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Preface

The Tevatron has been the collider with the highest center of mass energy for a
long time. The running at the energy of approximately 2 TeV allowed to create
heavy particles, like the top quark whose discovery was one of the main Tevatron
results. But the Tevatron experiments CDF and D0 also made outstanding con-
tributions on the flavor physics sector by exploiting the huge samples of bottom
and charm hadrons produced in the p�p collisions.

Studies of physics processes involving a change of a flavor quantum number
have often lead to new insights. Our current knowledge about bottom and charm
hadrons was mainly obtained at eþe� colliders and hadron colliders, like the
Tevatron and the LHC. The two approaches are complementary in the sense that
some measurements can only be done at one type of collider experiment and not or
hardly at the other. The different experimental conditions also require different
techniques in the detector construction and the data analysis.

This book gives an overview of the flavor physics results of the Tevatron
experiments CDF and D0 and the employed experimental techniques. The results
published until mid of the year 2012 are covered. A few further results will
become available after this date, mainly analyses that are updated to the full
Tevatron dataset, and also some new ones. However, no significantly new insights
are expected from them. While several flavor physics measurements will be or are
already dominated by LHCb, the underlying physics processes are basically the
same as at the Tevatron. Hence, also the measurement techniques described here
are often reused at the LHC.

Although some discussion of the theoretical background is provided in this
book, it focuses on the experimental results and measurement techniques.
Knowledge of quantum field theory is not required, but it is assumed that the
reader is familiar with the basic concepts of particle physics.

After a brief introduction in Chap. 1, the description of flavor in the standard
model is discussed in Chap. 2. The formulas to describe mixing and CP violation
phenomena are derived in Chap. 3. The Tevatron accelerator and the CDF and D0
detectors are presented in Chap. 4. The following Chaps. 5–9 cover measurements

v
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of lifetimes and decay branching fractions, oscillations, indirect CP violation,
direct CP violation, and rare decays. A conclusion is given in the last Chapter.

I would like to thank the persons who have supported me and made it possible
to produce this book, Michael Feindt, Thomas Müller, Ulrich Nierste, my col-
leagues in the CDF B group, and Michal Kreps with whom I worked together on
several measurements that entered this book. In particular, I thank my wife,
Jeannine, for sharing the good and bad times in particle physics and life.

vi Preface



Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Flavor in the Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1 The CKM Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Unitarity Triangles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Theoretical Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3 Theoretical Description of Mixing and CP-Violation . . . . . . . . . . 15
3.1 Neutral Meson Mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2 CP Violation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4 Experimental Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.1 The Tevatron Collider. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2 The CDF II Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.3 The D0 Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.4 Triggering of Heavy Flavor Events. . . . . . . . . . . . . . . . . . . . . 39
4.5 Simulation of Heavy Flavor Events . . . . . . . . . . . . . . . . . . . . 41
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5 Lifetime and Decay of B-Hadrons . . . . . . . . . . . . . . . . . . . . . . . . 45
5.1 B0 and Bþ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.2 B0

s Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.3 B0

s ! Dð�Þþs Dð�Þ�s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.4 B0

s Lifetime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.5 Bþc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.6 K0

b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

vii

http://dx.doi.org/10.1007/978-3-642-10300-1_1
http://dx.doi.org/10.1007/978-3-642-10300-1_1
http://dx.doi.org/10.1007/978-3-642-10300-1_1#Bib1
http://dx.doi.org/10.1007/978-3-642-10300-1_2
http://dx.doi.org/10.1007/978-3-642-10300-1_2
http://dx.doi.org/10.1007/978-3-642-10300-1_2#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_2#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_2#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_2#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_2#Sec3
http://dx.doi.org/10.1007/978-3-642-10300-1_2#Sec3
http://dx.doi.org/10.1007/978-3-642-10300-1_2#Bib1
http://dx.doi.org/10.1007/978-3-642-10300-1_3
http://dx.doi.org/10.1007/978-3-642-10300-1_3
http://dx.doi.org/10.1007/978-3-642-10300-1_3#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_3#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_3#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_3#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_3#Bib1
http://dx.doi.org/10.1007/978-3-642-10300-1_4
http://dx.doi.org/10.1007/978-3-642-10300-1_4
http://dx.doi.org/10.1007/978-3-642-10300-1_4#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_4#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_4#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_4#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_4#Sec3
http://dx.doi.org/10.1007/978-3-642-10300-1_4#Sec3
http://dx.doi.org/10.1007/978-3-642-10300-1_4#Sec4
http://dx.doi.org/10.1007/978-3-642-10300-1_4#Sec4
http://dx.doi.org/10.1007/978-3-642-10300-1_4#Sec5
http://dx.doi.org/10.1007/978-3-642-10300-1_4#Sec5
http://dx.doi.org/10.1007/978-3-642-10300-1_4#Bib1
http://dx.doi.org/10.1007/978-3-642-10300-1_5
http://dx.doi.org/10.1007/978-3-642-10300-1_5
http://dx.doi.org/10.1007/978-3-642-10300-1_5#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_5#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_5#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_5#Sec3
http://dx.doi.org/10.1007/978-3-642-10300-1_5#Sec4
http://dx.doi.org/10.1007/978-3-642-10300-1_5#Sec4
http://dx.doi.org/10.1007/978-3-642-10300-1_5#Sec5
http://dx.doi.org/10.1007/978-3-642-10300-1_5#Sec6
http://dx.doi.org/10.1007/978-3-642-10300-1_5#Bib1


6 Flavor Oscillations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.1 Flavor Tagging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.2 B0

s Oscillations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.3 D0 Oscillations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

7 CP-Violation in Mixing and the Interference
of Mixing and Decay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
7.1 B0

s ! J=w/ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
7.2 B0

s ! D�s lþX. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
7.3 Dimuon Charge Asymmetry . . . . . . . . . . . . . . . . . . . . . . . . . 115
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

8 Direct CP-Violation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
8.1 Bþ ! J=wKþ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
8.2 Charmless Hadronic B Decays . . . . . . . . . . . . . . . . . . . . . . . . 124
8.3 B! DK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
8.4 Charm Meson Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

9 Rare Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
9.1 Charmless Hadronic B Decays . . . . . . . . . . . . . . . . . . . . . . . . 139
9.2 B0

ðsÞ ! ‘þ‘� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
9.3 B! Kð�Þlþl� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
9.4 Charm Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

10 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

viii Contents

http://dx.doi.org/10.1007/978-3-642-10300-1_6
http://dx.doi.org/10.1007/978-3-642-10300-1_6
http://dx.doi.org/10.1007/978-3-642-10300-1_6#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_6#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_6#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_6#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_6#Sec3
http://dx.doi.org/10.1007/978-3-642-10300-1_6#Sec3
http://dx.doi.org/10.1007/978-3-642-10300-1_6#Bib1
http://dx.doi.org/10.1007/978-3-642-10300-1_7
http://dx.doi.org/10.1007/978-3-642-10300-1_7
http://dx.doi.org/10.1007/978-3-642-10300-1_7
http://dx.doi.org/10.1007/978-3-642-10300-1_7#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_7#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_7#Sec3
http://dx.doi.org/10.1007/978-3-642-10300-1_7#Sec3
http://dx.doi.org/10.1007/978-3-642-10300-1_7#Bib1
http://dx.doi.org/10.1007/978-3-642-10300-1_8
http://dx.doi.org/10.1007/978-3-642-10300-1_8
http://dx.doi.org/10.1007/978-3-642-10300-1_8#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_8#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_8#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_8#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_8#Sec3
http://dx.doi.org/10.1007/978-3-642-10300-1_8#Sec4
http://dx.doi.org/10.1007/978-3-642-10300-1_8#Sec4
http://dx.doi.org/10.1007/978-3-642-10300-1_8#Bib1
http://dx.doi.org/10.1007/978-3-642-10300-1_9
http://dx.doi.org/10.1007/978-3-642-10300-1_9
http://dx.doi.org/10.1007/978-3-642-10300-1_9#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_9#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_9#Sec1
http://dx.doi.org/10.1007/978-3-642-10300-1_9#Sec2
http://dx.doi.org/10.1007/978-3-642-10300-1_9#Sec3
http://dx.doi.org/10.1007/978-3-642-10300-1_9#Sec4
http://dx.doi.org/10.1007/978-3-642-10300-1_9#Sec4
http://dx.doi.org/10.1007/978-3-642-10300-1_9#Bib1
http://dx.doi.org/10.1007/978-3-642-10300-1_10
http://dx.doi.org/10.1007/978-3-642-10300-1_10
http://dx.doi.org/10.1007/978-3-642-10300-1_10#Bib1


Chapter 1
Introduction

Flavor has proven a very successful concept for the description of elementary
particles and their interaction. Since the early days of particle physics unexpected
experimental results on the flavor physics sector have triggered progress in our the-
oretical understanding and theoretical predictions on this field have inspired experi-
mental programs.

One of these surprising results was the observation of so called “strange” particles
with lifetimes much higher than expected for strong or electromagnetic decays. In
1953 Gell-Mann introduced the flavor quantum number strangeness to solve this
mystery [1]. He postulated that the strangeness is conserved in strong and electro-
magnetic interactions and can only be changed in weak interactions. This not only
explained the long lifetimes of strange particles, but also the fact that strange particles
are always produced in pairs in strong reactions.

Furthermore the strangeness quantum number allowed to establish a systematic
characterization of the many different kinds of particles discovered so far. Together
with the isospin, a quantum number introduced to describe the symmetry between
protons and neutrons, two-dimensional multiplets of particle states were constructed.
However not all places in these multiplets could be matched to particles known at that
time. The discovery of the �− [2] in 1964 filled the last empty place and confirmed
Gell-Mann’s idea in an impressive way. He was awarded the Nobel Prize five years
later.

In 1964 Gell-Mann and Zweig postulated the quarks as elementary building blocks
of hadrons and carriers of the flavor quantum numbers [3, 4]. At that time three types
of quarks were known, the up-quark with electric charge +2/3 and the down- and
strange-quarks with charge −1/3. Based on this set of quarks a branching ratio of
neutral kaons to muon pairs was calculated that was orders of magnitude higher than
the measured value. This discrepancy was solved by Glashow, Iliopoulos, and Maiani
in 1970 by introducing a fourth quark flavor, the charm quark [5]. The destructive
interference of the processes with up- and charm-quarks brought the prediction in
good agreement with the experiment. In 1974 Richter and Ting presented the exper-
imental evidence that the charm quark was not just a theoretical idea, but a real

T. Kuhr, Flavor Physics at the Tevatron, Springer Tracts in Modern Physics 249, 1
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2 1 Introduction

particle [6, 7]. For the discovery of the J/ψ particle they were awarded the Nobel
Prize two years later.

Despite the progress in the understanding of the subatomic world by the introduc-
tion of the charm quark there were still unexplained experimental results. In 1964
Cronin and Fitch had observed the decay of long lived neutral kaons to two pions [8].
While the K 0

L was believed to be an eigenstate of the combined parity and charge-
conjugation operation (CP) with negative eigenvalue the two pions are a CP even
eigenstate. The observed decay therefore showed that the CP-parity is not conserved
in processes of the weak interaction. For the discovery of this small effect of the
order of 10−3 Cronin and Fitch were awarded the Nobel Prize in 1980.

Again an extension of the set of quark flavors was able to bring this experimental
result in agreement with theory. In 1972, two years before the charm quark was
discovered, Kobayashi and Maskawa introduced two more quarks [9]. The bottom
quark was discovered 1977 by the E288 collaboration [10] and the top quark 1995
by the CDF and D0 collaborations [11, 12].

In addition to the prediction of these quarks Kobayashi and Maskawa introduced
one parameter in the model that could explain the observed CP-violation. Now
it was the task of the experimental physicists to search for CP-violation in other
processes than the K 0

L decay and check whether it was consistent with the so-called
KM-mechanism. It took almost thirty years until in 2001 the BaBar and Belle col-
laborations announced evidence for CP-violation in the B0 system [13, 14] and
confirmed the prediction of Kobayashi and Maskawa. For this success of their flavor
theory they were awarded the Nobel Prize in 2008.

This theory which describes the relation between quark flavors in a 3 × 3 matrix
named after Cabibbo-Kobayashi-Maskawa is still state of the art and an integral part
of the standard model of particle physics. The CKM matrix has four free parameters
that are not predicted by any theory, but have to be measured experimentally. The
precise determination of these fundamental parameters of nature is one goal of the
flavor physics experimental program. The other important task is to check measure-
ments for their consistency with theory. If evidence for a discrepancy between an
experimental result and the prediction of the theory of Kobayashi and Maskawa with
parameters constrained by other measurements could be established this would be a
clear sign of physics beyond the standard model.

This search for new physics is inspired by cosmological considerations. It is
assumed that in the big bang an equal amount of matter and anti-matter was pro-
duced. The fact that today we have basically only matter left in the universe requires
processes that are asymmetric under CP transformation as shown by Sakharov in
1967 [15]. CP violation is therefore an essential condition for our existence. However
the CP violation in the standard model is not sufficient by many orders of magnitude
to account for the matter antimatter asymmetry in the universe [16]. For this reason
measurements of CP violation are promising candidates to find new physics and
foster our understanding of nature.

Different experimental approaches are followed to study flavor physics. The
so-called B-factories produce pairs of B0/B̄0 and B+/B− mesons in e+e− colli-
sions at theΥ (4S) center of mass energy. While these reactions provide well-defined
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kinematic conditions and have low background, they do not give access to heavier
particles. Such particles, like B0

s mesons and baryons containing bottom quarks, are
copiously produced in p p̄ collisions at the Tevatron. Although the signal extraction
is more challenging than at B-factories this opens unique opportunities for measure-
ments such as the CP-violation in the B0

s system and the search for new physics in
B0

s → μ+μ− decays.
This book gives a review of the flavor physics results obtained at the upgraded

Tevatron accelerator (Run-II) up to now, a time the LHCb experiment is taking over
the lead in flavor physics at a hadron collider. The experimental techniques developed
by CDF and D0 are the basis for many of the recent flavor physics results at the LHC.
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Chapter 2
Flavor in the Standard Model

2.1 The CKM Matrix

The standard model of particle physics describes the fundamental particles and
their interactions, the strong, weak and electromagnetic force, very successfully.
An important quantum number in this model is the flavor of quarks, introduced by
Gell-Mann in 1953 [1]. The three generations of quark flavor pairs are:

(
u p

d own

) (
c harm
s trange

) (
t op

b ottom

)
(2.1)

Each pair consists of an up-type quark with electric charge +2/3e and a down-type
quark with charge −1/3e. The generations are distinguished by the different masses,
increasing from the first to the third.

In the standard model the flavor quantum number is conserved in strong and elec-
tromagnetic interactions. It can only be changed by charged current weak processes,
described by the exchange of a W ± boson. The neutral current weak interaction
(Z0 boson exchange) is flavor-conserving. Therefore flavor changing neutral cur-
rents (FCNC) do not occur in the standard model at tree level. This makes FCNC
processes a good candidate to search for deviations from the standard model because
new particles or new interactions may introduce flavor changing tree level ampli-
tudes, that are of comparable size or larger than the amplitude of the higher order
standard model loop processes.

The W boson couples to good approximation to the pairs of left handed quarks
within one generation as shown in Eq. (2.1). The β decay of the neutron is one exam-
ple for such a process. But as the decay K − → π0μ−v̄μ demonstrates transitions
between generations are possible, too, in this case from a s quark to a u quark. The
coupling of the W boson to a us pair, however, is much smaller than to a ud pair. To
describe this effect Cabibbo introduced a mixing angle θc [2] in order to preserve a
common coupling parameter g that is multiplied by the factor cos θc for ud pairs and
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sin θc for us pairs. This leads to a 2 × 2 mixing matrix for the first two generations
of quarks.

This model describes the experimental results for processes involving the first
two generations already quite well, but it turned out to be only an approximation of
a more general theory. The decays B0 → D−π+ and B0 → π+π− show that there
are also transitions from the third to the second and first generation, respectively. The
coupling of the W to a cb or ub pair, however, is even more suppressed than the us
coupling. To describe the different coupling strengths across the three generations the
2×2 Cabibbo matrix is extended to a 3×3 matrix. The Cabibbo-Kobayashi-Maskawa
matrix, or short CKM matrix,

VCKM =
⎛
⎝ Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⎞
⎠ (2.2)

determines the coupling of W bosons to pairs of up- (u, c, t) and down-type quarks
(d, s, b). The dynamics of the charged current interaction between left handed quarks
can be expressed by the Lagrangian

L = −g

2

(
ū c̄ t̄

)
L γ

μVCKM

⎛
⎝ d

s
b

⎞
⎠

L

W +
μ + h.c., (2.3)

where the subscript L denotes the left-handed component of the quark fields, γ μ

are the gamma matrices, W +
μ is the gauge field, and h.c. stands for the hermitian

conjugated of the preceding expression.
The basis of quark states can be changed from the mass eigenstates to a basis

where the CKM matrix vanishes. Usually the down-type quarks are transformed:

⎛
⎝ d ′

s′
b′

⎞
⎠ = VCKM

⎛
⎝ d

s
b

⎞
⎠ . (2.4)

The coupling of the W boson to quarks can then be described by the coupling to
ud ′, cs′, and tb′ pairs with coupling constant g. The states d ′, s′, and b′ are therefore
called weak eigenstates, but one should keep in mind that there is an infinite number
of weak bases, related by arbitrary unitary transformations. E.g. one could change
the basis of up-type quarks instead of the down-type quark basis by

(
ū′ c̄′ t̄ ′

) = (
ū c̄ t̄

)
VCKM (2.5)

and then describe the charged current interaction by the coupling of W bosons to
u′d, c′s, and t ′b pairs.
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The CKM matrix has 9 complex elements. The unitarity condition

VCKM V †
CKM = V †

CKM VCKM = 1 (2.6)

leads to nine independent equations and therefore removes nine of the originally 18
free parameters. Furthermore five phases can be eliminated by absorbing them in
the quark fields. This leaves four free parameters. These parameters can be chosen
as three mixing angles θ12, θ23, and θ13 between the three generations and a phase
factor δ:

VCKM =
⎛
⎝ 1 0 0

0 c23 s23
0 −s23 c23

⎞
⎠ ·

⎛
⎝ c13 0 s13 e−iδ

0 1 0
−s13 eiδ 0 c13

⎞
⎠ ·

⎛
⎝ c12 s12 0

−s12 c12 0
0 0 1

⎞
⎠

=
⎛
⎝ c12c13 s12c13 s13 e−iδ

−s12c23 − c12s23s13 eiδ c12c23 − s12s23s13 eiδ s23c13

s12s23 − c12c23s13 eiδ −s23c12 − s12c23s13 eiδ c23c13

⎞
⎠ (2.7)

where ci j = cos θi j and si j = sin θi j with i j ∈ {12, 23, 13}.
Note that the fact which elements are real and which are complex depends on

the phase convention. Only phase differences have a physical meaning. The phase
differences between certain combinations of CKM matrix elements that arises if δ is
not equal to zero or π is responsible for CP violation in the quark sector. The con-
nection between phases and experimental observables will be discussed in Chap. 3.
The phase δ is not present in the quark mixing matrix for two generations. The
achievement of Kobayashi and Maskawa was to show that this one physical phase
occurs if a further generation is added. So far all experimentally observed effects of
CP-violation could be explained by this single parameter.

However, the phase and the mixing angles are not predicted by theory. They have
to be measured by experiments. The precise determination of these fundamental
parameters of nature is one of the main goals of flavor physics research.

The measurements reveal a hierarchy of quark mixings between generations:
1 � θ12 � θ23 � θ13. This structure can be clearly seen if the CKM matrix is
written in the Wolfenstein parametrization [3]

VCKM =
⎛
⎝ 1 − λ2/2 λ Aλ3(ρ − iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1

⎞
⎠ + O(λ4) (2.8)

where A, ρ and η are real parameters of order unity and λ := |Vus | ≈ 0.22. It can be
seen that the diagonal elements are of order one and the off-diagonal elements are
of order λ, λ2, and λ3 for transitions between first and second, second and third, and
first and third generation, respectively. Furthermore one can see that the phase of all
elements is very similar (approximately zero in this parametrization), except for Vub

and Vtd , that are involved in transitions between first and third generation and are

http://dx.doi.org/10.1007/978-3-642-10300-1_3
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suppressed by λ3. This makes hadrons containing b quarks a good place to look for
large CP-violating effects.

Why does the CKM matrix have this structure? Well, we do not know. The research
on flavor physics still has to answer this question. Maybe future experiments will
reveal hints towards a more general theory that can explain the CKM matrix.

2.2 Unitarity Triangles

In principle four measurements are sufficient to determine the four free parameters
of the Kobayashi-Maskawa theory. But since there are many more measurements
possible this opens a great opportunity to search for physics beyond the standard
model. This search for new physics by overconstraining the CKM parameters is one
of the main tasks of flavor physics experiments.

If the standard model is valid all measurements must be described by a unitary
CKM matrix. In particular Eq. (2.6) implies that the product of different columns
vanishes:

Vud V ∗
us + Vcd V ∗

cs + Vtd V ∗
ts = 0 (2.9)

Vud V ∗
ub + Vcd V ∗

cb + Vtd V ∗
tb = 0 (2.10)

Vus V ∗
ub + Vcs V ∗

cb + Vts V ∗
tb = 0 (2.11)

Analog conditions can be obtained from the product of different rows of the CKM
matrix. These relations can be represented by triangles in the complex plane and are
known as unitarity triangles.

The triangle obtained from the multiplication of the first and third column, cor-
responding to Eq. (2.10), is shown in Fig. 2.1. Because all three sides have similar
length and all angles are well different from zero it gives a visually better perceivable
representation of the unitarity condition than the nearly degenerate triangles corre-
sponding to Eqs. (2.9) and (2.11). It is therefore usually referred to as the unitarity
triangle. As one can see in Fig. 2.1 the angles in this triangle are

α = arg

(
− Vtd V ∗

tb

Vud V ∗
ub

)
, β = arg

(
− Vcd V ∗

cb

Vtd V ∗
tb

)
, γ = arg

(
− Vud V ∗

ub

Vcd V ∗
cb

)
. (2.12)

In order to simplify the display of experimental constraints on the sides and angles
of the triangle it is often normalized to Vcd V ∗

cb so that the lower side is fixed to the
real axis in the range [0,1] (see Fig. 2.2). After this transformation the coordinates
of the apex are given by

ρ̄ + i η̄ = − Vud V ∗
ub

Vcd V ∗
cb
. (2.13)
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Fig. 2.1 Unitarity triangle for
the product of first and third
column of the CKM matrix

V  V*
ud   ub

V  V*

V  V*
td    tb

cd   cb

γ

α

β

Fig. 2.2 Unitarity triangle for
the product of first and third
column of the CKM matrix
normalized to Vcd V ∗

cb

*
td    tbV  V

V  V*
cd   cb

V  V*
ud   ub

V  V*
cd   cb

β

α

γ

(ρ,η)

(0,0) (1,0)

Fig. 2.3 Unitarity triangle
for the product of second and
third column of the CKM
matrix

V  V*
us    ub βs

α s

γs

V  V*
ts     tb

V  V*
cs    cb

Since this triangle is constructed from CKM matrix elements for d and b quarks,
b → d transitions, as occurring in the mixing of B0 and B̄0 mesons which are
composed of these two quarks, are ideal to study it. The large angles, corresponding
to large phase differences between the involved CKM matrix elements, illustrate
that large CP violating effects can be expected in the B0-B̄0system. The situation is
different for the triangle obtained from the product of the second and third column,
quoted in Eq. (2.11). As can be seen in Fig. 2.3 this triangle, involving the CKM matrix
elements for s and b quarks, is nearly degenerate. It gives a visual representation of
the small expected CP violation in B0

s -B̄0
s mixing. Quantitatively this is expressed

by the small value of the angle βs defined as

βs = arg

(
− Vts V ∗

tb

Vcs V ∗
cb

)
. (2.14)

Although the unitarity triangles have quite different shapes they all have the same
area. The area is a phase convention independent measure of CP-violation and equal
to half of the Jarlskog invariant J [4] defined by

Im[Vi j Vkl V
∗
il V ∗

k j ] = J
∑
m,n

εikmε jln, (2.15)
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where εikm is the antisymmetric permutation tensor. E.g. for i = 1, j = 2, and
k = l = 3 one obtains

J = −Im[Vus VtbV ∗
ubV ∗

ts] ≈ −Im[λ · 1 · Aλ3(ρ + iη) · (−Aλ2)] = λ6 A2η. (2.16)

In case of CP-violation J is finite, corresponding to a non-zero value of η in the
Wolfenstein parametrization and leading to non-degenerate unitarity triangles. The
world average value of the Jarlskog invariant is J = (2.96+0.20

−0.16)× 10−5 [5].
The unitarity triangles provide a good visual representation of the consistency

checks of the standard model. The sides and angles must match to form a closed
triangle if the standard model is correct. As often only the unitarity triangle for
the product of first and third column of the CKM matrix is shown it should be
noted that this gives a necessary, but not a sufficient condition for the standard
model consistency. Even if the unitarity triangle shows nice consistency there can
still be significant new physics contributions in processes involving CKM matrix
elements of the second column. To cover as many new physics scenarios as possible,
the high precision measurements of B0 and B+ mesons at the B factories have to
be accompanied by measurements of the B0

s system at the Tevatron. In particular
the angle βs is a promising quantity because its value is approximately zero in the
standard model and any measurement of a significant non-zero value would be an
indication for new physics.

2.3 Theoretical Tools

In flavor physics we are interested in the quark level transitions. However, in nature
all quarks are confined in hadrons (except for the top quark that decays before it can
hadronize). Therefore we cannot observe quark level processes directly in experi-
ments. We can only measure decays of hadrons containing quarks. This means we
have to calculate the transition amplitude, M (B → f ), of a hadron B to a final state
f taking into account the interactions of quarks inside hadrons in order to connect
the quark level transitions to the observed hadron decay rates.

Different scales are involved in this calculation that allow to apply a factoriza-
tion approach and certain approximations. In the standard model flavor changing
processes are mediated by a W boson. Because the mass of the W is much larger
than the mass of quarks inside the hadron the W exchange takes place at a much
shorter distance scale, corresponding to a higher energy scale, than the hadronic
interaction. Therefore the “hard” process involving a W or other heavy particles,
like the top quark or potential new physics particles, can be factorized and treated
as a point-like interaction. This approach is used in the operator product expansion
(OPE) [6]. In this framework the decay matrix element M is given by

M (B → f ) ≈ −4G F√
2

V
∑

i

Ci (μ) 〈 f |Oi (μ)|B〉 . (2.17)



2.3 Theoretical Tools 11

b

W
-

c

u

d

b c

u

d

Fig. 2.4 The b → cūd transition described by a W boson exchange (left) and by an effective
4-quark operator (right)

By convention the constant 4G F/
√

2, where G F is the Fermi constant, and the
involved CKM matrix elements, denoted V , are factored out. The Wilson coefficients
Ci (μ) contain the hard, and the application of the local operators Oi (μ) to the initial
and final states the soft processes. The separation in hard and soft is arbitrary and
determined by the introduced scale μ. In principle the sum has an infinite number
of terms, but their size is suppressed by powers of the ratio of quark and W masses
squared, m2

q/m2
W , with increasing dimension. So only a finite number has to be

considered in order to get a sufficiently accurate result.
Figure 2.4 illustrates the approximation of the W exchange in a b → cūd tran-

sition (left diagram) by a point-like interaction (right diagram). For this tree level
process the local operators are given by

O1 = d̄αγμ(1 − γ5)u
β c̄βγμ(1 − γ5)b

α, (2.18)

O2 = d̄αγμ(1 − γ5)u
α c̄βγμ(1 − γ5)b

β (2.19)

where α and β are color indices. The local operators basically provide a projection
of the initial and final state hadrons to the quark states, that enter the hard interaction.
The operator O2 describe the case where b and c quarks have the same color charge.
The corresponding hard process with Wilson coefficient C2 is calculated in leading
order from the Feynman diagram in Fig. 2.4. The color-rearranged operator O1 stems
from a diagram with an additional gluon connecting the two quark lines.

An advantage of the OPE is that the Wilson coefficients are universal, meaning they
are independent of the hadronic final state f . Once they are calculated or measured
in one decay mode they can be applied in the prediction for other decay modes. Often
the Wilson coefficients are considered effective coupling constants for the point-like
interactions described by the local operators. Thus one can use them to define an
effective Hamiltonian.

Because of the high scale the Wilson coefficients can be calculated with pertur-
bative methods and are in general well controlled. However, the calculation of the
low energetic part is more challenging as non-perturbative methods have to be used.

Often the entire hadronic part is factored out and parametrized by a decay constant
or a kinematics dependent form factor. For example the rate of the semileptonic decay
B̄0 → D+�−v̄� is given by the CKM matrix element Vcb from the coupling of the
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b

W
-

c

d d

l
-

νl

B
0 D

+

W
-

l
-

νl

Fig. 2.5 The decay B̄0 → D+�−v̄� at quark level (left) and at hadron level described by a form
factor (right)

W to the b and c quarks and the transition matrix elements between the hadronic
systems:

dΓB̄0→D+�−v̄�
(q2)

dq2 ∼ |Vcb|2 |〈D+|c̄γ μ(1 − γ5)b|B̄0〉|2. (2.20)

Here q2 determines the kinematics and is defined by the four-momenta for the B̄0

and D+ meson as q2 = [p(B̄0) − p(D+)]2. When the well-known phase-space
factor in the hadronic term in Eq. (2.20) is factored out as κ(q2), the remaining part
is described by the form factor f B̄0→D+(q2):

dΓB̄0→D+�−v̄�
(q2)

dq2 ∼ |Vcb|2 κ(q2) | f B̄0→D+(q2)|2. (2.21)

Figure 2.5 illustrates the form factor.
Several approaches exist for the calculation of hadronic matrix elements. The

best choice of method depends on the case at hand. A powerful handle to simplify
theoretical calculations are symmetries. The QCD Lagrangian is invariant under
charge conjugation and parity operation so that the exact symmetries of C and P can
be exploited. Strong isospin and SU (3) flavor provide further useful symmetries. As
these are only approximately valid there can be small corrections to the ideal case of
an exact symmetry.

In the case of bottom and charm quarks, when the mass of the heavy quark, m Q ,
is much larger than the QCD scale parameter,ΛQCD, another approximate symmetry
arises, the heavy quark symmetry (HQS) [7, 8]. In the limit of an infinite mass, the
heavy quark can be treated as a source of a static color field. It becomes independent of
the flavor, leading to the heavy quark flavor symmetry. This allows to relate quantities
in the charm and bottom sector. Another consequence of an infinite quark mass is
the decoupling of the spin, leading to heavy quark spin symmetry.

As the b and even more the c quark have finite mass there are corrections to the
HQS limit. They can be calculated in the framework of the Heavy Quark Effective
Theory (HQET) [9–11] by an expansion in terms of ΛQCD/m Q . For the calculation
of inclusive decay rates the relation m Q � ΛQCD is exploited by the Heavy Quark
Expansion (HQE) [12–16].
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Further techniques include perturbative QCD methods for exclusive decays, QCD
sum rules and models of QCD. Another interesting approach is the numerical
calculation of hadronic matrix elements in a discretized space-time, called Lattice
QCD [17]. In addition to the progress in the theoretical understanding this method
profits from the advances in computing technologies.
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Chapter 3
Theoretical Description of Mixing
and CP-Violation

3.1 Neutral Meson Mixing

One of the most interesting particles to study in flavor physics are neutral mesons that
can oscillate into their anti-particle. This effect was first observed for K 0 mesons [1]
and later for B0 [2, 3] and B0

s mesons [4]. Recently the oscillation of D0 mesons was
observed, too [5–7].

In this section we want to discuss the quantum mechanical description of the neu-
tral meson system. The flavor eigenstate of the particle that is produced in processes
of strong interaction will be denoted |B〉 and stands for either |K 0〉, |D0〉, |B0〉, or
|B0

s 〉. Its anti-particle, |B̄〉, is obtained by CP conjugation:

C P|B〉 = eiξ |B̄〉. (3.1)

The transformation introduces a phase ξ , but as this phase is not observable and
therefore unphysical we set it to zero without loss of generality. Particle and anti-
particle have well defined, opposite flavor quantum numbers and are orthogonal
states:

〈B|B̄〉 = 0. (3.2)

A pure flavor eigenstate |ψ(t = 0)〉 = |B〉 at time t = 0 will evolve with time into
a mixture of particle and anti-particle and decay to several final states f1, f2, . . .:

|ψ(t)〉 = c(t)|B〉 + c̄(t)|B̄〉 + c1(t)| f1〉 + c2(t)| f2〉 + · · · , (3.3)

where the coefficients c(t), c̄(t), c j (t) describe the time-dependent amplitudes of the
individual components. If we are only interested in the contributions of the neutral
meson states, c(t) and c̄(t), and not in the amplitudes of the decay final states, c j (t),
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the Wigner-Weisskopf approximation can be used to define a Schrödinger equation
with an effective 2 × 2 matrix:

i
d

dt

(
c(t)
c̄(t)

)
= Heff

(
c(t)
c̄(t)

)
(3.4)

Since this two-state system neglects the decay final states and thus does not conserve
probability the matrix He f f is non-hermitian. But, as any matrix, it can be expressed
in the following way by two hermitian matrices, a mass matrix M and a decay matrix
Γ :

Heff = M − i

2
Γ =

(
M11 M12
M∗

12 M22

)
− i

2

(
Γ11 Γ12
Γ ∗

12 Γ22

)
(3.5)

The diagonal elements of M and Γ govern the flavor-conserving transitions while
the off-diagonal elements are responsible for flavor-changing transitions.

In the following we will assume that C PT is a fundamental symmetry of nature.
This assumption is in good agreement with all experimental results and it is a require-
ment for a local Lorentz-invariant quantum field theory, a very basic concept we
believe describes nature. For meson mixing, C PT invariance implies M11 = M22
and Γ11 = Γ22. Then the eigen-vectors of the effective Hamiltonian are linear com-
binations of the two flavor eigenstates that are defined by two complex numbers p
and q:

|BL〉 = p|B〉 + q|B̄〉 (3.6)

|BH 〉 = p|B〉 − q|B̄〉. (3.7)

with
|p|2 + |q|2 = 1. (3.8)

The two states |BL〉 and |BH 〉 each have a defined mass and lifetime and are thus
usually referred to as mass or lifetime eigenstates. The masses and decay widths are
given by the eigenvalues ωH and ωL :

mL/H = Re(ωL/H ) (3.9)

ΓL/H = 2Im(ωL/h). (3.10)

⇔ ωL/H = mL/H + i
ΓL/h

2
. (3.11)

The two solutions can be distinguished by their different mass or their different
lifetime. Here the mass is used as indicated by the indices L and H for light and
heavy, respectively. This is the usual nomenclature for B0 and B0

s mesons. In the K 0

system the states have very different decay rates and are therefore labeled by their
lifetime, K 0

L and K 0
S for the long and short lived state, respectively.
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Table 3.1 World average values of x = Δm/Γ and y = ΔΓ/2Γ for weakly decaying neutral
mesons [9]

Meson K 0 D0 B0 B0
s

x = Δm/Γ 0.946 ± 0.002 0.0063+0.0019
−0.0020 0.770 ± 0.008 26.49 ± 0.29

y = ΔΓ/2Γ 0.997 ± 0.004 −0.0075 ± 0.0012 0.007 ± 0.009 0.147 ± 0.019

Instead of the mass and width values of the heavy and light states often the mean
value and the difference are quoted:

m = mL + m H

2
Γ = ΓL + ΓH

2
(3.12)

Δm = m H − mL ΔΓ = ΓL − ΓH . (3.13)

The sign of Δm is positive by definition. The sign of ΔΓ has to be measured. Here
one has to be careful about the sign convention. Both possibilities, ΓL − ΓH and
ΓH − ΓL , are used in the literature. For the definition in Eq. (3.13) a positive value
of ΔΓ is expected in the standard model for the B0 and B0

s systems.
The mass and decay width differences, as well as the factors p and q defining the

heavy and light eigenstates, are determined by the off-diagonal elements of the mass
and decay matrices. The following relations are derived in reference [8]:

Δm2 − 1

4
ΔΓ 2 = 4|M12|2 − |Γ12|2 (3.14)

ΔmΔΓ = −4Re(M12Γ
∗

12) (3.15)

q

p
= Δm + iΔΓ/2

2M12 − iΓ12
= 2M∗

12 − iΓ ∗
12

Δm + iΔΓ/2
. (3.16)

If |Γ12| � |M12| and ΔΓ � Δm, as it is the case in the B0 and B0
s systems,

Eqs. (3.14) and (3.15) can be simplified to

Δm ≈ 2|M12| (3.17)

ΔΓ ≈ 2|Γ12| cosφ (3.18)

whereφ is the phase between the off-diagonal elements of the mass and decay matrix:

φ = arg
(−M12Γ

∗
12

) = arg

(−M12

Γ12

)
. (3.19)

As we will see later in this Chapter the phase plays an important role in CP violation.
The parameters Δm and ΔΓ are essential for the time evolution of the neutral
mesons. Table 3.1 gives an overview of the current experimental knowledge of these
parameters.
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Having determined eigen-values and -vectors of the effective Hamiltonian in
Eq. (3.5) the time evolution of these eigenstates is according to Eq. (3.4) described by

d

dt
|BL/H (t)〉 = iωL/H |BL/H (t)〉 (3.20)

Thus the wave function at time t of an initial heavy or light mass eigenstates is simply
given by

|BL(t)〉 = e−iωL t |BL〉 = e−iωL t (p|B〉 + q|B̄〉) (3.21)

|BH (t)〉 = e−iωH t |BH 〉 = e−iωH t (p|B〉 − q|B̄〉) (3.22)

So the mass eigenstates decay exponentially and do not oscillate.
In order to calculate the time evolution of an initial flavor eigenstate we use Eqs.

