modular invariant soft breaking and consistent with WMAP and the FCNC
constraints. The outline of the rest of the paper is as follows: In Sect. 2 we give
a brief discussion of modular invariant soft breaking and a determination of
tanβ with radiative electroweak symmetry breaking constraints. In Sect. 3 we
give an analysis of the satisfaction of the relic density constraints consistent
with WMAP and upper limits on sparticle masses for µ > 0. In Sect. 4 we
discuss the direct detection rates. Conclusions are given in Sect. 5.
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2 Modular Invariant Soft Breaking

We begin with string theory motivation for considering a modular invariant
low energy theory. It is well known that in orbifold string models one has a
so called large radius- small radius symmetry

R → α′/R (1)

More generally one has an SL(2, Z) symmetry and such a symmetry is valid
even non-perturbatively which makes it very compelling that this symmetry
survives in the low energy theory. In formulating an effective low energy
theory it is important to simulate as much of the symmetry of the underlying
string theory as possible. This provides the motivation for considering low
energy effective theories with modular invariance [15, 16, 17, 18]. With this
in mind we consider an effective four dimensional theory arising from string
theory assumed to have a target space modular SL(2, Z) invariance

Ti → T ′
i =

aiTi − ibi
iciTi + di

,

T̄i → T̄ ′
i =

aiT̄i + ibi
−iciT̄i + di

,

(aidi − bici) = 1, (ai, bi, ci, di ∈ Z) . (2)

Under the above transformation the superpotential and the Kähler potential
transform but the combination

G = K + ln(WW †) (3)

is invariant. Further, the scalar potential V defined by

V = eG((G−1)i
jGiG

j + 3) + VD

is also invariant under modular transformations. We require that Vsoft also
maintain modular invariance and indeed this invariance will naturally be
maintained in our analysis. Typically chiral fields, i.e., quark, leptons and
Higgs fields will transform under modular transformations and for book
keeping it is useful to assign modular weights to operators. Thus a function
f(Ti, T̄i) has modular weights (n1, n2) if

f(Ti, T̄i) → (icTi + d)n1(−icT̄i + d)n2f(Ti, T̄i) (4)

Below we give a list of modular weights for a few cases (see Table. 1 ).

2.1 Modular Invariant Vsoft

We begin by considering the condition for the vanishing of the vacuum energy.
Using the supergravity form of the scalar potential the condition that vacuum
energy vanish is given by
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Table 1. A list of modular weights under the modular transformations.

Quantity Modular Weights (n1, n2)

|W | (− 1
2
,− 1

2
)

eiθW (− 1
2
, 1

2
)

η(Ti) ( 1
2
, 0)

2∂Ti lnη(Ti) + (Ti + T̄i)
−1 (2, 0)

∂TiW − (Ti + T̄i)
−1W (1, 0)

(Ti + T̄i) (−1,−1)

|γs| (0, 0)

|γTi | (0, 0)

eiθTi (1,−1)

eiθS (0, 0)

A0
αβγ (1, 0)

B0
αβ (1, 0)

1/
√

f = 1/(
∏

(Ti + T̄i))
1
2 ( 1

2
, 1
2
)

|γS |2 +
3∑

i=1

|γTi
|2 = 1 (5)

where we have defined γs and γTi
as follows

γs = (S + S̄)G,S/
√

3 = |γS |eiθS (6)

γTi
= (Ti + T̄i)G,Ti/

√
3 = |γTi

|eiθTi (7)

In the investigation of soft breaking we follow the usual procedure of super-
gravity where one has a visible sector and a hidden sector and supersymmetry
breaking occurs in the hidden sector and is communicated to the visible sec-
tor by gravitational interactions. For the analysis here we choose the hidden
sector to be of the form [19]

Wh = F (S)/
∏

η(Ti)2 (8)

and for the Kahler potential we choose

K = D(S, S̄) −
∑

i

ln
(
Ti + T̄i

)
+
∑
iα

(
Ti + T̄i

)ni
α C†

αCα (9)
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where Cα are the chiral fields. Using the technique of supergravity models
[20] the soft breaking potential Vsoft is given by [19] (for previous analyses
see [16, 18, 21])

Vsoft = m2
3/2

∑
α

(
1 + 3

3∑
i=1

ni
α|γTi

|2
)
c†αcα +

⎛⎝∑
αβ

B0
αβw

(2)
αβ+

+
∑
αβγ

A0
αβγw

(3)
αβγ +H.c.

⎞⎠ (10)

where

w
(2)
αβ = µαβCαCβ

w
(3)
αβγ = YαβγCαCβCγ (11)

The soft breaking parameters A0 and B0 may be expressed in the form

A0
αβγ = −

√
3m3/2

eD/2−iθW

√
f

[
|γS |e−iθS (1 − (S + S̄)∂SlnYαβγ)

+
3∑

i=1

|γTi
|e−iθTi (1 + ni

α + ni
β + ni

γ

− (Ti + T̄i)∂Ti
lnYαβγ − (Ti + T̄i)ni

αβγG2(Ti))
]

B0
αβ = −m3/2

eD/2−iθW

√
f

[1 +
√

3|γS |e−iθS (1 − (S + S̄)∂Slnµαβ)

+
√

3
3∑

i=1

|γTi
|e−iθTi (1 + ni

α + ni
β

− (Ti + T̄i)∂Ti
lnµαβ − (Ti + T̄i)ni

αβG2(Ti))]

and further the universal gaugino mass is given by

m1/2 =
√

3m3/2|γs|e−iθS (12)

2.2 Determination of tan β from Modular Invariant Soft Breaking
and EWSB Constraints

We begin with a discussion of the front factor that appears in A0 and B03

3This front factor is quite general and also appears in soft breaking arising from
the intersecting D brane models [22].
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Front factor = eD/2−iθW /
√
f (13)

The front factor has a non vanishing modular weight and the modular invari-
ance of Vsoft cannot be maintained without it. There are two main elements
in this front factor which are of interest to us here. First, there is factor of of
1/
√
f or a factor

1/
√∏

(Ti + T̄i) (14)

which produces several solutions to the soft parameters at the self dual points
Ti = (1, eiπ/6) so that

f = 8, 4
√

3, 6, 3
√

3 (15)

If we include the complex structure moduli Ui then∏
(Ti + T̄i) →

∏
(Ti + T̄i)(Ui + Ūi)

f = 2n33−n
2 (n = 0, .., 6) (16)

Assuming that the minimization of the potential occurs at one of these self
dual points one finds that there is a multiplicity of soft parameters all consis-
tent with modular invariance. Of course, it may happen that the minimization
occurs away from the self dual points. In this case there the f factor will take
values outside of the sets given above. The second element that is of interest
to us in the front factor is the quantity eD/2. This factor is of significance
since it can be related to the string gauge coupling constant gstring so that

e−D =
2

g2
string

(17)

The importance of front factor becomes clear when one considers the elec-
troweak symmetry breaking constraints arising from the minimization of the
potential with respect to the Higgs vacuum expectation values < H1 > and
< H2 >. In supergravity models one of these relations is used to determine µ
and the other relates the soft parameter B to tanβ. In supergravity one uses
the second relation to eliminate B in favor of tanβ. However, in the model
under consideration B is now determined and thus the second minimization
constraint allows one to determine tanβ in terms of the other soft parameters
and αstring = g2

string/4π. Thus specifically the second constraint reads

−2µB = sin 2β(m2
H1

+m2
H2

+ 2µ2) (18)

Turning this condition around we determine tanβ such that

tanβ =
(µ2 + 1

2M
2
Z +m2

H1
)f1/2

α√
2πµm3/2r̃Bαstring

(| − 1 + 3
∑

i

|γi|2 −
√

3|γS |(1 − (S + S̄)∂Slnµ)|)−1 (19)
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There is one subtle point involved in the implementation of this equation.
One is a relation that holds at the tree level and is accurate only at scales
where the one loop correction to this relation is small. This happens when
Q ∼ mt̃ or Q ∼ (highest mass of the spectrum)/2. Thus for the relation of
(19) to be accurate we should use the renormalization group improved values
of all the quantities on the right hand side of (19). This is specifically the
case for the Higgs mass parameters and µ. One obtains their values at the
high scale Q by running the renormalization group equations between MZ

and Q. The general analysis used is that of renormalization group analysis
of supergravity theories (see, e.g., [23]). Determination of tanβ is done in
an iterative procedure. One starts with an assumed value of tanβ and then
one determines µ through radiative breaking of the electroweak symmetry,
one determines the sparticle masses and the Higgs masses and uses these in
(19) to determine the new value of tanβ. This iteration continues till con-
sistency is obtained. Quite interestingly there are solutions to the iterative
procedure, and the convergence is quite rapid. Thus tanβ is uniquely deter-
mined for each point in the space of other soft parameters provided radiative
electroweak symmetry breaking constraints are satisfied. In the analysis the
Higgs mixing parameter µ and specifically its sign plays an important role.
Interestingly there is important correlation between the sign of the super-
symmetric contribution to the anomalous magnetic moment of the muon [24]
and the sign of the µ parameter. It turns out the current data seems to in-
dicate a positive supersymmetric contribution and a positive µ [25]. Thus
in the analysis we will mainly focus on µ positive. However, for the sake of
completeness we will also include in our analysis the µ < 0 case.

3 Analysis of Supersymmetric Dark Matter

There is already a great deal of analysis of supersymmetric dark matter in
the literature (For a sample of recent analyses [26] see [27, 28, 29, 30, 31,
32]). Specifically, over the past year analyses of dark matter matter have
focussed on including the constraints of WMAP [33, 34, 35, 36, 37] Here
we discuss the analysis of dark matter within the framework of modular
invariant soft breaking where tanβ is a determined quantity. Thus using the
sparticle spectra generated by the procedure of Sect. 2 one can compute the
relic density of lightest neutralinos within the modular invariant framework.
Quite interesting is the fact that the relic density constraints arising from
WMAP data are satisfied by the modular invariant theory in the determined
tanβ scenario. It is also possible to satisfy the FCNC constraints. One finds
that the simultaneous imposition of the WMAP relic density constraints and
of the FCNC constraints leads to upper limits on the sparticle masses for the
case of µ postive. The sparticle spectrum that is predicted in this case can
be fully tested at the LHC. Further, a part of the parameter space is also
accessible at the Tevatron.
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for the case µ > 0. The constraint of b → s + γ decay is shown as a dot-dashed line
below which the region is disallowed. The region where the WMAP relic density
constraint is satisfied is shown as small shaded area in black. The gray region-I
refers to the discarded region with large tan β where Yukawa couplings lie beyond
the perturbative domain. The gray region II arises from the absence of REWSB or
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below the experimental limit. Taken from [1].

We discuss the results now in a quantitative fashion. In Fig. 1 a plot is
given of the contours of constant A0, constant µ and constant tanβ in the
m3/2 − γS plane. One finds that there are regions where the relic density
constraints consistent with the WMAP data and the FCNC constraints are
satisfied. The value of m3/2 consistent with all the constraints has an upper
limit of about 350 GeV. In Fig. 2 a plot of the sparticle spectrum as a function
of m3/2 is given for γS = 0.75. One finds that the sparticle masses with
m3/2 < 350 GeV lie in a range accessible at the LHC. In fact, for a range of the
parameter space some of the sparticles may also be accessible at the Tevatron.
Thus much of the Hyperbolic Branch/Focus Point (HB/FP) region [38] seems
to be eliminated by the constraints of WMAP and FCNC within the modular
invariant soft breaking [1].

In Fig. 3 an analysis of the direct detection cross-section for σχ−p as a
function of the LSP mass is given. One finds that all of the parameter space
of the model will be probed in the current and future dark matter colliders.
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An analysis analogous to that of Fig. 1 but for µ < 0 is given in Fig. 4 while
an analysis analogous to Fig. 3 is given in Fig. 5. In this case one finds that
a part of the parameter space consistent with WMAP can be probed in the
current and future dark matter experiments. Finally, the analysis presented
above is done under the assumption that the chiral fields have zero modular
weights. For non-vanishing modular weights one needs a realistic string model
and an analysis of the sparticle spectra and dark matter for such a model
should be worthwhile using the above framework.

4 Conclusion

In this paper we have analyzed the implications of modular invariant soft
breaking in a generic heterotic string scenario under the constraint of radiative
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breaking of the electroweak symmetry. It was shown that in models of this
type tan β is no longer an arbitrary parameter but a determined quantity.
Thus the constraints of modular invariance along with a determined tanβ re-
duced the allowed parameter space of the model. Quite remarkably one finds
that the reduced parameter space allows for the satisfaction of the accurate
relic density constraints given by WMAP. Further, our analysis shows that
the WMAP constraint combined with the FCNC constraint puts upper limits
on the sparticle masses for the case µ > 0 which are remarkably low implying
that essentially all of the sparticles would be accessible at the LHC and some
of the sparticles may also be visible at the Tevatron. Further, we analysed
the direct detection rates in dark matter detectors in such a scenario. It is
found that for the case µ > 0 the dark matter detection rates fall within
the sensitivities of the current and future dark matter detectors. For the case
µ < 0 a part of the allowed parameter space will be accessible to dark matter
detectors. It should be of interest to analyze scenarios of the type discussed
above with determined tanβ in the investigation of other SUSY phenomena.
Further, it would be interesting to examine if similar limits arise in models
with modular invariance in extended MSSM seenarios, such as the recently
proposed Stueckelberg extension of MSSM [39].
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A. Font, L. E. Ibanez, D. Lüst and F. Quevedo, Nucl. Phys. B 361, 194(1991)

16. A. Brignole, L.E. Ibanez, C. Munoz and C. Scheich, Z. Phys. C 74, 157 (1997);
B. de Carlos, J.A. Casas and C. Munoz, Nucl. Phys. B 399, 623 (1993); A. Brig-
nole, L.E. Ibanez and C. Munoz, Phys. Lett. B 387, 769 (1996)

17. H.P. Nilles, Phys. Lett. B 115, 193 (1982); S. Ferrara, L. Girardello and
H.P. Nilles, Phys. Lett. B 125, 457 (1983); M. Dine, R. Rohm, N. Seiberg
and E. Witten, Phys. Lett. B 156, 55 (1985); C. Kounnas and M. Porrati,
Phys. Lett. B 191, 91 (1987)

18. P. Binetruy, M.K. Gaillard and B.D. Nelson, Nucl. Phys. B 604, 32 (2001);
M.K. Gaillard, B.D. Nelson and Y.Y. Wu, Phys. Lett. B 459, 549 (1999);
M.K. Gaillard and J. Giedt, Nucl. Phys. B 636, 365 (2002)



558 U. Chattopadhyay and P. Nath

19. P. Nath and T.R. Taylor, Phys. Lett. B 548, 77 (2002), hep-ph/0209282
20. A.H. Chamseddine, R. Arnowitt and P. Nath, Phys. Rev. Lett. 49, 970 (1982);

R. Barbieri, S. Ferrara and C. A. Savoy, Phys. Lett. B 119, 343(1982); P. Nath,
R. Arnowitt and A.H. Chamseddine, Nucl. Phys. B 227, 121 (1983); L. Hall,
J. Lykken, and S. Weinberg, Phys. Rev. D 27, 2359 (1983); P. Nath, “Twenty
years of SUGRA”, hep-ph/0307123

21. G.L. Kane, J. Lykken, S. Mrenna, B.D. Nelson, L.T. Wang and T.T. Wang,
Phys. Rev. D 67, 045008 (2003), hep-ph/0209061; B.C. Allanach, S.F. King and
D.A.J. Rayner, hep-ph/0403255; P. Binetruy, A. Birkedal-Hansen, Y. Mambrini
and B.D. Nelson, hep-ph/0308047; A. Birkedal-Hansen and B.D. Nelson, Phys.
Rev. D 64, 015008 (2001), hep-ph/0102075

22. B. Kors and P. Nath, Nucl. Phys. B 681, 77 (2004), hep-th/0309167
23. R. Arnowitt and P. Nath, Phys. Rev. Lett. 69, 725 (1992)
24. T.C. Yuan, R. Arnowitt, A.H. Chamseddine and P. Nath, Z. Phys. C 26, 407

(1984); D.A. Kosower, L.M. Krauss, N. Sakai, Phys. Lett. B 133, 305 (1983);
J.L. Lopez, D.V. Nanopoulos, X. Wang, Phys. Rev. D 49, 366 (1994); U. Chat-
topadhyay and P. Nath, Phys. Rev. D 53, 1648 (1996), hep-ph/9507386; T.
Moroi, Phys. Rev. D 53, 6565 (1996); T. Ibrahim and P. Nath, Phys. Rev.
D 61, 095008 (2000), hep-ph/9907555; Phys. Rev. D 58, 111301 (1998), hep-
ph/9807501; Phys. Rev. D62, 015004 (2000); U. Chattopadhyay , D.K. Ghosh
and S. Roy, Phys. Rev. D 62, 115001 (2000)

25. U. Chattopadhyay and P. Nath, Phys. Rev. Lett. 86, 5854 (2001); For a more
complete list of references see, U. Chattopadhyay, A. Corsetti and P. Nath,
hep-ph/0202275

26. See also talks by Howard Baer, Wim de Boer, Bhasker Dutta, Paolo Gondolo,
Keith Olive, Leszek Roszkowski, and Ioannis Vergados in these proceedings.

27. U. Chattopadhyay, A. Corsetti and P. Nath, Phys. Rev. D 66, 035003 (2002),
hep-ph/0201001]; M.E. Gomez, G. Lazarides and C. Pallis, Phys. Rev. D 61,
123512 (2000), hep-ph/9907261; M.E. Gomez, G. Lazarides and C. Pallis, Phys.
Lett. B 487, 313 (2000), hep-ph/0004028

28. U. Chattopadhyay and D.P. Roy, Phys. Rev. D 68, 033010 (2003), hep-
ph/0304108

29. H. Baer, A. Belyaev, T. Krupovnickas and X. Tata, JHEP 0402, 007 (2004),
hep-ph/0311351

30. P. Binetruy, Y. Mambrini and E. Nezri, hep-ph/0312155
31. R. Arnowitt, B. Dutta, T. Kamon and M. Tanaka, Phys. Lett. B 538, 121

(2002), hep-ph/0203069
32. Y.G. Kim, T. Nihei, L. Roszkowski and R. Ruiz de Austri, JHEP 0212, 034

(2002), hep-ph/0208069
33. U. Chattopadhyay, A. Corsetti and P. Nath, Phys. Rev. D 68, 035005 (2003),

hep-ph/0303201
34. J. Ellis, K.A. Olive, Y. Santoso and V.C. Spanos, Phys. Lett. B565, 176,

(2003), hep-ph/0303043; H. Baer and C. Balazs, JCAP 0305, 006 (2003), hep-
ph/0303114; A.B. Lahanas and D. V. Nanopoulos, Phys. Lett. B568, 55 (2003),
hep-ph/0303130

35. H. Baer, C. Balazs, A. Belyaev and J. O’Farrill, JCAP 0309, 007 (2003), hep-
ph/0305191; H. Baer, C. Balazs, A. Belyaev, T. Krupovnickas and X. Tata,
JHEP 0306, 054 (2003), hep-ph/0304303; R. Arnowitt, B. Dutta and B. Hu,
hep-ph/0310103; J.R. Ellis, K.A. Olive, Y. Santoso and V.C. Spanos, Phys.



Upper Limits on Sparticle Masses 559

Lett. B 573, 162 (2003), hep-ph/0305212; J.D. Vergados, P. Quentin and D.
Strottman, hep-ph/0310365

36. For a review see, U. Chattopadhyay, A. Corsetti and P. Nath, Phys. Atom. Nucl.
67, 1188 (2004) [Yad. Fiz. 67, 1210 (2004)], hep-ph/0310228; A.B. Lahanas,
N.E. Mavromatos and D.V. Nanopoulos, Int. J. Mod. Phys. D 12, 1529 (2003),
hep-ph/0308251

37. M.E. Gomez, T. Ibrahim, P. Nath and S. Skadhauge, Phys. Rev. D 70, 035014
(2004), hep-ph/0404025; T. Nihei and M. Sasagawa, hep-ph/0404100; M. Ar-
gyrou, A.B. Lahanas, D.V. Nanopoulos and V.C. Spanos, hep-ph/0404286;
M.E. Gomez, T. Ibrahim, P. Nath and S. Skadhauge, hep-ph/0410007

38. K.L. Chan, U. Chattopadhyay and P. Nath, Phys. Rev. D 58, 096004 (1998),
hep-ph/9710473; J.L. Feng, K.T. Matchev and T. Moroi, Phys. Rev. D 61,
075005 (2000)

39. B. Kors and P. Nath, hep-ph/0406167; Phys. Lett. B 586, 366 (2004), hep-
ph/0402047



Dark Matter Candidates
in Supersymmetric Models

Keith A. Olive

William I. Fine Theoretical Physics Institute,
University of Minnesota, Minneapolis, MN 55455, USA
olive@umn.edu

The status of the constrained minimal supersymmetric standard model
(CMSSM) will be discussed in light of our current understanding of the relic
density after WMAP. A global likelihood analysis of the model is performed
including data from direct Higgs searches, global fits to electroweak data,
b → sγ, the anomalous magnetic moment of the muon, as well as the cos-
mological relic density. Also considered are models which relax and further
constrain the CMSSM. Prospects for dark matter detection in colliders and
cryogenic detectors will be briefly discussed.

1 Introduction

Supersymmetric models with conserved R-parity contain one new stable par-
ticle which is a candidate for cold dark matter(CDM) [1]. There are very
strong constraints, however, forbidding the existence of stable or long lived
particles which are not color and electrically neutral. The sneutrino [2] is one
possible candidate, but in the MSSM, it has been excluded as a dark matter
candidate by direct [3] and indirect [4] searches. Another possibility is the
gravitino and is probably the most difficult to exclude. This possibility has
been discussed recently in the CMSSM context [6]. I will concentrate on the
remaining possibility in the MSSM, namely the neutralinos.

There are four neutralinos, each of which is a linear combination of the
R = −1, neutral fermions [1]: the wino W̃ 3, the partner of the 3rd component
of the SU(2)L gauge boson; the bino, B̃, the partner of the U(1)Y gauge
boson; and the two neutral Higgsinos, H̃1 and H̃2. In general, the neutralino
mass eigenstates can be expressed as a linear combination

χ = αB̃ + βW̃ 3 + γH̃1 + δH̃2 (1)

The solution for the coefficients α, β, γ and δ for neutralinos that make up
the LSP can be found by diagonalizing the mass matrix which depends on
M1(M2) which are the soft supersymmetry breaking U(1) (SU(2)) gaugino
mass terms, µ, the supersymmetric Higgs mixing mass parameter and the
two Higgs vacuum expectation values, v1 and v2. One combination of these is
related to the Z mass, and therefore is not a free parameter, while the other
combination, the ratio of the two vevs, tanβ, is free.
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The most general version of the MSSM, despite its minimality in parti-
cles and interactions contains well over a hundred new parameters. The study
of such a model would be untenable were it not for some (well motivated)
assumptions. These have to do with the parameters associated with super-
symmetry breaking. It is often assumed that, at some unification scale, all
of the gaugino masses receive a common mass, m1/2. The gaugino masses
at the weak scale are determined by running a set of renormalization group
equations. Similarly, one often assumes that all scalars receive a common
mass, m0, at the GUT scale. These too are run down to the weak scale. The
remaining supersymmetry breaking parameters are the trilinear mass terms,
A0, which I will also assume are unified at the GUT scale, and the bilinear
mass term B. There are, in addition, two physical CP violating phases which
will not be considered here.

The natural boundary conditions at the GUT scale for the MSSM would
include µ and B in addition to m1/2, m0, and A0. In this case, upon running
the RGEs down to a low energy scale and minimizing the Higgs potential,
one would predict the values of MZ , tanβ (in addition to all of the sparticle
masses). Since MZ is known, it is more useful to analyze supersymmetric
models where MZ is input rather than output. It is also common to treat
tanβ as an input parameter. This can be done at the expense of shifting µ
(up to a sign) and B from inputs to outputs. This model is often referred
to as the constrained MSSM or CMSSM. Once these parameters are set, the
entire spectrum of sparticle masses at the weak scale can be calculated. In
the CMSSM, the solutions for µ generally lead to a neutralino which which
very nearly a pure B̃.