(3.6) and (3.7) to express the flavor by the mass eigenstates:

|B〉 = 1

2p
(|BL〉 + |BH 〉) (3.23)

|B̄〉 = 1

2q
(|BL〉 − |BH 〉). (3.24)

Using Eqs. (3.22) and (3.21) we can derive the time-dependent state vector

|B(t)〉 = 1

2p
[|BL(t)〉 + |BH (t)〉]

= 1

2p

[
e−iωL t (p|B〉 + q|B̄〉)+ e−iωH t (p|B〉 − q|B̄〉)

]

= 1

2
(e−iωL t + e−iωH t )|B〉 + q

2p
(e−iωL t − e−iωH t )|B̄〉

= g+(t)|B〉 + q

p
g−(t)|B̄〉 (3.25)

where

g±(t) := 1

2

(
e−iωL t ± e−iωH t

)
= 1

2

(
e−imL t− ΓL

2 t ± e−im H t− ΓH
2 t

)
. (3.26)

In an analog way one obtains

|B̄(t)〉 = p

q
g−(t)|B〉 + g+(t)|B̄〉. (3.27)

The relations

mL/H = m ∓ Δm

2
and ΓL/H = Γ ± ΔΓ

2
(3.28)
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derived from Eqs. (3.12) and (3.13) can be used to express the time dependence in
terms of m, Δm, Γ , and ΔΓ :

g±(t) = 1

2

(
e−i(m−Δm

2 ) t−( Γ2 +ΔΓ
4 ) t ± e−i(m+Δm

2 ) t−( Γ2 −ΔΓ
4 ) t

)

= 1

2
e−im t e− Γ

2 t
(

ei Δm
2 t e−ΔΓ

4 t ± e−i Δm
2 t e

ΔΓ
4 t

)
(3.29)

= 1

2
e−im t e− Γ

2 t
(

cos
Δm

2
t

[
e−ΔΓ

4 t ± e
ΔΓ

4 t
]

+ i sin
Δm

2
t

[
e−ΔΓ

4 t ∓ e
ΔΓ

4 t
])
.

Expressed by hyperbolic functions this yields [8]:

g+(t) = e−im t e− Γ
2 t

(
cosh

ΔΓ

4
t cos

Δm

2
t − i sinh

ΔΓ

4
t sin

Δm

2
t

)
(3.30)

g−(t) = e−im t e− Γ
2 t

(
− sinh

ΔΓ

4
t cos

Δm

2
t + i cosh

ΔΓ

4
t sin

Δm

2
t

)
.

(3.31)

For the calculation of decay rates which can be measured experimentally we need
the terms |g±(t)|2 and g∗+(t)g−(t). They are derived using Eq. (3.29):

|g±(t)|2 = g∗±(t)g±(t)

= 1

4
e−Γ t

(
e−i Δm

2 t e−ΔΓ
4 t ± ei Δm

2 t e
ΔΓ

4 t
) (

ei Δm
2 t e−ΔΓ

4 t ± e−i Δm
2 t e

ΔΓ
4 t

)

= 1

4
e−Γ t

(
e−ΔΓ

2 t ± e−iΔm t ± eiΔm t + e
ΔΓ

2 t
)

= 1

2
e−Γ t

(
cosh

ΔΓ

2
t ± cosΔm t

)
(3.32)

g∗+(t)g−(t) = 1

4
e−Γ t

(
e−i Δm

2 t e−ΔΓ
4 t + ei Δm

2 t e
ΔΓ

4 t
) (

ei Δm
2 t e−ΔΓ

4 t − e−i Δm
2 t e

ΔΓ
4 t

)

= 1

4
e−Γ t

(
e−ΔΓ

2 t − e−iΔm t + eiΔm t − e
ΔΓ

2 t
)

= 1

2
e−Γ t

(
− sinh

ΔΓ

2
t + i sinΔm t

)
(3.33)

The time-dependent decay rate of a neutral meson produced as flavor eigenstate
B to a final state f is given by

dΓ [B → f ](t)
dt

= N f |〈 f |B(t)〉|2 (3.34)

where N f is a constant normalization factor. Using the definitions
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A f := 〈 f |B〉 and Ā f := 〈 f |B̄〉 (3.35)

and Eqs. (3.25), (3.32) and (3.33) the decay rate is given by

dΓ [B → f ](t)
dt

= N f

∣∣∣∣g+(t)〈 f |B〉 + q

p
g−(t)〈 f |B̄〉

∣∣∣∣
2

= N f

(
A∗

f g∗+(t)+ Ā∗
f

q∗

p∗ g∗−(t)
)(

A f g+(t)+ Ā f
q

p
g−(t)

)

= N f

[
|A f |2|g+(t)|2 + A∗

f Ā f
q

p
g∗+(t)g−(t)

+ Ā∗
f A f

q∗

p∗ g∗−(t)g+(t)+ | Ā f |2
∣∣∣∣ q

p

∣∣∣∣
2

|g−(t)|2
]

= 1

2
N f e−Γ t

[
|A f |2

(
cosh

ΔΓ

2
t + cosΔm t

)

+ A∗
f Ā f

q

p

(
− sinh

ΔΓ

2
t + i sinΔm t

)

+ Ā∗
f A f

q∗

p∗

(
− sinh

ΔΓ

2
t − i sinΔm t

)

+ | Ā f |2
∣∣∣∣ q

p

∣∣∣∣
2 (

cosh
ΔΓ

2
t − cosΔm t

)]

= 1

2
N f e−Γ t

[(
|A f |2 +

∣∣∣∣ Ā f
q

p

∣∣∣∣
2
)

cosh
ΔΓ

2
t

+
(

|A f |2 −
∣∣∣∣ Ā f

q

p

∣∣∣∣
2
)

cosΔm t

−2Re

(
A∗

f Ā f
q

p

)
sinh

ΔΓ

2
t − 2Im

(
A∗

f Ā f
q

p

)
sinΔm t

]
.

(3.36)

With the definition

λ f := Ā f

A f

q

p
(3.37)

Eq. (3.36) simplifies to

dΓ [B → f ](t)
dt

= N f |A f |2e−Γ t
[

1 + |λ f |2
2

cosh
ΔΓ

2
t + 1 − |λ f |2

2
cosΔm t

−Re(λ f ) sinh
ΔΓ

2
t − Im(λ f ) sinΔm t

]
. (3.38)
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An analog calculation for the B̄ state gives

dΓ [B̄ → f ](t)
dt

= N f |A f |2
∣∣∣∣ p

q

∣∣∣∣
2

e−Γ t

[
1 + |λ f |2

2
cosh

ΔΓ

2
t − 1 − |λ f |2

2
cosΔm t

−Re(λ f ) sinh
ΔΓ

2
t + Im(λ f ) sinΔm t

]
. (3.39)

Besides the term |p/q|2, Eqs. (3.38) and (3.39) differ by the signs of the cosΔm t
and sinΔm t terms. As we will see later, the former is exploited in measurements of
Δm and the latter in CP violation measurements.

The decay rates to the CP conjugate final state, | f̄ 〉 = CP| f 〉, are obtained by
replacing A f by A f̄ = 〈 f̄ |B〉 and Ā f by Ā f̄ = 〈 f̄ |B̄〉 in Eqs. (3.38) and (3.39),
implying λ f is substituted by

λ f̄ = Ā f̄

A f̄

q

p
. (3.40)

Because A f and A f̄ are in general unrelated, but A f and Ā f̄ are related by the CP

operation it is advisable to factor out the term | Ā f̄ |2 instead of |A f̄ |2. Applying the
above mentioned replacements to Eq. (3.38) yields:

dΓ [B → f̄ ](t)
dt

= N f |A f̄ |2e−Γ t

[
1 + |λ f̄ |2

2
cosh

ΔΓ

2
t + 1 − |λ f̄ |2

2
cosΔm t

−Re(λ f̄ ) sinh
ΔΓ

2
t − Im(λ f̄ ) sinΔm t

]

= N f |A f̄ |2|λ f̄ |2e−Γ t

[ |λ f̄ |−2 + 1

2
cosh

ΔΓ

2
t + |λ f̄ |−2 − 1

2
cosΔm t

−Re(λ f̄ /λ
∗̄
f
λ f̄ ) sinh

ΔΓ

2
t − Im(λ f̄ /λ

∗̄
f
λ f̄ ) sinΔm t

]

= N f | Ā f̄ |2
∣∣∣∣ q

p

∣∣∣∣
2

e−Γ t

[
1 + |λ f̄ |−2

2
cosh

ΔΓ

2
t − 1 − |λ f̄ |−2

2
cosΔm t

−Re(λ−1
f̄
) sinh

ΔΓ

2
t + Im(λ−1

f̄
) sinΔm t

]
. (3.41)
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In an analog way one get from Eq. (3.39):

dΓ [B̄ → f̄ ](t)
dt

=N f | Ā f̄ |2e−Γ t

[
1 + |λ f̄ |−2

2
cosh

ΔΓ

2
t + 1 − |λ f̄ |−2

2
cosΔm t

−Re(λ−1
f̄
) sinh

ΔΓ

2
t − Im(λ−1

f̄
) sinΔm t

]
. (3.42)

We have set N f̄ = N f because the normalization factor is determined by kinematics
and identical for both final states.

The Cabibbo-favored weak decays of neutral mesons are often flavor specific,
meaning the final state f = f f s is only accessible from B, but not from B̄ mesons.
An example are semileptonic decays where the charge of the lepton identifies the
flavor of the initial quark. In flavor-specific decays Ā f = A f̄ = 0 which implies

λ f = λ−1
f̄

= 0 and the last two terms in Eqs. (3.38) to (3.42) that are caused by

interference between B and B̄ vanish. This leads to [8]

dΓ [B → f f s](t)
dt

= 1

2
N f |A f |2e−Γ t

[
cosh

ΔΓ

2
t + cosΔm t

]
(3.43)

dΓ [B̄ → f f s](t)
dt

= 1

2
N f |A f |2

∣∣∣∣ p

q

∣∣∣∣
2

e−Γ t
[

cosh
ΔΓ

2
t − cosΔm t

]
(3.44)

dΓ [B → f̄ f s](t)
dt

= 1

2
N f | Ā f̄ |2

∣∣∣∣ q

p

∣∣∣∣
2

e−Γ t
[

cosh
ΔΓ

2
t − cosΔm t

]
(3.45)

dΓ [B̄ → f̄ f s](t)
dt

= 1

2
N f | Ā f̄ |2e−Γ t

[
cosh

ΔΓ

2
t + cosΔm t

]
. (3.46)

Often decay rate asymmetries are studied. This has not only the advantage that
some factors cancel out, but can also improve the precision of a measurement because
systematic uncertainties cancel to some extent. A prime example is the asymmetry
between flavor specific decays of not-oscillated and oscillated B mesons:

Amix (t) = dΓ [B → f f s](t)/dt − dΓ [B → f̄ f s](t)/dt

dΓ [B → f f s](t)/dt + dΓ [B → f̄ f s](t)/dt
. (3.47)

In case of |A f | = | Ā f̄ q/p| which is fulfilled if there is no CP violation in the decay
and the mixing (see next Section) the mixing asymmetry is given by:

Amix (t) = cosΔm t

cosh ΔΓ
2 t

. (3.48)
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This simplifies even more to Amix (t) = cosΔm t if the lifetime difference is negli-
gible as it is the case for B0 mesons. The mixing asymmetry is therefore well suited
to measure the oscillation frequency Δm.

3.2 CP Violation

A violation of the CP symmetry is established by observing a difference between
a process and the same process after applying the charge-conjugation and parity
operation. The experimental signature is usually a non-vanishing rate asymmetry
between both processes.

The origin of CP violation are complex terms in the Lagrangian that change the
sign of their phase under CP transformation. In the standard model these phases are
only present in W exchanges and are described by the CKM matrix. Therefore they
are called weak phases. Another type of phases arises from hadronic interactions.
There can be intermediate states that rescatter into the observed final state. Because
these processes are dominated by strong interactions the involved phases are called
strong phases. They are in general hard to calculate. Contrary to the weak phases they
do not change their sign under CP conjugation. Both types of phases are convention
dependent. Only phase differences have a physical meaning.

In order to violate the CP symmetry at least two terms with different weak phases
are required. The interference between these terms determines the extent of the CP
violation. In case of no interference CP is conserved.

Three classes of CP violating effects can be distinguished, CP violation in the
decay, in mixing, and in the interference between the decay with and without mixing.

CP Violation in Decay

CP violation in the decay of a particle X is caused by different absolute values of
the decay amplitudes for X → f and its CP conjugate X̄ → f̄ :

∣∣∣∣∣
Ā f̄

A f

∣∣∣∣∣ 
= 1. (3.49)

Obviously, the magnitude of the CP violating effect depends on the considered decay
mode. It is the only type of CP violation that can occur in weak decays of charged
mesons and of baryons. However it can also be present in neutral meson decays. For
non-oscillating particles it is experimentally measured by a time-independent decay
rate asymmetry:
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Adecay = Γ [X̄ → f̄ ] − Γ [X → f ]
Γ [X̄ → f̄ ] + Γ [X → f ] = | Ā f̄ |2 − |A f |2

| Ā f̄ |2 − |A f |2
=

∣∣∣∣ Ā f̄
A f

∣∣∣∣
2

− 1

∣∣∣∣ Ā f̄
A f

∣∣∣∣
2

+ 1

. (3.50)

CP violation in the decay is only possible if the decay amplitude has contributions
from at least two diagrams. Then we can write it as

A f = A1 + A2 = |A1|ei(δ1+φ1) + |A2|ei(δ2+φ2) (3.51)

where δ1,2 and φ1,2 are the strong and weak phases, respectively, of the contributions
A1,2. CP conjugation yields

Ā f̄ = |A1|ei(δ1−φ1) + |A2|ei(δ2−φ2). (3.52)

For the determination of the decay rate asymmetry we have to calculate the absolute
squared amplitudes:

|A f |2 = A∗
f A f

=
(
|A1|e−i(δ1+φ1) + |A2|e−i(δ2+φ2)

) (
|A1|ei(δ1+φ1) + |A2|ei(δ2+φ2)

)

= |A1|2 + |A1||A2|ei(δ2−δ1+φ2−φ1) + |A1||A2|e−i(δ2−δ1+φ2−φ1) + |A2|2
= |A1|2 + |A2|2 + 2|A1||A2| cos(δ2 − δ1 + φ2 − φ1)

= |A1|2 + |A2|2 + 2|A1||A2| [cos(δ2 − δ1) cos(φ2 − φ1)

− sin(δ2 − δ1) sin(φ2 − φ1)]

= |A1|2 + |A2|2 + 2|A1||A2| [cosΔδ cosΔφ − sinΔδ sinΔφ] (3.53)

whereΔδ := δ2 − δ1 andΔφ := φ2 −φ1 are the strong and weak phase differences,
respectively. With

| Ā f̄ |2 = |A1|2 + |A2|2 + 2|A1||A2| [cosΔδ cosΔφ + sinΔδ sinΔφ] (3.54)

the rate asymmetry becomes

Adecay = 2|A1||A2| sinΔδ sinΔφ

|A1|2 + |A2|2 + 2|A1||A2| cosΔδ cosΔφ
. (3.55)

This equation illustrates the requirements for CP violation in the decay. First of all
there have to be at least two contributing diagrams. If A2 is zero the rate asymme-
try vanishes. Furthermore both terms must have different weak and strong phases.
Fig. 3.1 illustrates this requirement.

From the experimental point of view a measurement of Adecay has the advantage
that no time-dependent analysis is required and in particular for charged particles the
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A1

A2

Af φ 2

2δ

Af

A1

A2

δ − φ2       2

Fig. 3.1 Decay amplitude A f composed of two contributions A1 and A2 (left) and its CP conjugate
(right). Here the phase convention is chosen such that δ1 = φ1 = 0

two CP conjugate processes have well distinguishable signatures. But an extraction
of the physically interesting weak phase difference that is related to the CKM matrix
elements in the standard model is difficult. It requires the knowledge of the strong
phase difference and of the ratio of absolute amplitudes |A2/A1|. This knowledge is
often not available or only with limited precision.

CP Violation in Mixing

A CP-violating effect can be observed for neutral, oscillating mesons if their mass
eigenstates, as defined in Eqs. (3.6) and (3.7), are not an equal mixture of their flavor
eigenstates. This condition is expressed by the relation

∣∣∣∣ q

p

∣∣∣∣ 
= 1 ⇔ |p| 
= |q|. (3.56)

From Eqs. (3.6) and (3.7) follows that the two mass eigenstates are not orthogonal
in this case:

〈BH |BL〉 = |p|2 − |q|2 
= 0. (3.57)

This also means that the mass eigenstates do not coincide with the CP eigenstates

|Beven〉 = 1√
2
(|B〉 + |B̄〉) and |Bodd〉 = 1√

2
(|B〉 − |B̄〉). (3.58)

The deviation from the equal mixing is caused by a difference in the phase of
M12 and Γ12. The condition for CP violation in mixing can be related to the phase
difference φ, defined in Eq. (3.56), using Eq. (3.16):
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(
q

p

)2

= Δm + iΔΓ/2

2M12 − iΓ12

2M∗
12 − iΓ ∗

12

Δm + iΔΓ/2
= 2M∗

12 − iΓ ∗
12

2M12 − iΓ12
(3.59)

⇒
∣∣∣∣ q

p

∣∣∣∣
4

=
[(

q

p

)2
]∗ (

q

p

)2

= 2M12 + iΓ12

2M∗
12 + iΓ ∗

12

2M∗
12 − iΓ ∗

12

2M12 − iΓ12

= |M12|2 + |Γ12|2 + Im(M12Γ
∗

12)

|M12|2 + |Γ12|2 − Im(M12Γ
∗

12)

= |M12|2 + |Γ12|2 + |M12||Γ12| sin φ

|M12|2 + |Γ12|2 − |M12||Γ12| sin φ
(3.60)

We see that CP is conserved in mixing if sin φ = 0.
CP violation in mixing results in a difference between the rates of B → B̄

and B̄ → B transitions. It can be observed experimentally via an asymmetry in
flavor specific decays that are only accessible via mixing, B → B̄ → f̄ f s and
B̄ → B → f f s :

A CPmix (t) = dΓ [B̄ → f f s](t)/dt − dΓ [B → f̄ f s](t)/dt

dΓ [B̄ → f f s](t)/dt + dΓ [B → f̄ f s](t)/dt
. (3.61)

Because often semileptonic decay modes are used to measure A CPmix it is some-
times called semileptonic asymmetry, aSL . In case of no CP violation in the decay
(|A f | = | Ā f̄ |) the asymmetry is, according to Eqs. (3.44) and (3.45), given by:

A CPmix (t) =
∣∣∣ p

q

∣∣∣2 −
∣∣∣ q

p

∣∣∣2

∣∣∣ p
q

∣∣∣2 +
∣∣∣ q

p

∣∣∣2 =
1 −

∣∣∣ q
p

∣∣∣4

1 +
∣∣∣ q

p

∣∣∣4 . (3.62)

With Eq. (3.60) this becomes

A CPmix (t) = −|M12||Γ12| sin φ

|M12|2 + |Γ12|2 . (3.63)

This illustrates that although the decay rates are functions of time the asymmetry
is time-independent. If |Γ12| � |M12|, as it it the case for B0 and B0

s mesons, the
decay rate asymmetry simplifies to

A CPmix (t) ≈ − |Γ12|
|M12| sin φ. (3.64)

As we have assumed |Γ12| � |M12| the observed asymmetry should be small. With
the approximations Eqs. (3.17) and (3.18) it transforms to

A CPmix (t) ≈ −ΔΓ
Δm

tan φ. (3.65)

So in order to extract the physically interesting phaseφwe have to knowΔΓ andΔm.
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CP Violation in Interference Between Mixing and Decay

The third type of CP violation is caused by the interference between decays with
and without mixing. It requires a final state that is accessible from B and B̄ mesons.
Then the processes B → f and B → B̄ → f can interfere and give access to the
phase difference between both processes that leads to CP violation.

The condition for this type of CP violation, that is also called mixing induced CP
violation, is given by

Im(λ f ) 
= 0 (3.66)

where λ f is defined in Eq. (3.37) as λ f = ( Ā f /A f )(q/p). One can see that the
condition depends on the decay amplitudes as well as on the mixing parameters p
and q.

Experimentally, mixing induced CP violation can be observed by measuring the
time-dependent asymmetry of B and B̄ decays to a common final state f :

Acommon(t) = dΓ [B̄ → f ](t)/dt − dΓ [B → f ](t)/dt

dΓ [B̄ → f ](t)/dt + dΓ [B → f ](t)/dt
. (3.67)

With Eqs. (3.38) and (3.39) one obtains:

Acommon(t) = 1
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(3.68)
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In case of no CP violation in mixing (|q/p| = 1) as expected to hold in good
approximation for B0 and B0

s mesons this simplifies to

Acommon(t) = (1 − |λ f |2) cosΔm t + 2Im(λ f ) sinΔm t

(1 + |λ f |2) cosh ΔΓ
2 t + 2Re(λ f ) sinh ΔΓ

2 t
. (3.69)

If in addition ΔΓ vanishes, as it is approximately the case for B0 mesons, the
expression reduces to

Acommon(t) = 1 − |λ f |2
1 + |λ f |2 cosΔm t + 2Im(λ f )

1 + |λ f |2 sinΔm t

= C f cosΔm t + S f sinΔm t (3.70)

with

C f := 1 − |λ f |2
1 + |λ f |2 and S f := 2Im(λ f )

1 + |λ f |2 (3.71)

Of particular interest are final states that are CP eigenstates. One reason is that B
and B̄ mesons decay to them at approximately equal rate so that large interference
effects are possible. Another advantage is that decay amplitudes can be related to
each other via the CP operation. For a CP eigenstate one has

| f̄C P 〉 = CP| fC P 〉 = η f | fC P 〉 with η f = ±1 (3.72)

where the sign is positive for CP-even and negative for CP-odd final states. With this
Ā fC P = η f Ā f̄C P

and

λ fC P = η f
Ā f̄C P

A fC P

q

p
. (3.73)

Then C f becomes

C fC P =
1 −

∣∣∣∣ Ā f̄C P
A fC P

∣∣∣∣
2

1 +
∣∣∣∣ Ā f̄C P

A fC P
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2 . (3.74)

Except for a sign, this is equal to the asymmetry between CP conjugated decay rates
defined in Eq. (3.50). Thus the coefficient in front of the cos term in Eq. (3.70)
measures the CP violation in the decay.

Now let us look at S fC P , the coefficient in front of the sin term, in case of a
CP-even or -odd finale state. If in addition to no CP violation in mixing there is no
CP violation in the decay (| Ā f̄C P

| = |A fC P |), it is part of the only remaining term
as C fC P vanishes and Eq. (3.70) becomes



3.2 CP Violation 29

Acommon(t) = S fC P sinΔm t (3.75)

with

S fC P = Im(λ fC P ) = η f Im
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. (3.76)

As one can see from Eqs. (3.16) or (3.59) the phase of q/p is for |Γ12| � |M12|
given by the negative phase of M12

φM := arg(M12). (3.77)

And since we have assumed no CP violation in the decay we can express A fC P by a
single strong and weak phase

A fC P = |A fC P |ei(δ f +φ f ) ⇒ arg(A fC P ) = δ f + φ f , arg( Ā f̄C P
) = δ f − φ f .

(3.78)
Thus in the case of no CP violation in decay and mixing S fC P is given by the mixing
phase φM and the phase of the decay amplitude:

S fC P = −η f sin(φM + 2φ f ) (3.79)

⇒ Acommon(t) = −η f sin(φM + 2φ f ) sinΔm t. (3.80)

As S fC P depends only on weak phases and no hadronic terms enter, a measurement
of this time-dependent asymmetry gives direct access to the physics parameters of
interest, that are related to the phases of the CKM matrix elements.

Direct and Indirect CP Violation

Another way of classifying CP violating effects is the separation in direct and indirect
CP violation. This classification was established after CP violation was observed
for the first time in the neutral kaon system. Two different theories were able to
describe this effect. Besides the Kobayashi-Maskawa theory, a theory of a superweak
interaction [10] was discussed. This CP violating superweak force was postulated to
change the flavor quantum number F (i.e. the strangeness S in the kaon system) by
two units.
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Therefore it was beneficial to characterize CP violating effects by the fact whether
they could be explained by processes with |ΔF | = 2 or they require processes with
|ΔF | = 1. The former case is called indirect CP violation and the latter one direct
CP violation. Direct CP violation was first measured in K → ππ decays [11–13]
and disproved the superweak theory.

CP violation in the decay is caused by |ΔF | = 1 processes and therefore belongs
to the category of direct CP violation. As mixing is a |ΔF | = 2 process, CP violation
in mixing is indirect. A single measurement of CP violation in the interference
between decays with and without mixing can be explained by a |ΔF | = 2 process.
Any observed asymmetry can be described with an appropriate choice of φM in
Eq. (3.68). Evidence for direct CP violation is obtained if different asymmetries are
measured for two different final CP eigenstates.
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Chapter 4
Experimental Techniques

4.1 The Tevatron Collider

The Tevatron p p̄ collider was operated by the Fermi National Accelerator Laboratory
(Fermilab, FNAL) in Batavia near Chicago. It has two interaction points at which
the experiments CDF and D0 detect the collision products. In the years 1992–1996
protons and antiprotons were accelerated to an energy of 0.9 TeV, leading to a center
of mass energy of

√
s = 1.8 TeV. During this time, called Run I, both experiments

collected about 0.1 fb−1 of data.
Afterwards the accelerator was upgraded in order to reach a center of mass energy

of
√

s = 1.96 TeV. The Run II operation started in 2001 and ended on September
30th, 2011. Tevatron delivered an integrated luminosity of almost 12 fb−1. Figure 4.1
shows the development of delivered luminosity versus time. It can be seen that the
performance of the accelerator was steadily increased. This was mainly achieved by
reaching higher instantaneous luminosities as shown in Fig. 4.2. The record peak
luminosity is 4.14 × 1032cm−2 s−1.

To produce protons and antiprotons, and to accelerate them to an energy of nearly
1 TeV a sophisticated system of accelerator devices is needed. Figure 4.3 shows the
involved components.

The accelerator chain starts with a Cockcroft-Walton pre-accelerator. It accelerates
H− ions from a magnetron surface plasma source in an electrostatic field to an energy
of 750 keV. The hydrogen ions are fed to a linear accelerator which increases their
energy to 400 MeV. Then the ions pass a carbon foil that strips off the electrons so
that only protons remain. The protons are injected to the Booster, a ring accelerator
with a circumference of 475 m. They leave the Booster, the last part of the so-called
proton source, at an energy of 8 GeV.

The Main Injector is the next component in the pre-accelerator chain. It has a
circumference of 3.3 km and has two tasks. First, it accelerates protons to an energy
of 150 GeV for the injection into the Tevatron ring. Second, it delivers protons to
fixed-target experiments and the antiproton source. In the latter case the protons are
accelerated to only 120 GeV.

T. Kuhr, Flavor Physics at the Tevatron, Springer Tracts in Modern Physics 249, 31
DOI: 10.1007/978-3-642-10300-1_4, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 4.1 Integrated luminosity delivered by the Tevatron in Run II [1]

Fig. 4.2 Peak luminosity
delivered by the Tevatron in
Run II [1]
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For the production of antiprotons the 120 GeV protons are shot on a nickel target.
Among several other particles, antiprotons with the desired energy of about 8 GeV are
created with an efficiency of the order of 10−5 per incoming proton. They are focused
with a lithium lense and separated from the other particles with a mass spectrometer.
In the Debuncher the spread in momentum is reduced by bunch rotation and stochastic
cooling. Then the antiprotons are transferred to and collected in the Accumulator.
Debuncher and Accumulator are triangle-shaped rings with a circumference of 505
and 474 m, respectively.

From the Accumulator, the last part of the so-called antiproton source, the particles
are passed on to the Recycler, a storage ring in the Main Injector tunnel. It collects
antiprotons at 8 GeV and provides stochastic [3] and electron cooling [4]. The pre-
acceleration of the antiprotons to 150 GeV is performed by the Main Injector before
they are injected into the Tevatron.
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Fig. 4.3 Schematic view of the Tevatron collider and its pre-accelerators [2]

The Tevatron, a circular synchrotron with a radius of 1 km, then accelerates protons
and antiprotons to the final energy of 980 GeV. The superconducting dipole magnets
produce a field of up to 4.2 Tesla. The particles are concentrated in bunches that are
about 120 m apart. This leads to a bunch crossing rate of 2.5 MHz, corresponding to
one bunch crossing every 396 ns. However, since only 36 out of 53 possible bunches
are filled the effective rate reduces to 1.7 MHz.

4.2 The CDF II Detector

The Collider Detector at Fermilab (CDF) [5–7] is a multi-purpose detector that
measures the momenta and energies of particles produced in p p̄ collisions. After
Run I it was upgraded in order to cope with the increased interaction rate. Since then
it is called CDF II detector. It is 12 m long, 12 m high, weighs 5 kT, and consists of
several sub detectors that surround the interaction point.

The nominal interaction point defines the origin of the CDF coordinate system.
The proton beam direction determines the direction of the z-axis. Polar angles with
respect to the z-axis are denoted by the θ -coordinate. Alternatively the pseudora-
pidity η is often used to specify the direction relative to the beam axis. It is defined
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Fig. 4.4 Elevation view of one half of the forward-backward symmetric CDF II detector [7]

as η = − ln(tan(θ/2)) and has an approximately flat distribution for particles pro-
duced within the detector acceptance. The x-axis is perpendicular to the beam direc-
tion, pointing away from the Tevatron center in horizontal direction. The y-axis
points upwards so that an orthogonal right-handed coordinate system is defined.
The momentum of particles projected on the xy-plane, the plane perpendicular to the
beam axis, is called transverse momentum pT . The angle in the transverse plane with
respect to the x-axis is denoted by the azimuthal angle coordinateφ. The r -coordinate
describes the radial distance from the z-axis.

The CDF II detector components have a cylindrical shape centered around the
beam line. Figure 4.4 shows the individual components in an elevation view of one
half of the forward-backward symmetric CDF II detector. The inner part consists of
a tracking system that reconstructs the trajectory of charged particles. It is immersed
in 1.4 T homogeneous magnetic field produced by a superconducting solenoid. Elec-
tromagnetic and hadronic calorimeters are located outside the tracking system and
the magnet. They measure the energy of changed and neutral particles. Charged par-
ticles that are not absorbed by the calorimeters are detected by drift chambers in the
outermost part of CDF II. Since almost only muons reach these sub detectors they
are called muon chambers.
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For flavor physics measurements the tracking system is an essential component.
Charged particles are detected via ionization in a cylindrical drift chamber, the Central
Outer Tracker (COT). It covers the range |z| < 155 cm and extends from a radius of
40 to 132 cm. Thus the acceptance for tracks reaching the outer part of the COT is
the central region of |η| < 1. The chamber is radially divided into eight superlayers.
Each superlayer is further divided into cells with a central plane of 12 sense wires.
Grounded mylar field sheets define the cell boundaries. Because the electron drift
direction differs from the electric field direction by the Lorentz angle of 35◦ the
cells are rotated by this angle with respect to the radial direction. The superlayers are
alternating of axial and stereo type. In an axial layer the sense wires are parallel to the
beam axis and therefore measure the position in the transverse plane. Information
about the z coordinate is obtained from stereo layers in which the cells are tilted
by ±2◦.

The reconstruction of tracks starts with the identification of track segments in each
superlayer. Matching track segments are linked and a helix fit is performed. By using
cosmic ray particles that are reconstructed in the COT as two tracks a transverse
momentum resolution of σ(pT )/p2

T = 0.0015 [c/GeV] was measured.
In addition to the trajectory of particles, the COT also measures their specific

energy loss d E/dx . It is proportional to the logarithm of the charge deposited on a
sense wire and determined by the pulse width of the read out signal. The specific
energy loss depends on the momentum and mass of the particle and is described by a
Bethe-Bloch formula [8]. For a particle with measured momentum it can thus be used
to identify the type of particle (particle identification, PID). For example the average
d E/dx values of pions and kaons with a momentum of 4 GeV/c are separated by
about 1.5 standard deviations.

Besides the precise measurement of momenta flavor physics analyses often require
the precise measurement of production and decay vertices. This is achieved by a
silicon vertex detector inside the COT. It consists of three components, the Layer00
(L00), the Silicon Vertex Detector (SVX), and the Intermediate Silicon Layers (ISL).
Layer00 are radiation hard micro strip sensors mounted directly on the beam pipe in
two overlapping layers at radii of 1.35 and 1.62 cm. With a length of 94 cm it covers
the range |η| < 4. The sensors have strips parallel to the beam axis on one side and
thus measure the rφ coordinate in the transverse plane. The SVX consists of five
layers of double-sided strip detectors. The innermost layer has a radius of 2.5 cm, the
outermost of 10.6 cm yielding a pseudorapidity coverage of |η| < 2 for the 86 cm
long detector. The strips on the two sides of layers 1, 2, and 4 are rotated by 90◦.
While one side measures the rφ coordinate the other one measures the z coordinate.
Since multiple hits on a sensor lead to ambiguities for the linking of hits from both
sides that can result in wrongly reconstructed space points, the strips on one side of
layers 3 and 5 are rotated by only 1.2◦ with respect to the beam-axis-parallel strips
on the other side (Small Angle Stereo, SAS). This reduced the ambiguities on the
cost of a less precise measurement of the z coordinate. SAS sensors are used for
the ISL, too. In the central region of |η| < 1 it consists of one layer at r = 22 cm.
The forward regions 1 < |η| < 2 are equipped with two layers at radii of 20 and
29 cm.
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The reconstruction of tracks in the silicon detector starts with the extrapolation
of tracks measured in the COT. In an iterative procedure going from the outermost
layers to the inside hits are assigned and track parameters are refitted. Further track
reconstruction algorithms search for tracks inside the silicon detector. By extrapo-
lating these tracks in outward direction COT hits may be added to them. With the
silicon vertex detector an impact parameter resolution of about 25 µm is achieved
for high momentum tracks.

A further device for the identification of particles is the Time Of Flight detector
(TOF) located between the COT and the magnet. It consists of 216 scintillator bars at
a radius of 140 cm covering |η| < 1. The measurement of the arrival time of a particle
together with the momentum and path length measured in the tracking system allows
to determine the mass. With a resolution of about 0.1 ns a separation of pions and
kaons of more than 2 standard deviations is achieved for momenta below 1.5 GeV/c.

The tracking system and the magnet are surrounded by sampling scintillator
calorimeters arranged in a projective tower geometry. They are divided into an inner,
electromagnetic part made of lead, and an outer, hadronic part made of steel. The
central electromagnetic (CEM), central hadronic (CHA), end-wall hadronic (WHA),
plug electromagnetic (PEM), and plug hadronic (PHA) calorimeters altogether cover
a pseudorapidity range of |η| < 3.6.

While the energy measurement of particle jets in the calorimeters is essential for
many analyses with high momentum objects, these components are less important for
most flavor physics analyses. Here the main purpose is the identification of electrons.
Electrons can be distinguished from hadrons by comparing the energy measured in
the electromagnetic and hadronic calorimeter. Further information is provided by the
Central Electromagnetic Shower detector (CES) and the Central Pre-Radiator (CPR).
The CES consists of proportional chambers embedded in the CEM that measure the
shower profile at the expected maximum for electrons. The CPR chambers provide
a measurement in front of the CEM.

With a depth of 5.5 interaction lengths the central calorimeters provide a good
shielding for the muon chambers. The muon chambers detect charged particles in
proportional chambers and scintillators. The Central Muon Detector (CMU) has a
coverage of |η| < 0.6. Particles must have a transverse momentum pT of at least
1.4 GeV/c to reach the CMU. To reduce the rate of hadrons misidentified as muon
a second component is placed around the CMU and the magnetic return yoke. The
Central Muon Upgrade (CMP) covers the same pseudorapidity range of |η| < 0.6.
To reach this box-shaped detector a pT of at least 2 GeV/c is required. The conical
sections of the Central Muon Extension (CMX) increase the acceptance up to |η| = 1.
The Barrel Muon Chambers (BMU) are mounted around the forward toroids that are
not used in Run II and cover 1 < |η| < 1.5.

The identification of muons starts with the recognition and reconstruction of
track segments in the muon chambers. Hits in at least three out of four layers are
required. A track reconstructed in the tracking system is called a muon candidate if
its extrapolation to the muon chambers can be matched to a muon track segment.
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Fig. 4.5 Elevation view of the D0 detector [9]

Cherenkov Luminosity Counters (CLC) are mounted close to the beam pipe on
each side of the detector. By measuring the rate of inelastic p p̄ collisions the lumi-
nosity can be determined with an accuracy of about 6 %.

4.3 The D0 Detector

The D0 detector [9], named after the Tevatron section where it is located, has a length
of 15 m, a height of 9 m, and weighs 5 kT. It is a multi-purpose detector like the
CDF II detector. Although the general layout of both detectors is similar different
detection technologies and configurations with different strengths and weaknesses
allow to obtain complementary results and to cover a large field of physics analyses.
While the D0 detector was optimized for measurements of high momentum objects
in Run I the upgrade for Run II improved its flavor physics capabilities.

The coordinate system is defined in the same way as the CDF one. The indi-
vidual components are illustrated in Fig. 4.5. The innermost part is the tracking
system that is located inside a superconducting solenoid. The magnet produces a 2 T
homogeneous field for the momentum measurement of charged particles. Tracking
system and solenoid are surrounded by electromagnetic and hadronic calorimeters
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with preshower detectors. Muon detectors are the outermost components. They are
placed inside and outside of toroidal magnets.

The reconstruction of charged particle tracks starts with the detection of hits in
the Silicon Microstrip Tracker (SMT). Four layers of silicon sensors from r = 2.7
to 10.5 cm are arranged in six barrels around the beam pipe. All sensors have strips
parallel to the beam axis on one side providing a measurement of the rφ coordinate.
In addition the layers 2 and 4 have strips with a stereo angle of 2◦ on the second
side allowing to determine the z position of hits. The central four barrels of layers 1
and 3 have strips perpendicular to the beam axis on the second side yielding a more
precise z coordinate measurement on the cost of potential rφ and z hit matching
ambiguities. Between each of the 12 cm long barrels and at the end of the barrels
so-called F-disks are mounted. The twelve F-disks are perpendicular to the beam axis
and consist of twelve wedges of double-sided silicon sensors with a stereo angle of
30◦. Their radial dimension goes from 2.6 to 10.0 cm yielding a coverage of |η| < 3.
Further on in forward direction two more disks were placed. These so-called H-disks
consist of single sided sensors at r = 9.5 − 20 cm. They were removed in 2006 at
the end of the data taking period called Run IIa in order to have space for the readout
cables of a new layer of silicon sensors in Run IIb. The added Layer-0 silicon detector
consists of single sided sensors at a radius of 1.6 cm arranged in a hexagonal shape
around the beam pipe. It is divided in eight barrels. The central four have a length of
7 cm, the outer four a length of 12 cm. Layer-0 improves the track impact parameter
resolution by about 30 %.

The second part of the tracking system is the Central Fiber Tracker (CFT). It
consists of eight cylindrical dual layers of scintillating polystyrene fibers with a
diameter of 836 µm. The inner one of each of the two layers is aligned parallel to
the beam direction and called axial layer. The second layer, called stereo layer, is
tilted by +3◦ or −3◦. The innermost dual layer at a radius of 20 cm has a length
of 1.66 m. The outermost fibers at a radius of 52 cm cover with a length of 2.52 m
a pseudorapidity range of |η| < 1.7. The photons that are produced by charged
particles traversing the scintillating fibers are transmitted via clear fiber waveguides
to visible light photon counters (VLPC). They are locate in a cryostat below the
calorimeter and detect single photons with an efficiency of about 80 % leading to a
hit efficiency of ∼99.9 %.

The energy of electrons, photons and hadrons is measured in sampling calorime-
ters surrounding the tracking system and the solenoid. The Central Calorimeter (CC)
has an acceptance of |η| < 1. The two End Calorimeters (EC) extend the accep-
tance to |η| ≈ 4. Each of the calorimeters is divided into an electromagnetic, a fine
hadronic, and a coarse hadronic part. The absorber material is mainly uranium for the
first two types and copper (stainless steel) for the coarse hadronic CC (EC). As active
material liquid argon is used. Scintillator strips are mounted on the inner surface of
the calorimeter cryostats. These preshower detectors help to identify electrons.

Like the calorimeters the Muon System is divided into a central part (CF) and a
forward part on the north and south side (EF). The central muon system is shielded
by the 7.2 interaction lengths of the central calorimeter and covers the pseudorapidity
range |η| < 1.5. The forward muon system extends the coverage to |η| < 2.0. Each
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of the muon systems consists of a toroidal magnet and three layers of drift tubes,
one inside and two outside of the toroid. The magnetic field inside the toroids has
an average strength of about 1.8 T and allows for a measurement of the momentum
independent of the measurement in the central tracking system. A special feature of
the D0 detector is that the field direction of the solenoid and the toroids is inverted
regularly after several days. This helps to control systematic uncertainties due to
detector asymmetries.

Protons and anti-protons scattered elastically under a small angle of the order of
1 mrad can be identified by the Forward Proton Detector (FPD). It consists of scin-
tillating fibers that can be moved close to the beam line several meters away from the
interaction point. Like at CDF the instantaneous luminosity is measured by detect-
ing inelastic p p̄ reactions. The Luminosity Monitor (LM) uses plastic scintillation
counters mounted close to the beam pipe at z = ±1.4 m.

4.4 Triggering of Heavy Flavor Events

The effective bunch crossing rate of 1.7 MHz is much too high to read out, record
and analyze each of these events. With a raw data event size of about 150 kB it would
correspond to a data rate of more than 200 GB per second. To reduce this rate to a
manageable size a tight selection of events has to be applied. Moreover the selection
procedure, called triggering, has to be fast to cope with an input rate of 2.5 MHz.

The decision which events are kept and which are discarded is motivated by the
physics processes that are of interest for analysis. They usually have a much lower
rate than the dominant process of inelastic p p̄ scattering. As both collaborations have
a broad physics program different selection requirements have to be considered. This
can make it a challenging task to find a good compromise that utilizes the delivered
luminosity in an optimal way. The design and the tuning of the trigger setup plays a
crucial role for the potential to extract physics results from the recorded data. Actually,
one of the main reasons why some analyses are performed by one experiment and
not by the other one are the different trigger capabilities.

Both Tevatron experiments employ a three level trigger system for the online
event selection. The first level, L1, is implemented in hardware. Because it needs
more time than the 0.4 ns between bunch crossings for a decision the events are stored
in a buffer. The information available at this level comes from the calorimeters, the
muon system, and the central tracker (COT or CFT, respectively). Requirements on
the transverse momentum, charge and azimuthal angle of tracks can be applied. A
coarse muon identification is achieved by matching tracks in the central tracker to
signals in the muon system. The L1 output rate is 1.5 kHz at D0 and up to 40 kHz
at CDF. The accepted events are written to a second buffer and passed to the next
trigger level.

At the second level, L2, that is implemented in hardware, too, information from
the silicon vertex detectors (SVX and SMT, respectively) becomes available. This
allows to refine the track parameters determined by L1 and to measure the impact
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parameter with respect to the primary vertex. The L2 output rate is of the order of
500 Hz for CDF and 800 Hz for D0.

On the third trigger level, L3, software algorithms run on PC farms. Here the
full detector information is available. This allows for a confirmation of the L1 and
L2 decision using more precisely determined parameters and for the application of
more sophisticated selection criteria. If an event was selected by L3 it is written to
a disk buffer and then stored on tape. The final output rate is about 100 Hz for both
experiments.

In order to select heavy flavor events from inelastic scattering events which have a
three orders of magnitude higher cross section than bb̄ production several character-
istic features of heavy flavored hadrons are exploited. A well identifiable signature
are charmonium and bottomonium states decaying to a pair of muons. In addition
muon pairs can arise from rare decays, like B0

s → μ+μ−, or semileptonic decays of
two heavy hadrons in the same event. Both experiments trigger efficiently on pairs
of muons. In order to reduce background these triggers usually pose requirements
on the invariant mass of the pairs. In the beginning of Run II when the instantaneous
luminosity was low CDF triggered also on decays of charmonia to e+e−.

Another class of events are those with only one muon from a semileptonic decay of
a heavy hadron. D0 triggers on single muons with a transverse momentum of at least
3 GeV/c. As the rate of this trigger becomes too high at high luminosities a tighter
version of it with a requirement of pT > 5 GeV/c is added. While the D0 detector
and trigger are optimized for muon identification CDF has to require an additional
track displaced from the primary vertex in order to trigger on semileptonic decays.
This second track from the heavy hadron decay vertex is identified by an impact
parameter with respect to the primary vertex of 120 µm < d0 < 1 mm reconstructed
at L2 by the Silicon Vertex Trigger (SVT). The so-called SVT track has to have a
transverse momentum of at least 2 GeV/c. The lepton can be an electron or muon
and must have pT > 4 GeV/c.

The most challenging signature to trigger on at the Tevatron are the hadronic
decays of heavy hadrons. The handle to distinguish them from background is the
displaced decay vertex. Therefore CDF triggers on L1 on a pair of tracks with pT >

2 GeV/c each. On L2 both tracks are required to be well matched to hits in the silicon
detector and their impact parameter has to be in the range of 120 µm< d0 < 1 mm.
A further reduction of background from tracks, that come from the primary vertex,
is achieved by a cut on the distance between the primary vertex and the intersection
point of both tracks in the transverse plane of Lxy > 200 µm. In addition the scalar
sum of the two transverse momenta, pT,1 + pT,2, has to be above a given threshold.
Three different versions of this trigger with thresholds at 4, 5.5, and 6.5 GeV/c are
used. At the third level of the so-called Two-Track-Trigger (TTT) the requirements
are verified with improved precision. Since D0 has no track trigger on L1 it can only
acquire events with hadronic heavy flavor decays by triggering on muons from the
semileptonic decay of a second heavy hadron in the same event from cc̄ or bb̄ pair
production.

The different versions of a trigger, that mainly differ in their minimal momentum
requirement, are necessary because the interaction rates and therefore the trigger rates
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Fig. 4.6 Production of a bb̄ pair in the hard scattering process (flavor creation)

change with time. This includes not only the decrease of instantaneous luminosity
during a Tevatron store, but also the improvements in the initial instantaneous lumi-
nosity achieved by the accelerator operators over the past years. One way to exploit,
but not exceed, the available output bandwidth is the use of luminosity dependent
trigger settings. Another option to fit the trigger rate to the available bandwidth is to
throw away some part of the events that were triggered. In this method, known as
prescaling, a number n ≥ 1 is assigned to a trigger and then only each nth event ful-
filling the trigger requirement is passed on. In this way the trigger rate can be easily
adjusted to the available bandwidth, but of course it reduces the effective integrated
luminosity by the prescale factor n. In the analysis of the recorded data the changes
in the trigger system with time, via luminosity dependent settings or prescales, can
have severe consequences and may require careful consideration.

4.5 Simulation of Heavy Flavor Events

In order to extract physical parameters from the measured data, often a detailed
understanding of the detector response to physical processes is needed. This is usually
obtained by simulating such processes and the interaction of the produced particles
with the detector. Because (pseudo) random numbers are extensively used in this
procedure it is referred to as Monte Carlo (MC) simulation.

A frequently used event generator for heavy flavor events at hadron colliders is
Pythia [10]. It generates the four-momenta of quarks and gluons according to leading
order QCD calculations. Effects from higher order processes are emulated by initial
and final state parton showers. The momenta of the initial partons are taken from
parametrized parton distribution functions [11].

A large amount of heavy flavor events can be generated easily if Pythia is set
to generate a heavy quark pair in the hard scattering process as shown in Fig. 4.6.
However, this production mechanism, called flavor creation, accounts only for part
of the total heavy flavor cross section. Other contributions come from heavy sea
quarks in the proton or antiproton that take part in the hard scattering process. This
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Fig. 4.7 Production of a b quarks via flavor excitation (left) and gluon splitting (right)

production mechanism is called flavor excitation and depicted in Fig. 4.7 on the left
side. The Feynman diagram next to it shows the third possible production mechanism,
gluon splitting, where the heavy quark pair is created from a hard gluon. To get a
MC sample that accurately describes data, all three processes have to be taken into
account. This is achieved by generating events with all quark flavors in the hard
process and then selecting the events with heavy quarks in the final state. Because
this is a very time consuming procedure such samples are often reused for several
analyses.

Pythia does not only simulate the hard scattering process, but also the fragmenta-
tion of partons into hadrons and the underlying event which results from the remaining
partons, that do not participate in the hard interaction. Thus the Pythia simulation is
intended to describe all features of real data events.

In many analyses this level of comprehension is not needed because only the
properties of the heavy hadron are of interest. Then it is sufficient to generate just
this one hadron and no underlying event. In this case the kinematic distribution of
the heavy hadron is taken from measured spectra.

Although Pythia provides code for the decay of heavy hadrons, the EvtGen
package [12] is used instead in case of B mesons. The package is provided by the
BaBar collaboration and contains a more sophisticated model of B meson decays.
For simulating the radiation of photons in the final state the Photos package [13] is
used.

The interaction of the produced particles with the detector is simulated by
geant3 [12]. After a detector-specific simulation of the digitization and trigger
response the MC data is available in the same format as real data.
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Chapter 5
Lifetime and Decay of B-Hadrons

The lifetimes and branching ratios of weakly decaying b hadrons are important
parameters for two reasons. First, they serve as benchmarks for theoretical predic-
tions. Second, they enter many other measurements, either directly as input parame-
ters of fits to data, or indirectly as parameters of MC simulations.

In the spectator model, where the quarks in the hadrons are treated as independent,
non-interacting particles, the lifetime of ground state hadrons consisting of a b and
one or two light quarks is determined by the weak decay of the b quark. Thus all
these b hadrons would have equal lifetime, neglecting the tiny contribution from the
weak decay of the s quark.

But the experimentally observed differences between the lifetime of heavy
hadrons shows that the interaction of the heavy quark with the spectator quarks
gives significant contributions to the decay width. A case where the spectator quark
matters is shown in Fig. 5.1. The right diagram is color suppressed because color-
less final state hadron can only be formed if the color of the quarks from the W
decay matches the color of the c quark and the u spectator quark. But since it has
the same final state as the color allowed tree level process shown in the left part of
Fig. 5.1, both can interfere and thus lead to a significant contribution. Note, that such
an interference, called Pauli interference, does not occur for B0 mesons because the
corresponding diagrams have different final states as shown in Fig. 5.2. Since the
interference is destructive this leads to a longer lifetime of the B+ than the B0 meson.
This effect is even more pronounced for charm mesons where the ratio of D+ to D0

lifetimes is about 2.5.
Further decay processes involving the spectator quark are weak annihilation and

weak exchange, illustrated in Fig. 5.3. While the former is only possible for charged
B mesons, the latter contributes only to neutral B mesons and baryons.

Theoretical calculation of heavy hadron lifetimes are often based on heavy quark
expansion (HQE) [1–5]. In this approach the total decay width is determined in an
expansion in inverse heavy quark mass m Q . At first order the naive spectator model
prediction of equal lifetimes is obtained. Higher order corrections lead to the predic-
tion of the following hierarchy of lifetimes: τ(B+) > τ(B0) ≈ τ(B0

s ) > τ(Λ0
b ) �

τ(B+
c ). Often ratios of lifetimes are considered because several uncertainties in the
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theoretical calculation cancel in this case. Also from the experimental point of view
ratios can usually be determined more precisely because of the cancellation of sys-
tematic uncertainties.

In this chapter we will first discuss measurements of the B0 and B+ lifetimes
which can be regarded the standard candles for b hadron lifetimes and are important
parameters for the simulation of B meson decays. The average lifetime and the
decay width difference of B0

s mesons are in particular relevant for measurements
of CP violation in the B0

s system. Finally, lifetime measurements of B+
c mesons

and Λ0
b baryons allow to study B hadron decays in a different environment of two

heavy quarks and a system with a spectator di-quark, respectively. Partial decay
widths measurements provide additional information about the individual modes
contributing to the total decay rate. Several B0

s decay modes are observed for the
first time at the Tevatron and open windows to measure further physical parameters.
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5.1 B0 and B+

As a consequence of the different trigger categories at the Tevatron experiments,
different methods are employed to measure the B0 and B+ lifetimes.

One of them uses decays to J/ψ mesons, B+ → J/ψK +, B0 → J/ψK ∗(892)0,
and B0 → J/ψK 0

S [6]. An advantage of this method is that the events are recorded
by a J/ψ → μ+μ− trigger whose efficiency is independent of the B meson decay
time. The observed decay time distribution is thus given by an exponential convolved
with a resolution function.

In this analysis by the CDF collaboration the B meson decay vertex, xSV, is
determined by the vertex of the two muons from the J/ψ → μ+μ− decay. Since the
kaon is not used in the vertex reconstruction, the position resolution is independent
of the mode. To ensure a precise vertex determination, at least three hits in the silicon
detector are required for each muon track.

The primary vertex position, xPV, is determined from the average interaction
region of the proton and anti-proton beams. This region, called beamline, is obtained
from a fit of primary tracks collected over several events and has a width of about
30 µm in the xy plane. Because the beamline is tilted with respect to the z-axis, the
beamspot position at the z-coordinate of the J/ψ vertex is taken as primary vertex.

The B meson decay time in the meson’s rest frame, t , can then be calculated from
the distance between the primary and J/ψ decay vertex, and the reconstructed B
meson momentum. But in this approach the decay time resolution is dominated by
the spacial resolution in z direction. Thus, to improve the resolution, the measurement
is restricted to the transverse plane. Furthermore, the flight distance vector from the
primary to the secondary vertex is projected on the B meson momentum direction:

Lxy = (xSV − xPV ) · pT

pT
, (5.1)

where Lxy is the transverse decay length, pT the B meson momentum in the trans-
verse plane, and pT = |pT |. Since the uncertainty of the momentum direction is
much smaller than that of the flight direction, this results in an additional improve-
ment in decay time resolution. The proper decay time in the B meson rest frame is
calculated as

t = Lxy

vT γ
= M Lxy

pT
, (5.2)

where vT is the velocity in the transverse plane, γ is the relativistic factor, and M is
the B meson mass.

The projection on the B meson momentum can lead to negative Lxy values if
the reconstructed flight and momentum vectors point in opposite directions. Such
events are useful to study resolution effects. In fully reconstructed events, as used
in this analysis, the resolution is given by the vertex reconstruction uncertainty. The
contribution from the momentum uncertainty is negligible.
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Fig. 5.4 Decay time distribution and fit projection for the B+ → J/ψK + sample [6]

Selection requirements on particle momenta, vertex fit qualities, the pointing angle
between the B flight and momentum direction, and reconstructed K ∗0 → K +π−
and K 0

S → π+π− masses are optimized to obtain a maximal signal significance
S/

√
S + B, where S is the signal yield estimated from simulation and B the back-

ground yield estimated from mass sidebands.
The average lifetimes are determined in an unbinned maximum likelihood fit

(see Fig. 5.4). The fitted observables are the reconstructed invariant mass and decay
time and their measured uncertainties. The event-by-event uncertainties enter in the
resolution functions of the decay time and the signal mass, respectively. Since signal
and background have different decay time uncertainty distributions they are taken
into account in the fit by empirical models.

Because the decay time resolution is not perfectly Gaussian, but has outliers, the
resolution function is modeled by the sum of three Gaussians with mean zero and
different widths. Each width is given by the measured decay time uncertainty times an
individual scale factor. These scale factors and the relative fractions of the Gaussians
are determined from a fit to mass sideband data that contains mainly prompt events.

The dominant systematic uncertainty is the alignment of the silicon detector.
But, because it is correlated between the modes, it cancels in the ratio of lifetimes.
Further systematic uncertainties arise from the models used in the probability density
function (PDF).

In a dataset corresponding to an integrated luminosity of 4.3 fb−1 CDF measures
τ(B+) = [1.639 ± 0.009 (stat) ± 0.009 (syst)] ps, τ(B0) = [1.507 ± 0.010 (stat) ±
0.008 (syst)] ps, and τ(B+)/τ(B0) = 1.088 ± 0.009 (stat) ± 0.004 (syst) [6]. The
result is compared with other measurements in Fig. 5.7.

Another approach to measure lifetimes is based on semileptonic decays which has
the advantage of a higher branching ratio compared to methods based on decays into
charmonium states. This method is used by D0 to measure the ratio of B+ to B0 life-
times in a data sample corresponding to an integrated luminosity of 440 pb−1 [7].
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Two inclusive decay modes are reconstructed, B → D∗−μ+ X and B → D̄0μ+ X
where X stands for any decay products that are not explicitly reconstructed, including
the neutrino. The first mode is dominated by B0 decays (89 ± 3 %), the second by
B+ decays (83 ± 3 %).

The D0 mesons are reconstructed from K −π+ pairs and the D∗+ via its decay
to D0π+. Only if a D0 candidate cannot be combined with a pion to a D∗+ candi-
date, it is used in the B → D̄0μ+ X sample. A sample of D∗+ mesons combined
with μ+ tracks of same charge is used to estimate the contribution of combinatorial
background.

A drawback of semileptonic decays is the incomplete reconstruction of the B
meson. Because the momentum of the B meson is only partially reconstructed,
Eq. (5.2) cannot be used to determine the proper decay time. Instead, a visible proper
decay time is defined:

tvis = M(xSV − xPV ) · p( D(∗)μ)T
p(D(∗)μ)2T

, (5.3)

where p(D(∗)μ)T is the reconstructed momentum of the D(∗)μ combination in the
transverse plane.

The difference between the visible and true proper decay time is described by a
factor K = p(D∗μ)T /p(B)T so that t = K tvis . Its distribution, D(K ), is determined
from simulation taking into account all known contributions to the reconstructed final
state. The distribution of visible proper decay times is then given by a combination
of exponentials with decay times τ/K :

P(tvis) =
∫

d K D(K )θ(tvis)
K

τ
exp

(
− K tvis

τ

)
(5.4)

where θ is the step function.
Using such a relation for each sample and taking into account resolution and

efficiency effects, the ratio of B+ to B0 lifetimes is determined in a fit to the ratio of
yields in bins of tvis as shown in Fig. 5.5. Systematic uncertainties are due to the yield
determination procedure using fits to mass distributions, the efficiency, resolution
model and K factor distribution. The obtained lifetime ratio is τ(B+)/τ(B0) =
1.080 ± 0.016 (stat) ± 0.014 (syst) [7].

Finally, hadronic B decays, that are selected by CDF’s Two-Track-Trigger, can be
used for lifetime measurements. Since these decays are usually fully reconstructed,
they have a good decay time resolution comparable with the resolution of decays
to charmonium states. The challenge for these modes is the decay time dependent
trigger acceptance that is caused by the requirements on impact parameters and decay
lengths.

One way to deal with this effect is to correct for it using an acceptance function
derived from simulation. Since the systematic uncertainties in this approach are hard
to control CDF has developed a new method that allows to measure the lifetime
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of a B meson without relying on MC simulation [8] and applied it to the decay
B+ → D̄0π+ with D̄0 → K +π−.

The basic idea is to use an event dependent acceptance function. For an event with
a given decay kinematics, the impact parameters of the daughter particles can be
calculated as a function of the B meson decay time t . So for each daughter particle
track one can determine in which time range it satisfies the trigger requirements.
Since the Two-Track-Trigger requires two tracks within a certain impact parameter
window, one can then obtain the trigger acceptance for the B meson. Basically one
takes each observed B meson decay, and virtually shifts its decay time to determine
at which times the observed decay kinematics fulfills the trigger requirements.

While the impact parameter at trigger level is available in the offline analysis, a
complication arises from the fact that the track finding efficiency on trigger level is
lower than in the offline reconstruction. Their ratio is approximately constant within
the trigger range. Since the reconstructed decay mode has three tracks in the final
state, the trigger efficiency can have four different values. It is maximal if all three
tracks have impact parameters within the trigger range. If only two out of three tracks
fulfill the trigger requirements the efficiency is lower. It drops to zero if only one or
no track is within the trigger acceptance. Figure 5.6 illustrates the determination of
the event dependent trigger efficiency.

With the event dependent efficiency and a description of the detector resolution
one can then define the decay time PDF for signal events. The decay time distribution
of background events is parametrized by an empirical model. Another complication
in this analysis is caused by the difference in efficiency functions between signal
and background. As explained in Ref. [9], if an event-by-event variable is used in
a likelihood function and the distribution of this variable is different for different
components, then the result of a likelihood fit is biased if the PDFs of the variable
are not taken into account.

In this analysis the event dependent observable is the efficiency function. It
was shown with pseudoexperiments that neglecting the difference in the efficiency
functions between signal and background leads to a bias in the fitted lifetime. The
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Fig. 5.6 Illustration of decay time dependent trigger efficiency, E(t), for a B− → D0π− decay
with given kinematics [8]. In the upper left plot only one track has an impact parameter within
the trigger range, indicated by the two circles for the minimal and maximal impact parameter
requirement, so that the event is not selected and the efficiency is zero. In the upper right and lower
left plot two and three tracks fulfill the trigger requirement, respectively. Because the track finding
efficiency on trigger level is not 100 %, the probability that the trigger will select the event is higher
in the latter case. When the impact parameters of the tracks exceed the trigger range the efficiency
drops to zero again as shown in the lower right plot

challenge in this case is that not distributions of real number values for signal and
background are needed to cure the effect, but distributions of functions.

To deal with this challenge a projection from the space of functions to a real
number is introduced. The projection uses a Fisher discriminant that optimizes the
separation between signal and background in the multidimensional space of para-
meters describing the efficiency functions. By including the PDFs of the Fisher
discriminant output in the likelihood function an unbiased result is obtained.

The measured B+ lifetime is 1.663 ± 0.023 (stat) ± 0.015 (syst) ps [8] where the
dominant systematic uncertainties come from the track finding efficiency on trigger
level and a possible correlation between mass and decay time in the background.

As one can see in Fig. 5.7, the result is well consistent with the world average, indi-
cating that the analysis technique is reliable. The comparison plot also shows good
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agreement between the measurements in J/ψK and semileptonic final states. Over-
all the individual results obtained with different analysis techniques and affected by
different systematic uncertainties yield a consistent picture. The CDF measurement
in the J/ψK channel is the most precise single measurement today.

5.2 B0
s Decays

While a variety of B0 and B0 decay modes are observed and measured at the B
factories, several B0

s decays were first observed at the Tevatron. Some of these modes
are particularly relevant for measurements of CP violation in the B0

s system.
Since the production rate of B0

s mesons at the Tevatron is not well known, mea-
surements of branching ratios are performed relative to a normalization mode. Often
a B0 decay mode, that is related to the B0

s decay via the exchange of s and d quarks,
called U spin symmetry, is taken for the relative branching ratio measurement. On
the one hand this has the advantage, that some theoretical uncertainties cancel in
the calculation of the branching fraction ratio. Another advantage is the fact that
the kinematics of both decays is very similar and several experimental systematic
uncertainties are reduced, too.

One of the experimentally best accessible B0
s decay modes is B0

s → D−
s π

+. It is a
Cabibbo-favored tree level decay and in contrast to the corresponding B0 → D−π+
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decay it has no contribution from an exchange diagram (cf. left diagram in Fig. 5.3).
Its branching ratio was measured by CDF with data sample of 115 pb−1 in 2006 [11].
The result was updated one year later using 355 pb−1 [12]. In this analysis also
the relative branching ratio B(B0

s → D−
s π

+π+π−)/B(B0 → D0π+π+π−) was
measured for the first time. Both modes were essential for the first observation of B0

s
oscillation.

The relative branching ratios are measured using the following equation

B(B0
s → D−

s π
+[π+π−])

B(B0 → D0π+[π+π−]) = N (B0
s )

N (B0)

ε(B0)

ε(B0
s )

fd

fs

B(D−)
B(D−

s )
, (5.5)

where N (B0
s ) and N (B0) are the numbers of reconstructed B0

s and B0 signal events,
and ε(B0

s ) and ε(B0) are the corresponding reconstruction and selection efficiencies,
respectively. The factor fd/ fs is the ratio of production rates of B0 to B0

s mesons.
The terms B(D−) and B(D−

s ) represent the branching ratios of the D− and D−
s

decays used in the analysis. In this case these are D− → K +π−π− and D−
s → φπ−

with φ → K +K −, D−
s → K ∗0 K − with K ∗0 → K +π−, or D−

s → π+π+π−.
The events are selected online by the Two-Track-Trigger. The signal yields are

determined in a fit to the invariant D−
s π

+[π+π−] and D−π+[π+π−] mass distrib-
utions. The relative efficiency is taken from simulation. The relative production rate
and the branching ratios of the daughter particles are external inputs.

Using a value of fs/ fd = 0.258 ± 0.038 [13] the relative branching ratios
B(B0

s → D−
s π

+)/B(B0 → D0π+) = 1.13 ± 0.08 (stat) ± 0.05 (syst) ±
0.23 (norm) and B(B0

s → D−
s π

+π+π−)/B(B0 → D0π+π+π−) = 1.05 ±
0.10 (stat) ± 0.07 (syst) ± 0.21 (norm) are obtained [12], where the last uncertainty
is due to the normalization on the corresponding B0 decay. A nice byproduct of the
analysis is the finding that the dominant contribution in the three pion system of
the B0

s → D−
s π

+π+π− decay is the a1 resonance as one can see by the peaking
structure at around 1.2 GeV in Fig. 5.8.

While large samples of B0
s → D−

s π
+[π+π−] decays were collected at the Teva-

tron, rarer B0
s decays became accessible. One interesting mode is the Cabibbo-

suppressed B0
s → D∓

s K ± decay. As can be seen from the Feynman diagrams
in Fig. 5.9, the decays to both final state charge combinations are possible and
have a comparable amplitude. Via B0

s mixing both processes can interfere, lead-
ing to a sizable CP violating effect. The phase between the two diagrams is
γ = arg(−Vud V ∗

ub/Vcd V ∗
cb) (cf. Eq. (2.12)), the angle of the unitarity triangle that

is least constrained so far.
An experimental challenge in the measurement of the angle γ via this decay is

the need to identify the B0
s flavor at production and to resolve the fast B0

s oscillations
in a time dependent measurement. Another issue, that has to be resolved first, is the
separation of the B0

s → D∓
s K ± signal from the Cabibbo-favored and kinematically

similar B0
s → D−

s π
+ decay. The latter was achieved first by CDF with a data sample

corresponding to an integrated luminosity of 1.2 fb−1 [14].

http://dx.doi.org/10.1007/978-3-642-10300-1_2
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Fig. 5.9 Leading order Feynman diagrams of B0
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s K + (left) and B0
s → D+

s K − decays
(right)

The D−
s meson is reconstructed in the decay to φπ−. B0

s candidates are formed
from combinations of D−

s candidates and charged particle tracks. To statistically
separate the signal from the background, a fit to the B0

s candidate invariant mass,
m(D−

s π
+) and the variable Z , which is the logarithm of the ratio between the mea-

sured and the expected d E/dx in the drift chamber for the B0
s daughter track. In the

calculation of both variables the pion hypothesis is assumed. Thus the background
contribution from B0

s → D−
s π

+ decays is expected to peak at the nominal B0
s mass

in m(D−
s π

+) and at zero in Z , while the signal component is shifted to lower values
in both variables.

The shape of the radiative tail of B0
s → D−

s π
+ decays, which overlaps with

the signal mass distribution, is taken from a PHOTOS simulation [15] and its nor-
malization is floating in the fit. Other backgrounds are partially reconstructed b
hadron decays, B → DX , and combinatorial background. The Z PDFs for kaons
and pions are obtained from a high statistics D∗+ → D0(→ K −π+)π+ sample.
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Fig. 5.10 Fit projections on m(D−
s π

+) (left) and Z (right) compared with the data distributions [14]

The fit projections are shown in Fig. 5.10. The analysis method was verified on
B0 → D(∗)−K +/ρ+/π+ control samples.

The observed B0
s → D∓

s K ± signal has a statistical significance of 8.1 stan-
dard deviations. The branching ratio is measured relative to the normalization mode
B0

s → D−
s π

+ to be B(B0
s → D∓

s K ±)/B(B0
s → D−

s π
+) = 0.097±0.018 (stat)±

0.009 (syst) [14], where the dominant systematic uncertainties come from the uncer-
tainties of the Z and mass PDFs.

Semileptonic B0
s decays have been studied at the Tevatron as well. As such decays

are often used, either inclusively or in exclusive modes, to measure the size of CKM
matrix elements, it is important to understand which exclusive modes contribute what
fraction to the inclusive decay rate.

The decay B0
s → D−

s1(2536)μ+ X , where D−
s1(2536) is an orbitally excited state

of the D−
s meson with angular momentum L = 1 and J P = 1+, was first observed by

D0 in a data sample corresponding to an integrated luminosity of 1.3 fb−1 [16]. The
D−

s1 meson is reconstructed in the decay to D∗−K 0
S with D∗− → D̄0(→ K +π−)π−

and K 0
S → π+π−. In events with a D−

s1 and a muon candidate, the yield of B0
s mesons

is extracted from a fit to the m(D∗−K 0
S) mass spectrum as shown in Fig. 5.11.

The production rate times branching ratio product is measured relative to b →
D∗−μ+ X events and yields fs · B(B0

s → D−
s1(2536)μ+ X) · B(D−

s1(2536) →
D∗−K 0

S) = [2.66 ± 0.52 (stat) ± 0.45 (syst)] × 10−4 [16]. The systematic error is
dominated by the uncertainties on the efficiencies of the K 0

S and D∗−μ+ selection.
Finally also B0

s decays to charmonium states are studied at the Tevatron. The
“golden” mode for measurements of CP violation in the B0

s system is B0
s → J/ψφ
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and will be discussed in Chap. 7. Using the same analysis technique, the decay
B0

s → ψ(2S)φ could be used for an independent CP violation measurement.
This B0

s decay mode was first observed by CDF using 360 pb−1 [17] and later
confirmed by D0 using 1.3 fb−1 of data [18]. Both experiments reconstruct ψ(2S)
mesons in dimuon decays, in addition CDF uses ψ(2S) → J/ψπ+π− events. The
φ is reconstructed from pairs of oppositely charged kaons. The mode B0

s → J/ψφ
is used for normalization, where J/ψ → μ+μ−.

The signal yields are determined from fits to invariant mass spectra (see Fig. 5.12).
The measured relative branching ratios B(B0

s → ψ(2S)φ)/B(B0
s → J/ψφ) are

0.52 ± 0.13 (stat) ± 0.04 (syst) ± 0.06 (B) for CDF [17] and 0.53 ± 0.10 (stat) ±
0.07 (syst)±0.06 (B) for D0 [18], where the last uncertainty comes from the J/ψ and
ψ(2S) branching ratios. In both cases the source of the largest systematic uncertainty
is the unknown polarization of B0

s → ψ(2S)φ decays.
Cabibbo-suppressed decays to charmonium states are next in the shopping list of

searches for new B0
s decay modes. The decays B0

s → J/ψK ∗0 with K ∗0 → K +π−
and B0

s → J/ψK 0
S with K 0

S → π+π− were first observed by CDF in a data sample
of 5.9 fb−1 [19]. The mode B0

s → J/ψK ∗0 is a decay of a pseudoscalar to a pair of
vector mesons, like the golden mode decay B0

s → J/ψφ, and could help to control
the hadronic uncertainties in it [20]. The J/ψK 0

S final state is CP-odd and thus
would allow to directly measure the lifetime of the CP-odd B0

s eigenstate. While this
would already provide important information on the decay width difference in the
B0

s system and thus contribute to the search for new physics, a sufficiently large data
sample would allow to measure the CP-violating phase without the need to perform
an angular analysis.

The selection for both modes is optimized using the expected signal yields from
simulation and background expectation from mass sideband extrapolations. While

http://dx.doi.org/10.1007/978-3-642-10300-1_7
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Fig. 5.12 Fits to invariant mass spectra of B0
s → ψ(2S)φ candidates measured by CDF [17] (top)

and D0 [18] (bottom).

a cut-based method is used for the B0
s → J/ψK ∗0 mode, the lower signal-to-

background ratio in the B0
s → J/ψK 0

S mode, as expected from the corresponding
B0 decays, calls for a multivariate analysis technique. In this case an artificial neural
network is trained with input variables that are independent of the B0

s candidate mass
and thus do not bias the distribution from which the signal yield is determined. Fit
projections to the invariant mass are shown in Fig. 5.13.

The branching ratios are measured relative to the Cabibbo-favored B0 decay to the
same final state. The obtained results of B(B0

s → J/ψK ∗0)/B(B0 → J/ψK ∗0) =
0.062 ±0.009 (stat)±0.025 (syst)±0.008 (frag) and B(B0

s → J/ψK 0
S)/B(B

0 →
J/ψK 0

S) = 0.041 ± 0.007 (stat) ± 0.004 (syst) ± 0.005 (frag), where the last error
comes from the uncertainty on fs/ fd , are in good agreement with the expectation
from the spectator model of ∼ |Vcd/Vcs |2 ≈ λ2 ≈ 5 %. In both modes the com-
binatorial background contributes the largest systematic uncertainty. In the J/ψK ∗0

mode a sizable systematic uncertainty also comes from the unknown polarization.
A further promising B0

s mode for CP violation studies is the decay to the CP eigen-
state J/ψ f0(980) with f0(980) → π+π−. This decay was first observed in 2011 by
LHCb [21] and briefly afterwards confirmed by Belle [22], CDF [23], and D0 [24].
While the signal yield of the above mentioned B0

s → J/ψK 0
S decay is still low,

the larger yield of B0
s → J/ψ f0(980) events already enabled CDF to measure the

lifetime for this CP-odd final state as described in Sect. 5.4.
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s → J/ψK ∗0 (left) and B0

s →
J/ψK 0
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Both experiments, CDF and D0, measure the B0
s → J/ψ f0(980) branching ratio

relative to the B0
s → J/ψφ mode:

R f0/φ = B(B0
s → J/ψ f0(980))

B(B0
s → J/ψφ)

B( f0 → π+π−)
B(φ → K +K −)

. (5.6)

The yields of signal and normalization modes are obtained from fits to B0
s candidates

invariant mass distributions. D0 corrects the B0
s → J/ψφ yield for a (12 ± 3) %

B0
s → J/ψK +K − contribution with a K +K − S-wave as observed in their dedicated

analysis of this decay [25] (see Chap. 7). As all CDF measurements are consistent
with no S-wave contribution, they do not apply such a correction. The measured
relative branching ratios of R f0/φ = 0.257±0.020 (stat)±0.014 (syst) for CDF [23]
and R f0/φ = 0.275 ± 0.041 (stat) ± 0.061 (syst) for D0 [24] are compared with
other measurements in Fig. 5.14. The main source of systematic uncertainties is the
background model in both cases. In the CDF analysis also the uncertainties of the
f0(980) decay model parameters become important.