2 The CMSSM after WMAP

For a given value of tanβ, A0, and sgn(µ), the resulting regions of acceptable
relic density and which satisfy the phenomenological constraints can be dis-
played on the m1/2−m0 plane. In Fig. 1a, the light shaded region corresponds
to that portion of the CMSSM plane with tanβ = 10, A0 = 0, and µ > 0
such that the computed relic density yields 0.1 < Ωχh

2 < 0.3. At relatively
low values of m1/2 and m0, there is a large ‘bulk’ region which tapers off
as m1/2 is increased. At higher values of m0, annihilation cross sections are
too small to maintain an acceptable relic density and Ωχh

2 > 0.3. Although
sfermion masses are also enhanced at large m1/2 (due to RGE running), co-
annihilation processes between the LSP and the next lightest sparticle (in
this case the τ̃1) enhance the annihilation cross section and reduce the relic
density. This occurs when the LSP and NLSP are nearly degenerate in mass.
The dark shaded region has mτ̃1 < mχ and is excluded. Neglecting coannihi-
lations, one would find an upper bound of ∼ 450GeV on m1/2, corresponding
to an upper bound of roughly 200GeV on mB̃ . The effect of coannihilations is
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Fig. 1. The (m1/2, m0) planes for (a) tan β = 10 and µ > 0, assuming A0 =

0, mt = 175 GeV and mb(mb)
MS
SM = 4.25 GeV. The near-vertical (red) dot-dashed

lines are the contours mh = 114 GeV, and the near-vertical (black) dashed line
is the contour mχ± = 104GeV. Also shown by the dot-dashed curve in the lower
left is the corner excluded by the LEP bound of mẽ > 99 GeV. The medium (dark
green) shaded region is excluded by b → sγ, and the light (turquoise) shaded
area is the cosmologically preferred regions with 0.1 ≤ Ωχh2 ≤ 0.3. In the dark
(brick red) shaded region, the LSP is the charged τ̃1. The region allowed by the
E821 measurement of aµ at the 2-σ level, is shaded (pink) and bounded by solid
black lines, with dashed lines indicating the 1-σ ranges. In (b), the relic density is
restricted to the range 0.094 < Ωχh2 < 0.129.

to create an allowed band about 25-50 GeV wide in m0 for m1/2 <∼ 1400GeV,
which tracks above the mτ̃1 = mχ contour [5].

Also shown in Fig. 1a are the relevant phenomenological constraints.
These include the limit on the chargino mass: mχ± > 104 GeV [7], on the
selectron mass: mẽ > 99 GeV [8] and on the Higgs mass: mh > 114 GeV [9].
The former two constrain m1/2 and m0 directly via the sparticle masses, and
the latter indirectly via the sensitivity of radiative corrections to the Higgs
mass to the sparticle masses, principally mt̃,b̃. FeynHiggs [10] is used for the
calculation of mh. The Higgs limit imposes important constraints principally
on m1/2 particularly at low tanβ. Another constraint is the requirement that
the branching ratio for b → sγ is consistent with the experimental mea-
surements [11]. These measurements agree with the Standard Model, and
therefore provide bounds on MSSM particles [12, 13], such as the chargino
and charged Higgs masses, in particular. Typically, the b → sγ constraint
is more important for µ < 0, but it is also relevant for µ > 0, particularly
when tanβ is large. The constraint imposed by measurements of b → sγ also
excludes small values of m1/2. Finally, there are regions of the (m1/2,m0)
plane that are favoured by the BNL measurement [14] of gµ − 2 at the 2-σ
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level, corresponding to a deviation from the Standard Model calculation [15]
using e+e− data. One should be however aware that this constraint is still
under active discussion.

The preferred range of the relic LSP density has been altered significantly
by the recent improved determination of the allowable range of the cold
dark matter density obtained by combining WMAP and other cosmological
data: 0.094 < ΩCDM < 0.129 at the 2-σ level [16]. In the second panel of
Fig. 1, we see the effect of imposing the WMAP range on the neutralino
density [17, 18, 19]. We see immediately that (i) the cosmological regions are
generally much narrower, and (ii) the ‘bulk’ regions at small m1/2 and m0

have almost disappeared, in particular when the laboratory constraints are
imposed. Looking more closely at the coannihilation regions, we see that (iii)
they are significantly truncated as well as becoming much narrower, since
the reduced upper bound on Ωχh

2 moves the tip where mχ = mτ̃ to smaller
m1/2 so that the upper limit is now m1/2 <∼ 950 GeV or mχ <∼ 400 GeV.

Another mechanism for extending the allowed CMSSM region to large mχ

is rapid annihilation via a direct-channel pole when mχ ∼ 1
2mA [20, 21]. Since

the heavy scalar and pseudoscalar Higgs masses decrease as tan β increases,
eventually 2mχ 
 mA yielding a ‘funnel’ extending to large m1/2 and m0

at large tanβ, as seen in the high tanβ strips of Fig. 2. As one can see,
the impact of the Higgs mass constraint is reduced (relative to the case with
tanβ = 10) while that of b→ sγ is enhanced.

Shown in Fig. 3 are the WMAP lines [17] of the (m1/2,m0) plane allowed
by the new cosmological constraint 0.094 < Ωχh

2 < 0.129 and the laboratory
constraints listed above, for µ > 0 and values of tanβ from 5 to 55, in
steps ∆(tanβ) = 5. We notice immediately that the strips are considerably
narrower than the spacing between them, though any intermediate point in
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Fig. 2. As in Fig. 1 for tan β = 50.
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Fig. 3. The strips display the regions of the (m1/2, m0) plane that are compatible
with 0.094 < Ωχh2 < 0.129 and the laboratory constraints for µ > 0 and tan β =
5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55. The parts of the strips compatible with gµ − 2
at the 2-σ level have darker shading.

the (m1/2,m0) plane would be compatible with some intermediate value of
tanβ. The right (left) ends of the strips correspond to the maximal (minimal)
allowed values of m1/2 and hence mχ. The lower bounds on m1/2 are due to
the Higgs mass constraint for tan β ≤ 23, but are determined by the b → sγ
constraint for higher values of tanβ.

Finally, there is one additional region of acceptable relic density known
as the focus-point region [22], which is found at very high values of m0. An
example showing this region is found in Fig. 4, plotted for tanβ = 10, µ > 0,
and mt = 175 TeV. As m0 is increased, the solution for µ at low energies
as determined by the electroweak symmetry breaking conditions eventually
begins to drop. When µ <∼ m1/2, the composition of the LSP gains a strong
Higgsino component and as such the relic density begins to drop precipitously.
These effects are both shown in Fig. 5 where the value of µ and Ωh2 are
plotted as a function of m0 for fixed m1/2 = 300 GeV and tanβ = 10. As m0

is increased further, there are no longer any solutions for µ. This occurs in
the shaded region in the upper left corner of Fig. 4.

Figure 5 also exemplifies the degree of fine tuning associated with the
focus-point region. While the position of the focus-point region in the
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Fig. 4. As in Fig. (1a), where the range in m0 is extended to 5 TeV. In the shaded
region at very high m0, there are no solutions for µ which respect the low energy
electroweak symmetry breaking conditions.

m0,m1/2 plane is not overly sensitive to supersymmetric parameters, it is
highly sensitive to the top quark Yukawa coupling which contributes to the
evolution of µ [23, 24]. As one can see in the figure, a change in mt of 3 GeV
produces a shift of about 2.5 TeV in m0. Note that the position of the focus-
point region is also highly sensitive to the value of A0/m0. In Fig. 5, A0 = 0
was chosen. For A0/m0 = 0.5, the focus point shifts from 2.5 to 4.5 TeV and
moves to larger m0 as A0/m0 is increased.

3 A Likelihood Analysis of the CMSSM

Up to now, in displaying acceptable regions of cosmological density in the
m0,m1/2 plane, it has been assumed that the input parameters are known
with perfect accuracy so that the relic density can be calculated precisely.
While all of the beyond the standard model parameters are completely un-
known and therefore carry no formal uncertainties, standard model parame-
ters such as the top and bottom Yukawa couplings are known but do carry
significant uncertainties. Indeed, we saw that in the case of the focus-point
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Fig. 5. The value of µ as a function of m0 for fixed m1/2 = 300 GeV and tan β = 10
for two choices of mt as indicated. The scale on the right gives the value of Ωh2.
The curves corresponding to this is scale rise sharply at low m0 to values much
larger than 1. For mt = 175 GeV and m0 ≈ 2500 GeV, the value of Ωh2 drops to
acceptable values when µ becomes small. When the mt = 178 GeV, Ωh2 drops at
m0 ≈ 5000 GeV.

region, there is an intense sensitivity of the relic density to the top quark
Yukawa. Other regions in the m0,m1/2 plane, such as those corresponding
to the rapid annihilation funnels are also very sensitive to the 3rd generation
Yukawas.

The optimal way to combine the various constraints (both phenomenolog-
ical and cosmological) is via a likelihood analysis, as has been done by some
authors both before [25] and after [18] the WMAP data was released. When
performing such an analysis, in addition to the formal experimental errors, it
is also essential to take into account theoretical errors, which introduce sys-
tematic uncertainties that are frequently non-negligible. Recently, we have
preformed an extensive likelihood analysis of the CMSSM [26]. Included is
the full likelihood function for the LEP Higgs search, as released by the LEP
Higgs Working Group. This includes the small enhancement in the likelihood
just beyond the formal limit due to the LEP Higgs signal reported late in
2000. This was re-evaluated most recently in [9], and cannot be regarded as
significant evidence for a light Higgs boson. We have also taken into account
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the indirect information on mh provided by a global fit to the precision elec-
troweak data. The likelihood function from this indirect source does not vary
rapidly over the range of Higgs masses found in the CMSSM, but we included
this contribution with the aim of completeness.

The interpretation of the combined Higgs likelihood, Lexp, in the (m1/2,m0)
plane depends on uncertainties in the theoretical calculation of mh. These
include the experimental error in mt and (particularly at large tanβ) mb,
and theoretical uncertainties associated with higher-order corrections to mh.
Our default assumptions are that mt = 175 ± 5 GeV for the pole mass, and
mb = 4.25 ± 0.25 GeV for the running MS mass evaluated at mb itself. The
theoretical uncertainty in mh, σth, is dominated by the experimental uncer-
tainties in mt,b, which are treated as uncorrelated Gaussian errors:

σ2
th =

(
∂mh

∂mt

)2

∆m2
t +

(
∂mh

∂mb

)2

∆m2
b . (2)

Typically, we find that (∂mh/∂mt) ∼ 0.5, so that σth is roughly 2–3 GeV.
The combined experimental likelihood, Lexp, from direct searches at

LEP 2 and a global electroweak fit is then convolved with a theoretical like-
lihood (taken as a Gaussian) with uncertainty given by σth from (2) above.
Thus, we define the total Higgs likelihood function, Lh, as

Lh(mh) =
N√

2π σth

∫
dm′

h Lexp(m′
h) e−(m′

h−mh)2/2σ2
th , (3)

where N is a factor that normalizes the experimental likelihood distribution.
In addition to the Higgs likelihood function, we have included the like-

lihood function based on b → sγ. The branching ratio for these decays has
been measured by the CLEO, BELLE and BaBar collaborations [11], and
we took as the combined value B(b → sγ) = (3.54 ± 0.41 ± 0.26) × 10−4.
The theoretical prediction [12, 13] contains uncertainties which stem from
the uncertainties in mb, αs, the measurement of the semileptonic branching
ratio of the B meson as well as the effect of the scale dependence. While the
likelihood function based on the measurements of the anomalous magnetic
moment of the muon was considered in [26], it will not be discussed here.

Finally, in calculating the likelihood of the CDM density, we take into
account the contribution of the uncertainties in mt,b. We will see that the
theoretical uncertainty plays a very significant role in this analysis. The like-
lihood for Ωh2 is therefore,

LΩh2 =
1√
2πσ

e−(Ωh2th−Ωh2exp
)2/2σ2

, (4)

where σ2 = σ2
exp + σ2

th, with σexp taken from the WMAP [16] result and σ2
th

from (2), replacing mh by Ωh2.
The total likelihood function is computed by combining all the compo-

nents described above:
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Ltot = Lh × Lbsγ × LΩχh2(×Laµ
) (5)

The likelihood function in the CMSSM can be considered a function of two
variables, Ltot(m1/2,m0), where m1/2 and m0 are the unified GUT-scale
gaugino and scalar masses respectively. Results are based on a Bayesian
analysis, in which a prior range for m1/2 is introduced in order to normalize
the conditional probability obtained from the likelihood function using Bayes’
theorem. Although it is possible to motivate some upper limit on m1/2, e.g.,
on the basis of naturalness [27, 24, 28], one cannot quantify any such limit
rigorously. Within the selected range, we adopt a flat prior distribution for
m1/2, and normalize the volume integral:∫

Ltot dm0 dm1/2 = 1 (6)

for each value of tanβ, combining where appropriate both signs of µ. We note
that no such prior need be specified for m0. For any given value of m1/2, the
theory is well defined only up to some maximum value of m0, above which
radiative electroweak symmetry breaking is no longer possible. We always
integrate up to that point, adopting also a flat prior distribution for m0.

In Fig. 6 the likelihood along slices through the CMSSM parameter space
for tanβ = 10, A0 = 0, µ > 0, and m1/2 = 300 and 800 GeV is shown in
the left and right panels, respectively, plotting the likelihood as a function
of m0. The solid red curves show the total likelihood function calculated
including the uncertainties which stem from the experimental errors in mt

and mb. The peak at low m0 is due to the coannihilation region. The peak
at m0 
 2500(4500) GeV for m1/2 = 300(800) GeV is due to the focus-point
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Fig. 6. The likelihood function along slices in m0 through the CMSSM parameter
space for tan β = 10, A0 = 0, µ > 0 and m1/2 = 300, 800GeV in the left and right
panels, respectively. The red (solid) curves are calculated using the current errors
in mt and mb, the green dashed curve with no error in mt, the violet dotted lines
with ∆mt = 0.5 GeV, and the blue dashed-dotted lines with ∆mt = 1 GeV.



Dark Matter Candidates in Supersymmetric Models 569

region. Also shown in Fig. 6 are the 68%, 90%, and 95% CL (horizontal) lines,
corresponding to the iso-likelihood values of the fully integrated likelihood
function corresponding to the solid (red) curve.

The focus-point peak is suppressed relative to the coannihilation peak at
low m0 because of the theoretical sensitivity to the experimental uncertainty
in the top mass. We recall that the likelihood function is proportional to σ−1,
and that σ which scales with ∂(Ωχh

2)/∂mt, is very large at large m0 [24]. The
error due to the uncertainty in mt is far greater in the focus-point region than
in the coannihilation region. Thus, even though the exponential in LΩχh2 is
of order unity near the focus-point region when Ωχh

2 
 0.1, the prefactor is
very small due the large uncertainty in the top mass. This accounts for the
factor of >∼ 1000 suppression seen in Fig. 6 when comparing the two peaks of
the solid red curves.

We note also that there is another broad, low-lying peak at intermediate
values of m0. This is due to a combination of the effects of σ in the pref-
actor and the exponential. We expect a bump to occur when the Gaussian
exponential is of order unity, i.e., Ωχh

2 ∼
√

2∆mt ∂Ωχh
2/∂mt. Ωχh

2 ∼ 10
at large m0 for our nominal value mt = 175 GeV, but it varies significantly
as one samples the favoured range of mt within its present uncertainty. The
competition between the exponential and the prefactor would require a large
theoretical uncertainty in Ωχh

2: ∂Ωχh
2/∂mt ∼ 2 for ∆mt = 5 GeV. This oc-

curs when m0 ∼ 1000 GeV, which is the position of the broad secondary peak
in Fig. 6a. At higher m0, σ continues to grow, and the prefactor suppresses
the likelihood function until Ωχh

2 drops to ∼ 0.1 in the focus-point region.
As is clear from the above discussion, the impact of the present exper-

imental error in mt is particularly important in this region. This point is
further demonstrated by the differences between the curves in each panel,
where we decrease ad hoc the experimental uncertainty in mt. As ∆mt is
decreased, the intermediate bump blends into the broad focus-point peak.
When the uncertainties in mt and mb are set to 0, we obtain a narrow peak
in the focus-point region.

Using the fully normalized likelihood function Ltot obtained by combining
both signs of µ for each value of tanβ, we can determine the regions in the
(m1/2,m0) planes which correspond to specific CLs. Figure 7 extends the
previous analysis to the entire (m1/2,m0) plane for tanβ = 10 and A0 = 0,
including both signs of µ. The darkest (blue), intermediate (red) and lightest
(green) shaded regions are, respectively, those where the likelihood is above
68%, above 90%, and above 95%. Overall, the likelihood for µ < 0 is less than
that for µ > 0 due to the Higgs and b → sγ constraints. Only the bulk and
coannihilation-tail regions appear above the 68% level, but the focus-point
region appears above the 90% level, and so cannot be excluded.

The bulk region is more apparent in the right panel of Fig. 7 for µ > 0
than it would be if the experimental error in mt and the theoretical error in
mh were neglected. Figure 8 complements the previous figures by showing
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Fig. 8. As in Fig. 7 but assuming zero uncertainty in mt.

the likelihood functions as they would appear if there were no uncertainty in
mt, keeping the other inputs the same. We see that, in this case, both the
coannihilation and focus-point strips rise above the 68% CL.

Figure 9 shows the likelihood projection for tanβ = 50, A0 = 0 and
µ > 0. In this case, regions at small m1/2 and m0 are disfavoured by the
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Fig. 9. Likelihood contours as in Fig. 7, but for tan β = 50, A0 = 0 and µ > 0.

b → sγ constraint. The coannihilation region is broadened by a merger with
the rapid-annihilation funnel. Both the coannihilation and the focus-point
regions feature strips allowed at the 68% CL, and these are linked by a bridge
at the 95% CL.

4 Beyond the CMSSM

The results of the CMSSM described in the previous sections are based heav-
ily on the assumptions of universality of the supersymmetry breaking parame-
ters. One of the simplest generalizations of this model relaxes the assumption
of universality of the Higgs soft masses and is known as the NUHM [29] In
this case, the input parameters include µ and mA, in addition to the standard
CMSSM inputs. In order to switch µ and mA from outputs to inputs, the two
soft Higgs masses, m1,m2 can no longer be set equal to m0 and instead are
calculated from the electroweak symmetry breaking conditions. The NUHM
parameter space was recently analyzed [29] and a sample of the results are
shown in Fig. 10.
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Fig. 10. a) The NUHM (m1/2, m0) plane for tan β = 35, (a) µ = 400GeV
and mA = 700GeV b)the NUHM (µ, mA) plane for tan β = 10, m0 = 100GeV
and m1/2 = 300GeV, with A0 = 0. The (red) dot-dashed lines are the con-
tours mh = 114 GeV, and the near-vertical (black) dashed lines are the contours
mχ± = 103.5 GeV. The dark (black) dot-dashed lines indicate the GUT stability
constraint. Only the areas inside these curves (small µ) are allowed by this con-
straint. The light (turquoise) shaded areas are the cosmologically preferred regions
with 0.1 ≤ Ωχh2 ≤ 0.3. The darker (blue) portion of this region corresponds to the
newer WMAP densities. The dark (brick red) shaded regions is excluded because
a charged particle is lighter than the neutralino, and the lighter (yellow) shaded
regions is excluded because the LSP is a sneutrino. The medium (green) shaded
region is excluded by b → sγ. The regions allowed by the g − 2 constraint are
shaded (pink) and bounded by solid black lines. The solid (blue) curves correspond
to mχ = mA/2.

In the left panel of Fig. 10, we see a m1/2,m0 plane with a relative low
value of µ. In this case, an allowed region is found when the LSP contains
a non-negligible Higgsino component which moderates the relic density in-
dependent of m0. To the right of this region, the relic density is too small.
In the right panel, we see an example of the mA, µ plane. The crosses corre-
spond to CMSSM points. In this single pane, we see examples of acceptable
cosmological regions corresponding to the bulk region, co-annihilation region
and s-channel annihilation through the Higgs pseudo scalar.

Rather than relax the CMSSM, it is in fact possible to further con-
strain the model. While the CMSSM models described above are certainly
mSUGRA inspired, minimal supergravity models can be argued to be still
more predictive. Let us assume that supersymmetry is broken in a hidden
sector so that the superpotential can be written as a sum of two terms,
W = F (φ) + g(ζ), where φ represents all observable fields and ζ all hidden
sector fields. We furthermore must choose g(ζ) such that when ζ picks up
a vacuum expectation value, supersymmetry is broken. When the potential
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is expanded and terms inversely proportional to Planck mass are dropped,
one finds [30] 1) scalar mass universality with m0 = 〈g〉; 2) trilinear mass
universality with A0 = 〈dg/dζ〉〈ζ〉 + 〈g〉〈ζ〉2; and 3) B0 = A0 −m0.

In the simplest version of the theory [31], the universal trilinear soft
supersymmetry-breaking terms are A = (3 −

√
3)m0 and bilinear soft

supersymmetry-breaking term is B = (2 −
√

3)m0, i.e., a special case of
the general relation above between B and A.

Given a relation between B0 and A0, we can no longer use the standard
CMSSM boundary conditions, in which m1/2, m0, A0, tanβ, and sgn(µ)
are input at the GUT scale with µ and B determined by the electroweak
symmetry breaking condition. Now, one is forced to input B0 and instead
tanβ is calculated from the minimization of the Higgs potential [32].

In Fig. 11, the contours of tanβ (solid blue lines) in the (m1/2,m0) planes
for two values of Â = A0/m0, B̂ = B0/m0 = Â − 1 and the sign of µ are
displayed [32]. Also shown are the contours where mχ± > 104 GeV (near-
vertical black dashed lines) and mh > 114 GeV (diagonal red dash-dotted
lines). The excluded regions where mχ > mτ̃1 have dark (red) shading, those
excluded by b→ sγ have medium (green) shading, and those where the relic
density of neutralinos lies within the WMAP range 0.094 ≤ Ωχh

2 ≤ 0.129
have light (turquoise) shading. Finally, the regions favoured by gµ − 2 at the
2-σ level are medium (pink) shaded.
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Fig. 11. Examples of (m1/2, m0) planes with contours of tan β superposed, for

µ > 0 and (a) the simplest Polonyi model with Â = 3 − √
3, B̂ = Â − 1 and (b)

Â = 2.0, B̂ = Â − 1. In each panel, we show the regions excluded by the LEP
lower limits on MSSM particles, those ruled out by b → sγ decay (medium green
shading), and those excluded because the LSP would be charged (dark red shading).
The region favoured by the WMAP range has light turquoise shading. The region
suggested by gµ − 2 is medium (pink) shaded.
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In panel (a) of Fig. 11, we see that the Higgs constraint combined with
the relic density requires tanβ >∼ 11, whilst the relic density also enforces
tanβ <∼ 20. For a given point in the m1/2 −m0 plane, the calculated value
of tanβ increases as Â increases. This is seen in panel (b) of Fig. 11, when
Â = 2.0, close to its maximal value for µ > 0, the tanβ contours turn over
towards smaller m1/2, and only relatively large values 25 <∼ tanβ <∼ 35 are
allowed by the b → sγ and ΩCDMh2 constraints, respectively. For any given
value of Â, there is only a relatively narrow range allowed for tanβ.

5 Detectability

The question of detectability with respect to supersymmetric models is of
key importance particularly with the approaching start of the LHC. As an
aid to the assessment of the prospects for detecting sparticles at different
accelerators, benchmark sets of supersymmetric parameters have often been
found useful, since they provide a focus for concentrated discussion [33, 34,
35]. A set of proposed post-LEP benchmark scenarios [33] were chosen to
span the CMSSM. Five of the chosen points are in the ‘bulk’ region at small
m1/2 and m0, four are spread along the coannihilation ‘tail’ at larger m1/2

for various values of tanβ. Two points are in rapid-annihilation ‘funnels’ at
large m1/2 and m0. Two points were chosen in the focus-point region at large
m0. The proposed points range over the allowed values of tanβ between 5
and 50.

In Fig. 12, a comparison of the numbers of different MSSM particles that
should be observable at different accelerators in the various benchmark sce-
narios [35], ordered by their consistency with gµ − 2. The qualities of the
prospective sparticle observations at hadron colliders and linear e+e− col-
liders are often very different, with the latters’ clean experimental environ-
ments providing prospects for measurements with better precision. Never-
theless, Fig. 12 already restates the clear message that hadron colliders and
linear e+e− colliders are largely complementary in the classes of particles that
they can see, with the former offering good prospects for strongly-interacting
sparticles such as squarks and gluinos, and the latter excelling for weakly-
interacting sparticles such as charginos, neutralinos and sleptons.

Clearly the center of mass energy of any future linear collider is para-
mount towards the supersymmetry discovery potential of the machine. This
is seen in Fig. 12 for the benchmark points as more sparticles become observ-
able at higher CM energy. We can emphasize this point in general models by
plotting the masses of the two lightest (observable) sparticles in supersym-
metric models. For example, in Fig. 13 [36], a scatter plot of the masses of the
lightest visible supersymmetric particle (LVSP) and the next-to-lightest visi-
ble supersymmetric particle (NLVSP) is shown for the CMSSM. Once again,
points selected satisfy all phenomenological constraints. We do not consider
the LSP itself to be visible, nor any heavier neutral sparticle that decays
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Fig. 12. Summary of the numbers of MSSM particles that may be detectable
at various accelerators in the updated benchmark scenarios. We see that the ca-
pabilities of the LHC and of linear e+e− colliders are largely complementary. We
re-emphasize that mass and coupling measurements at e+e− colliders are usually
much cleaner and more precise than at hadron-hadron colliders such as the LHC,
where, for example, it is not known how to distinguish the light squark flavours.

invisibly inside the detector, such as ν̃ → νχ when ν̃ is the next-to-lightest
sparticle in a neutralino LSP scenario. The LVSP and the NLVSP are the
lightest sparticles likely to be observable in collider experiments.

All points shown in Fig. 13 satisfy the phenomenological constraints dis-
cussed above. The dark (red) squares represent those points for which the
relic density is outside the WMAP range, and for which all coloured sparti-
cles (squarks and gluinos) are heavier than 2 TeV. The CMSSM parameter
reach at the LHC has been analyzed in [37]. To within a few percent accu-
racy, the CMSSM reach contours presented in [37] coincide with the 2 TeV
contour for the lightest squark (generally the stop) or gluino, so we regard
the dark (red) points as unobservable at the LHC. Most of these points have
mNLV SP >∼ 1.2 TeV. Conversely, the medium-shaded (green) crosses repre-
sent points where at least one squark or gluino has a mass less than 2 TeV
and should be observable at the LHC. The spread of the dark (red) squares
and medium-shaded (green) crosses, by as much as 500 GeV or more in some
cases, reflects the maximum mass splitting between the LVSP and the NLVSP
that is induced in the CMSSM via renormalization effects on the input mass
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Fig. 13. Scatter plots of the masses of the lightest visible supersymmetric particle
(LVSP) and the next-to-lightest visible supersymmetric particle (NLVSP) in the
CMSSM for µ > 0. The darker (blue) triangles satisfy all the laboratory, astro-
physical and cosmological constraints. For comparison, the dark (red) squares and
medium-shaded (green) crosses respect the laboratory constraints, but not those
imposed by astrophysics and cosmology. In addition, the (green) crosses represent
models which are expected to be visible at the LHC. The very light (yellow) points
are those for which direct detection of supersymmetric dark matter might be pos-
sible.

parameters. The amount of this spread also reflects our cutoff |A0| < 1 TeV,
which controls the mass splitting of the third generation sfermions.

The darker (blue) triangles are those points respecting the cosmological
cold dark matter constraint. Comparing with the regions populated by dark
(red) squares and medium-shaded (green) crosses, one can see which of these
models would be detectable at the LHC, according to the criterion in the
previous paragraph. We see immediately that the dark matter constraint re-
stricts the LVSP masses to be less than about 1250 GeV and NLVSP masses
to be less than about 1500 GeV. In most cases, the identity of the LVSP is
the lighter τ̃ . While pair-production of the LVSP would sometimes require a
CM energy of about 2.5 TeV, in some cases there is a lower supersymmetric
threshold due to the associated production of the LSP χ with the next light-
est neutralino χ2 [38]. Examining the masses and identities of the sparticle
spectrum at these points, we find that ECM >∼ 2.2 TeV would be sufficient
to see at least one sparticle, as shown in Table 1. Similarly, only a LC with



Dark Matter Candidates in Supersymmetric Models 577

Table 1. Centre-of-mass energy (in TeV) required to observe one or two sparticles
at a future LC in the CMSSM and NUHM.

Model sgn(µ) One Sparticle Two Sparticles

CMSSM µ > 0 2.2 2.6
µ < 0 2.2 2.5

NUHM µ > 0 2.4 2.8
µ < 0 2.6 2.9

ECM ≥ 2.5 TeV would be ‘guaranteed’ to see two visible sparticles (in addi-
tion to the χ LSP), somewhat lower than the 3.0 TeV one might obtain by
requiring the pair production of the NLVSP. Points with mLV SP >∼ 700 GeV
are predominantly due to rapid annihilation via direct-channel H,A poles,
while points with 200 GeV <∼ mLV SP <∼ 700 GeV are largely due to χ-slepton
coannihilation.

An ECM = 500 GeV LC would be able to explore the ‘bulk’ region at low
(m1/2,m0), which is represented by the small cluster of points around mLV SP

∼200 GeV. It should also be noted that there are a few points with mLV SP ∼
100 GeV which are due to rapid annihilation via the light Higgs pole. These
points all have very large values of m0 which relaxes the Higgs mass and
chargino mass constraints, particularly when mt = 178 GeV. A LC with
ECM = 1000 GeV would be able to reach some way into the coannihilation
‘tail’, but would not cover all the WMAP-compatible dark (blue) triangles.
Indeed, about a third of these points are even beyond the reach of the LHC
in this model. Finally, the light (yellow) filled circles are points for which the
elastic χ-p scattering cross section is larger than 10−8 pb.

Because the LSP as dark matter is present locally, there are many av-
enues for pursuing dark matter detection. Direct detection techniques rely
on an ample neutralino-nucleon scattering cross-section. The prospects for
direct detection for the benchmark points discussed above [39] are shown
in Fig. 14. This figure shows rates for the elastic spin-independent and spin
dependent scattering cross sections of supersymmetric relics on protons. In-
direct searches for supersymmetric dark matter via the products of annihi-
lations in the galactic halo or inside the Sun also have prospects in some of
the benchmark scenarios [39].

In Fig. 15, we display the allowed ranges of the spin-independent cross
sections in the NUHM when we sample randomly tanβ as well as the other
NUHM parameters [45]. The raggedness of the boundaries of the shaded re-
gions reflects the finite sample size. The dark shaded regions includes all
sample points after the constraints discussed above (including the relic den-
sity constraint) have been applied. In a random sample, one often hits points
which are are perfectly acceptable at low energy scales but when the para-
meters are run to high energies approaching the GUT scale, one or several of
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Fig. 14. Elastic cross sections for (a) spin-independent scattering and (b) spin-
dependent scattering on protons. Our predictions (blue crosses) are compared with
those of Neutdriver [40] (red circles) for neutralino-nucleon scattering. Projected
sensitivities (a) for CDMS II [41] and CRESST [42] (solid) and GENIUS [43]
(dashed) and (b) for a 100 kg NAIAD array [44] are also shown.
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Fig. 15. Ranges of the spin-independent cross section in the NUHM. The ranges
allowed by the cuts on Ωχh2, mh and b → sγ have dark shading, those still al-
lowed by the GUT stability cut have medium shading, and those still allowed after
applying all the cuts including gµ − 2 have light shading. The pale shaded region
corresponds to the extra area of points with low relic densities, whose cross sec-
tions have been rescaled appropriately. Also shown are the limits from the CDMS
[48] and Edelweiss [49] experiments as well as the recent CDMSII result [50] on
the neutralino-proton elastic scattering cross section as a function of the neutralino
mass. The CDMSII limit is stronger than the Edelweiss limit which is stronger than
the previous CDMS limit at higher mχ. The result reported by DAMA [51] is found
in the upper left.
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the sparticles mass squared runs negative [46]. This has been referred to as
the GUT constraint here. The medium shaded region embodies those points
after the GUT constraint has been applied. After incorporating all the cuts,
including that motivated by gµ−2, we find that the light shaded region where
the scalar cross section has the range 10−6 pb >∼ σSI >∼ 10−10 pb, with some-
what larger (smaller) values being possible in exceptional cases. If the gµ − 2
cut is removed, the upper limits on the cross sections are unchanged, but
much lower values become possible: σSI � 10−13 pb. The effect of the GUT
constraint on more general supersymmetric models was discussed in [47].

The results from this analysis [45] for the scattering cross section in the
NUHM (which by definition includes all CMSSM results) are compared with
the previous CDMS [48] and Edelweiss [49] bounds as well as the recent
CDMSII results [50] in Fig. 15. While previous experimental sensitivities were
not strong enough to probe predictions of the NUHM, the current CDMSII
bound has begun to exclude realistic models and it is expected that these
bounds improve by a factor of about 20.

This work was partially supported by DOE grant DE-FG02-94ER-40823.
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Summary. To avoid misleading discrepancies between results of different dark
matter search experiments as well as between the data and SUSY calculations it is
in general preferable to use a mixed spin-scalar coupling approach in which spin-
independent and spin-dependent WIMP-nucleon couplings are both non-zero. On
the other hand one may, however, to safely neglect the subdominant spin WIMP-
nucleon contribution in comparison with the spin-independent one in analysis of
data from experiments with heavy enough non-zero-spin target nuclei.

The mixed coupling approach is applied to estimate future prospects of exper-
iments with the odd-neutron high-spin isotope 73Ge.

1 Introduction

In many experiments one tries to detect directly relic dark matter (DM)
Weakly Interacting Massive Particles (WIMPs) χ via their elastic scattering
on a target nucleus (A,Z). The nuclear recoil energy ER (ER ∼ 10−6mχ ∼
few keV) is measured. The expected differential event rate has the form [1,
2, 3, 4, 5, 6, 7, 8]:

dR

dER
= Nt

ρχ

mχ

∫ vmax

vmin

dvf(v)v
dσ

dq2
(v, q2), ER = q2/(2MA) . (1)

Here, vmin =
√
MAER/2µ2

A, vmax = vesc ≈ 600 km/s, µA = mχMA

mχ+MA
; f(v) is

the distribution of χ-particles in the solar vicinity, Nt is the number density
of target nuclei. MA denotes the target nuclear mass, the dark matter density
is usually assumed to be ρχ = 0.3 GeV/cm3. The χ-nucleus elastic scattering
cross section for non-zero-spin (J �= 0) nuclei is a sum of the spin-independent
(SI, or scalar) and spin-dependent (SD, axial) terms [9, 10, 11, 12]:

dσA

dq2
(v, q2) =

σA
SD(0)

4µ2
Av

2
F 2

SD(q2) +
σA

SI(0)
4µ2

Av
2
F 2

SI(q
2) . (2)

For q = 0 the nuclear SD and SI cross sections take the forms



584 V.A. Bednyakov and H.V. Klapdor-Kleingrothaus

σA
SI(0) =

µ2
A

µ2
p

A2σp
SI(0) , (3)

σA
SD(0) =

4µ2
A

π

(J + 1)
J

{
ap〈SA

p 〉 + an〈SA
n 〉
}2

(4)

=
µ2

A

µ2
p

4
3
J + 1
J

σSD(0)
{
〈SA

p 〉 cos θ + 〈SA
n 〉 sin θ

}2
. (5)

The dependence on effective χ-quark scalar Cq and axial Aq couplings and
on the spin ∆

(p,n)
q and the mass f (p,n)

q structure of nucleons enter into these
formulas via the zero-momentum-transfer proton and neutron SI and SD
cross sections (µ2

n = µ2
p is assumed):

σp
SI(0) = 4

µ2
p

π
c20, σp,n

SD (0) = 12
µ2

p,n

π
a2

p,n; (6)

c0 = cp,n
0 =

∑
q

Cqf
(p,n)
q , ap =

∑
q

Aq∆
(p)
q , an =

∑
q

Aq∆
(n)
q . (7)

The effective spin WIMP-nucleon cross section σSD(0) and the coupling mix-
ing angle θ [13, 14] were introduced in (5):

σSD(0) =
µ2

p

π

4
3

[
a2

p + a2
n

]
, tan θ =

an

ap
. (8)

The factors ∆(p,n)
q , which parametrize the quark spin content of the nucleon,

are defined as 2∆(n,p)
q sµ ≡ 〈p, s|ψ̄qγ

µγ5ψq|p, s〉(p,n). The 〈SA
p(n)〉 is the total

spin of protons (neutrons) averaged over all A nucleons of the nucleus (A,Z).
In the simplest case the SD and SI nuclear form-factors

F 2
SD,SI(q

2) =
SA

SD,SI(q
2)

SA
SD,SI(0)

(9)

have a Gaussian form (see, for example, [15]). The spin-dependent structure
function SA

SD(q) in terms of isoscalar a0 = an +ap and isovector a1 = ap −an

effective couplings has the form [11, 12]:

SA
SD(q) = a2

0S00(q) + a2
1S11(q) + a0a1S01(q) . (10)

2 One-Coupling Dominance Approach

One can see from (2)–(7) that the direct dark matter search experiments
supply us with only three different constants for the underlying SUSY theory
from non-observation of a DM signal (c0, ap and an, or σp

SI(0), σp
SD(0) and

σn
SD(0)), provided the DM particle is the lightest SUSY particle (LSP) neu-

tralino [16]. These constraints are traditionally presented in the form of sets
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Fig. 1. WIMP-nucleon cross section limits in pb for spin-independent (scalar)
interactions as a function of the WIMP mass in GeV. Shown are contour lines
for some of the present experimental limits (solid lines) and some of projected
experiments (dashed lines). All curves are obtained in the one-coupling dominance
approach with σSD = 0. For example, the closed DAMA/NaI contour corresponds
to complete neglection of SD WIMP-nucleon interaction. Only the open DAMA
contour is obtained in [13] with the assumption that σSD = 0.08 pb > 0. From [17].

of exclusion curves for the spin-independent (scalar) nucleon-WIMP (Fig. 1),
spin-dependent (axial) proton-WIMP (Fig. 2) and spin-dependent neutron-
WIMP cross sections (Fig. 3) as functions of the WIMP mass. From (4) one
can also see that contrary to the SI case (3) both proton 〈SA

p 〉 and neutron
〈SA

n 〉 spin contributions simultaneously enter into formula (4) for the SD
WIMP-nucleus cross section σA

SD(0). Nevertheless, for the most interesting
isotopes either 〈SA

p 〉 or 〈SA
n 〉 dominates (〈SA

n(p)〉 � 〈SA
p(n)〉) [17, 18].

In earlier considerations [3, 10, 15, 19, 20, 21] one reasonably assumed
that the nuclear spin was carried by the “odd” unpaired group of protons or
neutrons and only one of either 〈SA

n 〉 or 〈SA
p 〉 was non-zero. In this case all

possible non-zero-spin target nuclei can be classified into n-odd and p-odd
groups. Following this classification, the current experimental situation for
the spin-dependent WIMP-proton and WIMP-neutron cross sections are
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Fig. 2. Exclusion curves for the spin-dependent WIMP-proton cross sections (σp
SD

as a function of the WIMP mass). All curves, except the NAIAD and Tokio-LiF,
are obtained in the one-coupling dominance approach with σSI = 0 and σn

SD = 0.
DAMA/NaI-7a(f) contours for the WIMP-proton SD interaction in 127I are ob-
tained on the basis of the positive signature of annual modulation within the frame-
work of the mixed scalar-spin coupling approach [13, 14]. From [17].

naturally presented separately in Fig. 2 and Fig. 3. The DAMA/NaI-7 con-
tours for the WIMP-proton SD interaction (dominating in 127I) obtained on
the basis of the positive signature of the annual modulation (closed contour)
[13] and within the mixed coupling framework (open contour) [14] are also
presented in Fig. 2. Similarly, the DAMA/NaI-7 [13] contours for the WIMP-
neutron SD interaction (subdominant in 127I) are given in Fig. 3. One can
also expect some exclusion curves for the SD cross section from the CDMS
[22] and EDELWEISS [23] experiments with natural-germanium bolometric
detectors (due to a small Ge-73 admixture). The scatter plots for the SD
LSP-proton and LSP-neutron cross sections calculated in the effMSSM from
[17] are also given in Figs. 1–3.
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Fig. 3. Exclusion curves for the spin-dependent WIMP-neutron cross sections (σn
SD

versus the WIMP mass). DAMA/NaI-7a(f) contours for the WIMP-neutron SD
interaction (subdominating in 127I) are obtained from the relevant figures of [13, 14].
Note that the NAIAD curve here corresponds to the WIMP-neutron SD interaction
subdominant for 127I. The WIMP-proton SD interaction dominates for this nucleus.
The curve was obtained in the approach of [24]. It is much weaker in comparison
with the both DAMA/Xe and HDMS curves. From [17].

We would like to stress that the calculated scatter plots for σp
SD (Fig. 2)

are obtained without any assumption of σn
SD = 0 (and σp

SI = 0), but the
experimental exclusion curves for σp

SD were traditionally extracted from the
data with the spin-neutron (and scalar) contribution fully neglected, i.e. un-
der the assumption that σn

SD = 0 (and σp
SI = 0). This one-spin-coupling

dominance scheme (always used before new approaches were proposed in
[24] and in [13, 25, 26]) gave a bit too pessimistic exclusion curves, but al-
lowed direct comparison of sensitivities for different experiments. More strin-
gent constraints on σp

SD can be obtained [24, 13, 25, 26] by assuming both
σp

SD �= 0 and σn
SD �= 0 (although the contribution of the neutron spin is

usually very small because 〈SA
n 〉 � 〈SA

p 〉). Therefore a direct comparison of
the old-fashioned exclusion curves with the new ones could in principle be
misleading.
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The same conclusion on the one-coupling dominance approach to a great
extent concerns [13, 26] the direct comparison of the old SI exclusion curves
(obtained with zero SD contribution, σSD = 0) with the new SI exclusion
curves (obtained with non-zero SD contribution, σSD > 0) as well as with
the results of the SUSY calculations. One can see from Fig. 1 that the new-
type DAMA/NaI open contour (when σSD > 0) is in agreement with the
best exclusion curves of the CDMS and EDELWEISS as well as with SUSY
calculations. One knows that both these experiments have natural germanium
(almost pure spinless) as a target and therefore have no sensitivity to the spin-
dependent WIMP-nucleon couplings (for them σSD ≡ 0). Therefore, these
experiments exclude only the pure SI interpretation of the DAMA annual
modulation signal [22, 27, 28, 29, 30]. The statement that this DAMA result
is completely excluded by the results of these cryogenic experiments and is
inconsistent with the SUSY interpretation (see, for example, [31]) is simply
wrong (see also discussions in [28, 32]).

The event-by-event CDMS and EDELWEISS background discrimination
(via simultaneous charge and phonon signal measurements) is certainly very
important. Nevertheless the DAMA annual signal modulation is one of a
few available positive signatures of WIMP-nucleus interactions and the im-
portance of its observation goes far beyond a simple background reduction.
Therefore, to completely exclude the DAMA result, a new experiment, be-
ing indeed sensitive to the modulation signal, would have to exclude this
modulation signal on the basis of the same or much better statistics.

Furthermore, taking seriously the positive DAMA result together with the
negative results of the CDMS and EDELWEISS as well as the results of [33]
one can arrive at a conclusion about simultaneous existence and importance
of both SD and SI WIMP-nucleus interactions.

3 Mixed Spin-Scalar WIMP-Nucleon Couplings

More accurate calculations of spin nuclear structure (see a review in [18])
demonstrate that contrary to the simplified odd-group approach both 〈SA

p 〉
and 〈SA

n 〉 differ from zero, but nevertheless one of these spin quantities always
dominates (〈SA

p 〉 � 〈SA
n 〉, or 〈SA

n 〉 � 〈SA
p 〉). If together with the dominance

like 〈SA
p(n)〉 � 〈SA

n(p)〉 one would have WIMP-proton and WIMP-neutron
couplings of the same order of magnitude (not an(p) � ap(n)), the situation
could look like that in the odd-group model and one could safely (at the
current level of accuracy) neglect subdominant spin contribution in the data
analysis. Indeed, very large or very small ratios σp/σn ∼ ap/an would cor-
respond to the neutralinos which are extremely pure gauginos. In this case
Z-boson exchange in the SD interactions is absent and only sfermions make
contributions to the SD cross sections. This is a very particular case which
is also currently in disagreement with the experiments. We have checked the
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relation |an|/|ap| ≈ O(1) for large LSP masses in [34]. For relatively low LSP
masses mχ < 200 GeV in effMSSM [35, 36, 37, 38, 39, 40, 41] the an-to-ap

ratio is located within the bounds [17]:

0.5 <
∣∣∣∣an

ap

∣∣∣∣ < 0.8 . (11)

Therefore the couplings are almost the same and one can quite safely use the
clear “old” n-odd and p-odd group classification of non-zero-spin targets and
neglect, for example, the 〈SA

p 〉-spin contribution in the analysis of the DM
data for a nuclear target with 〈SA

p 〉 � 〈SA
n 〉. Furthermore, when one compares

in the same figure the exclusion curve for SD WIMP-proton coupling obtained
without the subdominant SD WIMP-neutron contribution (all curves in Fig. 2
except the NAIAD one [42] and the Tokyo-LiF one [43]) with the curve
from the approach of [24], when the subdominant contribution is included
(the NAIAD and Tokyo-LiF curves in Fig. 2), one “artificially” improves the
sensitivity of the latter curves (NAIAD or Tokyo-LiF) in comparison with
the former ones. For the sake of consistency and reliable comparisons, one
should coherently recalculate all previous curves in the new manner [13].

We note that it looks like the SI contribution is completely ignored in
the SIMPLE experiment [44, 45] and the DM search with NaF bolometers
[46]. Although 19F has the best properties for investigation of WIMP-nucleon
spin-dependent interactions (see, for example, [47]) it is not obvious that one
should completely ignore spin-independent WIMP coupling with fluorine. For

example, in the relation σA ∼ σA,p
SD

[
σA
SI

σA,p
SD

+
(

1 +
√

σA,n
SD

σA,p
SD

)2
]
, which follows

from (3)–(5), it is not a priori clear that σA
SI

σA,p
SD

� σA,n
SD

σA,p
SD

, i.e. the SI WIMP-
nucleus interaction is much weaker than the subdominant SD WIMP-nucleus
one. At least for isotopes with an atomic number A > 50 [1, 8] to neglect the
SI contribution would be a larger mistake than to neglect the subdominant SD
WIMP-neutron contribution, when the SD WIMP-proton interaction dom-
inates, at the current level of sensitivity of DM experiments [35, 48]. From
measurements with 73Ge one can extract, following [24], not only the dom-
inant constraint for the WIMP-nucleon coupling an (or σn

SD) but also the
constraint for the subdominant WIMP-proton coupling ap (or σp

SD). Never-
theless, the latter constraint will be much weaker in comparison with the
constraints from p-odd target nuclei, like 19F or 127I. This fact is illustrated
by the “weak” NAIAD (NaI, 2003) curve in Fig. 3, which corresponds to
the subdominant WIMP-neutron spin contribution extracted from the p-odd
nucleus 127I.

Therefore we would like to note that the “old” odd-group-based approach
to analysis of the SD data from experiments with heavy enough targets (for
example, Ge-73) is still quite suitable, especially when it is not obvious that
(both) spin couplings dominate over the scalar one.
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The approach of Bernabei et al. [13, 14] looks more appropriate for the
mixed spin-scalar coupling data presentation, and is based on introduction of
the effective SD nucleon cross section σSD(0) and the coupling mixing angle
θ (8) instead of σp

SD(0) and σn
SD(0). With these definitions the SD WIMP-

proton and WIMP-neutron cross sections have the form σp
SD = σSD · cos2 θ

and σn
SD = σSD · sin2 θ.