The decay B0
s → φφ is a penguin-dominated b → ss̄s transition and therefore

considered sensitive to new physics effects. First evidence for this decay was seen
by CDF in a data sample with an integrated luminosity of 180 pb−1 [26]. Using
a signal with a significance of 4.7 σ the branching ratio relative to B0

s → J/ψφ
was measured. This measurement was updated by CDF to B(B0

s → φφ)/B(B0
s →

J/ψφ) = [1.78±0.14 (stat)±0.20 (syst)]×10−2 using a data sample corresponding
to an integrated luminosity of 2.9 fb−1 [27]. The invariant mass spectra used in the two
measurements are shown in Fig. 5.15. The increased signal yield of approximately
300 events allows to study this decay in more detail.

Because the daughter particles of the pseudoscalar B0
s meson are vector mesons,

like in the decay B0
s → J/ψφ discussed in detail in Sect. 7.1, the decay is governed

http://dx.doi.org/10.1007/978-3-642-10300-1_7
http://dx.doi.org/10.1007/978-3-642-10300-1_7
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s rest frame

by three independent amplitudes, A0, A||, and A⊥, corresponding to longitudinal
polarization and transverse polarization with parallel and perpendicular spins. The
first two states are CP-even, the last one is CP-odd. The polarization amplitudes can
be measured from the distribution of three decay angles, defined in the helicity basis
in this analysis. The differential decay rate as a function of these angles can be sepa-
rated in six terms, three containing squared amplitudes, and three interference terms
containing the product of two different amplitudes. In case of negligible CP viola-
tion, as predicted in the standard model, the two interference terms of CP-even and
CP-odd amplitudes vanish.

This angular function is used in a fit to the data to determine the polariza-
tion amplitudes. The reconstructed invariant mass is used as further observable in
the fit to separate signal and background. The measured longitudinal fraction of
fL = |A0|2/(|A0|2 + |A|||2 + |A⊥|2) = 0.348 ± 0.041 (stat) ± 0.021 (syst) [27] is
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smaller than in other B meson decays to two vector mesons with b → s transitions
[28, 29]. Because of the V − A structure of the weak interaction one would expect the
longitudinal polarization to dominate. The result suggests that penguin annihilation
processes have a large contribution [30].

In case of new physics contributions, the two interference terms between
CP-even and CP-odd amplitudes do not vanish in the differential decay rate any
more in general. To check for such contributions, the following asymmetries are
determined

Au(v) = N+
u(v) − N−

u(v)

N+
u(v) + N−

u(v)

= Nu(v)[Im(A∗
||(0)A⊥)+ Im( Ā∗

||(0) Ā⊥)], (5.7)

where N±
u(v) are the number of signal events with positive and negative value of u (v),

respectively, and Nu(v) is a normalization factor. The variables u and v are defined as
sin 2Φ and sinΦ, respectively, whereΦ is the angle between the two φ meson decay
planes in the B0

s rest frame. The results of Au = −0.007 ± 0.064 (stat)±0.018 (syst)
and Av = −0.120 ± 0.064 (stat) ± 0.016 (syst) [27] are consistent with the standard
model prediction of no asymmetry. With future higher statistics samples of this decay,
new physics effects may be searched for in a time dependent angular analysis which
would complement such measurements in B0

s → J/ψφ decays that are presented in
Chap. 7.

5.3 B0
s → D(∗)+

s D(∗)−
s

One of the features that make the B0
s system distinct from the B0 system is the sizable

decay width difference between the mass eigenstates, ΔΓs = Γ (B0
sL) − Γ (B0

s H ),
which leads to an increased sensitivity to CP-violating effects as discussed in Chap. 7.
Because of the relevance of the B0

s → D(∗)+
s D(∗)−

s decay mode forΔΓs , as explained
below, it is discussed separately from the other B0

s decay modes. In the standard
model, ΔΓs is expected to be 0.087 ± 0.021 ps [31, 32] and thus of the order of
several percent of the mean decay width, Γs . The reason for this non-negligible
ΔΓs value are the B0

s decays to CP-even final states that are, in case of negligible
direct CP violation, only accessible by the CP-even B0

s eigenstate. The additional
decays modes of the CP-even B0

s eigenstate lead to a higher total decay rate of
this state and thus to a lower lifetime. The decay width difference between the CP
eigenstates,ΔΓ C P

s = Γ (BC P+
s )−Γ (BC P−

s ), is related to the off-diagonal element
of the decay matrix by ΔΓ C P

s = 2|Γ12|. According to Eq. (3.18) one can therefore
express ΔΓs as:

ΔΓs = ΔΓ C P
s cosφ (5.8)

In the standard model φ is to good approximation zero so that ΔΓs is given directly
by the difference between the decay rates of the CP-even and CP-odd B0

s eigenstates.

http://dx.doi.org/10.1007/978-3-642-10300-1_7
http://dx.doi.org/10.1007/978-3-642-10300-1_7
http://dx.doi.org/10.1007/978-3-642-10300-1_3
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Fig. 5.16 Leading order
Feynman diagram of the
B0

s → D(∗)+
s D(∗)−

s decay
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One way to experimentally determine ΔΓs is to measure the lifetimes in decays to
CP-even and CP-odd final states, like B0

s → J/ψ f0(980) as described in the next
section. The other approach is to measure the rates of decays, that are only accessible
by the CP-even or CP-odd eigenstates.

The dominant contribution toΔΓs is believed to come from the B0
s → D(∗)+

s D(∗)−
s

decays as explained in the following. The decays are Cabibbo-favored and not color-
suppressed as shown in Fig. 5.16 and therefore have a large branching fraction. The
corresponding B0 decays, B0 → D(∗)+ D(∗)−, are Cabibbo-suppressed, leading to
a decay width difference in the B0 system that is below the current experimental
sensitivity.

The final state in B0
s → D(∗)+

s D(∗)−
s decays is predominantly CP-even. For the

B0
s decay to two Ds mesons the orbital angular momentum of the final state, L , is

zero so that this final state is a pure CP-even state. But in the case of two D∗
s mesons,

L can have the values 0, 1, or 2 so that there is a contribution to Γ (BC P−
s ) from

the L = 1 final state. This term vanishes in the Shiftman-Voloshin limit [33], where
the charm quark mass is half the b quark mass and the number of colors goes to
infinity. Under these assumptions, all B0

s → D(∗)+
s D(∗)−

s decays are CP-even and
they saturate ΔΓs , so that the following relation is obtained [34]:

2B(B0
s → D(∗)+

s D(∗)−
s ) ≈ ΔΓs

Γs +ΔΓs/2
. (5.9)

However, recent theoretical calculations suggest that three-body modes may provide
a significant contribution to ΔΓs [35].

A first measurement of B0
s → D(∗)+

s D(∗)−
s decays was performed by ALEPH

using correlations between two φ mesons from Ds → φπ decays [36]. A more
exclusive reconstruction method was employed by D0 on a data sample with an
integrated luminosity of 1.3 fb−1 [37] and, in an updated analysis, of 2.8 fb−1 [38].
One of the Ds daughter particles is reconstructed in the decay mode D+

s → φπ+
with φ → K +K −. The other Ds daughter particle is reconstructed partially in the
semileptonic decay D−

s → φμ−v̄. These events are mainly selected online by the
single muon trigger. No attempt is made to reconstruct the photon or neutral pion
from a D∗

s decay. So the B0
s → D(∗)+

s D(∗)−
s modes are not separated and all of them

contribute to the signal.
The number of events with two correlated Ds mesons is determined in a

two-dimensional fit to the invariant mass of the fully reconstructed Ds meson
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Fig. 5.17 Invariant mass distribution of D+
s → φπ+ (left) and φ → K +K − candidates from

semileptonic Ds decays (right) with projections of a two-dimensional fit [38]. The fit includes a
component for D+ → φπ+ decays resulting in the peak at m(φπ) = 1.87 GeV/c2

candidate and the invariant mass of the φ from the partially reconstructed Ds meson
candidate. Fit projections are shown in Fig. 5.17. The yield of 31.0 ± 9.4 events still
contains background contributions from Ds pairs produced in p p̄ → cc̄X events,
B0

s → D(∗)
s φμ−ν̄ decays, and B0,± → D(∗)

s D(∗)
s K X decays. These backgrounds

are estimated from mass sidebands and simulation. After subtracting their contribu-
tion a signal yield of 26.6 ± 8.4 events is obtained. The significance of the signal
corresponds to 3.2 standard deviations.

For the branching ratio measurement, the yield is normalized to the yield of
B0

s → D(∗)
s φμ−ν̄ events. Using a relative efficiency estimation from simulation

and world average Ds branching ratios, an inclusive branching ratio of B(B0
s →

D(∗)+
s D(∗)−

s ) = (3.5 ± 1.0 (stat) ± 0.8 (syst) ± 0.7 (B))% is measured [38], where
the last uncertainty stems from the external inputs of the branching fractions. The
dominant experimental systematic uncertainty is the uncertainty of the relative recon-
struction efficiency.

The exclusive decay B0
s → D+

s D−
s was first observed by CDF using events

selected by the Two-Track-Trigger in 355 pb−1 of data [39]. One Ds meson is
reconstructed in the decays toφπ+ withφ → K +K −, K̄ ∗0 K + with K̄ ∗0 → K +π−,
or π+π−π+, and the other in the mode D−

s → φπ−. Because of the expected
low signal-to-background ratio no combinations are considered where the second
Ds decay to K ∗0 K − or π−π+π−. In the B0

s → D+
s (K̄

∗0 K +)D−
s (φπ

−) mode,
misreconstructed B0 → D+(K +π−π+)D−

s (φπ
−) decays, where the π− from the

D+ is assigned the kaon mass hypothesis, lead to a reflection that peaks close to the
B0

s signal. This background is removed by vetoing events where the selected final
state particles are consistent with the B0 decay hypothesis.

The full reconstruction of the B0
s → D+

s D−
s decay allows to extract the signal

yield from a fit to the B0
s candidate invariant mass spectrum. This fit is limited to

masses above 5.3 GeV/c2 to exclude B0
s → D∗+

s D(∗)−
s and other partially recon-

structed B meson decays. As normalization channel the kinematically very similar
B0 → D+

s D− decay with D− → K +π−π− and the same three D+
s decay modes is
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Fig. 5.18 Invariant mass distributions of B0
s → D+

s D−
s (left) and B0 → D+

s D− candidates (right)
with fit projections [39]

used. Fit projections are shown in Fig. 5.18. The significance of the signal combined
over all three channels is 7.5 standard deviations.

The measured relative branching fraction is B(B0
s → D+

s D−
s )/B(B

0 →
D+

s D−) = 1.44+0.38
−0.31 (stat)+0.08

−0.12 ± 0.21 (frag) ± 0.02 (B), where the last two
uncertainties are due to the uncertainties of fs/ fd and the D+

s → φπ+ and
D+ → K +π−π+ branching ratios. For the absolute branching fraction a value
of B(B0

s → D+
s D−

s ) = (0.94+0.44
−0.42)% is derived [39].

In an updated analysis of 6.8 fb−1 of data, CDF was able to also observe the
B0

s → D∗±
s D∓

s and B0
s → D∗+

s D∗−
s decays [40]. The same B0

s and B0 final states as
in the previous analysis are used, except for the mode with D+

s → π+π−π+ because
of its low signal significance. The selection is optimized with a neural network that
uses input variables common to the B0

s signal and B0 normalization mode to minimize
systematic uncertainties.

The photon and the neutral pion from the D∗+
s → D+

s γ and D∗+
s → D+

s π
0

decays are not reconstructed because of their low detection efficiency. Thus the
partially reconstructed B0

s → D∗±
s D∓

s and B0
s → D∗+

s D∗−
s decays show up as

broad peaks at values below the nominal B0
s mass in the reconstructed B0

s → D+
s D−

s
invariant mass distribution. The reflections of B0 → D+(K +π−π+)D−

s (φπ
−)

reconstructed as B0
s → D+

s (K̄
∗0 K +)D−

s (φπ
−), that were vetoed in the previous

analysis, are here taken into account by constraining the relative yields of B0 signal
and reflections in a simultaneous fit. In the simultaneous fit of the two signal and
two normalization modes, the shapes of the partially reconstructed and reflection
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Fig. 5.19 Invariant mass distributions of B0

s → D+
s D−

s (left) and B0 → D+
s D− candidates (right)

with fit projections [40]

Table 5.1 Measured relative and absolute B0
s → D(∗)+

s D(∗)−
s branching ratios [40].

Mode X fsB(B0
s → X)/ fdB(B0 → D+ D−

s ) B(B0
s → X) [%]

B0
s → D+

s D−
s 0.183 ± 0.021 ± 0.017 0.49 ± 0.06 ± 0.05 ± 0.08

B0
s → D∗±

s D∓
s 0.424 ± 0.046 ± 0.035 1.13 ± 0.12 ± 0.09 ± 0.19

B0
s → D∗+

s D∗−
s 0.654 ± 0.072 ± 0.065 1.75 ± 0.19 ± 0.17 ± 0.29

B0
s → D(∗)+

s D(∗)−
s 1.261 ± 0.095 ± 0.112 3.38 ± 0.25 ± 0.30 ± 0.56

The uncertainties are statistical, systematic, and due to the normalization

components are taken from simulation. The fit projection is shown in Fig. 5.19. The
significance of each of the three B0

s decays exceeds 10 standard deviations.
Contributions to the reconstructed Ds decay modes from non-resonant D+

s →
K −π+π+ decays, decays to other resonances, and interference effects are taken into
account in the acceptance calculation by simulating events according to the Ds Dalitz
structure measured by CLEO [41]. The uncertainty of this Dalitz structure contributes
a 6 % uncertainty to the B0

s branching fractions. A systematic error contribution
of similar size comes from the D+

s and D+ branching ratios and, in case of the
B0

s → D∗+
s D∗−

s modes, from the background model. For the absolute branching
fractions the dominant systematic error is the uncertainty on fs/ fd and the branching
ratio of the B0 → D+D−

s normalization mode. The measured relative and absolute
branching ratios are given in Table 5.1

Assuming Eq. (5.9) to hold, the measured inclusive branching ratios can be used
to determine ΔΓs/Γs . A comparison of the Tevatron results with each other, results
from ALEPH and Belle, and the theoretical prediction is shown in Fig. 5.20. The
fact that the CDF and D0 measurements are both below the predicted value may be
a hint for a sizable contribution of three-body decay modes to ΔΓs .
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Fig. 5.20 Comparison of ΔΓs/Γs values derived from B0
s → D(∗)+

s D(∗)−
s branching ratio mea-

surements [36, 38, 40, 42] using Eq. (5.9) and the theoretical prediction shown as vertical band [32]

5.4 B0
s Lifetime

Compared to lifetime measurements of B+ and B0 mesons, where the decay rate dis-
tribution follows an exponential function, the sizable decay width difference makes
the situation for B0

s lifetime measurements more complicated. For an untagged mea-
surement, meaning that the flavor of the B0

s meson at production is not identified, we
have to consider the sum of B0

s and B̄0
s decays to the same final state that are given

in Eqs. (3.38) and (3.39). Assuming no CP violation in mixing (|p/q| = 1), the cos
and sin terms in the sum cancel and one obtains

dΓ (t)

dt
= dΓ [B → f ](t)

dt
+ dΓ [B̄ → f ](t)

dt
(5.10)

= N f |A f |2e−Γ t
[
(1 + |λ f |2) cosh

ΔΓ

2
t − 2Re(λ f ) sinh

ΔΓ

2
t

]

= N f |A f |2e−Γ t
[

1 − 2Re(λ f )+ |λ f |2
2

e
ΔΓ

2 t + 1 + 2Re(λ f )+ |λ f |2
2

e−ΔΓ
2 t

]

= N−e
−

(
Γ−ΔΓ

2

)
t + N+e

−
(
Γ+ΔΓ

2

)
t

with

N± = N f |A f |2 1 ± 2Re(λ f )+ |λ f |2
2

. (5.11)

So the experimentally observed decay rate distribution is the sum of two exponential
functions. The normalizations of the long and short lived component, N− and N+,

http://dx.doi.org/10.1007/978-3-642-10300-1_3
http://dx.doi.org/10.1007/978-3-642-10300-1_3
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Fig. 5.21 Visible proper decay length distribution of B0
s → D−

s μ
+νX candidates with fit projec-

tion [43]. The filled area represents the the signal, the dashed line the combinatorial background,
and the dotted line the sum of both components

respectively, depend on the final state. In the case of a flavor specific final state,
like for semileptonic decays, λ f is zero and both normalizations become identical.
Other special and interesting cases are final states where one of the terms vanishes so
that the decay time distribution is again a single exponential. In the standard model,
where the CP violation in the B0

s system is negligible, this happens for CP eigenstates
where λ f = ±1.

Like in B+ and B0 lifetime measurements, different techniques are also employed
for B0

s lifetime measurements. Using 400 pb−1 of data, D0 has measured an effective
lifetime of B0

s mesons in semileptonic decays [43]. The B0
s mesons are reconstructed

via B0
s → D−

s μ
+ X with D−

s → φπ− and φ → K +K −. The distribution of the
visible proper decay time as defined in Eq. (5.3) is fitted to determine the B0

s lifetime.
In this measurement the effect ofΔΓs is neglected and a single exponential function
convolved with a Gaussian resolution function and a K factor distribution to account
for the incomplete B0

s reconstruction is used for the signal. Wrong-sign D−
s μ

−
events and D−

s mass sideband events are used to constrain the tvis distribution of
combinatorial background events. Further background contributions are from other
B meson decays and cc̄ events. A projection of the fit is shown in Fig. 5.21.

The measured effective lifetime in the flavor-specific semileptonic decays is
τ f s(B0

s ) = [1.398 ± 0.044 (stat)+0.028
−0.025 (syst)] ps [43]. The largest contribution to

the systematic uncertainty comes from the uncertainties on the backgrounds.
A measurement of the effective B0

s lifetime in flavor-specific hadronic decays
was performed by CDF using events selected by the Two-Track-Trigger in a data
sample of 1.3 fb−1 [44]. The reconstructed decay is B0

s → D−
s π

+ with D−
s → φπ−

and φ → K +K −. The invariant mass distribution of the selected B0
s candidates is

shown in Fig. 5.22 (left). One can see a peak at the nominal B0
s mass from correctly

reconstructed B0
s → D−

s π
+ decays. The decay time of these fully reconstructed

(FR) decays is directly obtained from Eq. (5.2). The invariant mass region below
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Fig. 5.22 Invariant mass (left) and decay time distribution (right) of B0
s → D−

s π
+ candidates

with fit projection [44]

the nominal B0
s mass is populated by partially reconstructed (PR) b hadron decays,

including B0
s → D−

s π
+(nγ ), B0

s → D±
s K ∓, B0

s → D−
s ρ

+, B0
s → D∗−

s π+,

and other B0
s → D(∗)−

s X decays. These B0
s decays are included in the lifetime

measurement to increase the sensitivity. Although a K factor has to be used, the
correction is small because of the selected invariant mass range. And the usage of
the reconstructed instead of the nominal mass in Eq. (5.3) reduced the width of the K
factor distribution to a few percent so that the partially reconstructed hadronic decays
provide a similar sensitivity to the B0

s lifetime as the fully reconstructed events.
The yields of the fully and all partially reconstructed B0

s and other b hadron
modes are determined in a fit to the invariant mass distribution. The shapes of
each component are obtained from simulation. The backgrounds from real and fake
D−

s mesons combined with a random track are taken from wrong-sign events and
D−

s mass sidebands, respectively.
The fractions of components determined in the mass fit are then used in a fit of the

decay time. The fully and partially reconstructed signal PDFs take the time dependent
trigger acceptance into account by a multiplicative efficiency function derived from
simulation. The trigger efficiency simulation was checked with J/ψ → μ+μ− events
collected by the dimuon trigger. The background PDFs are taken from simulation or
mass sidebands. The result of the fit is shown in Fig. 5.22 (right).

Assuming a single exponential decay time distribution for the signal, an effective
lifetime of τ f s(B0

s ) = [1.518 ± 0.041 (stat) ± 0.027 (syst)] ps is measured [44].
The main systematic uncertainty come from the background shapes and fractions,
followed by the uncertainty on the trigger simulation. Although this is a measure-
ment for a flavor-specific decay, the two B0

s eigenstates do not contribute with the
same weight as discussed above. This effect is caused by the time dependent trigger
acceptance. The correction factor for this bias depends on ΔΓs and is estimated to
be δτ = −0.11(ΔΓs/Γs)

2.
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Fig. 5.23 Fit to the invariant mass (left) and decay time distribution (right) of B0
s → J/ψ f0(980)

candidates [23]

Such issues caused by the mixture of B0
sL and B0

s H decays does not exists for decay
modes that are only accessible by one of the eigenstates. In the standard model these
are the decays to CP eigenstates, like B0

s → J/ψ f0(980) with f0(980) → π+π−.
The lifetime in this mode was first measured by CDF using 3.8 fb−1 of data [23].

The B0
s lifetime is determined in a combined mass, decay time, and decay time

uncertainty fit. Fit projections are shown in Fig. 5.23. Events with a decay time below
0.67 ps are excluded from the fit to avoid that the sample is dominated by prompt
events. The resulting mean lifetime of the CP-odd B0

s eigenstate is τC P−(B0
s ) =

[1.70+0.12
−0.11 (stat)±0.03 (syst)] ps [23]. Because of the low signal-to-background ratio

the largest systematic uncertainty comes from the background decay time model.
In the standard model the result corresponds to the lifetime of the B0

s H eigenstate.
Combined with other lifetime measurements in flavor-specific or CP-even modes, it
provides information on the decay width difference ΔΓs .

Finally B0
s → J/ψφ decays are used by CDF and D0 for B0

s lifetime measure-
ments. Since the final state is a mixture of CP-even and CP-odd eigenstates that can
be distinguished by an angular analysis, this mode provides information about the
lifetime of both B0

s eigenstates, B0
s H and B0

sL . The mode is also the one with the best
experimental sensitivity to CP violation in the B0

s system and therefore discussed in
detail in Chap. 7.

Figure 5.24 compares the measurements discussed in this section. It includes the
latest results of the average B0

s lifetime, τ̄ (B0
s ) = 1/Γs = 2/[Γ (B0

sL) + Γ (B0
s H )],

measured in B0
s → J/ψφ decays by CDF and D0. One can see that the lifetime

for the J/ψ f0(980) final state has a higher value than the other measurements, as
expected in case of a sizable decay width difference and negligible CP violation.
Furthermore the measurements of τ f s and τ̄ support the theoretical prediction that
the mean B0

s lifetime is equal to the B0 lifetime within 1 % uncertainty [4].

http://dx.doi.org/10.1007/978-3-642-10300-1_7
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Fig. 5.25 Leading order Feynman diagrams of the three B+
c decay processes

5.5 B+
c

The B+
c is a unique particle because it is the only ground state meson with two

different heavy quarks. Therefore models for cc̄ and bb̄ states can be applied to
describe the bound state, but it can only decay via the weak interaction. In contrast to
the other weakly decaying B mesons, where the lifetime is mainly determined by the
decay of the b quark, two further processes contribute to the B+

c decay width, namely
the decay of the c quark and the annihilation of both heavy quarks as illustrated in
Fig. 5.25. These decay processes lead to a reduced lifetime and make the B+

c the
shortest lived weakly decaying B meson. The B+

c lifetime was predicted to be about
one third of the B+ lifetime [46].
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the left plot and the dotted line in the right plot show the background component

Both Tevatron experiment have measured the B+
c lifetime using semileptonic

decays. CDF performed the measurement with B+
c → J/ψe+νe events in 360 pb−1 of

data [47] and D0 with B+
c → J/ψμ+ X events in 1.3 fb−1 of data [48]. The

J/ψ mesons are reconstructed from muon pairs. In case of CDF, the electrons are
selected by requirements on the specific ionization in the drift chamber and the
shower shape in the electromagnetic calorimeter.

Several background sources contribute to the selected event samples. The back-
ground from random combinations of tracks reconstructed as a J/ψ is estimated from
J/ψ mass sidebands. The contribution from real J/ψ combined with a hadron track
that is misidentified as a lepton is derived from a sample of J/ψ-track combinations
and measured misidentification probabilities. In the CDF measurement, the back-
ground from real J/ψ combined with an electron from γ → e+e− conversions is
estimated from the rate of identified conversions and the efficiency to find conver-
sions. Another type of background are combinations of real J/ψ and real muons, that
do not come from a B+

c decay. These are mainly bb̄ events where the J/ψ and muon
stem from two different b hadrons. This background is described with simulated
events. Finally, prompt J/ψ in cc̄ events combined with a muon track contribute at
low decay times. Their fraction is determined in the decay time fit.

Before measuring the lifetime, both experiments establish the existence of a
B+

c signal by examination of the J/ψ� invariant mass spectrum (Figs. 5.26 and 5.27
left). CDF determines the B+

c lifetime in a fit of the visible proper decay length and
its uncertainty. D0 performs a simultaneous fit of the visible proper decay length and
the J/ψμ invariant mass. The fit results are shown in the right plots of Figs. 5.26
and 5.27.

CDF measures τ(B+
c ) = [0.463+0.073

0.065 (stat) ± 0.036 (syst)] ps [47], where the
dominant uncertainty comes from the background decay time model. The result
reported by D0 is τ(B+

c ) = [0.448+0.038
0.036 (stat) ± 0.032 (syst)] ps [48]. Mass and

decay time model uncertainties contribute to the systematic uncertainty of the B+
c

lifetime with about equal amount. Both measurements agree well. In Fig. 5.28
they are compared with theoretical predictions. Although the uncertainties of the
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Fig. 5.28 Comparison of B+
c lifetime measurements [47, 48] and theoretical predictions

[49–51]

measurements and the predictions are still large, the data seem to favor the calcula-
tion based on QCD sum rules [49].

5.6 Λ0
b

CDF and D0 have contributed considerably to the knowledge about b-baryons in
general, andΛ0

b in particular. Several (relative)Λ0
b branching ratios have been mea-

sured. The list of decays modes includes Λ0
b → Λ+

c μ
−ν̄μ [52], Λ0

b → J/ψΛ [53],
Λ0

b → Λ+
c π

− [54], Λ0
b → pπ− and Λ0

b → pK − [54]. The latter three modes
have been observed for the first times.
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Of particular interest are Λ0
b lifetime measurements because they extend the b

hadron lifetime studies to the baryon sector. While first theoretical calculations pre-
dicted a lifetime ratio betweenΛ0

b and B0 in the range 0.9–1 [55–58], measurements
at LEP [59–61] and Tevatron Run I [62] yielded a τ(Λ0

b )/τ(B
0) value of about 0.8.

This discrepancy is known as Λ0
b lifetime puzzle. A more recent calculation, that

includes next-to-leading order QCD effects and heavy quark expansion terms up to
order 1/m4

b, has predicted a lifetime ratio of 0.88 ± 0.05 [4] and relaxed the tension
between theory and experiment.

Using 1.3 fb−1 of data, D0 has measured theΛ0
b lifetime in semileptonicΛ0

b →
Λ+

c μ
− X decays [63]. The Λ+

c is reconstructed in the decay to pK 0
S and fitted to a

common vertex with a muon candidate. TheΛ+
c yield is determined in bins of visible

proper decay length by a fit to the Λ+
c invariant mass distribution. The Λ0

b lifetime
is then obtained from a fit to this distribution. Background of Λ+

c mesons produced
in cc̄ or bb̄ events and combined with a muon from the other heavy quark decay is
described using simulation. The signal PDF takes into account contributions from
Λ0

b → Λ+
c μ

−ν̄μ and Λ0
b → �cπμ

−ν̄μ with �c → Λ+
c π .

The result of the fit is shown in Fig. 5.29. The measured lifetime is τ(Λ0
b ) =

[1.290+0.119
−0.110 (stat)+0.087

−0.091 (syst)] ps [63], where the largest systematic uncertainty
comes from the method to extract the signal yield from the mass fit.

The first measurement of theΛ0
b lifetime using fully reconstructed decays was per-

formed by D0 usingΛ0
b → J/ψΛwithΛ → pπ− [64]. This analysis of 250 pb−1 of

data was later updated with a data sample corresponding to an integrated luminosity
of 1.2 fb−1 [65]. CDF used the same decay mode to measure theΛ0

b lifetime first in
a data sample of 1.0 fb−1 [66] and then in an updated analysis using 4.3 fb−1 [6].

The Λ0
b lifetime measurements follow the same basic method as the B0 and

B+ lifetime measurements in the J/ψK decay modes described in Sect. 5.1. To
suppress B0 → J/ψK 0

S cross contamination, CDF vetos Λ candidates that are con-
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Fig. 5.30 Decay length distributions of Λ0
b → J/ψΛ candidates measured by D0 (left) and CDF

(right) with fit projections [6, 65]

sistent with K 0
S → π+π− decays if the proton candidate is assigned the pion mass

hypothesis. D0 suppresses contaminations from cascade decays such as �0 → Λγ

andΞ0 → Λπ0 by requiring theΛ flight and momentum direction in the transverse
plane to agree within less than 0.8◦. The Λ0

b lifetime is determined in a fit to the
decay time, its uncertainty, the Λ0

b candidate invariant mass, and, in case of CDF,
the mass uncertainty. Fit projections are shown in Fig. 5.30.

The latest D0 result is τ(Λ0
b ) = [1.218+0.130

−0.115 (stat) ± 0.042 (syst)] ps [65],

which is consistent with the earlier D0 measurement of τ(Λ0
b ) = [1.22+0.22

−0.18 (stat)±
0.04 (syst)] ps [64]. The largest systematic uncertainty comes from the long-lived
background component and in particular from the contamination of B0 decays.

The first CDF measurement in the mode Λ0
b → J/ψΛ of τ(Λ0

b ) = [1.593+0.083
−0.078

(stat) ± 0.033 (syst)] ps [66] is significantly higher than the previous measure-
ments. TheΛ0

b lifetime measurement of the updated analysis of τ(Λ0
b ) = [1.537 ±

0.045 (stat)±0.014 (syst)] ps [6] confirms the result. While the decay time resolution
model contributes the largest systematic uncertainty in both analyses, it is reduced in
the latter by using the sum of three Gaussian functions instead of just one Gaussian
as resolution model.

The Λ0
b lifetime was measured in fully hadronic Λ0

b → Λ+
c π

− decays by CDF
using a data sample of 1.1 fb−1 [67]. The Λ+

c is reconstructed in the decay Λ+
c →

pK −π+. To suppress background from D+ → K −π+π+ decays misreconstructed
as Λ+

c , an upper cut on the reconstructed Λ+
c decay length is placed. To determine

the composition of the selected sample, the Λ0
b invariant mass distribution is fitted.

Besides the Λ0
b signal, the following background components are included in the

fit: combinatorial background, partially and fully reconstructed B meson decays,
partially reconstructedΛ0

b decays. The shape of the misreconstructed b hadron decay
components is obtained from simulation. Fully reconstructed Λ0

b decays other than
Λ+

c π
+ are included in the signal. The left plot in Fig. 5.31 shows the fit result.

Discrepancies between the fit and the data at low mass values do not affect the Λ0
b

lifetime result because they are outside the mass window from which events are
selected for the following decay time fit.
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Fig. 5.32 Comparison of
Λ0

b lifetime measurements
from LEP [59–61], Tevatron
Run I [62], and Run II [6, 63,
65, 67]. The broad band shows
the theoretical expectation,
calculated from the predicted
τ(Λ0

b )/τ(B
0) ratio [4] and the

world average B0 lifetime [10]
which is depicted by the
narrow band on the right
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Since the Λ0
b candidates are collected by the Two-Track-Trigger, its time depen-

dent efficiency is determined from simulation and included in the decay time PDF.
The reliability of the trigger simulation is checked by a comparison of J/ψ → μ+μ−
events in data and simulation. The observed discrepancy at the 3-4σ level is assigned
as systematic uncertainty, which is the dominant in this measurement. The sec-
ond largest systematic uncertainty stems from the Λ+

c Dalitz model. The measured
Λ0

b lifetime is τ(Λ0
b ) = [1.401 ± 0.046 (stat) ± 0.035 (syst)] ps [67].

Figure 5.32 shows a compilation ofΛ0
b lifetime measurements. While most mea-

surements are now in good agreement with the theoretical prediction, the most recent
and most precise result, the CDF measurement in the J/ψΛ decay mode, suggests a
higher τ(Λ0

b )/τ(B
0) value of the order 1. Whether this is really the case and whether

there is a newΛ0
b lifetime puzzle with a discrepancy between theory and experiment

of opposite sign, has to be clarified in future measurements.
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Chapter 6
Flavor Oscillations

Weakly decaying neutral mesons can oscillate into their anti-particles via second
order weak interaction processes as shown for the B0

s meson in Fig. 6.1. The time
evolution of such states is discussed in Chap. 3. In case of no CP violation and
negligible decay width difference the probability density function for decays of non-
oscillated meson states to a flavor-specific final state is obtained from Eqs. (3.43)
and (3.46):

Pn/osc(t) = Γ e−Γ t (1 + cosΔm t). (6.1)

For oscillated states Eqs. (3.44) and (3.45) lead to

Posc(t) = Γ e−Γ t (1 − cosΔm t). (6.2)

The oscillations cause a time-dependent asymmetry, Amix (t), between decays of
non-oscillated and oscillated meson states as defined in Eq. (3.47). In case of no
detector effects the experimentally measured asymmetry would be

Amix (t) = Nn/osc(t)− Nosc(t)

Nn/osc(t)+ Nosc(t)
= cosΔm t, (6.3)

where Nn/osc(t) (Nosc(t)) is the number of observed decays at a time t of a meson state
with the same (opposite) flavor quantum number as it had at the time of production.
The flavor quantum number of a heavy meson is given by the sign of the charge of
the heavy quark, meaning that B mesons with b or b̄ quark and charm mesons with
c or c̄ quark are distinguished.

Thus a measurement of the oscillation frequency Δm requires the experimental
determination of the following properties for each reconstructed meson:

• the decay time, t ,
• the flavor of the meson at production time, and
• the flavor of the meson at the time of its decay.
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Fig. 6.1 Feynman diagrams of B0
s oscillations

The reconstruction of decay times from decay lengths and momenta is described in
the previous Chapter. In flavor specific decays the meson flavor at decay time is unam-
biguously defined by the charges of the daughter particles. The task of determining
the flavor at production time is called flavor tagging and described in the next Section.

6.1 Flavor Tagging

The flavor of a meson state at its production time has to be inferred from the particles
in the event other than the decay products of the meson. Often this flavor assign-
ment cannot be done unambiguously. To quantify the performance of flavor tagging
algorithms, two variables are introduced. The efficiency

ε = Ntag

Nall
, (6.4)

where Ntag (Nall ) is the number of tagged (all) events, specifies the fraction of events
on which the tagging algorithm can be applied. The dilution measures how often the
tagging decision is correct and is defined as

D = NR − NW

NR + NW
, (6.5)

where NR (NW ) is the number of events with correct (wrong) tagging decision. The
dilution is connected to the wrong tag fraction

w = NW

NR + NW
(6.6)

by
D = 1 − 2w. (6.7)

The name dilution is somewhat misleading because the higher the value of D, the
more reliable is the tagging decision. The values of D range from −1 to 1, where
D = 1 means perfect tagging, D = 0 indicates a tagger with random decision, and
D = −1 tells that the decision is always opposite to the true flavor.
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A consequence of the imperfect tagging is that only the fraction 1−w of the non-
oscillated events are reconstructed as non-oscillated. On the other hand, a fraction
of w of the oscillated events are wrongly identified as non-oscillated. This leads to a
probability density function for events with the same reconstructed production and
decay flavor of

Pobs
n/osc(t) = (1 − w)Pn/osc(t)+ wPosc(t)

= Γ e−Γ t (1 + cosΔm t − w − w cosΔm t + w − w cosΔm t)

= Γ e−Γ t (1 + D cosΔm t). (6.8)

In an analog way one gets

Pobs
osc (t) = Γ e−Γ t (1 − D cosΔm t) (6.9)

leading to an observed asymmetry of

A obs
mix (t) = D cosΔm t. (6.10)

So the wrong tagging decisions cause a reduction of the amplitude of the observed
oscillations by a factor D.

The dilution makes it more difficult to experimentally establish a non-zero ampli-
tude of the cosΔm t term and thus a signal for flavor oscillations. In terms of statistical
power, a data sample of N events with dilution D is equivalent to a smaller data sam-
ple of D2 N events with perfect tagging. A further reduction of the statistical power
comes from the tagging efficiency ε defined in Eq. (6.4). Both factors are combined
in the effective tagging efficiency εD2. This is a good measure of the performance
of a tagger, because the sensitivity to an oscillation signal of a data sample of N
events with tagging efficiency ε and dilution D is the same as the sensitivity of a data
sample of εD2 N events with perfect tagging.