In Fig. 4 the WIMP-nucleon spin and scalar mixed couplings allowed by
the annual modulation signature from the 100-kg DAMA/NaI experiment are
shown inside the shaded regions. The regions from [13, 14] in the (ξσSI, ξσSD)
space for 40 GeV< mWIMP <110 GeV cover spin-scalar mixing coupling for
the proton (θ = 0 case of [13, 14], left panel) and spin-scalar mixing coupling
for the neutron (θ = π/2, right panel). From nuclear physics one has for
the proton spin dominated 23Na and 127I 〈Sn〉

〈Sp〉 < 0.1 and 〈Sn〉
〈Sp〉 < 0.02 ÷

0.23, respectively. For θ = 0 the DAMA WIMP-proton spin constraint is the
severest one due to the p-oddness of the I target (see Fig. 2).

In the right panel of Fig. 4 we present the exclusion curve (dashed line)
for the WIMP-neutron spin coupling from the odd-neutron isotope 129Xe
obtained under the mixed coupling assumptions [14] from the DAMA-LiXe
(1998) experiment [49, 50, 51]. For the DAMA NaI detector the θ = π/2
means no 〈Sp〉 contribution at all. Therefore, in this case DAMA gives the
subdominant 〈Sn〉 contribution alone, which could be compared further with
the dominant 〈Sn〉 contribution in 73Ge.

The scatter plots in Fig. 4 give σp
SI as a function of σp

SD (left panel)
and σn

SD (right panel) calculated in the effMSSM [17]. Filled circles (green)
correspond to the relic neutralino density 0.0 < Ωχh

2
0 < 1.0, squares (red)

correspond to the subdominant relic neutralino contribution 0.002 < Ωχh
2
0 <

0.1 and triangles (black) correspond to the WMAP density constraint 0.094 <
Ωχh

2
0 < 0.129 [52, 53].

The constraints on the SUSY parameter space within the mixed coupling
framework in Fig. 4 are in general much stronger in comparison with the
traditional approach based on the one-coupling dominance (Figs. 1, 2 and 3).

It follows from Fig. 4 that when the LSP is the subdominant DM particle
(squares in the figure), SD WIMP-proton and WIMP-neutron cross sections
at a level of 3÷5·10−3 pb are allowed, but the WMAP relic density constraint
(triangles) together with the DAMA restrictions leaves only σp,n

SD < 3·10−5 pb
without any visible reduction of allowed values for σp

SI. In general, according
to the DAMA restrictions, very small SI cross sections are completely ex-
cluded, only σp

SI > 3÷5 ·10−7 pb are allowed. As to the SD cross section, the
situation is not clear, because for the allowed values of the SI contribution
the SD DAMA sensitivity did not yet reach the calculated upper bound for
the SD LSP-proton cross section of 5 · 10−2 pb (for the current nucleon spin
structure from [54]).
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Fig. 4. The DAMA-NaI allowed region from the WIMP annual modulation signa-
ture in the (ξσSI, ξσSD) space for 40 < mWIMP < 110 GeV [13, 14]. The left panel
corresponds to the dominating (in 127I) SD WIMP-proton coupling alone (θ = 0)
and the right panel corresponds to the subdominating SD WIMP-neutron coupling
alone (θ = π/2). The scatter plots give correlations between σp

SI and σSD in the
effMSSM (ξ = 1 is assumed) for mχ < 200 GeV [17]. In the right panel the DAMA
liquid xenon exclusion curve from [14] is given (dashed line). From [17].
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4 The Mixed Couplings Case for High-Spin 73Ge

There are many measurements with p-odd nuclei and there is a lack of data
for n-odd nuclei, i.e. for σn

SD. From our point of view this lack of σn
SD mea-

surements can be filled with new data expected from the HDMS experiment
with the high-spin isotope 73Ge [55]. This isotope looks with a good accu-
racy like an almost pure n-odd group nucleus with 〈Sn〉  〈Sp〉 (Table 1).
The variation in 〈Sp〉 and 〈Sn〉 in the table reflects the level of inaccuracy
and complexity of the current nuclear structure calculations.

Table 1. All available calculations in different nuclear models for the zero-
momentum spin structure (and predicted magnetic moments µ) of the 73Ge nucleus.
The experimental value of the magnetic moment given in the brackets is used as
input in the calculations.

73Ge (G9/2) 〈Sp〉 〈Sn〉 µ (in µN )

ISPSM, Ellis–Flores [15, 56] 0 0.5 −1.913
OGM, Engel–Vogel [21] 0 0.23 (−0.879)exp

IBFM, Iachello at al. [57] and [11] −0.009 0.469 −1.785
IBFM (quenched), Iachello at al. [57] and [11] −0.005 0.245 (−0.879)exp

TFFS, Nikolaev–Klapdor-Kleingrothaus, [58] 0 0.34 —
SM (small), Ressell at al. [11] 0.005 0.496 −1.468
SM (large), Ressell at al. [11] 0.011 0.468 −1.239
SM (large, quenched), Ressell at al. [11] 0.009 0.372 (−0.879)exp

“Hybrid” SM, Dimitrov at al. [59] 0.030 0.378 −0.920

In the mixed spin-scalar coupling case the direct detection rate (1) in 73Ge
integrated over recoil energy from the threshold energy, ε, to the maximal
energy, ε, is a sum of the SD and SI contributions:

R(ε, ε)=α(ε, ε,mχ)σp
SI + β(ε, ε,mχ)σSD; (12)

α(ε, ε,mχ)=NT
ρχMA

2mχµ2
p

A2ASI(ε, ε),

β(ε, ε,mχ)=NT
ρχMA

2mχµ2
p

4
3
J + 1
J

(
〈SA

p 〉 cos θ + 〈SA
n 〉 sin θ

)2
ASD(ε, ε);

ASI,SD(ε, ε)=
〈v〉
〈v2〉

∫ ε

ε

dERF
2
SI,SD(ER)I(ER) . (13)

To estimate the event rate (12) one should know a number of quite uncer-
tain astrophysical and nuclear structure parameters as well as the precise
characteristics of the experimental setup (see, for example, the discussions in
[13, 60]).
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We neglect the subdominant contribution from the WIMP-proton spin
coupling proportional to 〈SA

p 〉 for 73Ge. We consider only a simple spherically
symmetric isothermal WIMP velocity distribution [20, 61] and do not go
into details of any possible and in principle important uncertainties (and/or
modulation effects) of the Galactic halo WIMP distribution [62, 63, 64, 65,
66, 67]. For simplicity we use the Gaussian scalar and spin nuclear form-
factors from [56, 68]. With formulas (12) we performed a simple estimation
of prospects for the DM search and SUSY constraints with the high-spin 73Ge
detector HDMS taking into account the available results from the DAMA-NaI
and LiXe experiments [13, 25, 26, 49, 50, 51].

The Heidelberg Dark Matter Search (HDMS) experiment uses a special
configuration of two Ge detectors to efficiently reduce the background [69].
From the first preliminary results of the HDMS experiment with the inner
HPGe crystal of enriched 73Ge [55] we can estimate the current background
event rate R(ε, ε) integrated here from the “threshold” energy ε = 15 keV to
the “maximal” energy ε = 50 keV. We obtain R(15, 50) ≈ 10 events/kg/day.
A substantial improvement of the background (up to an order of magni-
tude) is further expected for the setup in the Gran Sasso Underground Lab-
oratory. In Fig. 5 solid lines for the integrated rate R(15, 50) marked with
numbers 10, 1.0 and 0.1 (in events/kg/day) present our exclusion curves
for mWIMP = 70 GeV expected from the HDMS setup with 73Ge within the
framework of the mixed SD WIMP-neutron and SI WIMP-nucleon couplings.
Unfortunately, the current background index for HDMS is not yet optimized,
and the relevant exclusion curve (marked with 10 events/kg/day) has almost
the same strength to reduce σn

SD as the dashed curve from the DAMA exper-
iment with liquid Xe [14] obtained for mWIMP = 50 GeV (better sensitivity is
expected with HDMS formWIMP < 40 GeV). However, both experiments lead
to some sharper restriction for σn

SD than obtained by DAMA (see Fig. 5). An
order of magnitude improvement of the HDMS sensitivity (curve marked with
1.0) will supply us with the best exclusion curve for the SD WIMP-neutron
coupling, but this sensitivity is not yet enough to reach the calculated upper
bound for σn

SD. This sensitivity also could reduce the upper bound for the
SI WIMP-proton coupling σp

SI to a level of 10−5 pb. Nevertheless, only an
additional about-one-order-of-magnitude HDMS sensitivity improvement is
needed to obtain decisive constraints on σp

SI as well as on σn
SD. In this case

only quite narrow bounds for these cross sections will be allowed (below the
curve marked by 0.1 and above the lower bound of the DAMA-NaI mixed
region).

5 Conclusion

In this paper we argue that potentially misleading discrepancies between
the results of different dark matter search experiments (for example, DAMA
vs CDMS and EDELWEISS) as well as between the data and the SUSY
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Fig. 5. Solid lines (marked with numbers of R(15, 50) in events/kg/day) show
the sensitivities of the HDMS setup with 73Ge within the framework of mixed
SD WIMP-neutron and SI WIMP-nucleon couplings. The DAMA-NaI region for
the subdominant SD WIMP-neutron coupling (θ = π/2) is from Fig. 4. Scatter
plots give correlations between σp

SI and σn
SD in the effMSSM for mχ < 200GeV

[17]. Squares (red) correspond to the subdominant relic neutralino contribution
0.002 < Ωχh2

0 < 0.1 and triangles (black) correspond to the WMAP relic neutralino
density 0.094 < Ωχh2

0 < 0.129. The dashed line from [14] shows the DAMA-LiXe
(1998) exclusion curve for mWIMP = 50 GeV. From [17].

calculations can be avoided by using the mixed spin-scalar coupling approach,
where the spin-independent and spin-dependent WIMP-nucleon couplings
are a priori considered to be both non-zero. There is generally some possible
incorrectness in the direct comparison of the exclusion curves for the WIMP-
proton(neutron) spin-dependent cross section obtained with and without the
non-zero WIMP-neutron(proton) spin-dependent contribution.

On the other hand, nuclear spin structure calculations show that usually
one, WIMP-proton 〈SA

p 〉 or WIMP-neutron 〈SA
n 〉, nuclear spin dominates and

the WIMP-proton and WIMP-neutron effective couplings an and ap are of
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the same order of magnitude. Therefore at the current level of accuracy it
looks safe to neglect subdominant WIMP-nucleon contributions when one
analyses the data from non-zero-spin targets. The clear “old” odd-group-
based approach to the analysis of the SD data from experiments with heavy
enough targets (for example, Ge-73) is still quite suitable.

Furthermore the above-mentioned incorrectness concerns to a great extent
the direct comparison of spin-dependent exclusion curves obtained with and
without non-zero spin-independent contributions [13, 26]. Taking into account
both spin couplings ap and an but ignoring the scalar coupling c0, one can
easily arrive at a misleading conclusion especially for not very light target
nuclei when it is not obvious that (both) spin couplings dominate over the
scalar one.

To be consistent, one has to use a mixed spin-scalar coupling approach
as for the first time proposed by the DAMA collaboration [25, 13, 26]. We
applied the spin-scalar coupling approach to estimate future prospects of
the HDMS experiment with the neutron-odd group high-spin isotope 73Ge.
Although even at the present accuracy the odd-neutron nuclei 73Ge and 129Xe
lead to somewhat sharper restrictions for σn

SD than obtained by DAMA, we
found that the current accuracy of measurements with 73Ge (as well as with
129Xe and NaI) has not yet reached a level which allows us to obtain new
decisive constraints on the SUSY parameters.

This investigation was partly supported by the RFBR (Project 02-02-
04009).
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Summary. We 1 examine the cosmology and the astrophysical signals produced by
neutralino dark matter in the frame of an effective MSSM model without gaugino-
mass unification at a grand unification scale. As a consequence of the recent data
on precision cosmology, we can set an absolute lower bound of 6 GeV on the neu-
tralino mass. This limit changes to 25 GeV if the pseudoscalar higgs is heavier
than 180 GeV. The light neutralinos allowed in this class of supersymmetric models
provide quite sizeable direct detection rates. We show how they compare to the
direct detection esperimental sensitivites: the predicted rates are largely compati-
ble with the annual-modulation data of the DAMA Collaboration; the comparison
with the upper bounds of the CDMS and EDELWEISS Collaborations shows that
limits for neutralino masses below 25–30 GeV can be set for a standard isothermal
halo. As for the annihilation signals, we find that only low–energy antiprotons and
antideuterons are potentially able to set constraints on very low–mass neutralinos,
below 20–25GeV. The gamma–ray signal requires significantly steep profiles or sub-
stantial clumpiness in order to reach detectable levels. The up-going muon signal at
neutrino telescopes is largely below experimental sensitivities for the neutrino flux
coming from the Sun, while for the flux from the Earth an improvement of about
one order of magnitude in experimental sensitivities with a low energy threshold
can make accessible neutralino masses close to O, Si and Mg masses, for which
resonant capture is operative.

1 Supersymmetry and Gaugino Non–Universality

A typical assumption of supersymmetric models is the unification con-
dition for the three gaugino mass parameters M1,2,3 at the GUT scale:
M1 = M2 = M3. This hypothesis implies that at the electroweak scale
M1 
 0.5 M2. Under this unification condition the bound on the neutralino
mass is determined to be mχ

>∼ 50 GeV. This is derived from the experimen-
tal lower bound on the chargino mass (which theoretically depends on M2

but not on M1) determined at LEP2: mχ± >∼ 100 GeV. By allowing a de-
viation from gaugino–universality, the neutralino can be lighter than in the

1Report on the work done in collaboration with A. Bottino, F. Donato, S. Scopel.
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gaugino–universal models when M1 ≡ R M2, with R < 0.5. In this case
current data from accelerators do not set an absolute lower bound on mχ.

We consider here an extension of the MSSM which allows for a deviation
from gaugino–mass universality by the introduction of the parameter R, var-
ied here in the interval: (0.01÷ 0.5) [1, 2, 3, 4]. This range for R implies that
the accelerator lower bound on the neutralino mass can be moved down to
few GeV for R ∼ 0.01. The ensuing light neutralinos have a dominant bino
component; a deviation from a pure bino composition is mainly due to a
mixture of B̃ with H̃◦

1 [1, 2, 3]. Notice that our range of R includes also the
usual model with gaugino–mass universality.

In the following we will discuss both the cosmology and different kinds
of direct and indirect detection rates of the light relic neutralinos arising in
this class of supersymmetric models. For a more detailed analysis of all these
topics, as well as for a more thorough list of relevant references, see [1, 2, 3, 4].

2 Cosmology of Light Neutralinos

In the class of models we are considering here, the neutralino relic abundance
Ωχh

2 for very light neutralinos is dominated by two competing annihilation
diagrams [1, 2]: annihilation into a b̄b pair, proceeding through the exchange
of the pseudoscalar higgs A, and annihilation into a τ̄ τ pair, via stau ex-
change. The mixture of the dominant bino component with the subdominant,
but not negligible higgsino amplitude [1, 2, 3], provides sizable yukawa–type
interactions between neutralinos and higges: when the A boson is relatively
light this makes the annihilation cross section into b̄b the dominant channel.
The ensuing relic abundance is a decreasing function of the neutralino mass
and it is large for light neutralinos, largely in excess of the cosmological upper
bound on the cold dark matter (CDM) content of the Universe [1, 2]. The
recent data on the cosmic microwave background [5, 6, 7] and other astro-
physical determinations [8, 9] provide stringent limits on the cold dark matter
(CDM) content of the Universe: these limits [5] allow us to set an absolute
lower bound on the neutralino mass of 6 GeV [2], as shown in the top panel
of Fig. 1 [10]. When the A mass is large, the relic abundance is overall larger
and determined by the τ̄ τ pair annihilation: in this case, as shown in the
bottom panel of Fig. 1, a lower limit of about 25 GeV is obtained [2, 11, 12].

3 Searches for Relic Light Neutralinos

Relic neutralinos which act as CDM in the halo of our Galaxy can be searched
for by means of different techniques: direct searches rely on the possibility
to detect the recoil energy of nuclei in low–background detectors, which neu-
tralinos scatter off; indirect techniques look for self–annihilation products:
neutrinos, photons, antimatter.
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Fig. 1. Neutralino relic abundance Ωχh2 as a function of the neutralino mass mχ.
Top: The solid curve denotes the analtytical lower bound for the relic abundance
in the gaugino non–universal MSSM calculated for TQCD = 300 MeV, while the
dashed and dot-dashed curves refer to the representative values TQCD = 100 MeV,
TQCD = 500 MeV, respectively. The two horizontal lines denote two representative
values for the maximal amount of CDM in the Universe: ΩCDMh2 = 0.3 (short-
dashed line) and ΩCDMh2 = 0.131 (long-dashed line). The scatter plot is obtained
by a full scanning of the supersymmetric parameter space. Bottom: The solid curve
denotes the analtytical lower bound for the relic abundance in the gaugino non–
universal MSSM calculated when the pseudoscalar higgs is heavy. TQCD is set equal
to 300MeV. The scatter plot is obtained by a full scanning of the supersymmetric
parameter space with mA > 300 GeV.
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3.1 Direct Detection

The relevant quantity in direct detection is the neutralino–nucleon scattering
cross section σ(nucleon)

scalar , multiplied by the factor ξ which defines the fractional
amount of neutralinos as dark matter components of the galactic halo. As
usual, the fraction ξ is defined in terms of the calculated neutralino relic
abundance as: ξ = min[1, Ωχh

2/(Ωχh
2)min], where (Ωχh

2)min defines the
minimal value of the neutralino relic abundance below which we cannot accept
that all the galactic DM is made of neutralinos: we have set (Ωχh

2)min =
0.095 [1, 3].

When neutralinos are light, with a mass close to their lower limit estab-
lished in the previous Section, also the higgs masses are light [1, 3]: in this
case not only the relic abundance, but also the scattering cross section is
dominated by higgs exchange (in this case, by the light scalar higgs h). The
consequence is that σ(nucleon)

scalar is sizeable, with peculiar properties [1, 3] which
constrain the values of σ(nucleon)

scalar to lie in a very narrow range [1, 3]: the up-
per bound on σ

(nucleon)
scalar is set by the experimental lower limit on the higgs

mass; the lower limit is a consequence of the upper bound on the neutralino
relic abundance, which is strongly correlated to σ

(nucleon)
scalar in this class on

gaugino non–universal models [1, 3]. We see in the top panel of Fig. 2 that
the predicted rates are largely compatible with the annual-modulation data
of the DAMA Collaboration [13], which takes into account a very large set
of possible halo shapes [14]. The comparison with the upper bounds of the
CDMS [15] and EDELWEISS [16] Collaborations, which are reported only for
an isothermal halo with a local DM density of 0.3 GeV cm−3, shows that in
this case limits for neutralino masses below 25–30 GeV can be set: for more
general halos, the limits imposed by these experiments may change signif-
icantly. For instance, while CDMS would allow to impose a lower limit of
about 25 GeV on the neutralino mass in the case of the standard isothermal
halo, when the uncertainty on the values of the local density is considered
[14], only a fraction of the supersymmetric configurations at low neutralino
masses are excluded and no lower limit on mχ is determined. In any case,
direct detection is a very sensitive probe for the light neutralinos of gaug-
ino non–universal supersymmetric models, the most sensitive together with
antiprotons and antideuterons searches discussed in the next Section.

3.2 Indirect Detection at Neutrino Telescopes

Indirect evidence for WIMPs in our halo may be obtained at neutrino tele-
scopes by measurements of the upgoing muons, which would be generated
by neutrinos produced by pair annihilation of neutralinos captured and ac-
cumulated inside the Earth and the Sun [4]. The top panel of Fig. 3 shows
the expected upgoing muon flux for muon energies above 1 GeV, compared
to present experimental upper bounds. For mχ

<∼ 40 GeV the signal from the
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Fig. 2. Scatter plot of ξσ
(nucleon)
scalar versus mχ. Crosses (red) and dots (blue) denote

neutralino configurations with 0.095 ≤ Ωχh2 ≤ 0.131 and Ωχh2 < 0.095, respec-
tively. Top: The curves delimit the DAMA region where the likelihood-function
values are distant more than 4σ from the null (absence of modulation) hypothesis
[13]; this region is the union of the regions obtained by varying the WIMP DF
over the set considered in [14]. Bottom: The solid and the dashed lines are the
experimental upper bounds given by the CDMS [15] and the EDELWEISS [16] Col-
laborations, respectively, under the hypothesis that galactic WIMPs are distributed
as a cored isothermal sphere with a standard set of astrophysical parameters.
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Fig. 3. Scatter plot of the flux of upgoing muons as a function of the neu-
tralino mass. Crosses (red) and dots (blue) denote neutralino configurations with
0.095 ≤ Ωχh2 ≤ 0.131 and Ωχh2 < 0.095, respectively. Top: Signal from the
Earth; the solid, dashed and dotted lines denote the experimental upper limits
from SuperKamiokande [17], MACRO [18] and AMANDA [19], respectively. Bot-
tom: Signal from the Sun; the solid, dashed, dot-dashed and dotted lines denote
the experimental upper limits from SuperKamiokande [17], MACRO [18], Baksan
[20] and AMANDA [19], respectively.
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Fig. 4. Scatter plot of the gamma–ray flux from the galactic center inside the
angular region |∆l| ≤ 5◦, |∆b| ≤ 2◦ for a NFW matter density profile. Crosses (red)
and dots (blue) denote neutralino configurations with 0.095 ≤ Ωχh2 ≤ 0.131 and
Ωχh2 < 0.095, respectively. Top: Flux calculated at Eγ = 0.12 GeV; the horizontal
line shows the gamma–ray flux measured by EGRET [21], assumed to be compatible
with the estimated background [21]. Bottom: Flux calculated at Eγ = 1.5 GeV;
the solid horizontal line shows the gamma–ray flux measured by EGRET [21], the
dashed line is an estimate of the gamma–ray background [21].
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Fig. 5. Gamma–ray spectra Φγ(Eγ), multiplied by E2
γ , from the galactic center

inside the angular region |∆l| ≤ 5◦, |∆b| ≤ 2◦, as functions of the photon energy.
left: The dotted line is the spectrum for a neutralino with mass mχ = 30 GeV,
calculated for a density profile with a factor 30 of enhancement with respect to the
NFW case; the dashed line is the gamma ray background calculated in [21], reduced
by 10%; the solid line is the total flux, sum of the supersymmetric signal and the
background; the experimental points are the EGRET data [21]. right: The same,
for mχ = 40 GeV and for a density profile with a factor 32 of enhancement with
respect to the NFW case. The numbers quoted in the legend inside parentheses
denote the values of the neutralino annihilation branching ratios into b̄b and τ̄ τ .

Earth presents several peaks due to neutralino resonant capture on Oxygen,
Silicon and Magnesium. Apart from the resonances, the predicted flux of light
neutralinos is always very small and difficult to be accessed by experimentally
[4]. In the bottom panel of Fig. 3 we show the up-going muon flux expected
from the Sun. Also in this case the signal level turns out to be suppressed
for mχ

<∼ 50 GeV [4] as compared to what is obtained at higher masses. We
conclude that investigations of light neutralinos by up-going muons from the
Sun do not provide favourable prospects.

3.3 Gamma Rays in Space

The flux of gamma–rays produced by neutralino self–annihilation inside the
galactic halo is potentially a promising tool of investigation. In Fig. 4 we
show the signal from the galactic center for two different photon energies in
the range of EGRET data and for a NFW [22] density profile with a core
radius of 0.01 pc. The angular field of view has been chosen to match the
EGRET resolution [21]. We clearly see that the small mass range is the most
favourable sector of the supersymmetric model for this kind of signal (as is
for all the signals which come from neutralino annihilation in the Galaxy).