The values of the tagging performance variables, ε and D, do not only depend
on the tagging algorithm, but also on the data sample. This fact can be exploited to
increase the sensitivity of measurements by splitting the analyzed data sample into
sub-samples with different tagger performance and using the sample-specific dilution
instead of an average one. In the limit of infinite sub-samples this corresponds to
the assignment of an individual dilution to each event. The principle of these event-
by-event dilutions is similar to using event-by-event resolutions, for example in mass
or decay time measurements. In the same way as mass or decay time uncertainties
are measured for each event, the tagging dilution has to be determined for each event.
The task of a flavor tagging algorithm is therefore not only to make a decision about
the flavor, but also to estimate the dilution for a given event. This estimate is called
predicted dilution, Dpred , and a calibration has to ensure that it reflects the true
dilution.

Several properties of an event can be used to infer the flavor of a produced meson
as illustrated for a B0

s meson in Fig. 6.2. The tagging algorithms employed at the
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Fig. 6.2 Illustration of objects used for B0
s flavor tagging

Tevatron can be divided into two categories. The first category exploits the fact that
b quarks are usually created in bb̄ pair events. While one of the b quarks produces
the (partially) reconstructed signal B meson, the other b quark fragments into a b
hadron with opposite flavor of the signal B. Algorithms based on the identification of
the flavor of the second b hadron in the event are called opposite-side taggers. They
determine the flavor via the charge of the lepton from semileptonic b quark decays,
the charge of kaons from b → c → s quark transitions, or more inclusive quantities
like the weighted charge of tracks forming a b hadron vertex or a b hadron jet.

Wrong tag decision can be caused by a wrong identification of the tagging objects,
for example the lepton from b → c → � decays has opposite charge to the lep-
ton from the direct semileptonic decays. A further reduction of the performance of
opposite-side taggers comes from B0 and B0

s mesons that have oscillated. An advan-
tage of opposite-side taggers is that they are independent of the type of the signal B
meson because the two b quarks fragment independently. Therefore opposite-side
taggers can be calibrated with B+ and B0 mesons and then applied to B0

s mesons.
The second category of taggers is based on the identification of particles produced

in the fragmentation of the signal B meson and is called same-side taggers. To create
a B0

s meson, an s quark is needed. The s quark is usually created in the fragmentation
by a gluon that splits into an ss̄ pair. If the s̄ quark hadronizes into a charged kaon,
the charge tags the flavor of the s quark in the kaon and by this also the flavors of the
s and b quarks in the B0

s meson. So the B0
s same-side taggers determine the flavor

by the charge of a kaon that is kinematically close to the B0
s signal meson.

Same-side taggers strongly depend on the type of meson that they should tag. In
case of a B0 meson the leading fragmentation partner is expected to be a pion instead
of a kaon. Therefore it is not possible to calibrate a same-side tagger with one type
of B mesons and then apply it to another type.

The categorization of taggers in opposite and same side suggests that two hemi-
spheres, corresponding to a back-to-back topology of the two b quarks, can be iden-
tified in the experiment. While this was usually the case at LEP, a clear separation
of the fragmentation and decay products of the two b quarks is often not possible at
the Tevatron. The low momentum, compared to LEP, and production mechanisms
like gluon splitting cause the two “hemispheres” to overlap. Moreover the particles
produced by the second b quark may be outside the detector acceptance so that no
opposite-side tag can be applied.
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To avoid a contamination from same-side tracks in the opposite side tagging
algorithms, CDF and D0 reject tracks around the B signal meson in the opposite side
taggers. The rejection criteria is based on the angle orΔR value between B meson and
track, where ΔR = √

(Δφ)2 + (Δη)2 and Δφ (Δη) is the difference in azimuthal
angle (pseudorapidity). Jet clustering algorithms are applied to combine opposite
side tracks that are assumed to stem from the fragmentation of the same parton.

The first kind of opposite side taggers used by CDF and D0 is based on muons.
CDF identifies muons via a likelihood that is constructed from track, calorimeter,
and muon detector information [1]. The predicted dilution is parametrized as a func-
tion of this likelihood and the momentum of the muon with respect to the jet that
it contains,

prel
T = |p( j)× p(μ)|

p( j)
, (6.11)

where p( j) and p(μ) are the momentum vectors of the jet and the muon, respectively.
D0 selects the muon candidate with the highest number of hits in the muon detector
and calculates the muon jet charge defined as

Qμj =
∑

i qi pT,i∑
i pT,i

, (6.12)

where the sum runs over all tracks within a cone ofΔR < 0.5 around the muon, and
qi and pT,i are the charges and transverse momenta of the tracks, respectively [2]. The

PDFs of Qμj for both flavors, f b/b̄
μj (Qμj ), are determined from data in a calibration

procedure described below. The predicted dilution is obtained from a likelihood ratio
of both PDFs:

Dpred,μj = 1 − rμj

1 + rμj
, (6.13)

with

rμj = f b̄
μj (Qμj )

f b
μj (Qμj )

. (6.14)

In a similar way, CDF and D0 construct electron based taggers [2, 3]. Both exper-
iments use track, calorimeter, and preshower detector information to identify elec-
trons. In addition CDF uses specific energy loss in the drift chamber and the Central
Electromagnetic Shower detector. The predicted dilution of the CDF electron tagger
is determined as a function of the electron likelihood, pT,rel , and a flag that indicates
whether the track circle in the transverse plane contains the primary vertex or not.
The latter variable helps to identify electron from conversion. D0 calculates the pre-
dicted dilution of the electron tagger from an electron jet charge, Qej , defined in the
same way as the muon jet charge in Eq. (6.12).

CDF has also developed an opposite-side kaon tagger. A kaon track is identi-
fied using the d E/dx value measured in the drift chamber and the time of flight
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measurement. The dilution is predicted as a function of kaon momentum relative to
the jet momentum for events with a secondary vertex, or from the kaon track impact
parameter significance otherwise.

The last kind of opposite-side taggers employed by CDF is the jet charge tag-
ger [4]. In a first step it uses a neural network to determine the probability of
a track to originate from a b hadron decay, regardless of its flavor. The input to
the network includes information like the distance from the primary vertex and
the momentum with respect to the jet. In the second step, jet properties are cal-
culated from the track probabilities and combined in further neural networks for
three different classes of jets. The classes are defined via the presence of a secondary
vertex candidate and a track with high probability to originate from a b hadron
decay. The jet with the highest network output is selected as tagging jet. For this jet,
the jet charge,

Q j =
∑

i qi pT,i (1 + ti )∑
i pT,i (1 + ti )

, (6.15)

is calculated, where the sum runs over all tracks in the jet and ti is the track probability
obtained in the first step. The predicted dilution is parametrized for each of the three
jet classes by a linear function of the jet charge.

Instead of a jet charge tagger, D0 employs a secondary vertex charge tagger [2].
In case of a vertex that has at least two tracks and is significantly displaced from the
primary vertex, the secondary vertex charge is calculated in the following way:

QSV =
∑

i (qi pL ,i )
k∑

i pk
L ,i

, (6.16)

where the sum runs over all tracks coming from the secondary vertex and pL ,i is
the momentum of the i-th track in direction of the combined vertex momentum. The
parameter k is set to 0.6 to achieve optimal tagger performance. Like in the case of
the lepton tagger, the prediction dilution is obtained from a likelihood ratio in the
charge variable.

Finally, D0 also considers the event charge,

QEV =
∑

i qi pT,i∑
i pT,i

, (6.17)

where the sum is taken over all opposite-side tracks.
The order in which the taggers were described above, is roughly in increasing

order of efficiency. While the fraction of events with exclusively reconstructed final
state objects, like muons or electrons, is low, an opposite-side jet can be found
in almost all events. On the other hand the tagging decision of the lepton tag-
gers is more reliable than the decision of more inclusive taggers, like the event
charge tagger. The effective tagging efficiency of the individual taggers is of the
order of 1 %.
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The taggers are not mutually exclusive. If more than one tagger provides a decision
of a given event, two approaches are possible to deal with this situation. The first
solution is to pick one of the taggers.

Such a hierarchical combination of taggers was initially used by CDF. If an event
was tagged by the muon tagger, its decision was taken because the muon tagger has
the highest average dilution of all taggers. In case of no muon tag the electron tag was
taken and if no lepton tag was available, the jet charge tagger was the final choice.

D0 combines the decision of two taggers by multiplying their likelihood ratios,
but still keeps some hierarchy. The combinations of taggers with decreasing prior-
ity are muon and secondary vertex charge, electron and secondary vertex charge,
and secondary vertex and event charge. If there are correlations between the tag-
gers the predicted dilution calculated from the likelihood ratio product according to
Eq. (6.13) does not correspond any more to the true dilution. An alternative com-
bination was developed using multidimensional likelihood functions. In addition to
the charges, variables like (relative) momenta and impact parameter significances
were considered. However, the issue of the construction of a likelihood function is
that the number of events per bin in the multidimensional space rapidly decreases
with increasing dimensionality. Therefore the dimension was limited to three and no
improvement with respect to the default combination was achieved.

While the multidimensional likelihood approach gives theoretically the best result,
the practical issue of limited statistics is solved better by other multivariate tech-
niques. CDF uses a neural network [5] to combine the decisions of the individual
opposite-side taggers. The network can deal with undefined inputs, which is impor-
tant for events where not all tagger decisions are available. The correlations between
the taggers, which are ignored by the hierarchical combination, are automatically
taken into account by the network and lead to a relative increase of the effective
tagging power of about 20 %. A further nice feature of an optimally trained neural
network is that its output value, oi ∈ [0; 1], is equal to the probability of the event i
to be signal as defined in the training. As the tagger combination network is trained
to separate the two flavors, its output is directly the probability of an event to have a
particular flavor. The tagging decision is thus given by the sign of (oi − 0.5) and the
predicted dilution is Dpred = 2|oi − 0.5|.

CDF and D0 calibrate their opposite-side taggers on measured data. D0 selects
B → D0μ+ X and B → D∗−μ+ X events and applies the taggers on the opposite
side. The former sample is dominated by B+ decays, the latter by B0 decays. The
exact sample composition is determined in detail from simulation. This allows to
calculate the visible proper decay time distribution of non-oscillated and oscillated
events and their asymmetry. The flavor at decay time is given by the charge of the
muon. The flavor at production time is experimentally determined by the opposite-
side tagging decision. Both tags combined yield the observed asymmetry as a function
of tvis which is fitted by a function that includes the dilution factor.

This calibration of the dilution is performed for sub-samples in bins of predicted
dilution. The measured dilution is then parametrized as a function of predicted
dilution to obtain an event-by-event calibrated dilution. The result of this calibra-
tion on a data sample of 8 fb−1 is shown in the Fig. 6.3. The effective tagging



84 6 Flavor Oscillations

Fig. 6.3 Opposite site tagger
calibration [2]. The plot
shows the measured dilution
|D| versus the predicted
dilution |d| for different
data taking periods and the
average together with the
fitted parametrization

efficiency of the combined tagger on the calibration sample is εD2 = (2.48 ±
0.21 (stat)+0.08

−0.06 (syst))% [2].
CDF uses B+ → J/ψK + events for the opposite-side tagger calibration. Because

B+ mesons do not oscillate, the kaon charge directly determines the production
flavor. So the number of correctly and wrongly tagged events is easily obtained
by the comparison of kaon charge and tagger decision. As the neural network for
the combined tagger was trained on real data, it should already be well calibration.
A remaining sample dependence of the calibration is taken into account by a scale
factor that is multiplied to the predicted dilution. The scale factor is determined in a
fit to the measured dilution as a function of predicted dilution. Since the tagger could
in principle perform differently for B+ and B− mesons, the scale factor is determined
separately for both samples. But the two measured scale factors are both consistent
with 1 indicating that the tagger was already calibrated well on the data sample used
for the network training. The plots in Fig. 6.4 show the calibration for both flavors on
a data set of 5.2 fb−1. The effective tagging efficiency of the combined opposite-side
tagger is quoted as εD2 = (1.8 ± 0.1)% from the calibration for the B0

s oscillation
measurement [6]. The lower value compared to D0 is mainly caused by the smaller
muon detection acceptance of the CDF detector.

In addition to the combined opposite-side tagger, CDF also employs a same-side
tagging algorithm. All tracks in a cone ofΔR < 0.7 around the momentum direction
of the signal B meson are considered. The version of the tagger that was used for
the first B0

s mixing measurement selected the track with the highest likelihood to
be a kaon as tagging track [8]. The kaon likelihood is determined from the specific
energy loss in the drift chamber and the time of flight measurement. The flavor
tagging decision is given by the charge of the kaon track. The predicted dilution is
parametrized as a function of the kaon likelihood variable for two classes of events
where either all tracks in theΔR < 0.7 cone have the same charge or not. Because the
tagging algorithm is based on the identification of the kaon from the fragmentation
it is called same-side kaon tagger (SSKT).
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Fig. 6.4 Opposite side tagger calibration on a B+ (left) and B− data sample (right) [7]

To improve the performance of the SSKT, the kaon likelihood variable is combined
with further kinematic variables in a neural network [6]. These variables include the
transverse momentum of the track, the momentum perpendicular and in direction of
the B meson, and ΔR with respect to the B meson. The network output is used to
select the tagging track and to parametrize the predicted dilution.

For the B0
s oscillation measurements described in the next Section, the SSKT

predicted dilution was calibrated with simulated data. To verify that the simulation
describes the data and in particular the fragmentation process well, the tagger perfor-
mance is measured on B+ and B0 data and compared to the results on simulated data.
Although the tagger depends on the type of B meson and is not expected to yield a
reliable dilution prediction if applied to another B meson type, it is assumed that a
comparison of tagger results on data and simulation is sensitive to a mismodeling
in the simulation. The effective tagging efficiency for the sample of hadronically
(semileptonically) decaying B0

s mesons selected in the B0
s oscillation analysis is

determined to be 3.7 % (4.8 %) [6]. Compared to the same-side kaon tagger using
only particle identification information this is a relative improvement of about 10 %.
The relative uncertainty on εD2, as estimated from the comparison of results on real
and simulated data, is approximately 25 %. The different values for the two samples
are a result of the momentum dependency of the tagger performance.

Unlike the opposite-side taggers, the SSKT cannot be calibrated on B+ or B0 data
and then applied to B0

s data. The only way to calibrate the SSKT on data is to perform
a complete B0

s oscillation analysis as described in the next Section. Such an analysis
was performed on a data sample of 5.2 fb−1 [7]. The obtained correction factor for
the predicted dilution is 0.94 ± 0.15 (stat) ± 0.13 (syst), well consistent with 1. The
measured B0

s mixing frequency of Δms = (17.79 ± 0.07 (stat)) ps−1 is in good
agreement with the previous CDF measurement [6] and consistent with the standard
model expectation [9, 10]. The amplitude plot (explained below) determined in the
calibration of the SSKT on data is shown in Fig. 6.5.

The performance of the SSKT is higher than that of the combined opposite-
side tagger because the kaon from the fragmentation has a higher probability to
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Fig. 6.5 Amplitude scan
of the B0

s oscillation mea-
surement for the same-side
kaon tagger calibration [7].
The amplitude at the B0

s
oscillation frequency of
Δms = 17.79 ps−1 yields
the calibration factor 0.94 ±
0.15 (stat) ± 0.13 (syst)
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be within the detector acceptance than the opposite-side objects since the kaon is
kinematically close to the already reconstructed B0

s signal meson. If both tagger
decisions are available in an event, they are combined under the assumption that they
are independent:

ξD = (1 + ξOS DOS)(1 + ξSS DSS)

2
− 1, (6.18)

where ξ is the flavor of −1 or +1 and D the predicted dilution of the combined
tagger decision. The corresponding variables for the opposide- and same-side tagger
are denoted by the subscripts OS and SS, respectively. The assumption of indepen-
dence of same-side and opposite-side taggers is reasonable, because they use disjunct
collections of tracks. The independence was also verified with simulation.

6.2 B0
s Oscillations

To establish a B0
s oscillation signal and to measure Δms , the time-dependent decay

rate of B0
s mesons to a flavor-specific final state is fitted with a PDF derived from

Eqs. (6.1) and (6.2). If no significant signal is observed, a lower limit on the mixing
frequency is determined. A method that is well suited to combine limits of different
experiments and to visualize the sensitivity of the measurements is the amplitude
scan [11]. The basic idea is to perform a Fourier transformation. Technically this is
done by introducing an amplitude, A, in Eqs. (6.1) and (6.2) and fitting A(Δm) by
minimizing the constructed likelihood function for a fixed value of Δm:
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Pobs
n/osc(t) = Γ e−Γ t (1 + AD cosΔm t), (6.19)

Pobs
osc (t) = Γ e−Γ t (1 − AD cosΔm t). (6.20)

Since the B0
s mesons oscillate with a fixed frequency, Δms , the amplitude of the

Fourier transformed distribution peaks at this value. In the amplitude scan the height
of the peak at the true frequency is normalized such that the expectation value is 1
when all detector effects are properly taken into account. For frequencies well apart
from the true value of Δms , the amplitude is expected to be consistent with zero.

Frequencies at which the amplitude is inconsistent with 1 can be excluded. For a
95 % confidence level limit this corresponds to

A + 1.645 σA < 1, (6.21)

where σA is the uncertainty of the amplitude. The sensitivity of an experiment,
Δmsens

s , is defined by theΔms value up to which it is expected to exclude an amplitude
of 1 and thus B0

s oscillations in case of no signal:

1.645 σA = 1. (6.22)

An oscillation signal is observed if A = 0 can be excluded with sufficient confidence

A

σA
> n, (6.23)

where n is the desired number of standard deviations.
Several factors limit the experimental sensitivity. One of them is the finite number

of signal events, S. This effect alone leads to an expected significance of the oscil-
lation signal of (A/σA)exp = √

S/2, corresponding to the significance with which
the amplitude of a cos oscillation can be measured with S events. The contamina-
tion of the data sample with background events reduces the expected significance
further by a factor of

√
S/(S + B), where B is the background yield. As already

discussed in the previous Section, an imperfect tagging effectively scales the signal
yield down by a factor εD2. Finally, the decay time resolution dilutes the oscillation
signal. Assuming a Gaussian resolution function with width σt , the Fourier trans-
formation in the amplitude scan converts this into an exponential function. With the
factor exp[−(Δmsσt )

2/2] from the decay time resolution the overall expected signal
significance is to a good approximation [11]

(
A

σA

)
exp

= S√
S + B

√
εD2

2
e−(Δmsσt )

2/2. (6.24)

The formula shows that the dependency of the experimental sensitivity on Δms

is driven by the decay time resolution. This explains the different sensitivity depen-
dency of partially reconstructed semileptonic decays and fully reconstructed hadronic
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Fig. 6.6 Invariant mass distribution of D−
s candidates for all selected events (left) and flavor-tagged

events (right) [16]

decays. At lowΔms values whereΔmsσt is small and therefore the resolution factor,
exp[−(Δmsσt )

2/2], close to 1, the semileptonic decays provide a better sensitivity
because of the higher signal yield. For increasing Δms values the resolution factor
decreases faster for semileptonic decays so that at higher Δms values the hadronic
decays have a superior sensitivity.

Attempts to resolve the B0
s oscillations have been made at LEP [12–14] and

SLD [15], but resulted only in lower limits on Δms . The first indication of a finite
B0

s oscillation frequency was reported by D0 using a data sample of 1 fb−1 [16]. B0
s

mesons are partially reconstructed in the decay B0
s → D−

s μ
+ X with D−

s → φπ−
and φ → K +K −. Kinematic and vertex fit quality variables are combined in a likeli-
hood ratio and the requirement on this ratio is chosen to maximize the expected signal
significance, S/

√
S + B, where S and B are the predicted signal and background

yields, respectively. The opposite-side tagger described in the previous Section is
applied to the selected sample. Figure 6.6 shows the invariant mass distribution of
the selected D−

s candidates. The left peak is caused by D− → K +π−π− decays
where one of the pions is misidentified as a kaon.

The data is fitted with a likelihood function that depends on the following observ-
ables: the visible proper decay length, its uncertainty, the D−

s candidate invariant
mass, the predicted dilution, and the likelihood ratio selection variable. Contribu-
tions from D−

s μ
+, D−μ+, and combinatorial background are considered. The PDFs

of the observables other than the visible proper decay length are determined from data
and assumed to be independent. The composition of processes contributing to the
D−

s μ
+ and D−μ+ signals is determined from simulation. It includes B meson decays

to two charm mesons with a sequential semileptonic D meson decay and cc̄ and bb̄
events where D meson and muon originate from different initial quarks. The visible
proper decay length PDF is constructed from the theoretical distribution of the known
sample contributions convolved with a resolution function. The resolution is parame-
trized by a double Gaussian function with widths given by the measured uncertainty
scaled by two factors. The scale factors are determined on a sample of J/ψ → μ+μ−
decays. The visible proper decay length PDF of the combinatorial background takes
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contributions from prompt events and long-lived events into account, where the latter
component includes a fraction of oscillating events with frequency Δmd .

The result of the fit is shown in Fig. 6.7. The likelihood function has a minimum
at 19 ps−1 and a 90 % confidence level interval of 17 ps−1 < Δms < 21 ps−1 is
derived [16]. The significance of the signal is assessed by determining the probability
to obtain a minimum as deep or deeper than the observed one in the range 16 ps−1 <

Δms < 22 ps−1 if the true frequency is higher than 22 ps−1. The range is chosen
to cover the frequencies between the limit from previous experiments and the value
where the experimental sensitivity ends and the likelihood profile reaches a plateau.
A probability of (5.0 ± 0.3)% is estimated with an ensemble test where the fit was
repeated on data several times with randomized tagger decision. The randomization
of the the tagger decision leads to a dilution of zero so that the expected amplitude
is zero as well.

The indication of the B0
s oscillation signal is also seen in the amplitude plot.

At Δms = 19 ps−1 the measured amplitude is 2.5 standard deviations away from
zero. It is consistent with the oscillation hypothesis of A = 1 at the 1.6σ level. The
fact that the amplitude value is much larger, but consistent with one, suggests that a
statistical fluctuation to a higher A value happened in this experiment. Therefore it
was possible to see an indication of a signal at the ∼ 2σ level at a frequency which
is above the sensitivity, as defined in Eq. (6.22), of Δms = 14.1 ps−1.

Briefly after the D0 result was reported, CDF presented the first evidence of
a B0

s oscillation signal and the first measurement of Δms using a data sample of
1 fb−1 [8]. In addition to semileptonic decays B0

s → D−
s �

+ X , where � = μ or e,
also hadronic B0

s decays to D−
s π

+ and D−
s π

+π+π− are reconstructed. The D−
s

meson is reconstructed in the decay modes φ(→ K +K −)π−, K ∗0(→ K +π−)K −,
and π−π+π−. To avoid a contamination in the K ∗0 K − mode of D− → K +π−π−
decays with a pion misidentified as a kaon, events that are consistent with the D−
decay hypothesis are rejected. The hierarchical combination of opposite-side taggers
and the same-side tagger based only on particle identification are applied.

The oscillation frequency is determined in a maximum likelihood fit of B0
s

candidate invariant mass, decay time, its uncertainty, and tagger decision and pre-
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s oscillation fit [8]

dicted dilution. In case of semileptonic decays the invariant mass of the D−
s �

+ pair,
m Ds�, and the visible proper decay time are used. To improve the visible proper decay
time resolution, the K factor distribution is determined in bins of m Ds� as shown in
Fig. 6.10 for the updated CDF measurment. For reconstructed masses close to the true
B0

s mass the missing momentum carried by the neutrino is small so that the K factor
distribution is narrow and peaks close to 1. For the hadronic decays, the decay time
dependent trigger selection efficiency has to be considered in the likelihood function.
This is done by an efficiency curve derived from simulation. The decay time resolu-
tion is modeled by a Gaussian function with a width that is given by the measured
uncertainty of each candidate. To account for possible differences between the mea-
sured and true uncertainty, the width is scaled by a factor that is calibrated as a function
of kinematic and topological variables on a sample of promptly produced D mesons.

The PDFs of combinatorial background are determined from mass sidebands.
Templates for B meson decays other than the B0

s → D−(∗)
s �+ν contribution to

the semileptonic sample are obtained from simulation. A sample of D−
s combined

with a track is used to estimate the contribution from events where a hadron is
misidentified as a lepton. The mass and decay time models as well as the tagging
variable distributions of the background are determined in separate fits and fixed in
the final fit of the oscillation frequency.

The result of the fit is shown in Fig. 6.8 in form of an amplitude scan and a log
likelihood ratio, Λ, between the hypothesis of an oscillation signal (A = 1) and no
signal (A = 0):

Λ = log

(
L (A = 1)

L (A = 0)

)
. (6.25)
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AtΔms = 17.3 ps−1 the signal hypothesis is strongly favored withΛ = −6.75 and
the minimization of the likelihood function with A fixed to 1 yields a measurement
of Δms = (17.31+0.33

−0.18 (stat) ± 0.07 (syst)) ps−1 [8]. The systematic uncertainty is
dominated by the uncertainty of the decay time measurement due to possible biases
in the vertex reconstruction and the silicon detector alignment. The amplitude at
Δms = 17.3 ps−1 is A = 1.03 ± 0.28 (stat), 3.7 standard deviations away from
zero and well consistent with 1 as expected for a B0

s oscillation signal and properly
calibrated decay time resolution and flavor tagging algorithms. The probability that
the observed signal is caused by a statistical fluctuation is determined by repeating the
fit many times with random tagging decisions and looking for a value ofΛ < −6.75
at any value of Δms . The low probability of 0.2 % justifies to interpret this as a B0

s
oscillation signal, but is not yet sufficient to claim an observation.

To establish a clear B0
s oscillation signal, CDF analyzed the same dataset again

with improved analysis techniques [6]. The first improvement is a more powerful
B0

s signal selection. The use of particle identification information allows to drop the
veto against D− → K +π−π− decays in the D−

s → K ∗0 K − mode. The selec-
tion is further optimized by combining the selection variables in a neural network.
These improvements lead to an increase in the signal yield from 3,600 to 5,600 fully
reconstructed hadronic decays and from 37,000 to 61,500 partially reconstructed
semileptonic decays compared to the previous analysis.

As can be seen in Fig. 6.9, partially reconstructed B0
s decays populate the invariant

mass region below the nominal B0
s mass. These decays were excluded in the previous

analysis. In the updated analysis the decays B0
s → D∗−

s π+ with D∗−
s → D−

s γ /π
0

and B0
s → D−

s ρ
+ with ρ+ → π+π0 are exploited to increase the signal yield in

the mode D−
s → φπ− by 3,100 events. Because the momentum of the not recon-

structed photon or π0 in the B0
s rest frame is small, the average decay time resolution



92 6 Flavor Oscillations

pr
ob

ab
ili

ty
 d

en
si

ty

5

10

ν l (*)
s D→0

sBall
2 3.1 GeV/c≤lsD 2.0 < m
2 4.5 GeV/c≤lsD 4.3 < m
2 5.1 GeV/c≤lsD 4.9 < m

π*
s D→0

sB

ρs D→0
sB

sB

T/pReconstructed
T = pκ

0.4 0.6 0.8 1.0

Proper decay time [ps]

0 1 2 3

P
ro

pe
r 

de
ca

y 
tim

e 
re

so
lu

tio
n 

[fs
]

0

200

400

600

800

πs D→0
sB

ρs / Dπ*
s D→0

sB

2 5.1 GeV/c≤lsD, 4.9 < mν l (*)
s D→0

sB

2 4.5 GeV/c≤lsD, 4.3 < mν l (*)
s D→0

sB

2 3.1 GeV/c≤lsD, 2.0 < mν l (*)
s D→0

sB

Fig. 6.10 K -factor distribution (left) and decay time resolution (right) for semileptonic decays in
bins of invariant D−

s �
+ mass and for (partially) reconstructed hadronic decays [6]

of 97 fs is only slightly worse than the resolution of fully reconstructed hadronic
decays of 87 fs. As shown in Fig. 6.10 the resolution is also nearly independent of
the decay time.

The last improvement compared to the previous analysis is achieved by the use
of neural networks to combine the opposite-side tags and to improve the same-side
kaon selection as discussed in Sect. 6.1.

The result of the fit is illustrated in Fig. 6.11. The amplitudes for semileptonic and
hadronic modes are both consistent with a B0

s oscillation signal (A = 1) at Δms ≈
17.75 ps−1. The combined result yields an amplitude of A = 1.21 ± 0.20 atΔms ≈
17.75 ps−1, again consistent with unity. The probability of a background fluctuation
is determined to be 8 × 10−8, corresponding to a significance of 5.4σ . A further
measure of the improvement due to the more sophisticated analysis techniques is
the increase of the Δms sensitivity from 25.8 to 31.3 ps−1. The high sensitivity
comes from the hadronic modes which alone provide a sensitivity of 30.7 ps−1. The
sensitivity of the semileptonic decays is 19.3 ps−1.

The measured oscillation frequency is Δms = 17.77 ± 0.10 (stat) ± 0.07 (syst)
ps−1[6]. To illustrate that the data really shows a time dependent asymmetry between
non-oscillated and oscillated B0

s states as defined in Eq. (6.3), the likelihood fit is
performed in bins of decay time modulo the measured oscillation period. The fitted
asymmetry is presented in Fig. 6.12. It nicely follows the expected cosine shape.

As can be seen from the Feynman diagram in Fig. 6.1, the B0
s oscillation frequency

measurement is sensitive to the CKM matrix element Vts . A detailed theoretical
calculation yields [17]

Δms = G2
F

6π2 ηBm B0
s

B̂B0
s

f 2
B0

s
m2

W S

(
m2

t

m2
W

)
|VtbV ∗

ts |2, (6.26)
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where G F is the Fermi constant, m B0
s
, mW , and mt are the masses of the B0

s meson,
the W boson, and the top quark, respectively, ηB is a numerical factor containing
perturbative QCD corrections [18], and S is the Inami-Lim function [19]. Long
distance QCD effects are parametrized by the B0

s meson decay constant, fB0
s
, and

the bag parameter, B̂B0
s
, which corrects for the neglection of interactions between

the B0
s and B̄0

s states in the calculation.
While it is in principle possible to extract |VtbV ∗

ts | from the Δms measurement
with Eq. (6.26), the precision would be rather limited by the theoretical uncertainties
of the involved factors. Therefore it is advisable to consider the ratio of oscillation
frequencies between B0

s and B0 mesons, where several factors cancel:
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Δms

Δmd
= m B0

s

m B0

B̂B0
s

f 2
B0

s

B̂B0 f 2
B0

∣∣∣∣ Vts

Vtd

∣∣∣∣
2

= m B0
s

m B0
ξ2

∣∣∣∣ Vts

Vtd

∣∣∣∣
2

(6.27)

with

ξ =
fB0

s

√
B̂B0

s

fB0

√
B̂B0

. (6.28)

With the value of ξ taken from Ref. [20],Δmd = 0.507±0.004 ps−1 and m B0
s
/m B0 =

1.01644 from Ref. [21], the following ratio of absolute CKM matrix elements is
obtained [6]:

∣∣∣∣ Vtd

Vts

∣∣∣∣ = ξ

√
Δmdm B0

s

Δmsm B0
(6.29)

= 0.2061 ± 0.0007(Δms)± 0.0008 (Δmd )+0.0080
−0.0060 (ξ ).

Although the theoretical uncertainties on the ξ parameter are only 3–4 %, they are
still about an order of magnitude larger than the contributions from the experimental
uncertainties on the B0

s and B0 oscillation frequencies. It is also worth noting that
the first direct observation of B0

s oscillations yielded a Δms measurement with a
relative uncertainty that is slightly smaller than the uncertainty of the world average
Δmd value. Recently the LHCb experiment has presented aΔms measurement [22]
with similar precision as the CDF result.

6.3 D0 Oscillations

About one year after the observation of B0
s oscillations, also evidence for mixing of

the D0 meson was reported by Belle [23], BaBar [24] and CDF [25]. This confirmed
the theoretical expectation that all weakly decaying neutral mesons state oscillate
into their anti-particle.

Because of the GIM mechanism [26], the short-range contributions to D0 mixing
from box diagrams like the one in Fig. 6.1 for B0

s mesons are strongly suppressed
in the standard model. The dominant contribution comes from long-range processes
where the D0 evolves into a D̄0 meson via virtual intermediate states like π+π− as
shown in Fig. 6.13. Such processes are hard to calculate which makes the interpreta-
tion of a D0 oscillation signal in terms of long-range and new physics contributions
difficult. In the standard model a slow oscillation and a small decay width difference
with the parameters x = Δm/Γ and y = ΔΓ/2Γ at the level of 1 % or below is
predicted [27–31].

Like in the case of B0
s oscillations, D0 oscillations can be observed experimentally

by a time-dependent measurement of the decay rates of oscillated and non-oscillated
states. The decay mode considered by CDF in an analysis of 1.5 fb−1 of data is
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Fig. 6.14 Feynman diagrams of the Cabibbo-favored decay D0 → K −π+ (left) and the doubly
Cabibbo-suppressed decay D0 → K +π− (right)

D0 → K −π+ [25]. The basic idea of the analysis is to use the kaon and pion
charges of this Cabibbo-favored decay, denoted as “right sign” (RS), as tag of the
decay flavor. But the decay is not a pure flavor specific mode. As illustrated in
Fig. 6.14, the “wrong sign” (WS) charge combination K +π− is not only accessible
by D0 mesons via an oscillation to a D̄0 meson, but also via a doubly Cabibbo-
suppressed decay. The ratio of decay amplitudes is characterized by the parameter
RD ,

RD =
∣∣∣∣

A f̄

A f

∣∣∣∣
2

, (6.30)

where f and f̄ denote the Cabibbo-favored and doubly Cabibbo-suppressed final
state, respectively. From the CKM matrix elements involved in the tree level decays
one can obtain the following expectation for RD:

RD =
∣∣∣∣ Vcd V ∗

us

Vcs V ∗
ud

∣∣∣∣
2

= tan4 θC , (6.31)

where θC is the Cabibbo angle.
The time dependent decay rate of WS decays relative to RS decays can be obtained

from Eq. (3.36). Assuming the oscillation effects in the RS mode to be negligible
because of the small x and y parameters one obtains

http://dx.doi.org/10.1007/978-3-642-10300-1_3
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R(t) = dΓ (D0 → f̄ )(t)

dΓ (D0 → f )(t)

= 1

2|A f |2
[(

|A f̄ |2 +
∣∣∣∣ Ā f̄
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ΔΓ

2
t − 2Im

(
A∗̄

f
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Ā f̄

A f̄

q

p

)
sinΔm t
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. (6.32)

Under the assumption of no CP violation and with the dimensionless mixing para-
meters x and y and the the definition of the phase δ,

δ = arg

(
A f̄

Ā f̄

p

q

)
, (6.33)

the equation simplifies to

R(t) = RD

2

[(
1 + 1

RD

)
cosh y

t

τ
+

(
1 − 1

RD

)
cos x

t

τ

+ 2√
RD

cos δ sinh y
t

τ
+ 2√

RD
sin δ sin x

t

τ

]
, (6.34)

where τ = 1/Γ is the D0 lifetime. Because the D0 mixing is a small effect, one can
approximate xt/τ � 1 and yt/τ � 1 leading to

R(t) = RD

2

[
1 + 1

RD
+ y2

2RD

(
t

τ

)2

+ 1 − 1

RD
+ x2

2RD

(
t

τ

)2

+ 2√
RD

cos δ y
t

τ
+ 2√

RD
sin δ x

t

τ

]
.

= RD + √
RD y′ t

τ
+ x ′2 + y′2

4

(
t

τ

)2

(6.35)

with
x ′ = −x cos δ + y sin δ, y′ = x sin δ + y cos δ. (6.36)

In case of no D0 mixing, both parameters, x ′ and y′, are zero and the relative decay
rate to WS final states is constant in time.
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Fig. 6.15 Wrong sign D0 → K +π− yield in bins of δm (left) and impact parameter distribution
of D∗+ mesons with right sign D0 decay in the decay time bin 5 < t/τ < 6 (right) [25]. The dark
shaded area shows the correctly tagged events in the left plot and the prompt events in the right plot

The decays to a pair of a kaon and pion that are used in the CDF analysis were
collected by the Two-Track-Trigger. Since it is a fully reconstructed decay, the decay
time is measured via the decay length with respect to the primary vertex and the
momentum like in other time-dependent analyses (see. Eq. (5.2)). The production
flavor is determined by requiring the D0 to come from a D∗+ → D0π+ decay. The
charge of the pion tags the flavor unambiguously.

Both decay hypotheses, RS and WS, are considered for the selected D0 daughter
tracks. To reduce the background from RS decays in the WS sample, a WS candidate
is rejected if the invariant mass of the kaon and pion pair, mKπ , calculated for the RS
hypothesis, is consistent with a RS decay. This requirement removes 96.4 % of this
background and has a WS signal efficiency of 78 %. A further background reduction
is achieved by using the specific ionization in the drift chamber to identify kaons and
pions.

To measure the yields of WS to RS decays as a function of time, the data is split
into 20 bins in t for both samples. The bin sizes are chosen to have similar yields in
all bins. In each t bin the data is again split into bins in mass difference between the
D∗+ and D0 candidates, δm = mKππ −mKπ , and then the mKπ distribution is fitted
to separate correctly reconstructed D0 mesons from combinatorial background and
misassigned D0 decays. The yield of D0 mesons as a function of δm, as shown for
the time-integrated WS sample in Fig. 6.15, is then fitted to obtain the number D0

mesons that are correctly tagged by the D∗+ decay. After these fits the WS and RS
yields in bins of time are known.