Nevertheless, the predicted signal is at least one order of magnitude
smaller than the detected flux [4]. In the case of steeper dark matter density
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Fig. 6. Scatter plot of the antiproton flux at kinetic energy Tp̄ = 0.23 GeV as
a function of the neutralino mass. A spherical isothermal dark matter density
profile has been used. The solar modulation is calculated at the phase of solar
minimum. Crosses (red) and dots (blue) denote neutralino configurations with
0.095 ≤ Ωχh2 ≤ 0.131 and Ωχh2 < 0.095, respectively. The shaded region denotes
the amount of primary antiprotons which can be accommodated at Tp̄ = 0.23 GeV
without entering in conflict with the experimental BESS data [26, 27] and secondary
antiproton calculations [28]. left: The best–fit set of the astrophysical parameters
which govern cosmic ray propagation is used. right: The astrophysical parameters
which provide the most conservative antiproton fluxes are used.
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Fig. 7. Scatter plot of the antideuteron flux at kinetic energy Tp̄ = 0.23 GeV/n as a
function of the neutralino mass. A spherical isothermal dark matter density profile
has been used. The solar modulation is calculated at the phase of solar minimum.
Crosses (red) and dots (blue) denote neutralino configurations with 0.095 ≤ Ωχh2 ≤
0.131 and Ωχh2 < 0.095, respectively. The shaded region denotes the estimated
sensitivity [24] to low–energy antideuterons for the AMS experiment [29] on borad of
the International Space Station. The hatched region shows the estimated sensitivity
for the proposed GAPS antideuteron experiment [30].

profiles, like in the case of the Moore et al. shape [23], gamma–ray stud-
ies could access the signal produced by neutralinos in the mass range below
10–20 GeV [4]. For cored isothermal halos, the predicted fluex are one order
of magnitude smaller the the ones shown in Fig. 4 [4]. Fig. 5 shows that
the EGRET excess [21] observed in the energy range above 1 GeV could be
explained by light neutralinos in the 30–40 GeV mass range with a DM over-
density factor of about 30 with respect to a NFW profile [4].

3.4 Antimatter in Space: Antiprotons and Antideuterons

Annihilation of neutralinos in the galactic halo may lead also to the produc-
tion of antiprotons and antideuterons [24] (as well as positrons, which are
not considered here). Once antiprotons or antideuterons are produces, they
undergo diffusion and energy losses inside the galactic halo before reaching
the Earth [25]. For these reason, this kind of signals are less sensitive to
the actual dark matter density profile, since they do not significantly probe
the central parts of the galactic halo, where the various halo shapes mostly



608 N. Fornengo

differ. However, uncertainties in the modelling of propagation and diffusion
instroduce large uncertainties. This has been thoroughly analyzed for the
antiproton signal in [25].

These uncertainties somehow limit the capabilities of the antiproton signal
[25], as it can be seen in Fig. 6. However, especially for neutralinos lighter
than 20 GeV, antiprotons represent a potentially relevant probe.

Very promising is the antideuteron signal [24], shown in Fig. 7. The
full neutralino mass range below 40 GeV could be probed by antideuttron
searches in space.

References

1. A. Bottino, N. Fornengo, S. Scopel, Phys. Rev. D 67, 063519 (2003).
2. A. Bottino, F. Donato, N. Fornengo, S. Scopel, Phys. Rev. D 68, 043506 (2003).
3. A. Bottino, F. Donato, N.Fornengo, S. Scopel, Phys. Rev. D 69, 037302 (2003).
4. A. Bottino, F. Donato, N.Fornengo, S. Scopel, Phys.Rev. D 70, 015005 (2004).
5. D.N. Spergel et al. (WMAP), Astrophys.J.Suppl. 148, 175 (2003).
6. T.J. Pearson et al. (CBI), Astrophys. J. 591, 556 (2003)
7. C.L. Kuo et al. (ACBAR), Astrophys. J. 600, 32 (2004).
8. W.J. Percival et al., MNRAS 327, 1297 (2001).
9. R.A.C. Croft et al., ApJ 581, 20 (2002); N.Y. Gnedin and A.J.S. Hamilton,

MNRAS 334, 107 (2002).
10. For older determinations, see: K. Griest and L. Roszkowski, Phys. Rev. D 46,

3309 (1992); A. Gabutti, M. Olechowski, S. Cooper, S. Pokorski and L. Stodol-
sky, Astrop. Phys. 6, 1 (1996); V. A. Bednyakov, H. V. Klapdor–Kleingrothaus
and S. G. Kovalenko, Phys.Rev. D 55, 503 (1997).

11. G. Bélanger, F. Boudjema, A. Pukhov and S. Rosier–Lees, Proceedings of
SUSY02, Hamburg, Germany, June 17–23, 2002 [hep-ph/0212227].

12. D. Hooper and T. Plehn, Phys. Lett. B562, 18 (2003).
13. R. Bernabei et al., Riv. N. Cim. 26 n. 1 (2003) 1.
14. P. Belli, R. Cerulli, N. Fornengo and S. Scopel, Phys. Rev. D 66, 043503 (2002).
15. D.S. Akerib et al., Phys. Rev. Lett. 93 (2004) 211301.
16. A. Benoit et al., Phys. Lett. B 545, 43 (2002).
17. A. Habig [Super-Kamiokande Collaboration], Proceedings of the 27th Inter-

national Cosmic Ray Conferences (ICRC 2001), Hamburg, Germany, August
7–15, 2001 [hep-ex/0106024].

18. M. Ambrosio et al. [MACRO Collaboration], Phys. Rev. D 60, 082002 (1999).
19. X. Bai et al. [AMANDA Collaboration], Proceedings of the 28th International

Cosmic Ray Conferences (ICRC 2003), Tsukuba, Japan, 31 Jul - 7 Aug 2003.
20. M.M. Boliev et al., Proceedings of the International Workshop on Aspects of

Dark Matter in Astrophysics and Particle Physics, Heidelberg, Germany, 16–20
Sep 1996.

21. S.D. Hunter et al., Astrophys. J. 481, 205 (1997).
22. J.F. Navarro, C.S. Frenk and S.D.M. White, Astrophys. J. 462, 563 (1996).
23. B. Moore et al., Mon. Not. Roy. Astron. Soc. 310, 1147 (1999).
24. F. Donato, N. Fornengo, and P. Salati, Phys. Rev. D 62, 043003 (2000).



Light Neutralino Dark Matter in Gaugino Non-Universal Models 609

25. F. Donato, N. Fornengo, D. Maurin, P. Salati, R. Taillet, Phys. Rev. D 69,
063501 (2003).

26. S. Orito, et al. (BESS Collaboration), Phys. Rev. Lett. 84, 1078 (2000).
27. T. Maeno, et al. (BESS Collaboration), Astropart. Phys. 16, 121 (2001).
28. F. Donato et al., Astrophys. J. 563, 172 (2001).
29. S. Ahlen et al., Nucl. Inst. Meth. A350, 351 (1994).
30. K. Mori et al. Ap. J. 566, 604 (2002).



How Can We Make Sure
We Detect Dark Matter?

Paolo Gondolo

Department of Physics, University of Utah, 115 S 1400 E Rm 201, Salt Lake City,
UT 84112-0830
paolo@physics.utah.edu

Summary. More and more claims of having detected WIMP dark matter are be-
ing put forward. Some are discussed here, stressing the importance of exploiting
distinctive signatures to ascertain their WIMP origin. The best signals for WIMP
discovery are characterized by special features that make them recognizable as due
to WIMPs and nothing else. Sometimes, however, a single feature, although ac-
countable for in theoretical models, may not be enough to make sure that we have
detected WIMPs. This is because the theory of WIMPs and their distribution in the
galaxy is still very uncertain, and allows for many possibilities. What are needed are
experimental verifications of the claimed signals, either by discovering unmistakable
features, or by detecting several kinds of signals that can all be explained by the
same WIMP model.

One of the most intriguing results to come out of recent cosmological
observations is that about 90% of the mass of the Universe is not made of
protons, neutrons, electrons, or any other known particle, but of something
unknown that does not shine. Discovering the composition of this so-called
non-baryonic dark matter is one of the big challenges of modern physics and
cosmology.

Proposals as to the nature of non-baryonic dark matter do not lack. Is
it made of axions (neutral particles suggested to explain the smallness of
CP violation in the strong interactions)? Or is it made of WIMPs (weakly
interacting massive particles that arise naturally in extensions of the Standard
Model of particle physics, such as supersymmetry)? Or is non-baryonic dark
matter made of something else, or a combination of all that?

Following the tradition of experimental science, the way to find out the
nature of non-baryonic dark matter is to detect its constituents, either di-
rectly by recording their collisions with a detector, or indirectly by observing
products of their reactions in planets, stars, or galaxies.

The last ten years have seen more and more claims of having detected dark
matter in the form of weakly interacting massive particles (WIMPs). Three
of these claims will be described below: (1) a distinctive signal variation in a
direct detection experiment, (2) high-energy gamma-rays from the center of
our Galaxy, and (3) an excessive flux of positrons in cosmic rays.
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However, explanations that do not invoke WIMPs exist for gamma-rays
and positrons, and other direct detection experiments have not observed any
signal from WIMPs (although straightforward comparisons are difficult).

So, has WIMP dark matter been detected? What is the real origin of
the detected signals? Or more proactively: how can we make sure we detect
WIMP dark matter?

This question has been asked repeatedly in the past, and several methods
have been proposed to distinguish a dark matter signal from an ordinary
one. In recent years, however, an excessive reliance on theory has interfered
with an open-minded but critical interpretation of the experimental results.
Current theories of WIMPs still leave a lot of possibilities as to their particle
properties (mass, couplings, etc.) and astrophysical characteristics (density
distribution, velocity distribution, etc.). Rather than theoretical arguments,
what are needed are experimental verifications of the claimed signals, either
by discovering unmistakable features which can only be explained by the
presence of WIMPs, or by detecting several kinds of WIMP signals that can
all be explained by the same theoretical model of WIMPs.

1 Non-Baryonic Cold Dark Matter

The existence of non-baryonic dark matter is supported by varied cosmo-
logical measurements. Of great relevance are the values of the matter and
energy densities of the Universe at the present time. These densities can be
determined by means of several cosmological data: the temperature fluctu-
ations in the cosmic microwave background (CMB), the distance-luminosity
relation for supernovas, the distribution of galaxies on large scales, the abun-
dance of light elements (primordial nucleosynthesis), etc. The density values
so obtained are compatible with all current astrophysical and cosmological
observations, from the internal motions of galaxies and galaxy clusters to
studies of weak gravitational lensing. Reference finds the following values
for the current matter and energy densities, Ωh2, in units of 1.879×10−29g/cm3

(i.e. 18.79 yg/m3 or 1.689 nJ/m3c2):

• a negligible density in relativistic particles (“radiation”; e.g., the CMB
photons contribute only Ωγh

2 = (2.467 ± 0.004) × 10−5);

• ΩΛh
2 = 0.36 ± 0.04 in a smoothly distributed component (dark energy);

• Ωmh
2 = 0.135+0.008

−0.009 in non-relativistic particles (“matter”), of which

– Ωbh
2 = 0.0224 ± 0.0009 in protons and neutrons (baryons),

– ΩHDMh
2 < 0.0076 (95% CL) in non-baryonic hot dark matter,

– ΩCDMh
2 = 0.113+0.008

−0.009 in non-baryonic cold dark matter.

It is the excess of total matter density (
 0.135) over baryonic matter density
(
 0.0224) that constitutes the evidence for non-baryonic dark matter.

[1]
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None of the known elementary particles can account for non-baryonic dark
cold matter. The obvious Standard Model candidates would be neutrinos, but
the measurements of the neutrino mass squared differences, ∆(m2) � 10−3

eV2, and the experimental upper bound of 3 eV on the mass of the neutrino
produced in tritium beta decay, impose that the masses of all three known
neutrinos are mν < 3 eV. Neutrinos so light constitute hot dark matter, and
have to be included in ΩHDMh

2 < 0.0076 (95% CL). Thus no known particle
is a candidate for non-baryonic cold dark matter.

Scores of hypothetical particles have been proposed as cold dark matter
candidates over the past several decades. They range from new particles in
well-founded extensions of the Standard Model, to possible particles inspired
by recent theoretical ideas. To the first category belong an extra heavy neu-
trino, the axion, and the lightest supersymmetric particle (the neutralino,
the gravitino, or the sneutrino). In the second category are particles like
WIMPZILLAs, solitons (B-balls and Q-balls), self-interacting dark matter,
string-inspired dark matter, Kaluza-Klein dark matter, etc.

2 Dark Matter WIMPs and Their Detection

A class of non-baryonic dark matter candidates is of interest here because of
several recent claims to their detection: weakly interacting massive particles,
or WIMPs. WIMPs are appealing because of a simple mechanism that can
produce the observed value of their cosmic density. Assume that in the early
Universe WIMPs were in thermal and chemical equilibrium with the rest of
the matter and radiation. As the Universe expanded and cooled down, the
chemical reactions coupling WIMPs to the rest of the world slowed down and
eventually stopped, leaving a constant number of WIMPs in a volume that
expands with the Universe. Numerically, the correct present-time density of
WIMPs is obtained for matter-WIMP couplings of the order of electroweak
couplings, and WIMP masses in the 1 GeV–100 TeV range. These charac-
teristics give these particles their name. Examples of WIMPs are a heavy
neutrino and the lightest neutralino. The latter arises in supersymmetric ex-
tension of the Standard Model, and is one of the most popular candidates for
non-baryonic dark matter.

Signals from dark matter WIMPs can be either direct or indirect. Direct
signals are due to collisions of dark matter WIMPs with nuclei in a detec-
tor. A very sensitive low-background detector records the amount of energy
deposited by WIMPs in collisions with nuclei, and in the future also the
direction of motion of the struck nucleus.

Indirect signals are due to the products of WIMP reactions in planets,
stars, or galaxies. The most common reaction is WIMP annihilation: WIMPs
can annihilate with anti-WIMPs, if present, or with themselves, if, like the
neutralino, they are their own anti-particle. Out of the products of WIMP
annihilation, neutrinos, positrons, anti-protons, and high-energy gamma-rays
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are those of most interest because they are rarely produced by usual as-
trophysical processes. WIMP annihilations occur at a detectable rate where
WIMPs are concentrated, as in the center of the Sun, the center of the Earth,
and the inner regions of galactic halos, ours in particular. Neutrino telescopes,
gamma-ray telescopes, and cosmic ray detectors are used to search for WIMPs
indirectly.

The next three sections discuss signals that can or have been attributed
to WIMPs, stressing the importance of exploiting distinctive signatures to
ascertain their WIMP origin.

3 The HEAT Positron Excess

In two separate balloon flights with different detectors, the HEAT collabora-
tion [2] has observed more cosmic ray positrons above ∼7 GeV than expected
in current models of cosmic ray propagation in our galaxy. In these models,
positrons arise as secondary particles in the interactions of primary cosmic
rays with interstellar matter. Modifications of these models could in princi-
ple account for the extra positrons (and similar extra photons observed in
EGRET [3]), but no proposed modification can yet reproduce all observable
cosmic ray data (see discussion in [4], e.g.). WIMP annihilation can also be
invoked to explain the extra positrons, as illustrated in Fig. 1.

Fig. 1. The HEAT positron excess can be interpreted as due to annihilation of
WIMPs, here a 238 GeV neutralino in the minimal supersymmetric standard model
(from [5]).
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Do the positron data distinguish between the suggested origins for the ex-
cess? Not by themselves, in that they lack a clear and unique signature that
they are due to WIMPs. The positron spectrum predicted by WIMP anni-
hilation lacks any discriminating feature, with the exception of a reduction
in flux and then a cut-off as the energy increases towards the WIMP mass.
Any such flux reduction can however be pushed beyond any foreseeable max-
imum detectable energy by simply raising the WIMP mass. In the absence of
a distinguishing feature from WIMPs, it is hard to draw conclusions on the
origin of the positron excess.

4 Gamma-Rays from the Galactic Center

In principle, gamma-rays from WIMP annihilation offer a characteristic sig-
nature in their spectrum: a gamma-ray line [6]. The line originates in the an-
nihilation of WIMPs into a pair of photons, each photon carrying an energy
equal to the WIMP mass, between 10 GeV and 100 TeV. No astrophysical
process is known to produce a gamma-ray line at these energies. This makes
the WIMP gamma-ray line an ideal signature for WIMPs.

Searches for the WIMP gamma-ray line are continuing, but no line has
been detected yet. The challenge is twofold: both a large number of photons
and a fine energy resolution are needed. Figure 2 shows that the space-born
gamma-ray telescope GLAST, scheduled for launch in 2006, is expected to
have such capabilities.

In the meantime, another source of gamma-rays from WIMPs has
been used to claim their detection: the gamma-ray continuum. These are
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Fig. 2. Simulation showing the GLAST capability of detecting a gamma-ray line
from WIMP annihilation (from [7]).
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gamma-rays generated in the decay of secondary products, such as pions,
produced by WIMP annihilation into quarks, W, or Z bosons. Contrary to
the gamma-ray line, continuum gammas from WIMPs lack a characteristic
feature, except for a flux reduction and cut-off near the WIMP mass. In this
respect, they are similar to cosmic ray positrons from WIMPs. Raising the
WIMP mass pushes the flux reduction beyond the observable energies.

The possibilities are limitless. For example, the early-2004 CANGAROO
report of high-energy gamma-rays from the Galactic Center [8] has been
interpreted as due to annihilations of ∼ 1 TeV WIMPs (see Fig. 3). The
CANGAROO data can also be explained by appropriate modeling of accre-
tion flows around the black hole at the Galactic Center [10]. The mid-2004
HESS observation of gamma-rays from the same region [11] has a very dif-
ferent spectrum from CANGAROO’s, but it can also be interpreted either
with appropriate (but different) accretion flows [10] or as due to WIMP
annihilation, this time with ∼ 20 TeV WIMPs (Fig. 4). If this mass seems
too high to supersymmetry aficionados, it may be amusing to see that even
minimal supergravity models allow for ∼ 10 TeV neutralinos compatible with
cosmological and astrophysical bounds and the HESS data (Fig. 5).

Fig. 3. WIMP annihilation can fit the CANGAROO gamma-ray data from the
Galactic Center (from [9]).
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The lack of an unmistakable WIMP signature in the gamma-ray contin-
uum makes it unsuitable as a primary indicator of the presence of WIMPs.
A gamma-ray line would be desirable.

5 The DAMA Annual Modulation

An excellent signature for WIMPs in direct detection has been known for
years: the annual modulation [14]. The Earth motion periodically changes
the relative speed of Earth and WIMPs, causing the WIMP flux on Earth,
and thus the WIMP detection rate, to vary in time and to repeat itself once
every year. The details of the annual pattern depend on the WIMP velocity
distribution. For example, the date of maximum rate is set by the most com-
mon arrival direction of the WIMPs, and happens in June for the canonical
halo model with Maxwellian velocity distribution, but may occur in Decem-
ber for Sikivie’s cold infall model (see [15]). Similarly, the amplitude of the
modulation depends on the halo model.

The DAMA collaboration has observed an annual modulation in their
sodium iodide data (Fig. 6) and has attributed it to WIMPs. No valid alter-
native explanation has been put forward yet, but no WIMP signal has been
observed in any other direct detection experiment either. However, compar-
ison of the various experimental results, which are obtained with different
targets, is marred by the need of uncertain theoretical assumptions about
the WIMP mass, interaction, and halo model. In fact, the expected event
rate depends on the product of the WIMP-nucleus cross section and the
WIMP flux on Earth. The cross section scales differently with the atomic
mass of the target nucleus according as the WIMP interacts with the nuclear
mass or the nuclear spin. The flux depends on the distribution of WIMP
velocities, which is probably more complicated than an arbitrarily-assumed
Maxwellian. Indeed, current hierarchical models of galaxy formation entail
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Fig. 6. The DAMA annual modulation (from [16]).
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halo substructure and streams of dark matter. (Further details on the direct
detection rate can be found in [17].)

Neglect of the theoretical assumptions involved has given rise to many
controversies. For example, the first DAMA analysis [18] was artificially re-
stricted to WIMPs heavier than 30 GeV, on the basis of some theoretical
prejudice on the nature of the WIMPs. Under the assumption of a spin-
independent cross section, the latest CDMS data [19] exclude the original
DAMA region (Fig. 7-top), but relaxing the artificial restriction on the WIMP
mass there remains the possibility of a (now admittedly narrow) region at
low WIMP masses (Fig. 7-bottom). The moral is: do not use theoretical prej-
udices when analyzing data.

Another example in which the theoretical assumptions play a subtle role
is the case of spin-dependent cross sections. For a canonical Maxwellian halo,
if WIMPs interact predominantly with neutrons, existing data exclude the
DAMA region, while if WIMPs interact predominantly with protons, the
DAMA region may still be allowed, but only under further assumptions. As
shown in Fig. 8, the most stringent limit on WIMP-proton spin-dependent
interactions comes from the absence of indirect neutrino signals from WIMP
annihilation in the Sun. This places an upper limit of ∼10 GeV on the WIMP
mass (and a further analysis of lower energy neutrinos may lower this limit
even further). However, there may be no anti-WIMPs in the Sun with which
the WIMPs can annihilate, and as a consequence there may be no neutrino
bounds on the spin-dependent WIMP-proton cross section. This would make
the DAMA region allowed up to WIMP masses of ∼100 GeV. Notice that the
neutralino, a fashionable candidate, is its own anti-particle, and thus for it the
neutrino bounds cannot be avoided; restricting attention to the neutralino is
however a theoretical prejudice.

In the face of all these difficulties of interpretation, other WIMP signatures
in direct detection would be helpful. Very promising are detectors that can
record not only the energy deposited by the WIMP but also the direction
of motion of the nucleus after the collision. One such detector, DRIFT, is
currently under construction [21]. It will be possible to use the recoil direction
of the nuclei to discriminate a WIMP signal from background, for instance
more WIMPs should come from the direction of motion of the Solar System
than from the opposite direction.

Another signature for WIMPs has been proposed in [22] in case a stream
of dark matter passes through the Solar System. Streams are common in sim-
ulations of galaxy formation, and have already been observed in our galaxy.
One of them in particular, the stream associated with the tidal disruption of
the Sagittarius dwarf galaxy, may pass by the Solar System. Streams through
the Solar System may even enlarge the possibilities for the DAMA region,
provided they come from roughly ahead of the Solar System motion (see
Fig. 9). The new signature proposed in [22] is a combined annual modulation
of the rate and of the highest energy that WIMPs in the stream can impart
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to a nucleus. This highest energy shows as a step-like feature in the nucleus
recoil spectrum, and the location of the step is predicted to vary in energy
with a period of one year (Fig. 10). No background spectrum is expected to
behave in this way.

With additional experimental signatures for WIMPs in direct detection
we may be able to understand the origin of a claimed signal.

6 How Can We Make Sure We Detect Dark Matter?

The best signals for WIMP discovery are characterized by special features
that make them recognizable as due to WIMPs and nothing else. For ex-
ample, gamma-rays from WIMP annihilation should show a gamma-ray line
in correspondence to the WIMP mass; high-energy (�GeV) neutrinos from



How Can We Make Sure We Detect Dark Matter? 621

Fig. 9. Dark matter streams enlarge the possibilities for the DAMA region
(from [23]).

Fig. 10. A new combined modulation of both rate and end-point energy may be a
powerful signature of WIMPs in a dark matter stream (from [22]).
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the Sun or the Earth cannot be produced by anything else but WIMPs; the
direct detection rate, and for WIMPs in a stream, the highest recoil energy,
should follow a modulation with a period of a year; etc. It is these features
one should look for in searching for dark matter WIMPs.

History has shown however (e.g. for the DAMA annual modulation) that
a single feature, although accountable for in theoretical models, may not be
enough to make sure that we have detected WIMPs. This is because the
theory of WIMPs and their distribution is still very uncertain, and allows
for many possibilities. What is needed is experimental confirmation from a
variety of detectors, and perhaps from different kinds of signals that can be
explained within the same WIMP model. Different kinds of signals will in
any case be needed to determine all the interesting WIMP properties, such
as mass, cross section, density, etc. Finally, to be really convinced, we will
probably have to produce WIMPs in the laboratory, perhaps with high energy
colliders.
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1 Introduction

In this work we explore a possibility to find new symmetries similar to the Lie
and Kac-Moody groups. This is done by analyzing the structure of Calabi–
Yau (CY) spaces [1, 2, 3]. These spaces are interesting because they are
connected to many branches of mathematics and are extensively used as
candidates for compactification of extra dimensions in physical models. For
example, the proof of the duality between the type IIA and IIB, and between
type IIA and heterotic E8 × E8 string theories is based on their different
compactifications on CY manifolds.

A CY space can be realized as an algebraic variety M in a weighted
projective space CPn−1(

−→
k ) where the weight vector reads

−→
k = (k1, . . . , kn).

This variety is defined by

M ≡ ({x1, . . . , xn} ∈ CPn−1(
−→
k ) : P(x1, . . . , xn) ≡

∑
−→m

c−→mx
−→m = 0) , (1)

i.e., the zero locus of a quasi–homogeneous polynomial of degree dk =∑n
i=1 ki, with the monomials being x−→m ≡ xm1

1 · · ·xmn
n . The points in CPn−1

satisfy the property of projective invariance {x1, . . . , xn} ≈
{
λk1x1, . . . , λ

knxn

}
leading to the constraint −→m ·−→k = dk. Another constraint for a CY candidate
is the condition of reflexivity of the vector

−→
k , which can be defined in terms

of the Batyrev reflexive polyhedra [4].
Let us consider this condition in more detail. We can construct the vector

−→m′ = −→m −−→
1 where −→m′ · −→k = 0. Then it is convenient to define the lattice

Λ =
{−→m′ ∈ Z

n : −→m′ · −→k = 0
}

(2)

with basis {ei}. The dual of this lattice, Λ∗, has the basis {e∗i } with the
orthonormality condition ei · e∗j = δij . We define a polyhedron ∆ as the
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convex hull of the lattice Λ and the polyhedron ∆∗ as the convex hull of the
dual lattice Λ∗. The reflexivity condition means that the polyhedron ∆ is
integer, its origin

−→
0 is the only interior point, and its dual ∆∗ is also integer

and contains only one interior point. In this case the vector
−→
k is considered to

be reflexive. Using this criteria of reflexive vectors Batyrev proved the Mirror
duality of CY3,4 spaces. Namely, for each CY, M, there exists a Mirror CY
partner, M∗. This symmetry helped to derive the duality between type IIA
and IIB string theories.

The correspondence between CY spaces and reflexive polyhedra led the
way for their classification. In particular, for the case CY2 = K3 the 4319
three–dimensional polyhedra were found in [5, 6]. Among them, 95 can be
described with a single reflexive vector. The algorithm, constructed in [5, 6],
gave 473 800 776 reflexive four dimensional polyhedra in the case of CY3

spaces. A subclass of this large number can be described by one reflexive
vector. Namely, 184 026 polyhedra belong to this subclass [5, 6] (see also [8,
9, 10, 11]).

Recently, an alternative to this classification was developed using some
properties of the theory of reflexive vectors. This new approach was named
“Universal Calabi–Yau Algebra” (UCYA)[8]. One of its main results is that
all reflexive vectors of dimension n can be obtained from the reflexive vectors
with lower dimension 1, . . . , n − 1. A remarkable feature of this approach
is that every reflexive vector of dimension n can be constructed from the
simplest reflexive vector

−→
k = (1). The key observation to realize this program

was to use the concept of the r–arity composition law (with r = 2, . . . , n) for
the subclass which can be described by a unique reflexive vector (in general
CY spaces this subclass corresponds to the so–called level one). Using this
composition law, it was shown how the level one CYn space can be obtained
from its slices of lower dimension r = 1, . . . n− 1, generating in this way the
so–called r–arity slice classification. For example, the 2–arity composition law
in K3 space gives us 90 out of the 95 reflexive vectors described above. These
90 vectors were classified in 22 chains where each of them has the same CY1

slice in K3 (four of the remaining reflexive weight vectors can be obtained
with the 3–arity and the last one with the 4–arity). In CY3 a similar 2–arity
classification produces 4242 chains having the same K3 slice of CY3 [8, 9].

To be more specific, the 22 chains in K3 are generated by taking the re-
flexive vectors (1), (1,1), (1,1,1), (1,1,2) and (1,2,3) and extending them to
dimension 4 by including additional zero components, i.e., (0,0,0,1), (0,0,1,1),
(0,1,1,1), (0,1,1,2), (0,1,2,3) and permutations of vector components. In
the 2–arity construction one should take all the possible pairs of two ex-
tended vectors and, out of them, select those “good pairs” which have a
reflexive polyhedron in the intersection of the corresponding slices. Then
we add these two vectors with integer coefficients. For example, from the
50 possible extended vectors we can take the pair

−→
k ext

a = (0, 1, 1, 1) and−→
k ext

b = (1, 0, 0, 0). Their intersection is defined as the solution of the two
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constraints −→m · −→k ext
a = dka

= 3 and −→m · −→k ext
b = dkb

= 1. These equations can
be also written as

Λ =
{−→m′ ∈ Z

4 : −→m′ · −→k ext
a = −→m′ · −→k ext

b = 0
}
, (3)

where −→m′ = −→m − −→
1 . The lattice of solutions for −→m′ corresponds to a two

dimensional reflexive polyhedron or CY1, and, therefore, according to UCYA,
the linear combination

ma
−→
k ext

a +mb
−→
k ext

b (4)

with ma ≤ dkb
and mb ≤ dka

of these two vectors forms the chain with the
eldest vector having unit coefficients ma = mb = 1. A simple example is the
combination of two vectors,

−→
k m with dimension m and

−→
k n with dimension

n, in the form (
−→
k m,

−→
0 n) + (

−→
0 m,

−→
k n) which is always an eldest reflexive

vector of dimension m+n. The three vectors (1,1,1,1), (2,1,1,1) and (3,1,1,1)
produce the same two dimensional reflexive slice. This slice divides the three
dimensional K3 polyhedron in two parts. On the left and right sides of the
slice the set of the points at the edges forms affine Dynkin diagrams. For ex-
ample, in the reflexive polyhedra corresponding to the vector (1,1,1,1) from
the (1,0,0,0) side we obtain the A(1)

11 –diagram and from the (0,1,1,1) side we
have the graph of E(1)

6 . The (2,1,1,1) and (3,1,1,1) members of this chain gen-
erate the same slice but they contain different Dynkin graphs. This property
is universal and is valid for all 22 chains. It is a generalization of the results of
Candelas and Font [12, 13, 14] who found a dictionary for the Dynkin graphs
of the Cartan–Lie algebra in the case of the Weierstrass slice using the type
IIA and heterotic E8 × E8 string duality. In the K3 case a correspondence
between extended reflexive vectors and Dynkin graphs was found [8, 9, 11],
for example,

(0, 0, 0, 1) → A(1)
r

(0, 0, 1, 1) → D(1)
r

(0, 1, 1, 1) → E(1)
6 (5)

(0, 1, 1, 2) → E(1)
7

(0, 1, 2, 3) → E(1)
8 .

Note that the maximal Coxeter label of the graphs at the right hand side
of this correspondence coincides with the degree of the reflexive vectors at
the left hand side. We shall discuss this point later. Our scheme offers the
possibility of constructing new graphs for CY spaces in any dimension. For
example, in K3 all 4242 graphs for the reflexive numbers of level one type
can be obtained following the above–mentioned approach [8]. Our analysis
will help classify the structure of these large CY spaces in terms of number
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theory and construct new so–called Berger graphs. These Berger graphs might
correspond to unknown symmetries lying beyond Cartan–Lie algebras [15].

The number of algebraic CYn varieties is very large and grows very rapidly
with the dimension n of the space. The same situation occurs with the number
of reflexive weight vectors. For example, the number of eldest reflexive vectors
of 2–arity is 1, 2, 22 and 4242 [8] for dimensions n = 2, 3, 4 and 5, respectively.
To obtain the last number 4242 for n = 5 using the arity construction we need
100 extended reflexive vectors (and all permutations of their components) (see
Table 1). From UCYA one can find the approximate upper–bounds of this
number for larger n: ∼ 3 1013, ∼ 5 1028, ∼ 1058, ∼ 10119, ∼ 10241, . . . An
important point is that all reflexive weight vectors can be considered as a
new type of numbers because in the framework of UCYA the arithmetic of
adding and subtracting is well defined. This opens a possibility to understand
the structure of CY spaces using number theory. In the “tree” classification
of CY spaces the trunk line of the reflexive weight numbers corresponds to
those with unit components, i.e., (1), (1,1), (1, 1, 1), . . . An interesting wider
subclass of the full tree of them is the so–called “simply–laced” numbers. A
simply–laced number

−→
k = (k1, · · · , kn) with degree d =

∑n
i=1 ki is defined

such that

d

ki
∈ Z

+ and d > ki . (6)

For these numbers there is a simple way of constructing the corresponding
affine Dynkin and Berger graphs together with their Coxeter labels. The Car-
tan and Berger matrices of these graphs are symmetric. In the well known
Cartan case they correspond to the ADE series of simply–laced algebras.
In dimensions n = 1, 2, 3 the numbers (1), (1, 1), (1, 1, 1), (1, 1, 2), (1, 2, 3) are
simply–laced. For n = 4 among all 95 numbers 14 are simply–laced, as is
shown in Table 1 [15, 16, 17]. The remaining 81 correspond to the non–
simply–laced case. Before constructing these graphs in the next section we
proceed to review the concept of reflexivity and relate it to techniques used
in the functional integral approach. This section will help us understand the
difference between simply and non–simply–laced numbers at a more funda-
mental level.

2 From Reflexive Numbers to
Quantum Field Theory Methods

In this section we reconsider the condition of reflexivity first proposed by
Batyrev [4]. We will do so in a new approach where the reflexive numbers are
studied starting from the simply–laced case to then continue to some non–
simply–laced cases. The properties of these reflexive numbers turn out to be
very interesting.
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Table 1. The 100 distinct types of five–dimensional extended projective vectors
used to construct CY3 spaces. The order of their permutation symmetry groups is
also shown. Including these permutations, the total number of extended vectors is
10 270. The simply–laced vectors (1+1+3+14=19) are highlighted with bold face.

ℵ k5ex
(i) G(Gal) ℵ k5ex

(i) G(Gal)

i (0, 0, 0, 0, 1)[1] 5 46 (0, 2, 3, 4, 7)[16] 120

ii (0, 0, 0, 1, 1)[2] 10 47 (0, 2, 3, 4, 9)[18] 120

iii (0, 0, 1, 1, 1)[3] 10 48 (0, 2, 3, 5, 5)[15] 60

iv (0, 0, 1, 1, 2)[4] 30 49 (0, 2, 3, 5, 7)[17] 120

v (0, 0, 1, 2, 3)[6] 60 50 (0, 2, 3, 5, 8)[18] 120

1 (0, 1, 1, 1, 1)[4] 5 51 (0, 2, 3, 5, 10)[20] 120

2 (0, 1, 1, 1, 2)[5] 20 52 (0, 2, 3, 7, 9)[21] 120

3 (0, 1, 1, 1, 3)[6] 20 53 (0, 2, 3, 7, 12)[24] 120

4 (0, 1, 1, 2, 2)[6] 30 54 (0, 2, 3, 8, 11)[24] 120

5 (0, 1, 1, 2, 3)[7] 60 55 (0, 2, 3, 4, 7)[16] 120

6 (0, 1, 1, 2, 4)[8] 60 56 (0, 2, 3, 10, 15)[30] 120

7 (0, 1, 1, 3, 4)[9] 60 57 (0, 2, 4, 5, 9)[20] 120

8 (0, 1, 1, 3, 5)[10] 60 58 (0, 2, 4, 5, 11)[22] 120

9 (0, 1, 1, 4, 6)[12] 60 59 (0, 2, 5, 6, 7)[20] 120

10 (0, 1, 2, 2, 3)[8] 60 60 (0, 2, 5, 6, 13[26] 120

11 (0, 1, 2, 2, 5)[10] 60 61 (0, 2, 5, 9, 11)[27] 120

12 (0, 1, 2, 3, 3)[9] 60 62 (0, 2, 5, 9, 16)[32] 120

13 (0, 1, 2, 3, 4)[10] 120 63 (0, 2, 5, 14, 21)[42] 120

14 (0, 1, 2, 3, 5)[11] 120 64 (0, 2, 6, 7, 15)[30] 120

15 (0, 1, 2, 3, 6)[12] 120 65 (0, 3, 3, 4, 5)[15] 60

16 (0, 1, 2, 4, 5)[12] 120 66 (0, 3, 4, 5, 6)[18] 120

17 (0, 1, 2, 4, 7)[14] 120 67 (0, 3, 4, 5, 7)[19] 120

18 (0, 1, 2, 5, 7)[15] 120 68 (0, 3, 4, 5, 8)[20] 120

19 (0, 1, 2, 5, 8)[16] 120 69 (0, 3, 4, 5, 12)[24] 120

20 (0, 1, 2, 6, 9)[18] 120 70 (0, 3, 4, 7, 10)[24] 120

21 (0, 1, 3, 4, 4)[12] 60 71 (0, 3, 4, 7, 14)[28] 120

22 (0, 1, 3, 4, 5)[13] 120 72 (0, 3, 4, 10, 13)[30] 120

23 (0, 1, 3, 4, 7)[15] 120 73 (0, 3, 4, 10, 17)[24] 120

24 (0, 1, 3, 4, 8)[16] 120 74 (0, 3, 4, 11, 18[36]) 120

25 (0, 1, 3, 5, 6)[15] 120 75 (0, 3, 4, 14, 21)[42] 120

26 (0, 1, 3, 5, 9)[18] 120 76 (0, 3, 5, 6, 7)[21] 120

27 (0, 1, 3, 7, 10)[21] 120 77 (0, 3, 5, 11, 14)[33] 120

28 (0, 1, 3, 7, 11)[22] 120 78 (0, 3, 5, 11, 19)[38] 120

29 (0, 1, 3, 8, 12)[24] 120 79 (0, 3, 5, 16, 24)[48] 120

30 (0, 1, 4, 5, 6)[16] 120 80 (0, 3, 6, 7, 8)[24] 120

31 (0, 1, 4, 5, 10)[20] 120 81 (0, 4, 5, 6, 9)[24] 120

32 (0, 1, 4, 6, 7)[18] 120 82 (0, 4, 5, 6, 15)[30] 120

33 (0, 1, 4, 6, 11)[22] 120 83 (0, 4, 5, 7, 9)[25] 120

34 (0, 1, 4, 9, 14)[28] 120 84 (0, 4, 5, 7, 16)[32] 120

35 (0, 1, 4, 10, 15)[30] 120 85 (0, 4, 5, 13, 22)[44] 120

36 (0, 1, 5, 7, 8)[21] 120 86 (0, 4, 5, 18, 27)[54] 120

37 (0, 1, 5, 7, 13)[26] 120 87 (0, 4, 6, 7, 11)[28] 120

38 (0, 1, 5, 12, 18)[36] 120 88 (0, 4, 6, 7, 17)[34] 120

39 (0, 1, 6, 8, 9)[24] 120 89 (0, 5, 6, 7, 9)[27] 120

40 (0, 1, 6, 8, 15)[30] 120 90 (0, 5, 6, 8, 11)[30] 120

41 (0, 1, 6, 14, 21)[42] 120 91 (0, 5, 6, 8, 19)[38] 120

42 (0, 2, 2, 3, 5)[12] 60 92 (0, 5, 6, 22, 33)[66] 120

43 (0, 2, 2, 3, 7)[14] 60 93 (0, 5, 7, 8, 20)[40] 120

44 (0, 2, 3, 3, 4)[12] 60 94 (0, 7, 8, 10, 25)[50] 120

45 (0, 2, 3, 4, 5)[14] 120 95 (0, 7, 8, 9, 12)[36] 120
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We concentrate on arithmetic properties of these numbers making use of
some methods common in the study of Feynman diagrams in Quantum Field
Theory.

2.1 Simply–Laced Numbers

Let us consider the simplest case with the monomial points {−→mi} satisfying
the equation

n∑
r=1

mr

sr
= 1 , (7)

where sr are integer numbers, and

n∑
r=1

1
sr

= 1 (8)

due to the reflexivity requirement. Geometrically sr is the value at which the
hyperplane crosses the axis r. The vectors (1/s1, 1/s2, . . . , 1/sn) satisfying
the above constraint are known as the “Egyptian fractions” [19].

It is helpful to generalize the last decomposition of 1 for a general rational
number x ≤ 1

n∑
r=1

1
sr

= x . (9)

We denote the number of such decompositions by Nn(x). It is convenient also
to arrange the ratios 1/sr as follows

1/sr+1 ≤ 1/sr , (10)

corresponding to sr+1 ≥ sr. In this case we can introduce the symbol
Nn(x, 1/s) for the number of decompositions of x in the sum of n unit ratios
1/sr satisfying the relations

sr ≥ s . (11)

It is possible to derive the following recurrent relation for Nn(x, 1/s):

Nn(x, 1/s) =
∞∑

s′=s

∞∑
t=1

Nn−t

(
x− t/s′, 1/(s′ + 1)

)
(12)

with the initial condition

N0(x, 1/s) = δx,0 , Nn(x, 1/s)
∣∣∣∣
n<0

= 0 . (13)



From New Geometry Towards a New Symmetry 629

For example,
N1(1/s, 1/s) = 1 (14)

and N1(x, 1/s) = 0 for other x.
It is now convenient to introduce the generating function for Nn(x, 1/s):

Fλ(y, 1/s) =
∞∑

n=0

∑
x

λn yx Nn(x, 1/s) =
∞∏

t=s

(
1 − λy1/t

)−1

. (15)

The above recurrence relation corresponds to the following equation for this
function

Fλ(y, 1/s) =
(
1 − λy1/s

)−1

Fλ(y, 1/(s+ 1)) . (16)

Note that Fλ(y, 1/s) contains a divergent product in t, but it does not lead
to any divergence for Nn(x, 1/s).

There are solutions of the above equations with all sr different. They
correspond to the polyhedron {−→mk} without any symmetry under the trans-
mutation of mk. An interesting example is the following decomposition of
unity

1 =
r−1∑
k=1

1
2k

+
r−1∑
k=0

1
2k(2r − 1)

. (17)

Provided that
Mr = 2r − 1 (18)

is a prime number Mr = 3, 7, 31, 127, . . . (which can only be for primes r =
2, 3, 5, 7, . . .), in the above decomposition 1 =

∑
k 1/sk the integers sk are all

divisors (except of 1) of the perfect number d

d = Mr(Mr + 1)/2 . (19)

In this case Mr are called “Mercenna numbers” and, according to Euclid and
Euler, all even perfect numbers, being the sum of all their divisors d/sk

d =
∑

k

d

sk
, (20)

can be expressed in terms of Mercenna numbers. Examples of such decom-
position are given here:

6 = 1 + 2 + 3 , 28 = 1 + 2 + 4 + 7 + 14 . (21)

In a similar way one can construct d different (n + 1)–dimensional poly-
hedrons for decompositions of other perfect numbers d = 28, 496, . . . in the
sum of their n divisors. If Mr is not a prime number not all of its divisors
enter in the decomposition of d. Note that there are not known odd perfect
numbers.

In the next section we estimate the number of simply–laced solutions at
large n.
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2.2 Number of Simply–Laced Decompositions for n → ∞
Let us consider the generating function

F
(Λ)
λ (y) =

Λ∏
t=1

(1 − λ y1/t)−1 =
∞∑

n=0

λn
∑

x

yx Nn(x) (22)

for the number Nn(x) of decompositions of the rational number x > 0 to the
sum of n unit ratios 1/sr (sr is an integer number):

x =
n∑

r=1

1
sr
. (23)

The large integer number Λ is introduced to regularize the product at large
values of t. In this case the equation z = F

(Λ)
λ (y) defines a Riemann surface

with a finite genus. The quantity Nn(x) does not depend on Λ when its value
is sufficiently large (depending on x and n).

We have the inverse relation

Φn(y) =
∑

x

yx Nn(x) =
1

2πi

∫
L

d λ

λn+1
F

(Λ)
λ (y) , (24)

where the integral is taken in an anti–clock–wise direction along a small closed
contour L drawn around the point λ = 0.

To express Nn(x) in terms of Fλ(y) we should perform the additional
integration

Nn(x) =
1

2πim

∫
lm

d y

y1+x
Φn(y) . (25)

Here the closed contour of integration lm goes m–times around the point
y = 0 moving through other sheets of the Riemann surface z = y−x Φn(y).
The integer number m is chosen from the condition that the point y = 0 on
the surface becomes regular in the new coordinate u = y1/m.

It is possible to calculate the number of decompositions of unity Nn(1)
for several values of n (see [19])

N1(1) = 1 , N2(1) = 1 , N3(1) = 3 , N4(1) = 14 , N5(1) = 147 ,

N6(1) = 3462 , N7(1) = 294314 , N8(1) = 159330691 . (26)

Let us calculate the asymptotic behavior of Φn(y) using the saddle point
method. For this purpose we present the generating function in the form

lnF (Λ)
λ (y) = lnF (Λ)

λ (1) +∆ lnF (Λ)
λ (y) , (27)

where
lnF (Λ)

λ (1) = −Λ ln(1 − λ) (28)
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and

∆ lnF (Λ)
λ (y) =

λ

1 − λ
ln y

n∑
t=1

1
t

+ fλ(y) . (29)

Here

fλ(y) =
∞∑

t=1

(
ln

1 − λ

1 − λ y1/t
− 1
t

λ

1 − λ
ln y

)
. (30)

In the last expression for fλ(y) we pushed Λ to infinity, because the sum over
t is convergent.

Now we apply the saddle point method to the calculation of the integral
over λ, considering the extremum of the function

J (Λ)
n (λ) = lnF (Λ)

λ (1) − n lnλ = Λ ln
1

1 − λ
− n lnλ . (31)

From the stationarity condition δJ
(Λ)
n (λ) = 0 one can find the saddle

point
λ̃ =

n

n+ Λ
(32)

and therefore with a quadratic accuracy in δλ = λ − λ̃ we obtain for this
function

J (Λ)
n (λ) = Λ ln

n+ Λ

Λ
+ n ln

n+ Λ

n
+

(δλ)2

2
(n+ Λ)3

nΛ
+ . . . . (33)

It is obvious that the contour of integration over δλ goes through the
saddle point in a correct direction parallel to the imaginary axis. Thus, we
obtain for Φn(y) the following expression at large n after calculating the
Gaussian integral over δλ

Φn(y) =
(
n+ Λ

Λ

)Λ(
n+ Λ

n

)n
√

Λ

2π n (n+ Λ)
e∆ ln F

(Λ)
λ̃

(y) . (34)

We substituted λ by its saddle point value λ̃ in the slowly changing function
∆ lnF (Λ)

λ (y).
Let us consider now the most interesting case, when λ̃ is a small number

λ̃ << 1 . (35)

In this limit fλ̃(y) = 0 and the result is significantly simplified

Φn(y) =
(
n+ Λ

Λ

)Λ(
n+ Λ

n

)n
√

Λ

2π n (n+ Λ)
yx , (36)

where
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x =
λ̃

1 − λ̃

Λ∑
t=1

1
t
. (37)

Because
Λ∑

t=1

1
t
≈ lnΛ− Ψ(1) +

1
2Λ

+ . . . ,

where γ = −Ψ(1) is the Euler constant, we obtain that Nn(x) has a maximum

Nn(xm) ≈ (n+ Λ)n

n!
(38)

at

xm =
n

Λ

(
lnΛ− Ψ(1) +

1
2Λ

)
. (39)

For larger x the above saddle point method should be modified.
It turns out that when going beyond the dimension n = 3 not all of

the reflexive weight numbers are simply–laced. A large number of them has
a different structure in the sense that some of their components kr are not
divisors of the degree d. These are what we called non–simply–laced numbers.
The simplest case is when each component kr can be converted in a divisor of
the difference of the degree d and another component kr′ . The next subsection
is devoted to the study of this class of numbers called “quasi–simply–laced”.

2.3 Classification of Quasi–Simply–Laced Numbers

Quasi–simply–laced numbers are important generalizations of the simply–
laced ones. For example, in dimension n = 4 all 95 polyhedra with a single
reflexive vector belong to this class (among them 14 are obtained from the
simply–laced numbers). A simple example is the vector

−→
k = (1, 2, 3, 5)[11],

corresponding to the following decomposition of unity in the sum of ratios li

1 =
1
11

+
2
11

+
3
11

+
5
11

.

For this vector dk = 11 and dk/k1 = 11, (dk − k1)/k2 = 5, (dk − k2)/k3 = 3
and (dk − k1)/k4 = 2.