A complication in this analysis arises from the fact that the sample does not
only contain promptly produced D∗+ mesons, but also D∗+ mesons from b hadron
decays. Since the decay length is calculated with respect to the primary vertex, the
decay time measurement is biased for these events. To correct for the fraction of
non-prompt events, the impact parameter distribution of the D∗+ is exploited (see
Fig. 6.15). While prompt events have a narrow distribution that is independent of

http://dx.doi.org/10.1007/978-3-642-10300-1_5
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Fig. 6.16 Time dependent ratio of prompt WS and RS D0 decays with fit result (left) and 1σ , 2σ ,
3σ and 4σ credibility contours in the x ′2 − y′2 plane (right) [25]. The dashed line in the left plot
and the circle in the right plot show the fit result. The dotted line and cross represent the hypothesis
of no mixing. The diamond shows the fit result with the constraint x ′2 ≥ 0

the decay time, the distribution of non-prompt events is broader and becomes wider
with increasing decay time.

The time-dependent ratio of corrected yields is shown in Fig. 6.16. The error bars
include the systematic uncertainties which are mainly coming from the background
shapes in mKπ , δm, and the impact parameter. One can see that the ratio rises with
time as expected in case of D0 oscillations. A fit with the formula in Eq. (6.35) yields
RD = (3.04 ± 0.55)× 10−3, y′ = (8.5 ± 7.6)× 10−3, and x ′2 = (−0.12 ± 0.35)×
10−3 [25]. Although both mixing parameters alone are consistent with zero, the
strong correlation between them leads to an exclusion of the no-mixing hypothesis
at the 3.8σ level. This is illustrated by the credibility regions in the right plot of
Fig. 6.16. It is also obvious from the projection of the fit assuming no mixing (see
the left plot in Fig. 6.16) that it does not describe the data well. The RD value of
(4.15 ± 0.10) × 10−3 obtained under this assumption is consistent with the value
obtained in an earlier CDF measurement of the time-integrated ratio [32], suggesting
that this measurement was already affected by the D0 oscillations.
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Chapter 7
CP-Violation in Mixing and the Interference
of Mixing and Decay

Because the measured B0
s mixing frequency agrees well with the standard model

expectation, a contribution from new physics processes to the magnitude of the
mixing amplitude must be small. But it is still possible that the phase of the mixing
amplitude deviates significantly from its standard model value. The “golden mode”
to search for such a new physics effect is B0

s → J/ψφ.

7.1 B0
s → J/ψφ

A B0
s meson can decay either directly to the J/ψφ final state via a tree level process,

or via an oscillation to a B̄0
s meson followed by a tree level decay of the B̄0

s . The
Feynman diagrams of both processes are shown in Fig. 7.1. The interference between
these processes can lead to mixing-induced CP violation. Because the decay to J/ψφ
is dominated by a single amplitude, direct CP violation is expected to be negligible.

The magnitude of the mixing-induced CP violation is determined by the phase
between the two diagrams, φ J/ψφ

s . Neglecting higher order loop processes, it is given
in the standard model by

φ
J/ψφ,SM
s = −2βs := −2 arg

(
− Vts V ∗

tb

Vcs V ∗
cb

)
. (7.1)

Here and in the following discussion we assume no CP violation in mixing and in the
decay as both are expected to be negligible. In the standard model also the mixing
induced CP violation is small with −2βs ≈ −0.04 [1]. This makes it a good probe
for new physics because any sizable deviation from zero would be an indication of
contributions from processes beyond the standard model.

If new physics processes would contribute to the mixing loop diagram they would
change the phase φs between the off-diagonal elements of the mass and decay matri-
ces as defined in Eq. (3.19) from its standard model value, φSM

s , by a term φNP
s :

T. Kuhr, Flavor Physics at the Tevatron, Springer Tracts in Modern Physics 249, 101
DOI: 10.1007/978-3-642-10300-1_7, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 7.1 Feynman diagrams of B0
s → J/ψφ decays without and with mixing

φs = φSM
s + φNP

s . (7.2)

This phase shift would also show up in the mixing-induced CP violation in B0
s →

J/ψφ decays:
φ

J/ψφ
s = −2βs + φNP

s . (7.3)

Because βs and φSM
s = 4 × 10−3 [1] are both much smaller than the current experi-

mental sensitivity, one can set them approximately to zero and obtain the relation

φ
J/ψφ
s = φNP

s = φs . (7.4)

Different naming conventions are used in the literature. While D0 quotes its results
in terms of φs , CDF prefers to use −2β J/ψφ

s , or just −2βs , for the same quantity. So
one has to keep in mind a sign flip and a factor of two when comparing results from
both experiments. In the following we will call the measured CP violating phase φs .

As discussed in Sect. 3.2, CP violation in the interference between mixing and
decay can be observed in a decay to a final state that is accessible by B0

s and B̄0
s

mesons. If the final state is a CP eigenstate and the decay width difference, ΔΓs , is
neglected, the time evolution of B0

s mesons is simply given by an exponential decay
modulated by an oscillation with frequency Δms and an amplitude that is equal to
the sinus of the CP violating phase (cf. Eq. (3.80)).

For the decay B0
s → J/ψφ the situation is more complicated because the decay

width difference has to be taken into account and the final state is not a pure CP eigen-
state. To understand the time-dependent B0

s → J/ψφ decay rate, we separate the
CP-even and CP-odd components of the final state:

| f 〉 = |J/ψφ〉 = | feven〉 + | fodd〉 (7.5)

with
CP | feven〉 = | feven〉 and CP | fodd〉 = − | fodd〉 . (7.6)

http://dx.doi.org/10.1007/978-3-642-10300-1_3
http://dx.doi.org/10.1007/978-3-642-10300-1_3
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The decay amplitude as defined in Eq. (3.35) can then be split in two terms as well:

A f = 〈 f |B0
s 〉 = Aeven + Aodd (7.7)

with
Aeven = 〈 feven|B0

s 〉 and Aodd = 〈 fodd |B0
s 〉. (7.8)

For the decay amplitude of B̄0
s mesons follows:

Ā f = 〈 f |B̄0
s 〉 = Aeven − Aodd . (7.9)

With the definition of the strong phase difference between Aeven and Aodd as

δ = arg
(

A∗
even Aodd

)
(7.10)

the following expressions can be calculated:

|A f |2 = (A∗
even + A∗

odd)(Aeven + Aodd) = |Aeven|2 + |Aodd |2 + 2Re(A∗
even Aodd)

= |Aeven|2 + |Aodd |2 + 2|Aeven||Aodd | cos δ (7.11)

| Ā f |2 = |Aeven|2 + |Aodd |2 − 2Re(A∗
even Aodd)

= |Aeven|2 + |Aodd |2 − 2|Aeven||Aodd | cos δ (7.12)

A∗
f Ā f = |Aeven|2 − |Aodd |2 − 2iIm(A∗

even Aodd)

= |Aeven|2 − |Aodd |2 − 2i |Aeven||Aodd | sin δ. (7.13)

Inserting these terms and φs = arg(q/p) in Eq. (3.36) yields

dΓ [B0
s → J/ψφ](t)

dt

= N f e−Γ t
{(

|Aeven|2 + |Aodd |2
)

cosh
ΔΓ

2
t

+ 2|Aeven||Aodd | cos δ cosΔmt

−
[
(|Aeven|2 − |Aodd |2) cosφs + 2|Aeven||Aodd | sin δ sin φs

]
sinh

ΔΓ

2
t

−
[
(|Aeven|2 − |Aodd |2) sin φs + 2|Aeven||Aodd | sin δ cosφs

]
sinΔmt

}

= N f

[
|Aeven|2T+(t)+ |Aodd |2T−(t)

+ 2|Aeven||Aodd |U (t)] (7.14)

http://dx.doi.org/10.1007/978-3-642-10300-1_3
http://dx.doi.org/10.1007/978-3-642-10300-1_3
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with

T±(t) = e−Γ t
[

cosh
ΔΓ

2
t ∓ cosφs sinh

ΔΓ

2
t ∓ ξ sin φs sinΔm t

]

= 1 ∓ cosφs

2
e−ΓH t + 1 ± cosφs

2
e−ΓL t ∓ ξ sin φse−Γ t sinΔm t (7.15)

U (t) = e−Γ t
[

sin δ sin φs sinh
ΔΓ

2
t

+ ξ(sin δ cosφs sinΔm t − cos δ cosΔm t)

]
, (7.16)

and ξ = +1. The decay rate for B̄0
s mesons is obtained by setting ξ to −1. The

terms T±(t) describe the time evolution of the pure CP eigenstate components. The
interference between both components gives rise to the term U (t).

In case the production flavor is not known and the initial number of B0
s and B̄0

s
mesons is the same, as can be safely assumed for B0

s mesons produced via strong
interation in p p̄ collisions, the time evolution of the untagged mesons is described by

T untagged
± (t) = e−Γ t

[
cosh

ΔΓ

2
t ∓ cosφs sinh

ΔΓ

2
t

]

= 1 ∓ cosφs

2
e−ΓH t + 1 ± cosφs

2
e−ΓL t (7.17)

U untagged(t) = e−Γ t sin δ sin φs sinh
ΔΓ

2
t. (7.18)

Several interesting features of untagged decays can be deduced from the above
relations:

• In case of ΔΓ = 0 the interference term U vanishes and the T terms become
simple exponential functions, e−Γ t . All terms containing φs disappear.

• IfΔΓ �= 0, the T terms are the sum of two exponentials with different decay rates.
The relative fractions depend on φs and are opposite for the two CP final states.
This provides sensitivity to the CP violating phase if the lifetime difference can be
resolved and the CP final states can be distinguished experimentally. For φs = 0
the CP-even component would be e−ΓL t and the CP-odd component would be
e−ΓH t . Thus in case of CP conservation the B0

s eigenstate with decay width ΓL

(ΓH ) would always decay to a CP-even (CP-odd) final state. A deviation from this
behavior would be a sign of CP violation. This way of measuring CP violation is
the same as was used for the discovery of CP violation in the kaon system.

• In case of ΔΓ �= 0 the interference term provides additional sensitivity to φs if
there is a strong phase difference between Aeven and Aodd so that sin δ �= 0.

• There are two symmetries. Equations (7.17) and (7.18) are invariant under the
transformations
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ΔΓ → −ΔΓ, φs → π − φs, δ → −δ (7.19)

φs → −φs, δ → −δ. (7.20)

This leads to a four-fold ambiguity and makes an untagged measurement insensi-
tive to the signs of ΔΓ and φs .

When the information about the initial flavor of the B0
s meson is added, the time

evolution is described by Eqs. (7.15) and (7.16) and the following advantages are
obtained:

• The term ξ sin φs sinΔm t in Eq. (7.15) provides additional sensitivity to the
CP violating phase, φs . It is independent of strong phases and observable in the
decays of the pure CP components. It gives rise to the time-dependent asymmetry
defined in Eq. (3.80). This way of measuring mixing-induced CP violation is the
same as was used for the discovery of CP violation in the B0 system.

• A further term containingφs also enters in the interference component in Eq. (7.16)
if sin δ �= 0.

• Sensitivity to Δm is provided by the term cos δ cosΔm t in Eq. (7.16), indepen-
dently of the CP-violating phase.

• The second symmetry of the untagged decay rate in Eq. (7.20) is resolved. How-
ever, the first one in Eq. (7.19) remains. Thus the tagging reduced the four-fold to
a two-fold ambiguity.

As the above discussion shows, one of the experimental challenges is to identify
the CP eigenvalue of the final state. The mixture of CP eigenstates in the J/ψφ final
state is caused by the fact that both daughter particles are vector mesons. Their spins
can be combined to a total spin of 0, 1, or 2. To conserve angular momentum in the
decay of the pseudoscalar B0

s meson, the total spin has to be compensated by the
orbital angular momentum, L . Since J/ψ and φ have both even CP parity, the total
CP eigenvalue is given by (−1)L . Thus the J/ψφ final state is CP-even for L = 0
and L = 2, and CP-odd for L = 1.

The different orbital angular momenta lead to different angular distributions of
the final state particles. Thus the identification of the CP eigenvalue of the final
state requires an angular analysis. Instead of the orbital angular momenta basis,
the transversity basis [2] is commonly used to describe the J/ψφ final state. The
transversity basis defines two angles in the J/ψ rest frame where the x-axis is given
by the momentum direction of the B0

s meson and the xy-plane is defined by the
φ → K +K − decay plane with the y component of the K + momentum being positive.
The angles θT and φT are then the polar and azimuthal angles of the μ+ momentum,
respectively. The third angle,ψT , is the φ helicity angle, defined as the angle between
the K + and the negative B0

s momentum in the φ rest frame. Figure 7.2 illustrates
the definition of the angles in the transversity basis. In the following we will denote
them ρ = (cos θT , φT , cosψT ).

As there are three different spin states, the decay is described by three amplitudes.
The common choice of amplitude definition refers to the linear polarization states
of the vector mesons. The longitudinal component is given by A0. For transverse

http://dx.doi.org/10.1007/978-3-642-10300-1_3
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Fig. 7.2 Definition of angles θ , φ, and ψ in the transversity basis

polarization, A|| and A⊥ describe the components with parallel and perpendicular
polarization vectors, respectively. The A⊥ amplitude corresponds to the L = 1 decay
and therefore describes the CP-odd component. The CP-even component is given
by A0 and A|| which are linear combinations of the S- and D-wave amplitudes. The
amplitudes are defined such that they are normalized:

|A0|2 + |A|||2 + |A⊥|2 = 1. (7.21)

Because only relative phases are relevant, the phase of A0 is set to zero and the phases
of A|| and A⊥ are defined with respect to A0:

δ|| = arg
(

A|| A∗
0

)
, δ⊥ = arg

(
A⊥ A∗

0

)
. (7.22)

With these definitions of decay amplitudes at t = 0 the time- and angle-dependent
decay rate, dΓ [B0

s → J/ψφ](t, ρ)/dt dρ, can be calculated. Explicit formulas can
be found in Ref. [2], or in a more compact form in Ref. [3].

A time-integrated measurement of decay amplitudes was already performed in an
angular analysis of B0

s → J/ψφ decays at CDF Run I [4]. The first time dependent
measurements were done in Run II. CDF used a dataset of 260 pb−1 [5] and D0 a
dataset of 450 pb−1 [6]. The main target of these analyses is the measurement of the
decay width difference. It is determined in a fit to the invariant mass, decay time and
angular distribution of B0

s → J/ψφ candidates under the assumption of no CP vio-
lation (φs = 0). While CDF includes all three angles, D0 integrates over cos θT and
φT and uses only cosψT which is most sensitive to the CP-odd fraction. The signal is
described by the theoretically derived decay rate, dΓ [B0

s → J/ψφ](t, ρ)/dt dρ, con-
volved with a decay time resolution function and multiplied by an angle-dependent
acceptance function. The sculpting of the angular distributions is caused by detector,
trigger, and selection efficiencies and determined from simulation. The background
consists of prompt and non-prompt candidates. While CDF assumes decay time,
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mass, and angles of the background to be independent, D0 allows for different mass
and angular distributions for the prompt and non-prompt component.

To verify the analysis procedure, CDF performs a time-dependent angular analysis
of B0 → J/ψK ∗0, with K ∗0 → K +π−. As the K ∗0 is a vector meson, the decay
is also described by three amplitudes. It is related to the B0

s → J/ψφ decay via
SU (3) flavor symmetry because both decay processes differ only by the flavor of
the spectator quark (cf. Fig. 7.1). In case of exact flavor symmetry the amplitudes of
both decays are expected to be identical.

In contrast to B0
s → J/ψφ, the B0 → J/ψK ∗0 decay is flavor specific, with the

flavor being tagged by the charge of the kaon. In the reconstruction of the K ∗0 the
assignment of the kaon and pion mass hypotheses to the two daughter tracks is not
always perfect. The fraction of signal events with swapped assignment is taken into
account in the fit. The amplitudes, phases, and B0 lifetime determined in the fit to
the B0 → J/ψK ∗0 sample are consistent with previous measurements.

The first measurements of the decay width difference in the B0
s meson

system are ΔΓ/Γ = (0.65+0.25
−33 (stat) ± 0.01 (syst)) by CDF [5] and ΔΓ/Γ =

0.24+0.28
−0.38 (stat)+0.03

−0.04 (syst) by D0 [6]. Both measurements could not yet establish
a finite decay width difference. CDF observes agreement between the B0

s and B0

amplitudes, suggesting that SU (3) flavor symmetry holds at the tested level of pre-
cision. This is confirmed by a time-dependent angular analysis of B0

s → J/ψφ and
B0 → J/ψK ∗0 decays by D0 with a dataset of 2.8 fb−1 [7]. TheΔΓ value measured
in this analysis is (0.085+0.075

−0.078 (stat) ± 0.006 (syst)) ps−1.

An analysis which included for the first time the effect of CP violation was
carried out by D0 on a data sample of 1.1 fb−1 [8] and by CDF on a data
sample of 1.7 fb−1 [9]. In this analysis, D0 uses all three angles and measures
φs = −079±0.56 (stat)+0.14

−0.01 (syst). The decay width difference is measured as well
and the likelihood contour plot in Fig. 7.3 left shows the correlation between φs and
ΔΓ . In the untagged analysis, CDF observes a fit bias when the CP violation is small
as it is the case in the standard model. The bias can be understood from Eq. (7.18).
For φs = 0 the term U untagged(t) vanishes and the differential decay rate becomes
insensitive to the strong phase difference δ. The effective loss of a degree of freedom
leads to a bias away from the standard model values. Figure 7.4 illustrates this effect
on pseudoexperiments. To take this bias into account, CDF presents the result as a
confidence region, shown in Fig. 7.3 right, that uses the likelihood-ratio ordering
method of Feldman and Cousins [10]. The p-value that quantifies the agreement of
the data with the standard model hypothesis is determined to be 22%.

Both result plots show the four-fold ambiguity discussed above. For φs = ±π/2,
the B0

s mass and lifetime eigenstates are mixtures of the CP eigenstates with equal
fraction so that the angular analysis cannot separate them any more and the analysis
becomes less sensitive to ΔΓ . The shaded bands for the new physics models are
obtained from Eq. (3.18)

ΔΓ ≈ 2|Γ12| cosφs ≈ ΔΓ SM cosφs, (7.23)

http://dx.doi.org/10.1007/978-3-642-10300-1_3
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where ΔΓSM is the decay width difference in the standard model. Since Γ12 is
dominated by tree level decays like B0

s → D+
s D−

s (see Sect. 5.3), new physics
contributions are assumed to be negligible. A recent theoretical calculation yields
ΔΓSM = (0.087±0.021) ps−1 [12]. New physics contributions are expected to only
have sizable effects on φs . Such contributions are not yet significantly constrained
by the untagged measurements.

To improve the sensitivity to the CP-violating phase φs , both collaborations added
tagging information in the analyses. The first tagged analysis by CDF is based on
1.3 fb−1 [13], the first D0 analysis uses 2.8 fb−1 [14]. Because of the limited sensi-
tivity to the mixing frequency, Δms is fixed (D0) or constrained (CDF) to the world
average value. In addition to the tagging algorithms described in Sect. 6.1, D0 also
employs a same side kaon tagger in this analysis.

http://dx.doi.org/10.1007/978-3-642-10300-1_5
http://dx.doi.org/10.1007/978-3-642-10300-1_6
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The results are shown in Fig. 7.5. Systematic uncertainties have been determined
to be negligible. One can see in the CDF plot that the tagging has resolved one
symmetry and only a two-fold ambiguity remains. The latter ambiguity is resolved
by D0 by assuming SU (3) flavor symmetry and constraining the strong phases to the
world average values of the B0 → J/ψK ∗0 decay. Keeping in mind that φs = −2βs ,
both measurements are in agreement and seem to prefer a negative φs value. The
standard model p-values are quoted as 15% and 6.6% by CDF and D0, respectively.

The results seemed to support models that predict a large CP-violating phase in
the B0

s system. But also the concern was raised, that the results might be biased due to
the neglection of a contribution from B0

s → J/ψK +K − decays where the kaon pair
is non-resonant or from a f0(980) → K +K − decay [15]. Since the non-resonant
component is expected to have mainly spin 0, both contributions together are referred
to as S-wave. A sizable S-wave contribution and in particular its interference with
the P-wave φ decay would lead to modified angular distributions. While such an
S-wave contribution would be an issue for the measurements presented above, it
would have the advantage that it provides the possibility to resolve the remaining
ambiguity. The method to resolve the ambiguity exploits the fact that the phase of
the P-wave component varies strongly around the φ pole mass while the the S-wave
phase is nearly constant over the range where both interfere. One of the two solutions
could be chosen based on a measurement of the phase difference as a function of the
K +K − invariant mass. It is challenging because it requires a good mass resolution,
but it would make assumptions about SU (3) flavor symmetry obsolete. This kind
of measurement was already used to resolve the ambiguity in the mixing-induced
CP-violation measurement in the B0 system [16].

CDF and D0 addressed the issue of the S-wave component by including it in the
signal PDF in updated analyses of 5.2 fb−1 [17] and 8 fb−1 of data [18], respectively.
CDF uses a neural network for the signal selection and optimizes the requirement on
its output with pseudoexperiments to minimize the expected φs uncertainty. Such a
procedure is also applied by D0 for a boosted decision tree based selection. In addition
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D0 performs the analysis with an alternative selection using simple requirements on
kinematic and quality variables.

Because of the limited mass resolution and the difficulty to include the kaon pair
mass in the background PDFs no attempt is made to measure the decay rate differ-
entially in m(K +K −). Instead the signal distribution is integrated over m(K +K −)
in the selected range assuming a flat S-wave component and a Breit-Wigner model
for the P-wave, where CDF takes the relativistic, and D0 the non-relativistic ver-
sion. The relative fraction of the S-wave component is given by the parameter
FS . A detailed definition and formulas for the differential decay rate including
the S-wave can be found in Ref. [3]. CDF measures an S-wave fraction consis-
tent with zero and quotes an upper limit of FS < 6% at 95% confidence level for
1.009 < m(K +K −)/GeV< 1.028 [17]. The result of the time-dependent angular
analysis is supported by the kaon pair invariant mass distribution, shown in Fig. 7.6,
which is well described without any S-wave component. This is in contradiction with
the D0 result of FS = (17.3 ± 3.6)% for 1.01 < m(K +K −)/GeV< 1.003 [18].
From a comparison of B0

s yields in the φ signal region and sideband, D0 estimates
an S-wave fraction of (12 ± 3)%. Such a large value would be welcome for the
resolution of the ambiguity, but a measurement by LHCb favors a small S-wave
contribution [19].

To obtain the result on the CP-violating phase φs and the decay width difference
ΔΓ , CDF determines contours in the 2-dimensional profile likelihood distribution.
To account for deviations from the ideal Gaussian likelihood shape, a coverage adjust-
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ment is applied. The change in the likelihood function value corresponding to a 68
and 95% confidence level is determined with different sets of pseudoexperiments
generated at randomly chosen values of the nuisance parameters and the standard
model values of φs andΔΓ . This coverage adjustment factor in the likelihood value
is shown to be independent of the (φs ,ΔΓ ) value and therefore applied for all points
in the 2D plane in the determination of the confidence region. This method avoids that
pseudoexperiments have to be generated at each (φs ,ΔΓ ) point. The same approach
is used to obtain 1-dimensional confidence intervals on φs . D0 determines credibility
regions and point estimates with Markov Chain Monte Carlos (MCMC) [20]. This
Bayesian method is also used to combine the results obtained with the two different
selections after verifying that they are consistent with each other.

The results in the φs − ΔΓ plane are shown in Fig. 7.7. Compared with its
previous measurement, CDF could considerably reduce the allowed values of φs

and ΔΓ . The data is now in good agreement with the standard model hypothesis.
The p-value is 30%. For the 1-dimensional 68% confidence interval CDF quotes
φs ∈ [−3.10,−2.16] ∪ [−1.04,−0.04] [17]. D0 shows only one of the two equiv-
alent solutions by imposing the requirement cos δ⊥ < 0 which selects the solution
preferred by SU (3) flavor symmetry. The fact that there are still two minima of
the likelihood function is caused by the additional symmetry in the untagged case.
Because only opposite side taggers are used here, the tagging power is not sufficient
to resolve the ambiguity at a significant level. The standard model p-value is 30%.
As a point estimate, D0 quotes φs = −0.56+0.38

−0.36 [18].
D0 also measures the decay width difference, the mean lifetime, τ = 1/Γ , and

the linear polarization amplitudes with the MCMC method where systematic uncer-
tainties are included. CDF determines these parameters in a likelihood fit under
the assumption of the standard model value for φs . The results are summarized
in Table 7.1. Systematic uncertainties on the angular acceptance, the PDF models,
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Table 7.1 Measured parameters of B0
s → J/ψφ decays by CDF [17] and D0 [18]

Parameter CDF D0

ΔΓ [ps−1] 0.075 ± 0.035 (stat) ± 0.006 (syst) 0.163+0.065
−0.064

τ [ps] 1.529 ± 0.025 (stat) ± 0.012 (syst) 1.443+0.038
−0.035

|A0|2 0.524 ± 0.013 (stat) ± 0.015 (syst) 0.558+0.017
−0.019

|A|||2 0.231 ± 0.014 (stat) ± 0.015 (syst) 0.231+0.024
−0.030
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Fig. 7.8 Results of the tagged B0
s → J/ψφ analyses by CDF [17] and D0 [18] compared with

other measurements and predictions. The left plot shows the measured decay with difference in
comparison with theΔΓ values obtained from B(B0

s → D(∗)+
s D(∗)−

s )measurements [21, 22] and
the standard model expectation [12], shown as band. The middle and right plots show comparisons
of the measured polarizations with the world average values for B0 → J/ψK ∗0 decays [23]

B0 → J/ψK ∗0 cross feed where the pion from the K ∗0 is misidentified as a kaon,
and the vertex detector alignment are considered.

A comparison of the lifetime measurements with other measurements were
already shown in Fig. 5.24 in Sect. 5.4. In Fig. 7.8, theΔΓ value are compared with
the theoretical prediction and the ΔΓ value obtained from B(B0

s → D(∗)+
s D(∗)−

s )

measurements under the assumption that these decays saturate ΔΓ as discussed in
Sect. 5.3. One can see that the measurements agree with the standard model expec-
tation and the ΔΓ values calculated from the B0

s → D(∗)+
s D(∗)−

s branching ratios.
So the experimental data does not yet tell whether there is a significant contribution
to ΔΓ from decays other than B0

s → D(∗)+
s D(∗)−

s . The middle and right plots in
Fig. 7.8 show that the polarization amplitudes are consistent with the ones measured
in B0 → J/ψK ∗0 decays as expected in the case of SU (3) flavor symmetry.

7.2 B0
s → D−

s μ
+X

While the B0
s → J/ψφ analysis is sensitive to CP violation in the interference of

decays with and without mixing, a further way to search for new physics processes is
to measure CP violation in B0

s mixing via an asymmetry in flavor specific decay rates.

http://dx.doi.org/10.1007/978-3-642-10300-1_5
http://dx.doi.org/10.1007/978-3-642-10300-1_5
http://dx.doi.org/10.1007/978-3-642-10300-1_5
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The semileptonic asymmetry for B0
s mesons, as

SL , defined according to Eq. (3.61) ,
depends on the phase φs via the relation

as
SL = − |Γ12|

|M12| sin φs = − ΔΓ

Δms
tan φs (7.24)

as shown in Eqs. (3.64) and (3.65) . In the standard model as
SL is expected to be tiny,

(1.9 ± 0.3) × 10−5 [12]. This is well below the experimental sensitivity so that a
measurement that deviates significantly from zero can be regarded as a sign of new
physics.

Assuming |p/q| ≈ 1, Eq. (3.62) can be used to derive

1 + as
SL =

2
∣∣∣ p

q

∣∣∣2

∣∣∣ p
q

∣∣∣2 +
∣∣∣ q

p

∣∣∣2 ≈
∣∣∣∣ p

q

∣∣∣∣
2

(7.25)

1 − as
SL =

2
∣∣∣ q

p

∣∣∣2

∣∣∣ p
q

∣∣∣2 +
∣∣∣ q

p

∣∣∣2 ≈
∣∣∣∣ q

p

∣∣∣∣
2

. (7.26)

In case of no CP violation in the decay, the time-dependent decay rates of B0
s and B̄0

s
mesons to a flavor specific final state f f s , as given in Eqs. (3.43)–(3.46), can then be
expressed with as

SL :

dΓ [B0
s → f f s](t)

dt
= 1

2
N f |A f |2e−Γ t

[
cosh

ΔΓ

2
t + cosΔms t

]
(7.27)

dΓ [B̄0
s → f f s](t)

dt
= 1

2
N f |A f |2(1 + as

SL)e
−Γ t

[
cosh

ΔΓ

2
t − cosΔms t

]

(7.28)

dΓ [B0
s → f̄ f s](t)

dt
= 1

2
N f |A f |2(1 − as

SL)e
−Γ t

[
cosh

ΔΓ

2
t − cosΔms t

]

(7.29)

dΓ [B̄0
s → f̄ f s](t)

dt
= 1

2
N f |A f |2e−Γ t

[
cosh

ΔΓ

2
t + cosΔms t

]
. (7.30)

In case the initial flavor of the B0
s is not tagged, only the asymmetry between the

decay rates to the two flavor specific final states can be observed

as
untagged = dΓ [B0

s /B̄0
s → f f s] − dΓ [B0

s /B̄0
s → f̄ f s]

dΓ [B0
s /B̄0

s → f f s] + dΓ [B0
s /B̄0

s → f̄ f s]
= 1

2
as

SL(1 − cosΔms t).

(7.31)

http://dx.doi.org/10.1007/978-3-642-10300-1_3
http://dx.doi.org/10.1007/978-3-642-10300-1_3
http://dx.doi.org/10.1007/978-3-642-10300-1_3
http://dx.doi.org/10.1007/978-3-642-10300-1_3
http://dx.doi.org/10.1007/978-3-642-10300-1_3
http://dx.doi.org/10.1007/978-3-642-10300-1_3
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Because of the fast B0
s oscillation the cos term vanishes in a time-integrated mea-

surement and the following relation is obtained:

as
SL = 2as

untagged . (7.32)

Such a time-integrated untagged measurement was first done by D0 with a dataset
of 1.3 fb−1 [24]. B0

s mesons are partially reconstructed in the decay B0
s → D−

s μ
+ X

with D−
s → φπ− and φ → K +K −. The selection is optimized with a likelihood

ratio method and the signal yield is extracted from a fit to the φπ− invariant mass
distribution.

To measure as
untagged , the sample is first split into events with positive and negative

muon charge. The asymmetry between the yields of D−
s μ

+ and D+
s μ

− events is
not only affected by the CP violation in B0

s mixing. A pseudorapidity-dependent
asymmetry can be caused by a forward-backward asymmetry of bb̄ production in
p p̄ collisions. To take this into account the sample is further split by the sign of the
pseudorapidity of the Dsμ candidate. Finally, the detection efficiency can depend on
the charge, the pseudorapidity, and the polarity of the magnetic field which is reverted
regularly in the D0 detector. By splitting the sample also in magnet polarity and fitting
the yields in all eight subsamples, the physics and instrumental asymmetries can be
determined.

The physics asymmetries measured for background events are consistent with
zero as expected. The composition of B decays contributing to the Dsμ signal yield
and thus to the measured asymmetry is taken from simulation. The contribution
from events where Ds and μ come from different c or b quarks is measured on data.
With a fraction of (83.2 ± 3.3)% of the Dsμ events coming from semileptonic B0

s
decays an asymmetry for these signal events of as

untagged = [12.3 ± 9.7 (stat) ±
1.7 (syst)] × 10−3 corresponding to as

SL = [24.5 ± 19.3 (stat) ± 3.5 (syst)] × 10−3

is measured [24] where the dominant systematic uncertainty comes from the fitting
procedure.

This analysis was refined by D0 on a larger dataset of 5 fb−1 [25]. In this analysis
the D−

s → K ∗0 K − decay mode with K ∗0 → K +π− is added and a time-dependent
measurement is performed where the initial B0

s flavor is determined by the oppo-
site side tagger. The invariant mass spectra of Dsμ candidates for both Ds decay
modes are shown in Fig. 7.9. The detector induced muon reconstruction asymmetry
is measured with J/ψ → μ+μ− events.

The result is as
SL = [−1.7 ± 9.1 (stat)+1.4

−1.5 (syst)] × 10−3 [25], well consistent
with the standard model expectation. The largest systematic uncertainty comes from
the kaon detection asymmetry in the D−

s → K ∗0 K − mode, but the total systematic
uncertainty is still much smaller than the statistical one. Compared to the previous
result of the untagged analysis the uncertainty is reduced by a factor two. Since the
data sample is increased by about a factor of four, the improvement can be mainly
attributed to the increase in statistics. With the partially reconstructed decays the fast
B0

s oscillations cannot be resolved well so that the cos terms in Eqs. (7.27)–(7.30)
taken into account in the tagged analysis provide little additional sensitivity.
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Fig. 7.9 Invariant mass distribution of D−
s → φπ− (left) and φ → K +K − candidates (right) [25]

7.3 Dimuon Charge Asymmetry

While the reconstruction of Dsμ pairs in the analysis described in the previous
Section enriches the fraction of B0

s mesons in the selected sample, only the charge
of the muon is required to tag its flavor at decay time. A more inclusive approach is
thus the measurement of the asymmetry of positively and negatively charged muons.
However, the contributions from semileptonic B0 and B0

s decays cannot be distin-
guished experimentally any more. Moreover, several background sources lead to a
strong dilution of the measured asymmetry. This can be improved by requiring that
the other b-hadron produced in the bb̄ production process decays semileptonically,
too. The second muon does not only reduce the background, it also provides a flavor
tag. In events where both muons from the direct semileptonic decays of the two
b-hadrons have the same charge one of the hadrons must have decayed in the oscil-
lated and the other in the non-oscillated state. Because CP violation in mixing is
observable in the “wrong-sign” decays the asymmetry between positively and neg-
atively charged dimuon decay rates is therefore well suited to measure aSL .

The dimuon charge asymmetry for B mesons is defined by the time integrated
decay rates as

Ab
SL = Γ [bb̄ → μ+μ+ X ] − Γ [bb̄ → μ−μ− X ]

Γ [bb̄ → μ+μ+ X ] + Γ [bb̄ → μ−μ− X ] , (7.33)

where only direct b hadron decays are considered and sequential b → c → μ decays
are regarded background processes. Since the “wrong-sign” decays are only possible
for B0 and B0

s mesons and not for B+ mesons and b baryons follows

Γ [bb̄ → μ+μ+ X ] = Γ [B̄0
(s) → μ+ X ]Γ [b̄ → μ+ X ] (7.34)

Γ [bb̄ → μ−μ− X ] = Γ [B0
(s) → μ− X ]Γ [b → μ− X ]. (7.35)
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In case of no direct CP violation the “right-sign” decay rates, Γ [b̄ → μ+ X ] and
Γ [b → μ− X ], are equal as one can see in Eq. (7.27) and (7.30). So they cancel in
Ab

SL and the asymmetry between “wrong-sign” decays remains. The dimuon charge
asymmetry in events with B0

s mesons is then obtained with Eq. (7.28) and (7.29) as
As

SL = as
SL . The same relation holds for B0 mesons, Ad

SL = ad
SL . The experimentally

observed dimuon charge asymmetry is a combination of Ad
SL and As

SL ,

Ab
SL = βd Ad

SL + (1 − βd)A
s
SL , (7.36)

whereβd is the fraction of the B0 contribution. It depends on the production fractions,
fd and fs , and fraction of “wrong-sign” decays, χd and χs , of B0 and B0

s mesons,
respectively:

βd = fdχd

fdχd + fsχs
. (7.37)

A first measurement of the dimuon charge asymmetry by D0 was based on a
data set of 1.0 fb−1 [26]. The experimental observable is the asymmetry in the
yields of like-sign dimuon events with positive and negative charge, N++ and N−−,
respectively:

A = N++ − N−−

N++ + N−− . (7.38)

The effect of different reconstruction efficiencies forμ+ andμ− is taken into account
by averaging the yields for data taking periods with opposite magnet polarities. This
exploits the fact that the trajectory of a μ+ is identical to that of a μ− with reverted
field. Any remaining detection asymmetry is assumed to be negligible and included
in the systematics.

Besides the direct semileptonic decays of b-hadron pairs, which yield 64 % of
the dimuon events, several background processes can contribute to A. These include
sequential b → c → μ decays, muons from prompt charm hadrons, cc̄ or bb̄ res-
onances, or Drell-Yan processes. Also cosmic rays, muons from kaon decays, and
hadrons misidentified as muons are considered. The relative fractions of these con-
tributions are determined with simulation, data from cosmic ray runs, and measured
misidentification rates of kaons in D∗+ → D0(→ K −π+)π+ events.

The only background with a significant asymmetry are muons from kaon decays
combined with a prompt muon. The asymmetry is a result of the different interaction
cross sections of K + and K − with the detector material. After correcting for this
effect a value of Ab

SL/βd = [−9.2 ± 4.4 (stat) ± 3.2 (syst)]× 10−3 is obtained [26],
where the dominant systematic uncertainty comes from the correction of the kaon
background. Using Eq. (7.24) this result and the as

SL measurement with untagged
B0

s → D−
s μ

+ X decays [24] is combined with the untagged B0
s → J/ψφ measure-

ment by D0 [8] to obtain φs = −0.70+0.47
−0.39 [27].

A considerable improvement in the analysis technique was introduced by D0 in
an updated measurement using 6.1 fb−1 [28, 29]. The main idea is to determine in
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addition to A the asymmetry of single muon event yields with positive and negative
charge, n+ and n−, respectively,

a = n+ − n−

n+ + n− , (7.39)

and combine both asymmetries so that systematic uncertainties are reduced. Also
the treatment of backgrounds and detection asymmetries are refined.