Hence we can generalize the above ansatz for the diagonal matrix Mij ,
assuming that the vector

−→
l satisfies the set of equations

sili + li′ = 1 (40)

for i = 1, 2, . . . , n and i′ = i′(i) is also one of these numbers. Here si are
positive integer parameters which will be later chosen from the condition
that the vector

−→
1 belongs to the slice of −→m:
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n∑
i=1

li = 1 (41)

and this point in the slice is inner following the property of reflexivity. In this
section we will classify all sets of equations for quasi–simply–laced numbers
in such a way that the sets obtained by a transmutation of si are considered
as belonging to the same class.

For this purpose we introduce a diagrammatic representation where the
indices i and i′ in (40) are connected by a line with an arrow directed from i
to i′. For each different class of sets of equations there is only one “Feynman
diagram” related to the function i′(i) in (40). These Feynman diagrams can
be obtained from the “functional” integral Z(λ) with the “action” L

Z(λ) =
∫

d x dy

π
e−L , L = |z|2 − λ z∗ez , z = x+ iy (42)

by expanding it in the “coupling constant” λ:

Z(λ) =
∞∑

n=0

λn Zn , Zn =
∑

r

1
Gr

. (43)

Here r enumerates different Feynman diagrams in the nth-order of perturba-
tion theory (corresponding to different classes of sets of the equations shown
above) and Gr are the numbers of elements in the symmetry group of trans-
mutations of indices i for the corresponding diagram. In agreement with (40)
these diagrams contain all possible vertices Vr (r = 0, 1, 2, . . .) in which r
particles are absorbed (corresponding to the field z) and only one particle is
emitted (corresponding to the field z∗).

Using the above expression for Z(λ) we obtain

Zn =
∫

d x dy

π
e−|z|2 z

∗n

n!
e nz . (44)

Therefore for the number of diagrams of order n weighted with the symmetry
factors 1/Gr we obtain

Zn =
∑

r

1
Gr

=
nn

n!
. (45)

It is natural to expect that at large n the saddle point configuration for
the Feynman diagrams corresponds to an almost constant averaged symmetry
factor 1

G(n)
for a subgroup of the permutation group

1
G(n)

=
∑

r 1/Gr∑
r1

. (46)

In this case the number of different classes of solutions grows not very rapidly
at large n
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Fig. 1. Diagrams for n = 2.

∑
r

1 ≈ G(n)
en

√
2πn

(47)

in comparison with the total number of Calabi—Yau spaces. Let us consider
the Feynman diagrams for n = 2, 3, 4, 5, . . .. For n = 2 there is one discon-
nected and two connected diagrams (see Fig. 1, where the symmetry weights
Gr are also indicated).

The corresponding sets of equations are

a) s1 l1 + l1 = 1 , s2 l2 + l2 = 1 , (48)
b) s1 l1 + l1 = 1 , s2 l2 + l1 = 1 , (49)
c) s1 l1 + l2 = 1 , s2 l2 + l1 = 1 . (50)

One can verify in this case the fulfillment of the relation

Z2 =
1
2!

+ 1 +
1
2!

=
22

2!
= 2 .

For n = 3 we have 7 different Feynman diagrams and 7 different sets of
equations, respectively

1) s1 l1 + l1 = 1 , s2 l2 + l2 = 1 , s3 l3 + l3 = 1; G = 3!; (51)
2) s1 l1 + l1 = 1 , s2 l2 + l2 = 1 , s3 l3 + l2 = 1; G = 1; (52)
3) s1 l1 + l1 = 1 , s2 l2 + l1 = 1 , s3 l3 + l2 = 1; G = 1; (53)
4) s1 l1 + l1 = 1 , s2 l2 + l1 = 1 , s3 l3 + l1 = 1; G = 2!; (54)
5) s1 l1 + l1 = 1 , s2 l2 + l3 = 1 , s3 l3 + l2 = 1; G = 2!; (55)
6) s1 l1 + l3 = 1 , s2 l2 + l1 = 1 , s3 l3 + l2 = 1; G = 3; (56)
7) s1 l1 + l2 = 1 , s2 l2 + l3 = 1 , s3 l3 + l2 = 1; G = 1 . (57)

The number of diagrams with their symmetry factors is

Z3 =
1
6

+ 1 + 1 +
1
2!

+
1
2!

+
1
3

+ 1 =
33

3!
=

9
2
,

which agrees with the above relations.
For n = 4 there are 19 different Feynman diagrams and

Z4 =
44

4!
=

32
3
.
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For n = 5, 6 and 7 there are respectively 47, 130 and 342 different Feyn-
man diagrams with the corresponding values of Zn

Z5 =
55

5!
=

625
24

, Z6 =
66

6!
=

324
5

, Z7 =
77

7!
=

117649
720

.

It is possible to calculate the number of the corresponding diagrams for larger
values of n (see [20]). It turns out that the averaged symmetry G of the
Feynman diagrams grows approximately linearly from G = 1 for n = 1 up to
G(n) ≈ 10, 7 for n = 27.

Looking at these Feynman diagrams we can see how their connected parts
contain only one loop. In this way the quasi–classical approximation for the
“functional” integral should be exact:

Z(λ) =
∫

d x dy

π
e−L =

1
1 − z(λ)

, (58)

where z(λ) is the solution of the classical equation δL = 0:

z(λ) = λ ez(λ) . (59)

Solving this equation making use of perturbation theory we obtain

Z(λ) =
∞∑

n=0

λnn
n

n!
, (60)

corresponding to

z(λ) = 1 − 1
∞∑

n=0
λn

nn

n!

= λ+ λ2 +
3
2
λ3 + . . . . (61)

One can obtain a more detailed description of the Feynman diagrams in
terms of the number of vertices Vr with a different number r+1 of lines. For
this case we should consider the more general action

L = |z|2 − z∗
∞∑

r=0

gr
zr

r!
, (62)

where gr are the corresponding coupling constants. Here we have

Z =
∫

d x dy

π
e−L =

1
1 − a

, (63)

where a is the solution of the classical equation

a =
∞∑

r=1

gr
ar−1

(r − 1)!
(64)
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and the perturbative expansion for Z reads

Z =
∞∑

r0=0

gr0
0

r0!

∞∑
r1=0

gr1
1

r1!(1!)r1
. . .

∞∑
r∞=0

gr∞∞ (
∑∞

k=0 rk)!
r∞!(∞!)r∞

δ

( ∞∑
k=0

(k − 1)rk

)
.

(65)
The coefficient in front of the product of grk

k coincides with the number of
Feynman diagrams (with symmetry factors) having rk vertices with k+1 lines
for each k = 0, 1, 2, . . .. At large orders n =

∑∞
k=0 rk  1 of perturbation

theory there exists a saddle point

r̃k = n
e−1

k!
(66)

in the sums over rk.
The simply–laced numbers are a particular case of the reflexive numbers

and they can be found by the same method in higher dimensions. In [18]
we list all the 147 simply–laced numbers for n = 5 with their corresponding
dimensions d.

To find these 147 simply–laced numbers we can also use the recurrent rela-
tions in (12). Moreover, using these relations, also 3462 simply–laced numbers
for n = 6 were calculated. But here we want to discuss a different method to
generate these numbers in a recurrent way.

The generalization to a higher number of terms in the sum is trivial and
one can verify that indeed the simply–laced numbers for n = 5 written in
the form of the unit fractions can be obtained by this method from the
corresponding expansions for n = 2, 3, 4.

It is important to note that among all unit decompositions for each n
there is a decomposition with the maximal denominator corresponding to
the maximal dimension d(n) = max dk. This number satisfies the simple
recurrence relation

d(n+ 1) = d(n) (d(n) + 1) . (67)

It grows very rapidly

d(1) = 1 , d(2) = 2 , d(3) = 6 , d(4) = 42 , d(5) = 1806 . . . . (68)

Note that the numbers d(n) + 1 are not necessarily prime because 1807 =
13 · 139.

2.4 Quasi–Simply–Laced Reflexive Weight Vectors for n = 4

To find all possible weight vectors in the n = 4 case we firstly construct all
expansions of the form

d = k1 + k2 + k3 + k4 (69)

which fulfill the simply–laced condition
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d

k1
= s1 ,

d

k2
= s2 ,

d

k3
= s3 ,

d

k4
= s4 , (70)

with s1, s2, s3, s4 > 1 being integer numbers. For this purpose we use a
program based on the recurrent relation (12) for the number Nn(x, 1/s) of
decomposition of the rational number x > 0 in the ratios 1/sk.

To search for all possible quasi–simply–laced numbers it is helpful to ap-
ply the above classification of the classes of sets of equations. Let us consider
in the following the different cases where one, two, three or four numerators
of the above ratios are modified.

For one modified numerator there is only one possibility (from now si ∈
Z

+ and si > 1)

d

k1
= s1 ,

d− k1

k2
= s2 ,

d

k3
= s3 ,

d

k4
= s4 . (71)

For two modified numerators there are four classes

d

k1
= s1 ,

d− k1

k2
= s2 ,

d− k1

k3
= s3 ,

d

k4
= s4 , (72)

d

k1
= s1 ,

d− k1

k2
= s2 ,

d− k4

k3
= s3 ,

d

k4
= s4 , (73)

d

k1
= s1 ,

d− k1

k2
= s2 ,

d− k2

k3
= s3 ,

d

k4
= s4 , (74)

d

k1
= s1 ,

d− k3

k2
= s2 ,

d− k2

k3
= s3 ,

d

k4
= s4 . (75)

In the case of three modified numerators seven classes exist

d

k1
= s1 ,

d− k1

k2
= s2 ,

d− k1

k3
= s3 ,

d− k1

k4
= s4 , (76)

d

k1
= s1 ,

d− k3

k2
= s2 ,

d− k1

k3
= s3 ,

d− k1

k4
= s4 , (77)

d

k1
= s1 ,

d− k3

k2
= s2 ,

d− k2

k3
= s3 ,

d− k1

k4
= s4 , (78)

d

k1
= s1 ,

d− k3

k2
= s2 ,

d− k4

k3
= s3 ,

d− k1

k4
= s4 , (79)

d

k1
= s1 ,

d− k1

k2
= s2 ,

d− k2

k3
= s3 ,

d− k2

k4
= s4 , (80)

d

k1
= s1 ,

d− k3

k2
= s2 ,

d− k2

k3
= s3 ,

d− k2

k4
= s4 , (81)

d

k1
= s1 ,

d− k3

k2
= s2 ,

d− k4

k3
= s3 ,

d− k2

k4
= s4 . (82)
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And, finally, for four numerators six classes should be considered

d− k2

k1
= s1 ,

d− k1

k2
= s2 ,

d− k1

k3
= s3 ,

d− k1

k4
= s4 , (83)

d− k2

k1
= s1 ,

d− k3

k2
= s2 ,

d− k1

k3
= s3 ,

d− k1

k4
= s4 , (84)

d− k3

k1
= s1 ,

d− k3

k2
= s2 ,

d− k1

k3
= s3 ,

d− k1

k4
= s4 , (85)

d− k4

k1
= s1 ,

d− k3

k2
= s2 ,

d− k1

k3
= s3 ,

d− k1

k4
= s4 , (86)

d− k4

k1
= s1 ,

d− k3

k2
= s2 ,

d− k2

k3
= s3 ,

d− k1

k4
= s4 , (87)

d− k2

k1
= s1 ,

d− k3

k2
= s2 ,

d− k4

k3
= s3 ,

d− k1

k4
= s4 . (88)

For the simply–laced case in (70) we have 14 solutions. In the class corre-
sponding to (71) there are 37 new solutions. In the classes shown in (72)–(75)
it is possible to find 32 additional solutions. In the sets of (77)–(82) there are
10 new solutions. For the last case in (83)–(88) we only have 2 new solutions.
All of these solutions are explicitly shown in [7]. The total number of quasi–
simply–laced numbers is therefore 95, which is in agreement with the known
number of Calabi–Yau spaces with one reflexive vector.

The simplest way to find the above–mentioned decompositions is to solve
the following system of linear equations

lr′ + srlr = 1 , r, r′ = 1, . . . , n (89)
n∑

r=1

lr = 1 (90)

for all integer sr. This gives nn sets of linear equations, which have non–
trivial solutions only if the determinant of the extended (n + 1) × (n + 1)
matrix equals zero

s1 0 . . . 0 −1

0 s2 . . . 0 −1

...
...

. . .
...

...

0 0 . . . sn −1

1 1 . . . 1 −1

≡ 0 . (91)

Here in every row i the zero in the place i′ is substituted by unity. Some of the
nn sets of linear equations are equivalent and are obtained by transmutations
of indices i. For example, in the n = 4 case there are only 19 non–equivalent
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sets of equations according to the above classification of the quasi–simply–
laced numbers. The corresponding matrices and numbers of solutions for each
matrix are listed in Table 2, where s̃i = si + 1 and one should add to each
matrix the row with all “1” and the column with all “-1”.

Table 2. Matrix and number of the corresponding equation.

Matrix Equ- Matrix Equ- Matrix Equ- Matrix Equ-
ation ation ation ation

s̃1 0 0 0
1 s2 0 0
1 0 s3 0
1 0 0 s4

(76)

s̃1 0 0 0
0 s̃2 0 0
0 0 s3 1
0 0 1 s4

(75)

s̃1 0 0 0
1 s2 0 0
1 0 s3 0
0 1 0 s4

(77)

s̃1 0 0 0
0 s2 1 0
0 1 s3 0
0 1 0 s4

(81)

s̃1 0 0 0
1 s2 0 0
1 0 s3 0
0 0 0 s̃4

(72)

s̃1 0 0 0
0 s2 1 0
0 0 s3 1
0 1 0 s4

(82)

s̃1 0 0 0
1 s2 0 0
0 1 s3 0
0 1 0 s4

(80)

s1 1 0 0
1 s2 0 0
1 0 s3 0
1 0 0 s4

(83)

s̃1 0 0 0
1 s2 0 0
0 1 s3 0
0 0 1 s4

(79)

s1 1 0 0
1 s2 0 0
1 0 s3 0
0 1 0 s4

(85)

s̃1 0 0 0
1 s2 0 0
0 1 s3 0
0 0 0 s̃4

(74)

s1 1 0 0
1 s2 0 0
1 0 s3 0
0 0 1 s4

(86)

s̃1 0 0 0
1 s2 0 0
0 0 s̃3 0
0 0 1 s4

(73)

s1 1 0 0
1 s2 0 0
0 0 s3 1
0 0 1 s4

(87)

s̃1 0 0 0
1 s2 0 0
0 0 s̃3 0
0 0 0 s̃4

(71)

s1 1 0 0
0 s2 1 0
1 0 s3 0
1 0 0 s4

(84)

s̃1 0 0 0
1 s2 0 0
0 0 s3 1
0 0 1 s4

(78)

s1 1 0 0
1 s2 1 0
0 1 s3 1
1 0 0 s4

(88)

s̃1 0 0 0
0 s̃2 0 0
0 0 s̃3 0
0 0 0 s̃4

(70)

Let us note that for the ansatz in (76) the above determinant is factorized,
which means that this matrix corresponds to an infinite number of solutions.
The vanishing condition for this determinant can be written as

s1(s3s4 + s2s4 + s2s3 − s2s3s4) = 0 ⇔ 1
s2

+
1
s3

+
1
s4

− 1 = 0 (92)

and in fact, apart from many (non–reflexive) solutions with s1 = 0, we obtain
those solutions corresponding to the decompositions of unity for n = 3. The
same is true for (83). We should neglect these two classes of sets of equations
due to their degeneracy.
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3 Simply–Laced Numbers
as Generators of Berger Graphs

In this Section we consider the case of simply–laced Berger graphs [15, 16, 17],
which can be obtained from CYd spaces on the first level. These spaces can be
described by a single reflexive weight vector. We shall firstly focus on those
reflexive numbers on the level one which are simply–laced. We already stated
above that these numbers generate an important subset of all the class of
reflexive numbers. They lead to symmetric Berger matrices corresponding to
Ar, Dr, E6, E7 and E8 algebras in the Cartan–Lie case. These simply–laced
Cartan–Lie algebras have the root system in Dynkin diagrams containing
only simple segments connecting its nodes. Therefore their Cartan matrices
are symmetric. In our study we also first consider the case of symmetric
Berger matrices.

In previous works [15, 16, 17] we established a remarkable link between
the simply–laced reflexive numbers and the corresponding Berger graphs. As
it was discussed above, these numbers have a simple arithmetic structure.
Namely, each component ki is a divisor of its degree dk. We recall that in
dimensions n = 1, 2, 3 all five reflexive numbers ((1)[1], (1,1)[2], (1,1,1)[3],
(1,1,2)[4], (1,2,3)[6]) are simply–laced. The situation is different when one
goes to the n = 4 case, where for the total number 95 of all reflexive polyhe-
drons there are only 14 simply–laced ones. To begin with, we would like to
establish relations between these 5 + 14 simply–laced reflexive numbers and
some Berger graphs.

Using the analogy with the Cartan–Lie case one can construct the corre-
sponding “primary” Berger graph for a simply–laced reflexive number [15].
Namely, its degree dk is assigned as a Coxeter label to the central node of the
elementary graph and coincides with the maximal Coxeter label in this graph.
The number of the legs going from this central node is equal to the dimen-
sion n of the vector

−→
k . In each of the legs the number of nodes is dk/ki − 1,

where ki is the corresponding component of the simply–laced vector
−→
k . The

Coxeter labels of these nodes are the integer numbers dk −ki , dk −2ki , ..., ki

and decrease along the leg from the central node to its end. For example,
for the vector (1, 1, 2)[4] the primary graph contains three legs because its
dimension is 3. The central node has the Coxeter label 4 and in the first and
second legs we have additional nodes with the Coxeter labels 3, 2, 1, i.e. these
two legs contain 4/1=4 equidistant nodes (including the central node). In the
remaining third leg we have 4/2=2 equidistant nodes and the Coxeter label
of the additional node is 2.

For the primary Berger graph constructed in the above–mentioned way
from a simply–laced number one can find the corresponding Berger matrix
Bij built out of scalar products (αi, αj) of the root vectors −→α l assigned to
each node. The scalar product of two vectors for the nodes connected by a
line is −1. Two vectors are orthogonal when the corresponding nodes are not
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connected. The square of the vector assigned to an usual node is 2, but the
square of the vector corresponding to the central node is n − 1, where n is
the leg number coinciding with the dimension of the reflexive vector

−→
k . The

squares α2
i are situated on the diagonal Bii of the Berger matrix and the

scalar products (αi, αj) of the root vectors are placed off the diagonal. The
determinant of this matrix is zero, which is a generalization of the similar
result for the affine simply–laced Cartan–Lie algebras having α2

i = 2 for the
root corresponding to the central node (because n = 3). The Coxeter labels
assigned to the nodes in a Berger graph coincide with the components cl of
the eigenvector

∑
l clαl of the Berger matrix corresponding to its vanishing

eigenvalue. Note that for the vector
−→
k = (1, 1)[2] the primary graph contains

the central node with Coxeter label 2 and Bii = 1, moreover, each of its two
legs has one node with Coxeter label 1 and Bii = 2.

The maximal Coxeter labels for the reflexive simply–laced numbers (1),
(1, 1), (1, 1, 1), (1, 1, 2), (1, 2, 3) are 1, 2, 3, 4, 6, respectively, which coincide
with the maximal Coxeter labels for the corresponding simply–laced algebras,
Ar, Dr, E6, E7 and E8. In more detail, for these cases we have, respectively:
One node of A–type with Coxeter label (1), three nodes of D–type with Cox-
eter labels (1, 2, 1) (one chain), seven nodes of E6–type with Coxeter labels
(1, 2; 1, 2; 1, 2; 3) (three chains), eight nodes of E7 type with Coxeter labels
(1, 2, 3; 1, 2, 3; 2; 4) (three chains) and nine nodes of E8–type with Coxeter
labels (1, 2, 3, 4, 5; 2, 4; 3; 6) (three chains).

It is important to note that the primary graphs for these numbers are gen-
erators of generalized Berger graphs in CYd polyhedra. Namely, such Berger
graphs can be built from one or several blocks of the primary graphs. These
blocks are connected by lines corresponding to the Cartan matrices for the
Ai–series: On each line there are several nodes with the same Coxeter label
equal to the Coxeter label of the two nodes to which these lines are attached.
Moreover, the Coxeter labels for all nodes and matrix elements of the Berger
matrix Bij inside each block are universal and coincide with those for the
corresponding elementary Cartan graph. Only the square of the root corre-
sponding to the node with the attached lines is changed by adding to it the
number l of these lines l, i.e., Bii = 2 → Bii = 2 + l [15].

Each of the reflective vectors k with n components can be extended
to extra dimensions n → p + n by adding to it several vanishing compo-
nents: kext

p+n = (0, 0, ..., 0; k1, ..., kn). These extended vectors participate in the
UCYA r–arity construction leading to the new reflexive vectors in higher di-
mensions. The topology of the Berger graphs for the polyhedrons constructed
in this way depends on the number p of the zero components of the corre-
sponding extended vectors.

In general we can use the UCYA r–arity construction to build new Calabi–
Yau polyhedra (at the level one). In particular, to go from the vectors (1),
(1, 1), (1, 1, 1), (1, 1, 2), (1, 2, 3) to n = 4 dimensions one should take the fol-
lowing extended vectors (0,0,0,1), (0,0,1,1), (0,1,1,1), (0,1,1,2), (0,1,2,3) and
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their permutations. Then in the framework of the 2–arity approach we can
construct the linear combinations of two of these numbers with integer coeffi-
cients. For each pair one should verify that the intersection of two polyhedra
corresponding to two extended vectors has the reflexivity property. This con-
dition is fulfilled in the case of the polyhedron corresponding to the eldest
vector k1 +k2 in the 2–arity construction. In the K3 reflexive polyhedron for
each eldest vectors one can find the primary graphs of the A(1)

r , D(1)
r , E(1)

6 ,
E

(1)
7 and E

(1)
8 types. They are situated at the two opposite sides of the poly-

hedra divided by the above intersection. A similar situation takes place with
the reflexive K3 polyhedron corresponding to the sum of the vectors k1 and
k2 with integer coefficients. In each case in the constructed polyhedron one
can find the generalized graphs corresponding to the initial primary graphs.

When one goes with the 2–arity construction to the n = 5 dimensional
case (CY3) then the structure of the corresponding graphs becomes more
complicated although they are also built from the previous order graphs. The
difference is that some of the Berger matrices corresponding to the generalized
Dynkin graphs can have a 3 instead of a 2 along their diagonal. This is seen
in Fig. 2 where the links between the known Berger subgraphs belong to the
Al type with modified Coxeter labels (1,2,3, . . . instead of 1).

Remarkably, these five n = 5 Berger graphs shown on Fig. 2 generate five
infinite series because their structure holds for any l in Al. This construction
can be generalized by linking with Al–lines (Bii = 2) not only a pair of
triple nodes from corresponding primary graphs but also other nodes sharing
the same Coxeter label. When this happens the diagonal element Aii = 2
in the Cartan matrices is substituted by the matrix element Bii = 3. The
determinants of the non–affine Berger matrices (0,0,1,1,1)[3], (0,0,1,1,2)[4]
and (0,0,1,2,3)[6] are equal to 34, 43 and 62 independently from the number
of nodes along the internal line connecting two primary graphs (see Fig. 2
and table 3). Note that the labels of all the nodes along this line coincide
with those of the central nodes of two connected primary graphs, i.e., they
are equal to 3, 4 and 6 respectively. Thus, these graphs produce three infinite
series analogous to the graphs of the Dr–series generated by the extended
reflexive number (0, 0, 1, 1) in the K3 polyhedrons. In addition to the infinite
series of the Dynkin graphs of Ar and Dr with maximal Coxeter numbers 1
and 2 there appear 3 new series with maximal Coxeter numbers 3, 4 and 6.
This construction of the infinite series of the Berger graphs for exceptional
algebras could lead us to a possible generalization of the notion of the direct
product for several Lie algebras, e.g., E8 × E8 in the heterotic string.