The fraction of background events with a hadron misidentified as a muon, includ-
ing decay in flight, is measured on data in bins of transverse momentum of the muon
track candidate. The decay K ∗0 → K +π− is used for kaons with a normalization
taken from K ∗− → K 0

Sπ
− and exploiting isospin symmetry. The fraction of misiden-

tified pions and protons is obtained from the misidentification probability relative to
that of kaons, measured with K 0

S → π+π−, Λ → pπ−, and φ → K +K − events,
and the relative particle multiplicities taken from simulation. The above mentioned
decay modes are also used to determine the asymmetries of the backgrounds. They
are calculated in bins of pT from the difference and sum of event yields with positive
and negative track charge. While the measured asymmetries for kaons are of the
order of 4–6 %, the values for pions are below 2 %. The proton measurements are
consistent with zero within uncertainties of a few percent. To verify the measured
fractions and asymmetries of misidentified hadrons, these numbers are used to cal-
culate expected a values in the single muon sample where contributions from other
processes to the asymmetry are negligible. As can be seen in the left plot of Fig. 7.10,
the calculation agrees well with the measured asymmetries.

After the subtraction of backgrounds from misidentified hadrons, only events with
real muons are left. The detection asymmetry, that is remaining after averaging over
magnet polarities, is measured with J/ψ → μ+μ− events. The pT -dependent values
are in the range of ±0.2 %.

The observed asymmetries after correcting for the detection asymmetry have con-
tributions from several physics processes which are studied in detail with simulation.
The only processes exhibiting a difference in the yield of μ+ and μ− are oscillated
B0

s and B0 mesons decaying either directly to a muon or via a flavor-specific sequen-
tial decay of a charm hadron to a muon. Because the muon from the charm decay
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has opposite sign, both contribute with opposite sign to the asymmetry. All other
considered processes have no asymmetry so that they just dilute the measured value.
The factor by which the asymmetry is scaled is determined to be 0.070 ± 0.006 for
the single muon sample and 0.486 ± 0.032 for the dimuon sample. The values illus-
trate that the single muon sample is dominated by background and thus less sensitive
to Ab

SL .
The measured asymmetries for B mesons are Ab

SL = [+9.4 ± 11.2 (stat) ±
21.4 (syst)] × 10−3 for the single muon sample and Ab

SL = [−7.36 ± 2.66 (stat) ±
3.05 (syst)]× 10−3 for the like-sign dimuon sample, where the dominant systematic
uncertainties come from the fraction of misidentified kaons. The statistical errors
include the statistical uncertainties of the quantities measured on data, namely the
background fractions and asymmetries and the detection asymmetries. Both results
are consistent within uncertainties and could be averaged. Instead, the fact that both
numbers are affected by backgrounds in a similar way can be exploited by considering
the observable A − αa. As shown in the right plot of Fig. 7.10, the largest reduction
of uncertainties is obtained for α ≈ 1 and the measured asymmetry for the optimal
value of α = 0.959 is Ab

SL = [−9.57 ± 2.51 (stat) ± 1.46 (syst)] × 10−3 [28, 29].
Several cross-checks with alternative event selections are performed to verify the
stability of the result.

The result caused some excitement, because it is 3.2 standard deviations away
from the standard model expectation of Ab

SL (SM) = [−0.28+0.06
−0.05]×10−3, calculated

from Eq. (7.36) with predictions of ad
SL and as

SL [1] and βd = 0.594 ± 0.022 [30].
Since the source of the muons is not explicitly identified one cannot say whether the
deviation, if not a statistical fluctuation, comes from the CP violation in the mixing
of B0

s or B0 mesons, or both, or some other process.
An attempt to identify the reason for the deviation from the standard model expec-

tation was made in an improved analysis by D0 using 9.0 fb−1 [30]. One of the
improvements is an increase in the muon acceptance by 25 % due to a softer require-
ment on the momentum of the muon tracks. About half of the gain in statistics remains
after applying tighter requirements on the matching of tracks in the central tracker
and the muon detector which reduces the background from decay in flight hadrons.

The fraction of kaons misidentified as muons in the single muon sample is
determined more accurately by requiring one of the pions from the K 0

S of the
K ∗− → K 0

Sπ
− normalization mode to be identified as a muon instead of requiring

an additional muon in the event to avoid a bias in the sample composition. The uncer-
tainty due to the fraction of misidentified kaons in the like-sign dimuon sample is
reduced by averaging the values of two independent measurements. The first method
uses K ∗0 → K +π− decays as in the previous analysis, but refines the method by
fitting a combination of the K +π− invariant mass distributions for single and dimuon
samples so that uncertainties in mass resolution and backgrounds largely cancel. The
second method measures the ratio of kaons in the dimuon to single muon sample with
K 0

S → π+π− decays, assuming isospin invariance. A small correction is applied
for the correlation between the charges of the misidentified kaon and the second
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muon. The measurements of the fractions agree within uncertainties and half of the
difference is taken as systematic uncertainty.

Using otherwise the same method as in the previous analysis, a value of Ab
SL =

[−10.4 ± 13.0 (stat) ± 23.1 (syst)] × 10−3 for the single muon sample and Ab
SL =

[−8.08 ± 2.02 (stat) ± 2.22 (syst)] × 10−3 for the like-sign dimuon sample is mea-
sured. The combined result, treating all uncertainties except for the statistical uncer-
tainties of a, A, and the relative fraction of misidentified kaons as fully correlated, is
Ab

SL = [−7.87±1.72 (stat)±0.93 (syst)]×10−3 [30]. As a cross-check of the result
Fig. 7.11 shows the observed value of A as a function of dimuon invariant mass com-
pared with the expectation for an Ab

SL value equal to the standard model prediction
and the measured value. Only in the latter case the data is well described, indicating
that the physics processes and backgrounds which have different dependencies of
their asymmetry on M(μμ) are modeled correctly.

The Ab
SL result disagrees with the standard model prediction at a level of 3.9 σ .

This is illustrated in the left plot of Fig. 7.12 where the relation between ad
SL and

as
SL is taken from Eq. (7.36). The result is consistent with direct measurements, but

their precision does not allow to decide whether the discrepancy with respect to the
standard model prediction is driven by ad

SL or as
SL .

Information about the origin of the large Ab
SL value is obtained by splitting the

sample in events with a muon impact parameter below and above 120 μm. While
the fraction of oscillated B0

s mesons is the same in both samples because of the fast
B0

s oscillation, the fraction of oscillated B0 mesons is larger in the second sample
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because the B0 oscillation period is of the same order as the B0 decay time. This
leads to an increased βd value of 0.729 ± 0.018 in the sample with larger impact
parameter, and βd = 0.397 ± 0.022 in the other sample. A large impact parameter
requirement also reduces the background in the single muon sample considerably so
that in the combination A−αa a negative value ofα yields the best result. Because the
measured asymmetries of Ab

SL = [−5.79 ± 2.10 (stat) ± 0.94 (syst)] × 10−3 for the
high impact parameter sample and Ab

SL = [−11.4 ± 3.7 (stat) ± 3.2 (syst)] × 10−3

for the low impact parameter sample are linear combinations of ad
SL or as

SL (see
Eq. (7.36)) with different values of βd , one can determine the individual semilep-
tonic asymmetries of B0 and B0

s mesons. The result is ad
SL = (1.2 ± 5.2) × 10−3

and as
SL = (−18.1 ± 10.5) × 10−3 with a correlation of −80 % [30]. A graphical

representation of the measurement is shown in the right plot of Fig. 7.12. Although
the measured asymmetry for B0

s mesons is much larger than that of B0 mesons, the
large uncertainties do not allow to draw a definite conclusion about the origin of the
large like-sign dimuon charge asymmetry.

The Ab
SL result is compared with the values obtained in the predecessor dimuon

analyses in the left plot of Fig. 7.13. All values are below the standard model expec-
tation and one can see that not only the statistical uncertainties are reduced with
increasing data size, but also the systematic uncertainties get smaller with improved
analysis techniques. The right plot in Fig. 7.13 compares the as

SL result obtained from
the dimuon charge asymmetry measurements with different muon impact parameter
requirements with the as

SL determination from B0
s → D−

s μ
+ X decays described

in the previous Section. Both results are consistent with each other and the stan-
dard model prediction. However, the central value of the standard model prediction
is about three orders of magnitude smaller than the measurements. To improve the
precision of the as

SL determination one can consider external information for ad
SL in
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the calculation of as
SL from Ab

SL according to Eq. (7.36). Unfortunately the precision
of the measurement of ad

SL at the B-factories is not sufficient to reduce the uncer-
tainty significantly. If the standard model prediction of ad

SL is taken its uncertainty
is negligible and a deviation from as

SL(SM) = (0.019 ± 0.003)× 10−3 [12] with a
significance of the same order as in the Ab

SL measurement is obtained.
Looking at Eq. (7.24), which relates as

SL toΔΓ ,Δms , and φs , it seems that a large
asymmetry could be explained by a φs value close to ±π/2 so that tan φs becomes
large. But this consideration neglects that ΔΓ = 2|Γ12| cosφs (see Eq. (3.18)) and
thus would require |Γ12| to become larger as well. A better relation for the discussion
of possible as

SL values is obtained by expressing it in terms of Γ12 and Δms :

as
SL = − |Γ12|

2Δms
sin φs . (7.40)

The B0
s oscillation frequency is measured precisely and Γ12 can be calculated by

theory. SinceΓ12 is dominated by tree level decays a large new physics contribution to
it would be observable in other measurements as well and is thus very unlikely. We can
therefore take the standard model prediction of 2|Γ12| = (0.087 ± 0.021) ps−1 [12]
as a reliable estimate also for the case of new physics in the B0

s system. In combination
with the measured Δms value one obtains from Eq. (7.40)

as
SL = −(4.9 ± 1.2)× 10−3 sin φs . (7.41)

http://dx.doi.org/10.1007/978-3-642-10300-1_3
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Considering further that as
SL contributes to Ab

SL with a weight of 1 − βd = 0.406 ±
0.022 it is obvious that it cannot explain a central Ab

SL value of −7.87 × 10−3 even
for maximal sin φs . To identify the source of the large Ab

SL value and to hopefully
resolve the tension with theoretical models further measurements are required and
expected to be delivered by LHCb.
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Chapter 8
Direct CP-Violation

As explained in Sect. 3.2, CP violation in the decay requires the interference of
at least two diagrams. The experimentally observable difference in decay rates of
CP conjugated modes, AC P := Adecay as defined in Eq. (3.50), is according to
Eq. (3.55) proportional to |A1||A2| sinΔδ sinΔφ, where |A1| and |A2| are the mag-
nitudes of the two decay amplitudes andΔδ andΔφ the difference of their strong and
weak phases, respectively. WhileΔφ can usually be calculated precisely, predictions
of Δδ have often large uncertainties which makes the theoretical interpretation of
AC P measurements difficult. Although direct CP violation measurements are there-
fore sometimes considered less attractive than indirect CP violation measurements,
results like the difference in direct CP violation in B+ and B0 decays to Kπ [1] or
D0 → K +K − and D0 → π+π− [2] have shown unexpectedly large values and
caused excitement and speculations about first hints of new physics contributions.
The contributions from the Tevatron to the direct CP violation measurements will be
dicussed in this Chapter, starting with b → cc̄s and b → ss̄s transitions, followed
by B → DK decays which are sensitive to the angle γ of the unitarity triangle, and
finally covering charm meson decays where hints for new physics might emerge.

8.1 B+ → J/ψK +

The decay B+ → J/ψK + is dominated by the Cabibbo-favored tree level b → cc̄s
transition. Thus the direct CP violation in this mode is expected to be small. The
AC P value is predicted to be about 0.003 in the standard model and up to the order
of 0.01 in case of new physics [3]. A somewhat larger direct CP violation effect of
the order of a percent is expected in the decay B+ → J/ψπ+ because the b → cc̄d
transition is Cabibbo-suppressed.

The decay rate asymmetry between B− and B+ mesons was measured by D0 for
both modes with a dataset of 2.8 fb−1 [4]. Signal candidates are selected by a likeli-
hood ratio method and the signal yields are determined in a fit to the J/ψK invariant

T. Kuhr, Flavor Physics at the Tevatron, Springer Tracts in Modern Physics 249, 123
DOI: 10.1007/978-3-642-10300-1_8, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 8.1 Invariant mass distribution of B+ → J/ψK + candidates with fit result [4]

mass distribution. In addition to the two signal modes and combinatorial background,
a contribution from B → J/ψK ∗ where the pion from the K ∗ decay is not recon-
structed is considered. A dependency of the mass shapes on the kaon momentum is
taken into account in the fit model. A projection of the fit is shown in Fig. 8.1.

To disentangle the effects of direct CP violation, a forward-backward asymmetry
of bb̄ production in p p̄ collisions, and detection asymmetries, the sample is split by
magnet polarity, sign of the pseudorapidity of the B candidate, and charge of the kaon.
Using the same method as in the like-sign dimuon charge asymmetry measurement
described in Sect. 7.3, the J/ψK and J/ψπ asymmetries are determined from the
fitted yields in the subsamples. These asymmetries still have to be corrected for the
difference in interaction rate of K + and K − with the detector material. The correction
is measured with D∗+ → D0[→ μ+νμK −]π+ events as a function of the kaon
momentum. The results are AC P (B+ → J/ψK +) = +0.0075 ± 0.0061 (stat) ±
0.0027 (syst) and AC P (B+ → J/ψπ+) = −0.09 ± 0.08 (stat) ± 0.03 (syst) [4],
where the dominant systematic uncertainties come from the mass model. Both values
are consistent with zero and agree with measurements by BaBar and Belle as one
can see in Fig. 8.2.

8.2 Charmless Hadronic B Decays

As large direct CP violation can only arise when the amplitudes of the interfering
diagrams are of similar size, rare decay modes which are not dominated by Cabibbo-
favored tree-level transitions are good candidates to search for such effects. This
includes in particular decays of B mesons to two light hadrons.

The direct CP asymmetry in the b → ss̄s transition decay B+ → φK + is
expected to be of the order of a few percent [9]. It was first measured at a hadron

http://dx.doi.org/10.1007/978-3-642-10300-1_7
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Fig. 8.2 Comparison of AC P (B+ → J/ψK +) (left) and AC P (B+ → J/ψπ+) measurements
(right) by D0 [4] with results from the B-factory experiments [5–8]

collider by CDF in a data sample corresponding to an integrated luminosity of
180 pb−1 [10].

The number of B+ and B− signal decays is determined in a fit to the B meson
candidate invariant mass, the φ candidate invariant mass, the φ meson helicity angle,
and the ionization energy loss measurement in the drift chamber. Background from
random combinations of tracks and from several physics processes, like non-resonant
B+ → K +K −K +, are taken into account. The fit result is illustrated in the left plot
of Fig. 8.3.

The measured asymmetry is AC P (B+ → φK +) = −0.07 ± 0.17 (stat)+0.03
−0.02

(syst) [10]. The systematic uncertainty includes the effect of different K + and K −
reconstruction efficiencies, but is dominated by the uncertainties arising from the fit
model. The result agrees well with other measurements as shown in the right part of
Fig. 8.3. So far the experimental precision is insufficient to figure out whether there
is direct CP violation at the level of a few percent in this decay mode.

While several charmless decays of B+ and B0 mesons have been studied at the
B-factories, the Tevatron extended the scope to B0

s mesons and Λ0
b baryons. One of

the main challenges in the analysis of these rare decays is the statistical separation
of the various two-body b-hadron modes. The method employed by CDF is based
on a fit of three kinematic variables and a d E/dx measurement and is described in
more detail in Sect. 9.1. In this Section we focus on the AC P measurements of the
charmless hadronic B decays.

The mode with the highest signal yield is B0 → K +π−. Its CP asymmetry was
measured by CDF with a data sample of 180 pb−1 [13] and in an updated analysis
using 1 fb−1 [14]. The increased data size allowed to also measure AC P of the modes
B0

s → K −π+, Λ0
b → pπ−, and Λ0

b → pK − for the first time.
A projection of the fit from which the signal yields are extracted is shown in the left

part of Fig. 8.4. To calculate the asymmetry from the yields they are corrected for the
different trigger and reconstruction efficiency of the CP conjugated final states. For

http://dx.doi.org/10.1007/978-3-642-10300-1_9
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the K +π− final state the correction is measured in a high-statistics D0 → K −π+
sample where CP-violating effects are expected to be negligible and small differences
in kinematics with respect to the signal mode are accounted for by simulation. The
asymmetry between p and p̄ efficiencies is measured in a similar way withΛ → pπ−
decays.

Evidence for direct CP violation in B0 → K +π− at the level of 3.5σ is obtained
with an asymmetry of AC P = −0.086±0.023 (stat)±0.009 (syst) [14]. The results of
AC P (B0

s → K −π+) = +0.39±0.15 (stat)±0.08 (syst), and AC P (Λ
0
b → pK −) =

+0.37 ± 0.17 (stat) ± 0.03 (syst) differ from zero by 2.3 and 2.1σ , respectively. For
Λ0

b → pπ− decays the asymmetry of AC P = +0.03 ± 0.17 (stat) ± 0.05 (syst) is
well consistent with zero. The dominant systematic uncertainties of the AC P results
come from the description of the d E/dx measurement, the combinatorial background
model, and b-hadron masses.

The AC P (B0 → K +π−) result confirms the large negative value measured at the
B-factories as shown in Fig. 8.4. In Ref. [15] it was pointed out that this decay mode
is related to B0

s → K −π+ via SU (3) flavor symmetry and a prediction of

R = AC P (B0 → K +π−)
AC P (B0

s → K −π+)
B(B0

s → K −π+)
B(B0 → K +π−)

τ (B0)

τ (B0
s )

= 1 (8.1)

is derived. The large central value of AC P (B0
s → K −π+) is consistent with this pre-

diction. CDF measures R = 0.85±0.42 (stat)±0.13 (syst) [14] under the assumption
of equal B0

s and B0 lifetimes.
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8.3 B → DK

Two tree-level diagrams contribute to the B+ → DK + decay. As one can see in
Fig. 8.5, both are Cabibbo-suppressed of order λ3, but the second process with the
b̄ → ūcs̄ transition is in addition color-suppressed. This leads to an absolute ratio
of amplitudes between color-suppressed and color-allowed decays,

rB :=
∣∣∣∣ A(B+ → D0 K +)

A(B+ → D̄0 K +)

∣∣∣∣ , (8.2)

of the order 0.1. The relative weak phase between the diagrams is arg(Vcs V ∗
ub/

Vus V ∗
cb). As one can see from the Wolfenstein parametrization of the CKM matrix

in Eq. (2.8) this phase is approximately equal to arg(−Vud V ∗
ub/Vcd V ∗

cb) = γ .
The phase becomes accessible experimentally via a direct CP violation measure-
ment if both diagrams interfere. Since the first process has a D̄0 in the final state
and the second process a D0, this is only possible if D̄0 and D0 decay to the
same final state.

http://dx.doi.org/10.1007/978-3-642-10300-1_2
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One way to achieve this is to look for decays to CP eigenstates, like K +K − or
π+π−. This method was proposed by Gronau, London and Wyler and is therefore
called GLW method [17, 18]. The second method, proposed by Atwood, Duni-
etz and Soni and abbreviated ADS [19], exploits doubly Cabibbo-suppressed D0

decays. Here the interference happens between the B+ → D̄0 K + decay fol-
lowed by the doubly Cabibbo-suppressed D̄0 → K −π+ decay and the color-
suppressed B+ → D0 K + transition with a Cabibbo-favored D0 → K −π+ decay.
Finally, Giri, Grossman, Soffer, and Zupan proposed to measure the angle γ in
B+ → DK + decays with three-body D meson final states, like K 0

Sπ
+π−. The

GGSZ method [20] requires a Dalitz plot analysis to measure the interference effects
between Cabibbo-allowed, doubly Cabibbo-suppressed, and CP-eigenstate decay
amplitudes. All methods assume that CP violation and mixing effects in the D0 sys-
tem are negligible. CDF contributed to the determination of the angle γ using the
GLW and the ADS method.

In the GLW method, where the decay of the D meson to a CP eigenstate, fC P±,
is considered, the amplitudes A1 and A2 in Eq. (3.55) are given by

A1 = A(B+ → D̄0 K +)A(D̄0 → fC P±), and (8.3)

A2 = A(B+ → D0 K +)A(D0 → fC P±), (8.4)

respectively. For a CP-even final state the amplitude A(D̄0 → fC P+) is equal to the
amplitude of the CP-conjugated decay D0 → fC P+ and it cancels in the decay rate
asymmetry. With Eq. (8.2) follows that |A2| = rB |A1| and the rate asymmetry in
Eq. (3.55) becomes

AC P+ = 2rb sin δB sin γ

1 + r2
B + 2rB cos δB cos γ

, (8.5)

where δB is the relative strong phase between the two B meson decay amplitudes.
Information on rB and the phases can be obtained from a measurement of the average
rate of decays with a CP-even final state of the D meson relative to the case with a
Cabibbo-favored D decay

RC P+ = 2
Γ (B− → DC P+K −)+ Γ (B+ → DC P+K +)
Γ (B− → D0 K −)+ Γ (B+ → D̄0 K +)

, (8.6)

where DC P+ refers to the CP-even D meson eigenstate, |DC P+〉 = 1√
2
(
∣∣D0

〉+∣∣D̄0
〉
),

and Γ (B+ → DC P+K +) = Γ (B+ → D(→ fC P+)K +)/B(D0 → fC P+). With
Γ (B+ → D̄0 K +) ∝ |A1|2, Γ (B+ → DC P+K +) ∝ 1

2 |A f |2, and |A f |2 and | Ā f̄ |2
from Eqs. (3.53) and (3.54) this leads to

RC P+ = |A f |2 + | Ā f̄ |2
2|A1|2 = 1 + r2

B + 2rB cos δB cos γ (8.7)

http://dx.doi.org/10.1007/978-3-642-10300-1_3
http://dx.doi.org/10.1007/978-3-642-10300-1_3
http://dx.doi.org/10.1007/978-3-642-10300-1_3
http://dx.doi.org/10.1007/978-3-642-10300-1_3
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Fig. 8.6 Invariant mass distributions of B+ → Dπ+ candidates with fit projections for the D
meson decay modes K +K − and π+π− [21]

and
AC P+ = 2rb sin δB sin γ /RC P+. (8.8)

CDF has measured AC P+ and RC P+ in a data sample of 1 fb−1 [21]. The D meson
from the B+ → DK + decay is reconstructed in the CP-even final states K +K −
and π+π− and in the flavor-specific mode K +π−. For the RC P+ measurement the
approximation RC P+ = R+/R with

R+ = B(B− → DC P+K −)+ B(B+ → DC P+K +)
B(B− → DC P+π−)+ B(B+ → DC P+π+)

and (8.9)

R = B(B− → D0 K −)+ B(B+ → D̄0 K +)
B(B− → D0π−)+ B(B+ → D̄0π+)

(8.10)

is used which relies on the well-motived assumption of no CP violation in the
Cabibbo-favored B+ → Dπ+ decay. The normalization to this decay in the dou-
ble ratio reduces the systematic uncertainty related to the relative efficiency and
branching ratio of the D decays to CP-even and flavor-specific final states.

The selection of B+ → DK + candidates is optimized to achieve the best res-
olution on AC P+. One of the main challenges of the analysis is to separate the
suppressed B+ → DK + decays from the Cabibbo-favored B+ → Dπ+ decays.
This is illustrated in Fig. 8.6, where the pion mass is assigned to the track from the
B decay. A clear B+ → Dπ+ peak is visible at the B+ mass. The B+ → DK +
events show up as a smaller peak shifted to lower mass values because of the pion
mass assignment to the kaon.

The signal yields are determined in a fit to kinematic and particle identification
variables. The fit method corresponds to the one used for the charmless b hadron
decays discussed in the previous section and is described in Sect. 9.1. Since the
radiative tail of the B+ → Dπ+ signal from final state photon emissions overlaps

http://dx.doi.org/10.1007/978-3-642-10300-1_9
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Fig. 8.7 RC P+ (left) and AC P+ values (right) measured in B+ → DK + decays at CDF [21],
BaBar [22], Belle [23], and LHCb [24]

with the invariant mass peak of the B+ → DK + signal it has to be included in
the mass model. Simulation is used to derive a detailed model which is verified
on data with a high-statistics control sample. Besides the two signal components,
combinatorial background and physics background, like B+ → D̄∗0π+ and non
resonant B+ → K +K −K +, are considered. A correction for the difference in K +
and K − reconstruction efficiency is obtained from simulation and verified on data.

The results are RC P+ = 1.30 ± 0.24 (stat) ± 0.12 (syst) and AC P+ = 0.39 ±
0.17 (stat) ± 0.04 (syst) [21]. The dominant systematic uncertainties come from the
d E/dx model and the kinematic distributions of combinatorial background. The
results have been the first such measurements at a hadron collider and agree with
measurements at the B-factories and the new LHCb result as one can see in Fig. 8.7.

Since the GLW method exploits an interference effect between a color-allowed and
a color-suppressed decay amplitude, the observable effect is limited by the amplitude
ratio. As one can see in Eq. (8.5) the maximal AC P+ value is of the order of 2rB .
The basic idea of the ADS method is to compensate this effect by taking a doubly
Cabibbo-suppressed D decay for the color-allowed case which then interferes with
the Cabibbo-allowed D decay of the color-suppressed B decay process. A drawback
of the method is that the two D meson decays are not related by CP symmetry any
more and two further parameters have to be introduced, the absolute ratio and the
relative strong phase between D0 → f and D̄0 → f decay amplitudes,

rD =
∣∣∣∣ A(D̄0 → f )

A(D0 → f )

∣∣∣∣ , and δD = arg

(
A(D̄0 → f )

A(D0 → f )

)
, (8.11)

where f is a flavor-specific final state of a Cabibbo-favored D0 decay. While rD is
precisely measured for the K −π+ final state, the phase δD is only known with large
uncertainties.
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The relative rates and asymmetry of B+ → DK + decays with a suppressed D
decay (D0 → f̄ or D̄0 → f ) are then related to the parameters of interest via

R = Γ (B− → D(→ f̄ )K −)+ Γ (B+ → D(→ f )K +)
Γ (B− → D(→ f )K −)+ Γ (B+ → D(→ f̄ )K +)

= r2
B + r2

D + 2rBrD cos(δB + δD) cos γ (8.12)

R+ = Γ (B+ → D(→ f )K +)
Γ (B+ → D(→ f̄ )K +)

= r2
B + r2

D + 2rBrD cos(δB + δD + γ ) (8.13)

R− = Γ (B− → D(→ f̄ )K −)
Γ (B− → D(→ f )K −)

= r2
B + r2

D + 2rBrD cos(δB + δD − γ ) (8.14)

A = Γ (B− → D(→ f̄ )K −)− Γ (B+ → D(→ f )K +)
Γ (B− → D(→ f̄ )K −)+ Γ (B+ → D(→ f )K +)

= 2rBrD sin(δB + δD) sin γ /R. (8.15)

All four parameters were measured by CDF using 7 fb−1 of data [25]. Suppressed
B+ → DK + events are selected by requiring the D meson to decay to K −π+. If the
D meson candidate is also consistent with the Cabibbo-favored K +π− hypothesis it
is rejected from the sample of suppressed decays. Favored B+ → DK + decays with
D → K +π− are selected correspondingly. The symmetry of the selection for both
modes leads to the cancellation of systematic uncertainties in the ratio. Background
contributions from non-resonant three-body B+ decays and from B decays where
a B and a D daughter particle are interchanged are reduced by requirements on the
distance between B and D decay vertex and the invariant mass of the B daughter
track and the oppositely charged D daughter track. The selection requirements on
several other variables are optimized on S/(1.5 + √

B) [26], where S and B are
the expected number of signal and background events in the sample of suppressed
decays, respectively. This figure of merit maximizes the sensitivity for a signal with
a significance of 3σ .

The signal yields are determined in a fit to the invariant B+ candidate mass, where
the pion mass hypothesis is used for the B+ daughter track, like in the GLW analysis,
and the ionization energy loss measurement in the drift chamber. Backgrounds arise
from random combinations of tracks and from partially reconstructed or non-resonant
B decays. Fit projections are shown in Fig. 8.8. Correction factors for different
reconstruction efficiencies of K +, K −, π+, and π− are measured in data.

A signal of suppressed B+ → DK + decays with D → K −π+ is observed with
a significance of 3.2σ . The measured relative rates and asymmetry are R = [22.0 ±
8.6 (stat)±2.6 (syst)]×10−3, R+ = [42.6±13.7 (stat)±2.8 (syst)]×10−3, R− =
[3.8 ± 10.3 (stat) ± 2.7 (syst)] × 10−3, and A = −0.82 ± 0.44 (stat) ± 0.09 (syst)
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CDF [25], BaBar [27], Belle [28], and LHCb [24]

[25]. Results for the B+ → Dπ+ decay are reported as well, but no indication of
CP violation is found in this mode.

Figure 8.9 shows a comparison of the R and A results with other measurements.
The situation is similar to the GLW results. The measurements agree and the lead
in precision is now taken by LHCb. The larger central value of A compared to
AC P+ determined in the GLW analyses supports the assumption of a stronger CP
violating effect. But because of the lower signal yield due to the doubly Cabibbo-
suppressed D decay the uncertainty is larger as well so that the CP violating effect is
less significant.
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8.4 Charm Meson Decays

The singly Cabibbo-suppressed decay modes D0 → K +K − and D0 → π+π−
have been suggested to search for CP violation in the charm sector [29–33]. Both
modes could show CP violation in the decay via the interference of the tree-level and
penguin diagrams. But the penguin contribution is expected to be tiny in the standard
model. Since the final state is a CP-even eigenstate accessible by D0 and D̄0 mesons,
mixing-induced CP violation can be present, too. But also here the effect is expected
to be small in the standard model. CP asymmetries of the order of a percent or higher
would usually be considered a hint for new physics contributions. On the other hand
theoretical predictions for charm mesons have larger uncertainties than calculations
for kaons and B mesons because the charm quark mass is too heavy to be ignored,
but it provides a lower factorization scale than the b quark mass.

A time integrated measurement of CP asymmetries of D0 decays to h+h−, where
h stands for π or K , was performed by CDF on a data set of 123 pb−1 [34] and in
an updated analysis on 5.9 fb−1 [35]. The new analysis does not only profit from the
increased data size, but also uses refined techniques which are described below to
reduce the systematic uncertainties.

As in the case of the charm mixing analysis presented in Sect. 6.3, the flavor of
the D meson at production is tagged by the charge of the pion from a D∗+ → D0π+
decay, called slow pion. A critical aspect of this analysis is to control the asym-
metry in the reconstruction efficiency between positive and negative pions from the
D∗ decay. The asymmetry is caused by different interaction cross sections for low
momentum pions and the tilted geometry of the cells in the drift chamber to compen-
sate the Lorentz angle. A data-driven method is employed to measure the detection
asymmetries. If all asymmetries are small so that higher order terms can be neglected,
the observed asymmetry for D → h+h− decays, A(h+h−), is given by the sum of
the CP asymmetry, AC P (D → h+h−), and the instrumental asymmetry of the slow
pions, δ(πs):

A(h+h−) = AC P (D → h+h−)+ δ(πs). (8.16)

To determine δ(πs), Cabibbo-favored D0 → K −π+ and D̄0 → K +π− decays are
used. If such decays are tagged by a slow pion from a D∗ decay and the slow pion has
the same kinematic distributions as in the tagged D → h+h− decays, the observed
asymmetry, Atagged(K −π+), is affected by the same slow pion asymmetry, δ(πs):

Atagged(K
−π+) = AC P (D → K −π+)+ δ(πs)+ δ(Kπ). (8.17)

In addition the instrumental asymmetry between the reconstruction efficiencies of
K −π+ and K +π−, δ(Kπ), enters. The contributions of AC P (D → K −π+) and
δ(Kπ) can be measured in untagged D0 → K −π+ decays, again assuming equal
D0 kinematics in the tagged and untagged samples:

Auntagged(K
−π+) = AC P (D → K −π+)+ δ(Kπ). (8.18)

http://dx.doi.org/10.1007/978-3-642-10300-1_6
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Combining Eqs. (8.16), (8.17), and (8.18) leads to

AC P (D → h+h−) = A(h+h−)− Atagged(K
−π+)+ Auntagged(K

−π+). (8.19)

The above consideration relies on the fact that there is no production asymmetry
which should hold for charm hadrons produced in strong interactions of p p̄ col-
lisions. It is also assumed that the efficiencies for the slow pion and the Kπ pair
factorize. Systematic uncertainties for both assumptions are assigned.

The method requires equal kinematic distributions of the slow pion in the h+h−
and Kπ mode and of the D0 in the tagged and untagged D0 → K −π+ sample. To
ensure this several kinematic variables are checked and the events are reweighted in
the distributions where differences are observed. These are the transverse momentum
and the pseudorapidity of the slow pion and the D0.

Signal event yields in the tagged samples are determined in a fit to the reweighted
D∗ candidate invariant mass distribution. The D∗ candidate invariant mass is calcu-
lated with the D0 candidate invariant mass fixed to the known D0 mass. This results
in the same mass resolution as obtained from the often used mass difference between
D∗ and D0 candidate, and has the additional advantage that the signal shape becomes
independent of the D0 decay mode. Random combinations of tracks and multi-body
D decays are considered as backgrounds. Fit results are shown in Fig. 8.10. The
yields of untagged D0 → K −π+ and D̄0 → K +π− decays are extracted from a fit
to the Kπ invariant mass distribution. The fit includes an additional component for
D decays with wrongly assigned kaon and pion hypotheses and is performed on two
independent samples to avoid correlations.

The measured CP asymmetries corrected for detector effects are AC P (D →
K +K −) = [−0.24 ± 0.22 (stat) ± 0.09 (syst)] % and AC P (D → π+π−) =
[0.22 ± 0.24 (stat)±0.11 (syst)] % [35]. The dominant systematic uncertainty comes
from the mass model and the difference in the mass model between D0 and D̄0. Both
results are consistent with the previous CDF measurement and the B-factory results
as shown in Fig. 8.11. No indication of new physics is found.

As discussed before, the measured AC P values can contain contributions from
direct and indirect CP violation. While the former is time-independent, the latter
depends on the D0 decay time. Because of the slow D0 oscillation the time depen-
dence can be approximated well by the linear term so that the observed AC P value
becomes

AC P (D → h+h−)(t) = Adir
C P (D → h+h−)+ t

τ
Aind

C P (D → h+h−). (8.20)

If the direct CP violation is assumed to be negligible, the contribution from indirect
CP violation can be calculated from the measured AC P value and the average decay
time of observed D0 mesons, 〈t〉, which depends on the detector acceptance. The
〈t〉 values are determined in a fit to sideband-subtracted decay time distributions to
account for D0 mesons from B decays. The high values of about 2.5 D0 lifetimes
are a consequence of the two-track trigger requirements and imply an increased
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Fig. 8.10 Result of the fit to the D∗ candidate invariant mass for D0 → π+π− (top row) and
D0 → K +K − (bottom row) [35]. The left plots show the D0 and the right plots the D̄0 candidates

sensitivity to mixing-induced CP violation compared to a uniform trigger acceptance
as at the B-factories. Assuming Adir

C P (D → h+h−) = 0, the results Aind
C P (D →

K +K −) = [−0.08±0.08 (stat)±0.03 (syst)] % and Aind
C P (D → π+π−) = [0.09±

0.10 (stat)±0.05 (syst)] % [35] are obtained. As indirect CP violation is independent
of the decay mode both measurements can be combined to Aind

C P (D → h+h−) =
[−0.01 ± 0.06 (stat) ± 0.04 (syst)] %.

Finally, the difference between the AC P values of ΔAC P (D → h+h−) =
AC P (D → K +K −)− AC P (D → π+π−) = [−0.46 ± 0.31 (stat) ± 0.13 (syst)] %
[35] is quoted. Since the 〈t〉 values for the K +K − and π+π− modes are similar the
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Fig. 8.11 AC P (D → K +K −) (left) and AC P (D → π+π−) measurements (right) CDF [35],
BaBar [36], and Belle [37]

contributions from indirect CP violation approximately cancel inΔAC P . The central
value differs from zero by about half a percent, but is still consistent with it within
the uncertainties. A significant deviation of ΔAC P from zero was recently reported
by LHCb [2]. Whether this is caused by new physics has to be clarified in further
measurements and improved theoretical calculations.
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Chapter 9
Rare Decays

So far all experimental data is described rather well by the standard model. This
means that any physics beyond the standard model can have only small effects. To
search for such effects it is thus advantageous to look at processes that are suppressed
or even forbidden in the standard model. The rare decay measurements and searches
at the Tevatron are presented in this Chapter.

9.1 Charmless Hadronic B Decays

The dominant modes of weakly decaying b hadrons are b → c transitions. If the final
states does not contain any open or hidden charm, it is suppressed in the standard
model. CP asymmetry measurements for such decay mode were already discussed
in Sect. 8.2. In this section, the experimental technique is explained and branching
ratio measurements are presented.