The reflexive numbers can be generators of different Berger graphs ob-
tained by the UCYA construction and probably should be placed in the same
class. All new graphs contain inside them one or several initial graphs which
are combined by various numbers of the Ai-lines. The result depends on
the arity 2, 3... in UCYA and on the dimension of the constructed polyhe-
dron. The reflexive polyhedra allow us to build huge classes of graphs, among
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Fig. 2. Berger diagrams from a 2–arity construction in the n = 5 dimensional case,
with the corresponding Coxeter labels at the nodes. They generate five infinite
series.
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which the set of usual Dynkin diagrams, related to the binary operations, is a
small one, because the Dynkin diagrams and their affine generalizations are
in one-to-one correspondence with finite Cartan–Lie algebras and infinite–
dimensional Kac–Moody algebras, correspondingly. It was suggested in [15]
that these new Berger graphs could lead to the algebras beyond the Cartan–
Lie/Kac–Moody construction and, in particular, they could be related to
ternary, quaternary, ... generalizations of binary algebras.

To extend the class of Dynkin diagrams it is natural to begin with a
generalization of the rules for affine Cartan matrices. It was suggested in [15]
that the corresponding Berger matrices should satisfy the following rules:

Bii = 2, or 3, or 4, ...,
Bij ≤ 0,

Bij = 0 �→ Bji = 0,
Bij ∈ Z,

Det B = 0,
Det B{(i)} > 0 . (93)

The constraint of a vanishing determinant for B is a generalization of the
“affine condition” for Kac–Moody algebras. In these new rules in comparison
with the usual affine Cartan case we relax the restriction on the diagonal
element Bii = 2, i.e., to satisfy the affine condition we also allow for Bii to
be larger

Bii = 3, 4, . . . (94)

These new values Bii = 3, 4, .... can appear in the lattice of reflexive poly-
hedra starting from CY3, CY4, ..., respectively. Below we shall check the
coincidence of the graph’s labels indicated on all figures with the Coxeter
labels obtained from the eigenvalues of the Berger matrices. The proposed
prescriptions for the Coxeter labels are universal for all Berger graphs inde-
pendently from their dimension and arity construction. These prescriptions
generalize the Cartan or Kac–Moody rules in a natural way. Note that the
value of the diagonal term Aii of the Cartan matrix can be related to one
of the Casimir invariants of the simple Lie algebras. The number of these
invariants is equal to the algebra rank. All Cartan–Lie algebras contain the
Casimir operator of degree 2, but there are other invariant operators. For
example, the exceptional E6, E7, E8 algebras have the following degrees of
Casimir invariants:

E6 : { 2, 5, 6, 8, 9, 12 }
E7 : { 2, 6, 8, 10, 12, 14, 18 }
E8 : { 2, 8, 12, 14, 18, 20, 24, 30 } . (95)

By subtracting 1 from the Casimir operator degree we obtain the so–called
“Coxeter exponents” of the corresponding Lie algebra. One can see that the
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largest degrees of the Casimir invariants in this list, 12, 18 and 30, are equal to
the Coxeter numbers of the E6, E7 and E8 algebras, respectively. We should
remark that the diagonal element of the Cartan matrices corresponding to
each node on the (extended) Dynkin diagram is always equal to 2 and can be
calculated through the Coxeter labels surrounding this node. Let us consider
for example the Ar series. For each internal node Ni of the corresponding
Dynkin diagram the value of the diagonal Cartan element Aii satisfies the
relation: Aii = (Ci−1 + Ci+1)/Ci = 2, where all C... = 1 are Coxeter labels
of the nodes Ni−1, Ni, Ni+1. To generalize this argument to boundary nodes
one should consider the extended Dynkin graph of the affine A(1)

r algebra.
In this case all nodes are linked by lines with two neighbors. In the Dynkin
graphs of the D(1)

r series apart from several nodes with two lines there are
two nodes with three lines. The above relation between the Coxeter labels
and the diagonal Cartan element can be easily checked for nodes with two
and three lines. In particular, for a triple node Ni one obtains Aii = (Ci+ +
Ci−1+Ci−)Ci = (1+2+1)/2 = 2. For this rule to be also valid for a boundary
node one can formally add an additional node with a vanishing Coxeter label.
The above two examples show that the Coxeter labels 1 or 2 allow one to
produce an infinite series of Dynkin diagrams. The larger values Aii ≥ 3 for
triple nodes are be allowed only for some special values of the algebra rank,
as we can see in the cases of E6, E7, E8 algebras.

The extended reflexive number (0, 0, 0, 0, 1) is the origin of the infinite
series of Berger graphs with a multi–cycle topology. One can compare them
with the Kac–Moody case of the A(1)

r infinite series where the graphs have
only one cycle. The simplest example of multi–cycle topology corresponds to
the tetrahedron Berger graph having 4 closed cycles with the corresponding
4 × 4 matrix:

B
(1)
3 (00001) =

(
3 −1 −1 −1
−1 3 −1 −1
−1 −1 3 −1
−1 −1 −1 3

)

This matrix has the eigenvalues {0, 4, 4, 4} for the corresponding eigenvectors
(1, 1, 1, 1), (−1, 0, 0, 1), (−1, 0, 1, 0), (−1, 1, 0, 0).

The Coxeter labels are given by the zero eigenvector { 1, 1, 1, 1 }, which
provides the well–known relation for the highest root (affine condition):

1 · α0 + 1 · α1 + 1 · α2 + 1 · α3 = 0 , (96)

where αi, i = 1, 2, 3 are the simple roots and −α0 is equal to the highest
root αh. For the non–affine case one should remove one node from the Berger
graph. Thus the relation between the affine and non–affine Berger graphs is
similar to the relation between the Cartan–Lie and Kac–Moody graphs. In the
last case the Cartan–Lie algebra produces the so–called horizontal algebra of
Kac–Moody algebra where the highest root participates in the construction
of the additional simple root, more exactly, −αh.
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Such non–affine Berger matrix is positive–defined and Det B(1)
3 (00001) =

16. The affine condition and the positive definiteness of the non–affine Berger
matrix do not depend on the number of internal nodes with Bii = 2.

As an example, the non–affine Berger matrix after its inversion offers the
possibility to construct three Z3–symmetric fundamental weights:

Λ1 =
{

1
2
,

1
4
,

1
4

}
, Λ2 =

{
1
4
,

1
2
,

1
4

}
, Λ3 =

{
1
4
,

1
4
,

1
2

}
. (97)

Note that in the Cartan–Lie Ar algebras there are two elementary fundamen-
tal representations, but in the Berger case we already have three elementary
fundamental “representations”. In our example one obtains the Z3 symmetry
acting on the space of the fundamental representations. This new invariance
could have interesting applications for the solution of the family generation
problem.

A second example is related to the generalization of the Dr–infinite series
of the Cartan–Lie Dynkin graphs. From our point of view the B(011) graph
is exceptional. The graphs B(0011) in the K3 2–arity polyhedra produce an
infinite series of Dr–Cartan–Lie Dynkin graphs. They are built from two
(1, 1)[2] blocks connected by a segment with l–internal nodes having Bii = 2
and Coxeter label 2. The Berger graphs B(00011) could have three blocks
(1, 1)[2]. Each two of them are connected by a line with the nodes having
Bii = 2 and the Coxeter labels equal to 2. We illustrate this by the following
Berger matrix:

B
(1)
8 (00011) =

⎛⎜⎜⎜⎜⎜⎜⎝

2 0 −1 0 0 0 0 0 0
0 2 −1 0 0 0 0 0 0
−1 −1 3 0 0 −1 0 0 −1
0 0 0 2 0 −1 0 0 0
0 0 0 0 2 −1 0 0 0
0 0 −1 −1 −1 3 0 0 −1
0 0 0 0 0 0 2 0 −1
0 0 0 0 0 0 0 2 −1
0 0 −1 0 0 −1 −1 −1 3

⎞⎟⎟⎟⎟⎟⎟⎠
For simplicity we did not include any of the internal nodes. The eigenvalues of
this matrix are {0, 2, 2, 2, 3, 3−

√
3, 3−

√
3, 3+

√
3, 3+

√
3} and the eigenvector

with the vanishing eigenvalue is {1, 1, 2, 1, 1, 2, 1, 1, 2}.
To study the infinite B(00011) series let us recall the usual D(1)

r Dynkin
graphs which are described by the B(0011) graphs in the K3 polyhedra. As
an example we consider the diagram D

(1)
8 = B

(1)
8 (0011) with three internal

nodes:

B
(1)
8 (0011) =

⎛⎜⎜⎜⎜⎜⎜⎝

2 0 −1 0 0 0 0 0 0
0 2 −1 0 0 0 0 0 0
−1 −1 2 −1 0 0 0 0 0
0 0 −1 2 −1 0 0 0 0
0 0 0 −1 2 −1 0 0 0
0 0 0 0 −1 2 −1 0 0
0 0 0 0 0 −1 2 −1 −1
0 0 0 0 0 0 −1 2 0
0 0 0 0 0 0 −1 0 2

⎞⎟⎟⎟⎟⎟⎟⎠
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The determinant of this matrix is equal to zero. The affine condition can be
written in this form:

1 · α0 + 1 · α1 + 2 · α2 + 2 ·
i=5∑
i=3

αi + 2 · α6 + 1 · α7 + 1 · α8 = 0, (98)

where −α0 is equal to the highest root of the D8 Cartan–Lie algebra.
This condition relates the D

(1)
8 Kac–Moody algebra to the non–affine

case of the Cartan–Lie D8 algebra. One can construct the Cartan matrix
corresponding to this algebra

B8(0011) =

⎛⎜⎜⎜⎜⎝
2 −1 0 0 0 0 0 0
−1 2 −1 0 0 0 0 0
0 −1 2 −1 0 0 0 0
0 0 −1 2 −1 0 0 0
0 0 0 −1 2 −1 0 0
0 0 0 0 −1 2 −1 −1
0 0 0 0 0 −1 2 0
0 0 0 0 0 −1 0 2

⎞⎟⎟⎟⎟⎠
The determinant of this matrix is equal to 4 independently of the internal
nodes. The determinant of the non–affine Berger matrix Det B(00011) in the
above example is equal to 48 and depends on the internal nodes.

The B(0011) graphs help us understand the structure of the Berger graphs
determined by B(00111), B(00112), B(00123) in CY3 reflexive polyhedra of
2–arity. In the case of K3 the B(0111) graph generates a unique exceptional
E

(1)
6 graph. In the higher dimension n = 5 we obtain the graph from an

infinite series, constructed from two E
(1)
6 blocks in which we should change

two nodes Aii = 2 → Bii = 3.
To obtain the non–affine Berger graph, i.e. the analog of the Cartan–Lie

case, one should remove one root with the Coxeter label equal to one. This
means that the simple roots αi on the Berger graph define the highest root
αh = −α0 (the affine condition), i.e.,

α0 +
∑

i

Ci · αi = 0 , (99)

where Ci are the Coxeter labels.
In the non–affine case one can check that the determinant of the Berger

matrix is equal to 81, a value which does not depend on the number l of
the internal nodes. Also, all principal minors are positive–defined in a similar
way to the Cartan–Lie case. In a complete analogy with the Cartan case the
Berger non–affine graph also defines the fundamental weights [15, 16, 17]

The Dynkin diagrams for the Cartan–Lie/Kac–Moody algebras can have
the nodes with the maximal number of edges equal to 3. For example, let us
take the E(1)

6 ,E(1)
7 , E(1)

8 graphs and consider the vertex–nodes having three
edges and having the Coxeter labels equal to 3, 4 and 6, respectively. It is
known that in the case of the Cartan–Lie algebras the number of Casimir
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invariants coincides with the algebra rank. The r-degrees of these Casimir
take values from 2 up to the maximum equal to the Coxeter number. The
important cases correspond to the degrees of invariants for the three above–
mentioned algebras equal to the following sums: Casi = Ci−1 +Ci+ +Ci− =
2 + 2 + 2 = 6, Cas= 3 + 3 + 2 = 8, Cas= 5 + 4 + 3 = 12, respectively.
The diagonal elements of the Cartan matrices for the nodes in these cases
are equal to Aii = Cas/Cii = 6/3 = 2, Aii = Cas/Cii = 8/4 = 2, Aii =
Cas/Cii = 12/6 = 2.

The relation between the Coxeter labels and Bii is also valid for all nodes
with 2, 3, 4,. . . edges. Here the diagonal elements of the Berger matrix are
Bii = 3, 4, . . ..

The extension of the A(1)
r series for the Bii = 3 case gives a new infinite

series B(00001) in which for all triple nodes Ni we have Bii = (Ci−1 +Ci+ +
Ci−)/Ci = 3, where all C... = 1. Hence one can get the infinite series of graphs
both for the Cartan nodes Aii = 2 and for the Berger nodes with Bii = 3.
Note that all Coxeter labels for the Berger graphs B(0 . . . 01) are equal to 1.

A similar extension of the D(1)
r series is B(00011), where apart from the

Cartan nodes Aii = 2 there appear two nodes Bii = 3 with 4 edges. Here
one has Bii = (Ci−1 + Ci+1 + Ci+ + Ci−)/Ci = (2 + 2 + 1 + 1)/2 = 3. Note
that for the Berger graphs the maximal Coxeter label is equal to 2. Therefore
for all Berger graphs we have only two possibilities for Coxeter labels, 1 or
2. In the Cartan–Lie case one obtains just two infinite series of simply–laced
Dynkin diagrams, with the maximal Coxeter labels equal to 1 and 2. For
other examples of simply–laced Cartan–Lie algebras their maximal values
are 3, 4 and 6. This is related to the fact that the corresponding algebras are
exceptional.

Apart from the five types of infinite series, which can be interpreted as
generalizations of the corresponding Cartan–Lie simply–laced graphs, we also
found 14 exceptional completely new graphs (see Fig. 3) which correspond
to 14 simply–laced numbers inside the 95 K3 reflexive numbers as shown in
Table 3.

As it was mentioned above, the affine graphs have symmetric Berger ma-
trices with their determinant equal to zero, which correspond to the Kac–
Moody type of infinite-dimensional algebras. Removing one node with a
minimal Coxeter label we can obtain the non–affine graph generalizing the
Cartan–Lie case. For the corresponding Berger matrix the determinant is
positive–defined and all principal minors are also positive, see Table 3.

We see that for the Berger graphs one can build the infinite series with
the maximal Coxeter labels 3, 4, 6 due to the presence of new nodes with
Bii = 3. These new nodes lead to the appearance of 14 exceptional simply-
laced Berger graphs with their maximal Coxeter labels: 4, 6, ..., 42. When we
introduce the new nodes Bii = 4 these 14 exceptional cases produce new 14
infinite series of Berger graphs. This could be a key point to understand the
nature of exceptional algebras in Cartan–Lie and Berger algebras.
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Fig. 3. 14 exceptional new Berger diagrams with the Coxeter labels at the nodes.
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Table 3. In this table we give the Rank, the Coxeter number h (equal to the
sum of the Coxeter labels for the affine Berger graphs), the Casimir depending
on Bii (equal to the sums of all Coxeter labels for the nodes in the nearest circle
around the node Bii = 3) and the determinants for the non–affine exceptional
Berger graphs. The maximal Coxeter labels for these graphs coincides with the
degree of the corresponding reflexive simply–laced vector. The determinants in the
last column for the infinite series (0,0,1,1,1)[3], (0,0,1,1,2)[4] and (0,0,1,2,3)[6] are
independent from the number l of internal binary Bii = 2 nodes. The numbers 13

and 23 denote the number of nodes with Bii = 3.

kext
3,4 Rank h Casimir(Bii) Determinant

(0, 1, 1, 1)[3] 6(E6) 12 6 3

(0, 1, 1, 2)[4] 7(E7) 18 8 2

(0, 1, 2, 3)[6] 8(E8) 30 12 1

(0, 0, 1, 1, 1)[3] 23 + 10 + l 18 + 3(l + 1) 9 34

(0, 0, 1, 1, 2)[4] 23 + 13 + l 32 + 4(l + 1) 12 43

(0, 0, 1, 2, 3)[6] 23 + 15l 60 + 6(l − 1) 18 62

(0, 1, 1, 1, 1)[4] 13 + 11 28 12 16

(0, 2, 3, 3, 4)[12] 13 + 12 90 36 8

(0, 1, 1, 2, 2)[6] 13 + 13 48 18 9

(0, 1, 1, 1, 3)[6] 13 + 15 54 18 12

(0, 1, 1, 2, 4)[8] 13 + 17 80 24 8

(0, 1, 2, 2, 5)[10] 13 + 17 100 30 5

(0, 1, 3, 4, 4)[12] 13 + 17 120 36 3

(0, 1, 2, 3, 6)[12] 13 + 19 132 36 6

(0, 1, 4, 5, 10)[20] 13 + 26 290 60 2

(0, 1, 1, 4, 6)[12] 13 + 24 162 36 6

(0, 1, 2, 6, 9)[18] 13 + 27 270 54 3

(0, 1, 3, 8, 12)[24] 13 + 32 420 72 2

(0, 2, 3, 10, 15)[30] 13 + 25 420 90 4

(0, 1, 6, 14, 21)[42] 13 + 49 1092 126 1

The Cartan graphs of dimension 1, 2, 3 are well known and correspond
to the classical Cartan–Lie algebras. The main purpose of this paper was
to enlarge their list with graphs generated by the reflexive weight vectors
of dimension four (corresponding to CY3). In this dimension, correspond-
ing to K3–sliced CY3 spaces, we have singled out the following 14 reflex-
ive weight vectors from the total of 95 K3–vectors (1,1,1,1)[4], (1,1,2,2)[6],
(1,1,1,3)[6], (1,1,2,4)[8], (2,3,3,4)[12], (1,3,4,4)[12], (1,2,3,6)[12], (1,2,2,5)[10],
(1,4,5,10)[20] 1,1,4,6)[12], (1,2,6,9)[18], (1,3,8,12)[24], (2,3,10,15)[30], (1,6,
14,21)[42]. The Coxeter labels for the nodes in the Berger graphs were
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assigned consistently from the geometrical and algebraic points of view. These
Berger matrices have simple properties: they are symmetric and affine. In ad-
dition, each of these graphs and matrices is not “extendible”, i.e. other graphs
and Berger matrices cannot be obtained from them by adding more nodes
to any of the legs. In this sense these graphs are “exceptional”. Similarly to
classical non–exceptional graphs, one can construct infinite series contain-
ing them. Apparently these fourteen vectors are the only set of vectors with
symmetric Berger matrices among the total 95 reflexive vectors.

4 Conclusions

In this paper we continued the study of the graphs firstly obtained from
CY3,4,... reflexive polyhedra. The important correspondence between CY3,4

spaces and reflexive polyhedra was discovered several years ago by Batyrev [4].
In previous works we found a very intriguing relation between reflexive vectors
and Dynkin [8] and Berger graphs [15] with dimensions n = 4 and n = 5, 6, ...,
respectively. It was shown, with the use of the Universal Calabi–Yau Algebra
(UCYA) and the arity construction, that the structure of the reflexive polyhe-
dra can be completely understood in terms of the Berger graphs [15, 16, 17].
For the Calabi–Yau spaces of the level one in any dimension, CY2,3,4,.., the
Dynkin diagrams belong to a small subclass of a huge amount of Berger
graphs. To understand and develop this interesting result we concentrated
here on the study of the structure of the reflexive vectors [8, 18]. In particu-
lar, we studied the properties of the reflexive numbers and their relation to
number theory [18]. A very interesting subclass of them corresponds to the
simply–laced reflexive numbers which are related to the so–called “Egyptian
fractions” [19]. As a first step of generalization we considered the quasi–
simply–laced vectors [18]. They satisfy the reflexivity constraint. The classes
of the simply–laced numbers were shown to be in correspondence with cer-
tain Feynman diagrams [18]. We studied the structure of the simply–laced
and quasi–simply–laced reflexive vectors, their relation to the structure of
the Berger graphs, the asymptotics of their number at large dimensions n,
and the link with UCYA. It was demonstrated that the simply–laced reflexive
numbers are generators of the n–dimensional Berger graphs [18].

Summing up the above discussion, we conclude that one can construct not
only diagrams for the non-affine Berger (Det B > 0) and affine Berger (Det
B = 0, Det Bi > 0) algebras, but also from the generalized Berger graphs it is
possible to obtain some information about the roots and weights for extended
algebraic structures. In particular these graphs allow one to generalize the
known simply–laced series Ar and Dr and exceptional simply–laced algebras
E6,7,8 and E

(1)
6,7,8. The Berger matrices for the new simply–laced graphs in

dimensions n = 4, 5, ... share a number of properties with the Cartan matrices
in dimensions n = 1, 2, 3.



652 L.N. Lipatov et al.

Table 4. Evolution of Geometry, Algebras and Symmetries: Towards New Sym-
metries using Berger graphs.

SEARCH FOR NEW SYMMETRIES

Known Results New Results and Project

Cartan–Lie Kac–Moody Non–Affine Affine Berger
Berger

Algebra
Standard Model String Theory Inside SM? Beyond ST?

(SM) (ST)

� � � �

Simple–
Root

Dynkin Graphs Affine Dynkin Graphs Berger Graphs Affine Berger Graphs
Graphs

� � � �

Regular K3–Refl. ? CY3 Refl.
Polyhedra (G) Polyhedra (G) Polyhedra (G)?
− − − − − − − − − − − − − − − − − − − −

Geometry Klein–Du Val ADE–Sings. (K3) C3/G Sings.? K3 Sings. (CY3)?
C2/G Sings

G ⊂ SU(2) SU(2) G ⊂ SU(3) SU(3)
Holonomy Group Holonomy Group

The interest in the construction of new algebraic structures beyond the
Lie algebras started from the investigation of SU(2)–conformal field theo-
ries [21, 22]. One can expect that geometrical concepts, in particular, alge-
braic geometry, are a natural and promising way to discover new algebras.
Historically the marriage of algebra and geometry was useful for these both
fields of mathematics. In particular, to prove mirror symmetry of Calabi–Yau
spaces the powerful techniques of the Newton reflexive polyhedra was used.
Further, the ADE–type singularities [23, 24] in K3 = CY2 spaces [12, 13]
and their resolution were related to the Dynkin diagrams for the Cartan–Lie
algebra. We formulate these relations in the following way (see Table 4):

1. The algebraic origin of Cartan–Lie algebras is the Torus and SU(2)/U(1).
2. The geometrical origin of the Cartan–Lie algebras is S1 and CP 1 ∼= S2.

One can continue this correspondence to the Berger graphs (see Table 4):

1. The algebraic origin of the Berger graphs is the Torus and SU(3)/SU(2)×
U(1).
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2. The geometrical origin of Berger algebras is S1 and CP 2?

Another interesting possibility to understand the structure of the Berger
graphs is connected with the resolution of the quotient singularities. Calabi–
Yau spaces are defined by their holonomy groups [1, 25, 26]. Typical quotient
singularities Cn/G are characterized by the list of finite subgroups G ⊂ H
of the holonomy groups, H = SU(2), SU(3), .... For the case of the SU(2)
holonomy group there are five well–known Klein–Du–Val singularities of A–
D–E type [23, 24]. And the crepent resolution of A–D–E–types singularities
in K3 gives us the corresponding Dynkin diagrams in the K3 polyhedra. So
it is natural to find the Berger graphs in CY3 polyhedra through the res-
olution of the C3/G quotient singularities, where G are finite subgroups of
SU(3). Although this problem is under study we can briefly mention that
the first five finite subgroups are isomorphic to the five subgroups of SU(2)
and one can assume that they could be the origin of our five Berger graphs
B(00001), B(00011), B(00111), B(00112), B(00123) discussed above. To clar-
ify this discussion one can look at the Table 4.

It is possible to imagine that the Berger graphs could be linked to the
existence of new algebras which could be realized in quadratic matrices. The
main question at this point is how to unify in one single approach Cartan–Lie
algebras and new hypothetical algebras.

The search of new symmetries in the theories describing the interaction
of elementary particles is traditional. Especially important are gauge symme-
tries of the Standard Model SU(3)×SU(2)×U(1) and the symmetries used
in Cosmology. But there could be hidden symmetries which may lead to the
integrability of the theory in some special cases. As an example, the equations
describing the high energy behaviour of scattering amplitudes in multi-colour
QCD are integrable [27], this being related to the hidden Virasoro and dual
symmetries [28].

Calabi-Yau spaces can contain also some hidden (“dark”) symmetries,
which can be used for the explanations of the parameters of SM, for the
construction of more general models of elementary particles and for solving
the problem of dark matter in Cosmology..
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