The considered modes are decays of B0, B0
s , andΛ0

b, denoted B in the following,
to two charged hadrons, h+h′−, where h(′) stands for a pion, kaon, or proton. The
two-body decays are selected by the Two-Track-Trigger of the CDF experiment.
Background is suppressed by a requirement on the vertex fit quality and the isolation
of the b hadron candidates. The isolation is defined as

I = pT (B)

pT (B)+ ∑
i pT,i

, (9.1)

where pT (B) is the transverse momentum of the b hadron candidates and the sum
runs over all tracks, except for the B daughters, in a cone with radius 1 in ηφ space
around the B momentum direction. The hard fragmentation of b-quarks leads to the
production of only few additional particles around the B meson and thus to a high
isolation value.

For each B candidate, the invariant mass of the track pair, mππ , is calculated under
the assumption of the pion mass hypothesis for both daughter particles. As one can
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see in Fig. 9.1, the distributions of several B → h+h′− modes overlap. In addi-
tion combinatorial background from random combinations of tracks and physics
background from partially reconstructed multibody B decays are present. To statis-
tically separate the contributions of each mode, an unbinned likelihood fit in three
kinematic and one particle identification variable is performed. Besides mππ , the
kinematic variables are the momentum imbalance, α, and the total momentum,

ptot = p1 + p2 (9.2)

where p1 and p2 are the momenta of the daughter particles. With p1 being the lower
and p2 the higher of the two momenta, the momentum imbalance is defined as

α = q1
p2 − p1

p2
, (9.3)

where q1 is the charge of the lower momentum particle. The momenta of the daughter
particles are then given by

p1 = 1 − |α|
2 − |α| ptot , p2 = 1

2 − |α| ptot . (9.4)

Instead of the momentum imbalance, the momentum asymmetry, β = −q1(p2 −
p1)/ptot , is used in some analyses. For a given decay of a mother particle with mass
m12 to two daughter particles with masses m1 and m2, the three kinematic variables
are correlated via

m2
12 −mππ = m2

1 +m2
2 −2m2

π +2
√

p2
1 + m2

1

√
p2

2 + m2
2 −2

√
p2

1 + m2
π

√
p2

2 + m2
π .

(9.5)
In the relativistic limit the dependency on ptot vanishes:

m2
12 − mππ = (1 − p2/p1)(m

2
1 − m2

π )+ (1 − p1/p2)(m
2
2 − m2

π )

= (2 − |α|)(m2
1 − m2

π )+ (1 − (|α| − 1)−1)(m2
2 − m2

π ). (9.6)

The relation between mππ and α is illustrated in the right plot of Fig. 9.1.
The PDFs for the kinematic distributions of the signal components are derived

from simulation. Final state radiation is simulated by the PHOTOS package [3]. The
mass resolution model was checked on high-statistics D0 → K −π+ and D0 →
π+π− samples.

Particle identification information is obtained from the ionization energy loss
measurement in the drift chamber. The d E/dx response for pions and kaons is
calibrated with D0 → K −π+ events where the D0 flavor is tagged by a D∗+ →
D0π+ decay. The calibration for protons is obtained from Λ → pπ− decays.

Branching ratios are measured relative to B0 → K +π− which is the B → h+h′−
mode with the highest signal yield and whose absolute branching ratio is measured
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at the B-factories. The relative selection efficiency between signal and normalization
modes is taken from simulation, except for two factors. The relative efficiency of the
isolation requirement is measured with B0

s → J/ψφ and B0 → J/ψK ∗0 decays. The
difference in trigger efficiency between kaons and pions due to their different specific
ionization is obtained from D0 → K +K −, D0 → K −π+, and D0 → π+π−
decays.

A main source of the systematic uncertainties in the relative branching ratio mea-
surements is the d E/dx model and calibration. A further important contribution to
the systematic error comes from the description of the background.

The charmless hadronic decays B0
s → K +K −, B0

s → K −π+,Λ0
b → pK −, and

Λ0
b → pπ− can proceed via a tree-level b → u transition. Thus they are sensitive

to the magnitude and phase of Vub. Rare B0 decays that are related to B0
s decay via

SU (3) flavor symmetry can be used to constrain hadronic effects.
The B0

s → K +K − decay was first observed by CDF in a data sample of
180 pb−1 [2]. The relative branching ratio measured with 1 fb−1 of data is
fs/ fdB(B0

s → K +K −)/B(B0 → K +π−) = 0.347 ± 0.020 (stat) ± 0.021 (syst)
[4], where fs/ fd is the ratio of B0

s to B0 production cross sections. The result agrees
with theoretical predictions [5–9]. The uncertainties of the predictions which are
larger than the experimental one do not allow to discriminate between the models.

A further CDF analysis of 1 fb−1 of data yielded the first observations of
the decays B0

s → K −π+, Λ0
b → pK −, and Λ0

b → pπ− [10]. The lat-
ter two decays were already searched for by CDF using a mass fit only on
193 pb−1 of data where no significant signals were observed [11]. The mea-
sured relative branching ratios are fs/ fdB(B0

s → K −π+)/B(B0 → K +π−) =
0.071 ± 0.010 (stat) ± 0.007 (syst), fΛ/ fdB(Λ0

b → pK −)/B(B0 → K +π−) =
0.066 ± 0.009 (stat) ± 0.008 (syst), and fΛ/ fdB(Λ0

b → pπ−)/B(B0 → K +π−)
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= 0.042 ± 0.007 (stat) ± 0.006 (syst) [10], where fΛ/ fd is the ratio of Λ0
b to B0

production rates.
Components for the decays B0

s → π+π− and B0 → K +K − are included in the
fit as well, but no significant signals are observed and limits on their branching ratio
are quoted. First evidence for the decay B0

s → π+π− with a significance of 3.7σ
and a 2.0σ signal of the B0 → K +K − decay were reported by CDF in an analysis
of 6 fb−1 [1]. The signals are visualized in Fig. 9.2 in a plot of the relative signal
likelihood which contains the information from all four observables used in the fit.
The results are fs/ fdB(B0

s → π+π−)/B(B0 → K +π−) = 0.008±0.002 (stat)±
0.001 (syst) and B(B0 → K +K −)/B(B0 → K +π−) = 0.012 ± 0.005 (stat) ±
0.005 (syst) [1].

The decays B0
s → π+π− and B0 → K +K − are of particular interest because

all quarks in the final state are different from the quarks in the initial state so that
the decays can only proceed via annihilation diagrams. A penguin annihilation and
a weak exchange diagram for the B0

s → π+π− decay are shown in Fig. 9.3. A com-
parison between B0

s → π+π− and B0 → K +K − branching ratios may provide
information about the relative contributions of both diagrams and improve the under-
standing of annihilation processes.

9.2 B0
(s) → 
+
−

Leptonic decays of B0 and B0
s mesons are flavor changing neutral current (FCNC)

processes. In the standard model such transitions are forbidden at tree level and
require higher order box or penguin diagrams as shown in Fig. 9.4. The decay is also
suppressed by the involved CKM matrix elements. For B0 mesons the suppression is
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s → μ+μ− decay

stronger compared to B0
s decays by a factor of |Vtd/Vts |2 ≈ 0.04. A further reduction

of the partial decay width comes from the helicity suppression because the spinless
B meson decays two a left-handed lepton and a right-handed anti-lepton.

The branching ratios of the decays to two muons can be calculated precisely in
the standard model and are B(B0

s → μ+μ−) = (3.2 ± 0.2)× 10−9 and B(B0 →
μ+μ−) = (1.0 ± 0.1)×10−10 [12, 13]. By taking into account the effect of the finite
decay width difference in the B0

s system, a 10 % higher value of B(B0
s → μ+μ−) is

derived in Ref. [14]. The small value and rather precise prediction of the B0
s → μ+μ−

branching ratio make this decay an excellent probe for new physics contributions.
Several models had predicted large enhancements of the branching ratio, sometimes
even orders of magnitude above the standard model value. Among these model are
supersymmetry with minimal flavor violation [15], or new flavor dynamics [16, 17],
and minimal supergravity [18]. With the increasing precision of the measurements
the parameter space of the new physics models has been tightly constrained [19] and
some models could even be excluded.

The general strategy to search for B0
s → μ+μ− and B0 → μ+μ− decays is the

following. Two oppositely charged muon track candidates are combined and fitted
to a common vertex. Signal events are identified by a peak in the invariant dimuon
mass, mμμ. Backgrounds that contribute to the selected sample of B0

(s) → μ+μ−
candidates are random combinations of two tracks, two muons from a sequential B
hadron decay b → cμ− → μ+μ− X , and B → h+h′− decays where both hadrons
are mis-identified as muons. The combinatorial background consists mainly of two
muons from two different heavy hadron decays and has a smooth mμμ distribution.
Because of the partial reconstruction of the sequential b hadron decays they populate
the invariant mass region below about 5 GeV/c2. The B → h+h′− background peaks
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in the signal region, but is slightly shifted to lower masses because the pion and kaon
daughter tracks are assigned the muon mass.

To separate signal from background events a selection on several variables is
applied. Track pairs originating from soft QCD processes are reduced by require-
ments on the transverse momenta of the B or muon candidate. The long lifetime of
B mesons is exploited in variables like the decay length or the impact parameter of
the muons and their significances. Sequential decays can be suppressed by requiring
a small pointing angle between the reconstructed momentum and flight direction
of the B candidate. Random combinations of two muons from two different heavy
hadron decays can be identified by a bad vertex fit quality. The hard fragmentation
of b-quarks is exploited by the isolation variable defined in Eq. (9.1). Finally par-
ticle identification information helps to reduce the contribution from mis-identified
hadrons. The selection criteria are optimized without looking at the distribution of
data events in the invariant mass region where the signal is expected.

To estimate the number of background events in the signal region from random
combinations and sequential decays, the mμμ distribution in the mass sidebands is
extrapolated. The background from B → h+h′− decays is estimated separately. If
the number of observed events in the signal region after unblinding it is consistent
with the number of expected background events, a limit on B(B0

(s) → μ+μ−) is
determined. The B+ → J/ψK + decay with J/ψ → μ+μ− is taken as normalization
channel because it has also two muons in the final state, has a high signal yield, and
a known absolute branching ratio.

Several searches for B0
(s) → μ+μ− decays were performed by both Tevatron

experiments in Run II. In addition to the increased data sizes, the updated analyses
also enhanced their sensitivity by improvements of the analysis technique. The left
plot in Fig. 9.7 illustrates the evolution of the limit on the B0

s → μ+μ− branching
ratio for the various iterations of the analysis.

The first measurements by CDF and D0 were based on 171 pb−1 [20] and
240 pb−1 [21], respectively. The selection is optimized by simple requirements on
a few variables. In this initial version of the analysis CDF uses the integrated lumi-
nosity measurement and the production cross section instead of the B+ → J/ψK +
mode for the normalization of the signal yield. Both experiments use simulation to
determine the relative acceptances and efficiencies, CDF measures part of the rela-
tive efficiency on data. The trigger and muon identification efficiency is determined
with J/ψ → μ+μ− events. The efficiency of the track reconstruction in the drift
chamber is obtained from simulated tracks embedded in real data events. At the
given levels of statistics, background from B → h+h′− decays is negligible and
the distribution of combinatorial background is assumed to be flat. CDF uses back-
ground enriched control samples to verify the validity of the background estimation
procedure. The control samples are like-sign dimuons, opposite-sign dimuons with
negative decay length, and track pairs where at least one of the tracks fails the muon
identification requirements. The inverted muon identification criterion decreases the
signal efficiency by a factor 50 and increases the background yield by a factor three.
Because CDF has a dimuon mass resolution of 24 MeV/c2 it can resolve the B0

s and
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B0 signal peaks which are 87 MeV/c2 apart and measure B(B0
s → μ+μ−) and

B(B0 → μ+μ−) individually. The analysis methods for B0
s and B0 are equivalent

except that the signal mass windows are centered on the different nominal masses.
The dimuon mass resolution of the D0 detector is about 120 MeV/c2 so that the
B0

s and B0 peaks overlap. Therefore D0 only quotes a limit on B(B0
s → μ+μ−)

under the assumption that the yield of B0 → μ+μ− events is negligible. This gives
a conservative limit because if B0 events would be present in data they would lead
to a worse limit. Both experiments observe event yields in the signal regions that are
consistent with background and set limits on B(B0

(s) → μ+μ−).
A more sophisticated selection is used in updated analyses on 364 pb−1 by

CDF [22] and 1.3 fb−1 by D0 [23]. Up to five selection variables are combined
in a likelihood ratio. In addition CDF increases the acceptance by including muon
pairs where one of the muons is detected in the forward muon chamber. D0 explicitly
accounts for sequential b-hadron decays in the background model. Again, consis-
tency with the background only hypothesis is observed and limits are quoted.

Further improvements were introduced in analyses using 2 fb−1 (CDF) [24] and
7 fb−1 (D0) [25]. The muon identification of the CDF detector is enhanced by using
information from the calorimeter, the matching of the track extrapolation to signals
in the muon detector, and the ionization energy loss in the drift chamber combined in
a likelihood function [26]. D0 and CDF each combine several selection variables in
an artificial neural network. The advantage of the neural network is that correlations,
which are difficult to model in a likelihood ratio approach, are no problem and can
even be exploited to improve the separation between signal and background. CDF
quotes an improvement of 25 % better background rejection at the same signal effi-
ciency compared to the likelihood ratio used in the previous iteration of this analysis.
CDF also checked that the network output distribution in data is well described by
simulation with B+ → J/ψK + events. A further increase in sensitivity, of 15 % in
case of CDF, is achieved by splitting the signal region in bins of mass and network
output. This exploits the fact that the signal to background ratio depends on both
variables. The sensitivity has reached a level where B → h+h′− background has
to be considered. It is estimated using efficiencies from simulation, misidentifica-
tion probabilities measured with D0 → K −π+ events, and known branching ratios.
The growing sensitivity of the analyses is illustrated by the fact that CDF expects
about 0.5 and D0 about 2.7 B0

s → μ+μ− signal events in their signal region if
the branching ratio is as predicted in the standard model. Both experiment see no
signal excess and set limits. The D0 result is B(B0

s → μ+μ−) < 5.1 × 10−8 at
95 % confidence level [25]. The invariant mass and network output distributions are
shown in Fig. 9.5.

The most recent B0
s → μ+μ− search by CDF uses 7 fb−1 [27]. The signal to

background discrimination power is again improved by combining 14 variables in a
neural network with sophisticated preprocessing [28]. It is verified that the network
does not bias the dimuon mass distribution and that it does not learn statistical
fluctuations in the training data. The background extrapolation uses only events
above a mass of 5 GeV/c2 to exclude sequential decays. As in the previous iterations
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Fig. 9.5 Dimuon invariant
mass (top) and network output
distribution, β (bottom) of
B0

s → μ+μ− candidates
measured by D0 [25]. The
dash-dotted line shows the
shape of a hyothetical signal
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of this analysis the background estimation procedure is checked with the background
enriched control samples. The agreement of the data with the background hypothesis
is quoted in terms of a p-value which is determined from the ratio of likelihoods
between the signal plus background and background only hypothesis. The p-value
for B0 is 23 %, indicating good agreement with the background hypothesis, and a
limit of B(B0 → μ+μ−) = 6.0×10−9 at 95 % confidence level is obtained [27]. An
excess of events is seen in the B0

s signal window as shown in Fig. 9.6. The probability
that this is caused by a background fluctuation is 0.27 %. The low p-value is mainly
driven by the events in the highest network output bin, νN > 0.995. If only the two
highest network bins are considered so that the bin at 0.970 < νN < 0.987 with a
further excess is excluded the p-value is still low at 0.66 %. The excess in the third
highest νN bin was carefully checked and could only be explained by a statistical
fluctuation. Given the marginal agreement with the background hypothesis CDF
quotes a point estimate of B(B0

s → μ+μ−) = [1.8+1.1
−0.9] × 10−8, where the errors

include the statistical and systematic uncertainties [27].
The B0

s → μ+μ− branching ratio measured by CDF is 5.6 times higher than the
standard model prediction. While this sounds like a strong deviation from the standard
model one has to take into account the uncertainties. The p-value of the standard
model signal plus background hypothesis is 1.9 %. Thus there is no evidence for new
physics. A reasonable explanation for the excess would be that an upward fluctuation
of background and standard model signal is observed. Recent measurements at the
LHC [29–31] seem to confirm this scenario. A comparison of B0

s → μ+μ− results
is shown in the right plot of Fig. 9.7.

CDF also searched for the rare decays B0
(s) → e+e− and B0

(s) → e±μ∓ in 2 fb−1

of data [32]. Because the electron is lighter than the muon the helicity suppression
in the B0

(s) → e+e− decay is much stronger than in the B0
(s) → μ+μ− decay

leading to a predicted branching ratio of the order of 10−15 [33, 34]. The decay
B0
(s) → e±μ∓ violates lepton family number conservation. So far such an effect
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Fig. 9.6 Dimuon invariant mass distribution of B0
s → μ+μ− (top) and B0 → μ+μ− candidates
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s → μ+μ− data is shown

separately for events with both muons in the central region of |η| < 0.6 (CC) and one muon in the
central and one in the forward region of 0.6 < |η| < 1 (CF)

was only observed in neutrino mixing [35, 36]. Branching ratios at the order of the
experimental sensitivity are possible in new physics models like the one proposed by
J. Pati and A. Salam [37]. In their theory the lepton number is treated as a fourth color
and spin-1 gauge bosons, called leptoquarks, mediate transitions between leptons and
quarks. If the coupling of the leptoquarks is not limited to quark-lepton pairs of the
same generation, the B0

(s) → e±μ∓ decays can be described by the exchange of a
single leptoquark as shown in Fig. 9.8. Different types of leptoquarks would mediate
the B0

s and B0 decay.
The analysis technique is similar to the one used for B0

(s) → μ+μ− decays.
A peak in the dilepton invariant mass spectrum is searched for with the background
prediction obtained from an extrapolation of event yields in mass sidebands and
hadron misidentification rates applied to B → h+h′− decays. The analyses differ
in the used trigger. While B0

(s) → μ+μ− decays are selected by a dimuon trigger,

B0
(s) → e+e− and B0

(s) → e±μ∓ decays are collected by the Two-Track-Trigger.
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Fig. 9.8 Feynman diagram of a B0
(s) → e±μ∓ decay mediated by the exchange of a leptoquark (LQ)

Therefore the normalization mode in this analysis is B0 → K +π−. The electron
identification is based on the ionization energy loss measurement in the drift chamber
and the shower shape in the calorimeter.

As one can see in Fig. 9.9, the numbers of observed events in the B0 and B0
s

signal windows are consistent with the background expectations. The derived 90 %
credibility level limits of B(B0

s → e+e−) < 2.8 × 10−7, B(B0 → e+e−) < 8.3 ×
10−8, B(B0

s → e+μ−) < 2.0 ×10−7, and B(B0 → e+μ−) < 6.4 ×10−8 [32] are
the most stringent to date. Limits on the leptoquark masses in the Pati-Salam model
are calculated which are complementary to the limits obtained from direct searches
[38, 39].

9.3 B → K (∗)μ+μ−

The transition b → sμ+μ− is sensitive to new physics contributions because it
is a flavor-changing neutral current and thus forbidden at tree level in the standard
model. Feynman diagrams of the leading order standard model processes are depicted
in Fig. 9.10. Experimentally the b → sμ+μ− transition is best studied in exclusive
B → hμ+μ− decays, where B stands for B+, B0, B0

s , orΛ0
b and h for K + or K ∗+,

K ∗0 or K 0
S , φ, orΛ, respectively. While the decays of the first two B meson types are

also studied at the B-factories, the latter two became accessible only at the Tevatron.
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Several parameters can be measured in the B → hμ+μ− decays and allow
to search for deviations from the standard model expectation or to constrain new
physics models. The parameters usually depend on the squared dimuon invariant
mass, q2 = m2

μ+μ− . An observable, that is provided by all decay modes, is the
muon forward-backward asymmetry, AF B . It can be determined from the cos θμ
distribution, where θμ is the angle between theμ+ (μ−) momentum and the opposite
B (B̄) momentum in the dimuon rest frame. If the hadron h is a vector meson further
kinematic observables become available, that allow to measure additional parameters.
The longitudinal polarization of a K ∗ meson, FL , determines the distribution of its
helicity angle, θK , which is defined as the angle between kaon daughter particle and
opposite B momentum direction in the K ∗ rest frame. The transverse polarization
asymmetry, A(2)T , and the T -odd CP asymmetry, Aim , can be extracted from the
distribution of the angle between the dimuon and K ∗ decay planes in the B rest frame,
Δφ. Definitions of the parameters and a derivation of the differential decay rates of

1

Γ

dΓ

d cos θK
= 3

2
FL cos2 θK + 3

4
(1 − FL)(1 − cos2 θK ) (9.7)
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1

Γ

dΓ

d cos θμ
= 3

4
FL(1 − cos2 θμ)+ 3

8
(1 − FL)(1 + cos2 θμ)+ AF B cos θμ

(9.8)

1

Γ

dΓ

dΔφ
= 1

2π

[
1 + 1

2
(1 − FL)A

(2)
T cos 2ΔφAim sin 2Δφ

]
(9.9)

can for example be found in Ref. [40].
The analyses of B → hμ+μ− decays discriminate signal from background based

on variables like the decay length significance, the pointing angle, and the isolation.
Signal yields are determined from peaks in the B candidate invariant mass. Since
the resonant decays B → ψh, where ψ is J/ψ or ψ ′ and decays to two muons, have
the same final state, but proceed mainly via tree-level diagrams they are rejected
from the signal sample by excluding the corresponding q2 regions. Because of the
similarity to the signal modes and their high yield the decays B → J/ψh are used
as normalization in the calculation of a branching ratio. Relative efficiencies are
determined from simulation.

The first search for the decay B0
s → φμ+μ− with φ → K +K − at Run II was

performed by D0 with a data sample corresponding to an integrated luminosity of
450 pb−1 [41]. The number of observed events in the signal region is consistent with
the background expectation obtained from a linear extrapolation of sideband events
(see Fig. 9.11). The derived 95 % confidence level limit on the relative branching
ratio is B(B0

s → φμ+μ−)/B(B0
s → J/ψφ) < 4.4 × 10−3 [41].

A first hint of the B0
s → φμ+μ− decay was seen by CDF in an analysis of

924 pb−1 of data [43]. The analysis also considered the decays B+ → K +μ+μ−
and B0 → K ∗0μ+μ− with K ∗0 → K +π−. Additional vetos against specific back-
grounds are applied. Decays of B → ψh with ψ → μ+μ−γ are rejected by
exploiting the fact that the reconstructed B and dimuon candidate masses are shifted
due to the not reconstructed photon by a similar amount. Furthermore two- and
three-track combinations that are consistent with a ψ , D0, D+, or D+

s decay are
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vetoed. The estimate of combinatorial background in the signal region is obtained
from an extrapolation from the upper mass sideband using a shape derived from a
background enriched sample. Simulation is used to estimate the background from
hadrons misidentified as muons and from cross feed between B0

s → φμ+μ− and
B0 → K ∗0μ+μ− caused by the wrong mass assignment of a kaon or pion track.
Signals with a significance of 4.5, 2.9, and 2.4 standard deviations are observed for
B+, B0, and B0

s , respectively. Relative and absolute branching ratio measurements
are quoted and a limit of B(B0

s → φμ+μ−)/B(B0
s → J/ψφ) < 2.6 × 10−3 at

95 % confidence level is reported [43].
With a data sample of 4.4 fb−1 CDF succeeded to observe the B0

s → φμ+μ−
decay for the first time with a significance of 6.3σ [42] (see Fig. 9.11). In this
analysis the muon identification is improved by the likelihood approach [26] used
also in the B0

(s) → μ+μ− analysis which reduces the background from misidentified
hadrons to a negligible level. The discrimination of signal and background is further
enhanced by combining several selection variables in an artificial neural network.
Signal yields are obtained from a fit to the B candidate invariant mass distribution.
The measured relative B0

s branching ratio is B(B0
s → φμ+μ−)/B(B0

s → J/ψφ) =
[1.11 ± 0.25 (stat) ± 0.09 (syst)] × 10−3 [42].

Total and differential branching ratios in bins of q2 are determined for B+ and B0

mesons. FL is measured as a function of q2 for the B0 → K ∗0μ+μ− decay in a fit to
the cos θK distribution. Using the measured FL values, AF B(q2) is determined from
a fit to the cos θμ distribution. Events with a swapped kaon and pion assignment are
accounted for by a component in the fit. The muon forward-backward asymmetry in
B+ → K +μ+μ− is determined from a fit to the cos θμ distribution using Eq. (9.8)
with FL = 1 as signal model. An angle dependent efficiency is obtained from
simulation and taken into account in the fits.

An increase of the integrated luminosity to 6.8 fb−1, the addition of the decay
B+ → K ∗+μ+μ− with K ∗+ → K 0

Sπ
+ and K 0

S → π+π−, and a further optimiza-

tion of the selection with a neural network made it possible to also measure A(2)T and
Aim for B+ and B0 mesons for the first time [44]. Both parameters are determined
in bins of q2 in a fit of theΔφ distribution. The results are presented in Fig. 9.12. All
measurements agree well with the standard model expectation. First measurements
at the B-factory saw a tendency towards positive AF B values in the low q2 region for
B → K ∗μ+μ− decays which favored new physics models, where the sign of the C7
Wilson coefficient is inverted. This trend is not confirmed by the CDF measurement.

Using the same data sample and analysis technique CDF observed the rare bary-
onic decays Λ0

b → Λμ+μ− with Λ → pπ− for the first time [46]. Figure 9.13
shows the Λ0

b signal which has a significance of 5.8σ . A further B0 decay channel,
B0 → K 0

Sμ
+μ− with K 0

S → π+π− is added as well. Cross feed between the two
new modes is suppressed to a level below 1 % by a requirement on the asymmetry
between the momentum component of the daughter particles in the direction of the
mother particle momentum. Total and differential branching ratios are measured for
the decays Λ0

b → Λμ+μ−, B0
s → φμ+μ−, B+ → K +μ+μ−, B0 → K ∗0μ+μ−,
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Fig. 9.13 Invariant mass distribution of Λ0
b → Λμ+μ− (left) and B0

s → φμ+μ− candidates
(right) measured by CDF [46]

B0 → K 0μ+μ−, and B+ → K ∗+μ+μ−. Dominant systematic uncertainties come
from the trigger efficiency and the unknown Λ0

b → J/ψΛ polarization. In general
good agreement with the standard model prediction is observed, only theΛ0

b branch-
ing ratio of B(Λ0

b → Λμ+μ−) = [1.73 ± 0.42 (stat) ± 0.55 (syst)] × 10−6 [46] is
somewhat below the expectation of [4.6 ± 1.6] × 10−6 [47].



9.4 Charm Decays 153

D
0

u

c

d,s,b

W-

W+

νμ

μ+

μ-

D
0

K+

K-

K

γ

γ

μ

μ+

μ-

Fig. 9.14 Short distance (left) and long distance (right) diagrams of the D0 → μ+μ− decay in
the standard model

9.4 Charm Decays

Rare decays of charm hadrons provide complementary information to rare B decays
because they are sensitive to new physics in the up quark sector. A promising
decay channel is D0 → μ+μ−. The same Feynman diagrams as in B0

(s) → μ+μ−

decays contribute to D0 → μ+μ− decays, except that down- and up-type quarks are
exchanged. The left part of Fig. 9.14 shows a box diagram that corresponds to the
B0

s → μ+μ− box diagram in Fig. 9.4. Because the GIM mechanism [48] leads to a
stronger suppression than for B meson decays where the heavy top quark counters
the GIM cancellation, the short distance box and penguin processes provide only a
small contribution to the total decay rate in the standard model. The dominant con-
tributions come from long distance processes with intermediate hadronic states, like
the process shown in the right part of Fig. 9.14. While the short distance processes
could only account for a branching ratio of the order of 10−18, the long distance
processes can increase the branching ratio to about 4 × 10−13 [49]. However, this
is still many orders of magnitude below the current experimental sensitivity. New
physics contributions, in particular in the model of R-parity violating supersym-
metry, where transitions between standard model and supersymmetric particles are
allowed, could enhance the branching ratio up to this level [49].

The first search for D0 → μ+μ− at the Tevatron was performed by CDF with
69 pb−1 of data [50]. The data is collected by the Two-Track-Trigger so that the
kinematically very similar D0 → π+π− decay can be used as normalization mode.
The muons from the D0 → μ+μ− candidates are identified by signals in the central
muon detector. A strong background suppression is achieved by requiring the D0

to come from a D∗+ → D0π+ decay. Selection requirements are optimized on
a statistically independent sample. The relative efficiency and acceptance between
signal and normalization mode are determined with simulation except for the muon
identification efficiency which is measured with J/ψ → μ+μ− decays.

Like in the case of the B0
(s) → μ+μ− analyses the signal is searched for by com-

paring the event yield in a dimuon invariant mass signal window, which is blinded
until the analysis is finalized, to an estimation of background events. The background
from D0 → π+π− decays where both pions are misidentified as muons is deter-
mined from D0 → π+π− events falling into the signal window if reconstructed
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Fig. 9.15 Dimuon invariant mass distribution of D0 → μ+μ− candidates measured by CDF in
three different dimuon acceptance regions, where C stands for muons with |η| < 0.6 and F for
muons with 0.6 < |η| < 1, together with the background estimates [51]. The left most bin in each
plot is the signal search window

with dimuon hypothesis and the pion misidentification probability measured with
D0 → K −π+ events. Misidentified D0 → K −π+ or D0 → K +K − events are
shifted to lower masses so that they do not contribute to the events in the signal win-
dow. All other background is assumed to be flat in mass and extrapolated from the
upper mass sideband. As the number of observed events in the signal window is con-
sistent with the background expectation a limit of B(D0 → μ+μ−) < 3.3 × 10−6

at 95 % confidence level is set [50].
An improved analysis method was applied by CDF on a data sample of 360 pb−1

[51]. The muon candidate acceptance is enlarged to |η| < 1 by including tracks in
the central muon extension detector. The identification of muons is improved by the
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Fig. 9.16 Invariant mass
spectrum of D+ → π+μ+μ−
candidates measured by
D0 [52]
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muon likelihood function [26] that is also employed in the B0
s → μ+μ− search. As

this reduces the background from misidentified hadrons the dominant background
are now sequential semi-muonic B hadron decays, B → μ+μ− X , with two real
muons. Two variables are used to discriminate this kind of background from signal
for which the majority of D0 mesons is coming from the primary vertex. The D0

impact parameter with respect to the primary vertex and the transverse decay length
significance tend to be larger for B → μ+μ− X events than for prompt D0 mesons.
A requirement on a probability ratio constructed from both variables reduces the
background by a factor four while keeping 87 % of the signal.

The amount of background in the signal window from B → μ+μ− X events and
from semi-muonic B decays with a misidentified hadron is estimated from a sample
of simulated B decays normalized to data and using measured muon identification
efficiencies and misidentification probabilities. The misidentification probabilities
are also used to estimate the combinatorial background from a sample of hadron
pairs. Figure 9.15 shows the estimation of the background in the signal window
and the upper sideband compared with data. Since the background above the signal
window is consistent with a flat distribution, an extrapolation of sidebands events in
data with a constant function is used as alternative method to estimate the background
in the signal region and yields a consistent result. No excess in the signal mass region
is seen in data and a limit of B(D0 → μ+μ−) < 3.0 × 10−7 at 95 % confidence
level is obtained [51].

An analogon to the b → sμ+μ− transition decays B → hμ+μ− discussed in
Sect. 9.3 is the decay D+ → π+μ+μ−. Also here the strong GIM suppression of
the short distance flavor-changing neutral current transition c → uμ+μ− causes
long distance processes to dominate the total decay rate. In the standard model a
branching ratio up to the order 10−6 is predicted [49].

D0 searched for this decay in 1.3 fb−1 of data [52]. As a cross-check the branching
ratio of the decay via an intermediate φ resonance, D+ → φπ+ → π+μ+μ−, is
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measured first. A signal with a significance of 4.1σ is observed in the φπ+ invari-
ant mass distribution and a branching ratio that is consistent with the product of
B(D+ → φπ+) and B(φ → μ+μ−) is obtained.

After excluding the φ mass region from the selection of dimuon pairs and opti-
mizing the selection requirements on kinematic and vertex quality variables, the
π+μ+μ− invariant mass distribution is inspected (see Fig. 9.16). The number of
events observed in the signal region around the D+ mass is consistent with the
background estimation obtained from an extrapolation of the data in the sidebands.
By normalizing to the resonant D+ → φπ+ → π+μ+μ− decay a limit on the
branching ratio of B(D+ → π+μ+μ−) < 3.9 × 10−6 at 90 % confidence level is
derived [52].
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Chapter 10
Conclusions

A new era of flavor physics was entered at the Run II of the Tevatron p p̄ collider,
precision measurements of B0

s meson properties. A highlight is certainly the direct
observation of B0

s oscillations and the measurement of the oscillation frequencyΔms

in the year 2006 [1]. While the B0
s system, consisting of quarks of the second and

third generation, was initially considered a place where sizable new physics effects
could be present, the Δms result agrees well with the standard model expectation.
As large new physics contributions to the absolute size of the B0

s mixing amplitude
are therefore excluded, the next task was to measure the phase of the mixing ampli-
tude where large deviations from the standard model value were still possible. First
measurements seemed indeed to point into this direction [2, 3]. However the most
recent results by CDF [4], D0 [5], and LHCb [6] show better agreement with the stan-
dard model and suggest that the initial discrepancy at a level of 2σ was a statistical
fluctuation. Several further measurements complement the determination of the CP
violating phase via a time-dependent angular analysis of B0

s → J/ψφ decays. These
include B0

s lifetime measurements in decays to flavor specific and CP eigenstates,

like J/ψ f0(980) [7], and branching ratio measurements of B0
s → D(∗)+

s D(∗)−
s [8, 9]

which are sensitive to the decay width difference ΔΓ .
A further high impact measurement at the Tevatron is the search for the rare decay

B0
s → μ+μ− [10, 11] where large enhancements compared to the standard model

branching ratio were predicted by several new physics models. During Run II the
limits on B(B0

s → μ+μ−) were improved by more than an order of magnitude,
reaching almost the sensitivity of the standard model branching ratio. New physics
effects that would increase the branching ratio by a large factor are excluded. A first
hint of a signal, consistent with coming from a standard model process, is seen
by CDF [11]. Signals of other rare decays, like B0

s → K +K − [12] and B0
s →

φμ+μ− [13], could be established for the first time and their branching ratios are
measured.

The Tevatron did not only advance flavor physics in the B0
s meson sector, but also

extended it on the field of heavier hadrons. The lifetime of the B+
c [14, 15], the only

meson with two distinct heavy quarks, and theΛ0
b baryon [16–19] are measured. The

T. Kuhr, Flavor Physics at the Tevatron, Springer Tracts in Modern Physics 249, 159
DOI: 10.1007/978-3-642-10300-1_10, © Springer-Verlag Berlin Heidelberg 2013
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Λ0
b lifetime puzzle of measured lifetimes below the predictions seems to be solved

by recent theoretical calculations, but the CDF measurement in the decay mode
Λ0

b → J/ψ� favors a value consistent with the original predictions. The large Λ0
b

production rate at the Tevatron also made it possible to observe charmless and b →
sμ+μ− transition decays ofΛ0

b baryons for the first time [20, 21] and to measure CP
asymmetries of the former ones [22]. These measurements of heavy baryon properties
complement the information from the corresponding rare B meson decays.

The properties of B0 and B+ mesons are well studied by the B-factory exper-
iments BaBar and Belle. But also on this sector the Tevatron experiments could
provide results that are competitive, like lifetime, branching ratio, and CP asymmetry
measurements. Some parameters, like the T -odd CP asymmetry in B → K ∗μ+μ−
decays, were even measured first at CDF [23]. In the search for B0 → μ+μ− CDF
played the leading role [11] until the LHC experiments took over.

Finally, important contributions on the charm sector are provided by the Tevatron,
like the evidence for D0 oscillations [24] and the limit on D0 → μ+μ− decays [25].
The CDF measurement of the CP asymmetries in D0 → K +K − and D0 → π+π−
decays [26] confirms the unexpectedly large difference between these two values
measured by LHCb. Whether this is consistent with the standard model or a hint for
new physics is being discussed among theorists.

In general most measurements by CDF and D0 agree well with the predictions of
the standard model. Therefore the Tevatron results have considerably tightened the
parameter space of several new physics models, as for example discussed in Ref. [27].
The most prominent remaining discrepancy with the standard model expectation is
the like-sign dimuon charge asymmetry measured by D0 [28]. Theoretical models
have difficulties to explain the large value by new physics in the B0

s system because
it would require an increase of ΔΓ , that is inconsistent with other measurements.
An independent confirmation of the experimental result is therefore essential.

This confirmation could come from LHCb to which the baton was passed on. Many
LHCb measurements will be based upon the experimental techniques developed at
the Tevatron for flavor physics measurements at hadron colliders, like flavor tagging
algorithms. A key feature, that determines the kind of measurements that can be
performed, is the trigger system. For example B0

s oscillations could only be observed
by CDF because of its displaced track trigger which collected events with hadronic
B0

s decays.
The competition between CDF and D0, and between the Tevatron and B-factories

boosted the output of high profile physics results and provided independent cross
checks of various results. In the next years, experimental flavor physics will be dom-
inated by LHCb. If LHCb finds evidence for new physics an independent cross check
may only be possible when the super flavor factory experiments SuperB in Italy and
Belle II in Japan have started to take data. The next generation B factory experiments
are also needed to cover areas, like B decays involving neutrinos, which are not
accessible at hadron colliders. Together the hadron and lepton collider experiments
will yield a broad spectrum of flavor physics results, that will help us to obtain a
better understanding of the fundamental particles and interactions in nature.
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