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Supervisor’s Foreword

Understanding the nature of the electroweak symmetry breaking (EWSB) mecha-
nism is one of the key issues in particle physics today and is at the center of the
research work of Cécile Caillol. The precise construction of our comprehension of
elementary particles of matter and elementary forces between them is developed
during the 60s and 70s, as the result of a ping-pong game between experimental
observations and theory deductions, leading to the conception of the standard model
of particle physics (SM). In 1964, the EWSB mechanism was proposed by Brout,
Englert, and Higgs, to accommodate the existence of massive elementary particles
in the model, and predicted the existence of an additional particle, the scalar boson
H. The latest triumph in the field arrived with its discovery in 2012. This was an
important achievement: The H boson had been the missing piece of the SM for
more than 40 years.

The H boson discovery was announced in July 2012 by the two general-purpose
experiments, ATLAS and CMS, at the Large Hadron Collider (LHC) at CERN.
From its very conception, the LHC was indeed designed to be a discovery machine.
The first run of the LHC took place in years 2010-2012 at center-of-mass energy of
7 and 8 TeV. The first part of Cécile Caillol’s work addresses the study of the
couplings between the scalar boson H and particles of matter (fermions) in par-
ticular the tau lepton, using the Run-1 dataset collected by the CMS experiment.
The associated production of a scalar boson with a Z or a W boson was studied.
When combined with all the other production modes, an evidence for H — 77
coupling was observed. This was a key result of CMS announced in 2013 and
published in Nature Physics: It is indeed one of the two accessible tests of the
coupling of H to fermions.

However, despite its incredible success, the SM is not a complete theory, as it
does not provide a framework to describe several important observations in the
universe, for example, the matter—antimatter asymmetry observed today in the
universe, or the nonzero mass of the neutrino as deduced from neutrino oscillation
phenomena. It does not provide candidates to account for the dark matter and the
dark energy in the universe, as established by cosmological observations. The SM
suffers, in addition, from several conceptual problems, in particular the so-called
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“fine-tuning” problem, related to the presence of the scalar particle in the model. It
is now generally accepted that the SM needs to be extended to address and explain
the limitations presented above.

This is all the paradoxical situation of particle physicists today: desperately
searching for new physics beyond the standard model (BSM), both at the experi-
mental level (trying to see hints of new phenomena, as the discovery of new
particles or new interactions) and at the theoretical level (brainstorming for new
ideas to accommodate the many open questions). On the theory side, a way to
attack the problem is to introduce in the model new particles and new symmetries,
at a certain scale. Several interesting extensions of the SM have been proposed,
such as the introduction of a new symmetry, the supersymmetry (SUSY). In that
case, the particle spectrum is at least twofold, with an extended scalar sector,
providing a rich phenomenology, with many different production mechanisms and
final states. Its simplest version is called the minimal supersymmetric model
(MSSM). The direct search for supersymmetric particles is one of the key topics at
the LHC. Another natural direction to follow is the study of generic extensions
of the SM scalar sector, the so-called two-Higgs-doublet models (2HDM),
assuming two doublets of scalar complex fields. On the experimental side, a
detailed study of the nature of the scalar boson is extremely important in the context
of searches for BSM physics. Is the new scalar particle just discovered behaving as
expected by the minimal version of the SM? Or is there room for new physics? Is
this new particle the only elementary scalar particle in nature or are there more to be
discovered? In parallel to the discovery and the study of properties of the scalar
boson(s), the search for other new particles, as expected from new physics, is also
crucial.

The second part of Cécile Caillol’s thesis investigates several BSM searches in
the scalar sector. In extended models, a search for a heavy scalar boson decaying
into a pair of tau leptons is performed. This is the most powerful channel to uncover
an MSSM scalar sector at the LHC in some parameter space. In addition, Cécile
Caillol participated to three BSM searches performed for the first time using the
8 TeV data at the LHC: a search for a heavy A boson in the A — Zh — llTT
channel interpreted in the MSSM and in a 2HDM model, a search for a light scalar
produced in association with a b-quark pair, bbA — bb7T, and a search for exotic
decays of the H scalar boson into light scalars in the H — aa — uurt decay
channel. In all these original analyses, no hint for a modified or extended scalar
sector has been observed. However, the scalar sector is known for providing par-
ticles difficult to detect. The quest for new physics at the LHC is continuing, and
much hope is placed on the new high-energy run at a center-of-mass energy of
13 TeV, with hopefully discoveries. Running beyond 2022, with ten times more
data, the high-luminosity LHC phase will be needed for more detailed studies of the
scalar sector and of any new physics that could be discovered meanwhile. Many
important results are thus expected to come from the LHC in the future.

Let me finish with a word for non-specialist in the field. In addition to the
detailed description of the original results of her work, Cécile Caillol’s thesis
provides a well-thought introduction on the SM model and on its possible
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extensions. The last chapter of the thesis summarizes the key achievements of CMS
concerning scalar boson measurements in the SM and beyond and outlines future
prospects in this area. I trust that these sections will be very useful to guide
non-experts in the field. It is an exciting time in the area of particle physics today, in
particular on what concerns the scalar sector, and I am pleased that Springer is
publishing Cécile Caillol’s outstanding thesis on this subject.

Brussels, Belgium Prof. Barbara Clerbaux
August 2017



Abstract

This thesis presents a study of the scalar sector in the standard model (SM) as well
as different searches for an extended scalar sector in theories beyond the standard
model (BSM). All analyses have in common the fact that at least one scalar boson
decays to a pair of tau leptons. The results exploit the data collected by the CMS
detector during LHC Run-1, in proton—proton collisions with a center-of-mass
energy of 7 or 8 TeV.

The particle discovered in 2012, H, looks compatible with a SM Brout—Englert—
Higgs boson, but this statement is driven by the H — vy and H — ZZ decay
modes. The H — 77 7~ decay mode is the most sensitive fermionic decay channel
and allows to test the Yukawa couplings of the new particle. The search for the SM
scalar boson decaying to tau leptons, and produced in association with a massive
vector boson W or Z, is described in this thesis. Even though a good background
rejection can be achieved by selecting the leptons originating from the vector
boson, Run-1 data are not sensitive to the small production cross sections predicted
in the SM for the scalar boson. The combination with the gluon—gluon fusion and
vector boson fusion production searches leads to an evidence for the decay of the H
boson to tau leptons.

Many BSM models, such as the minimal supersymmetric SM (MSSM) or
models with two scalar doublets (2HDM), predict the existence of several scalar
bosons. The decays of these bosons to tau leptons can be enhanced in some sce-
narios depending on the model parameters, which makes the di-tau decay mode
powerful to discover BSM physics. Four searches for an extended scalar sector are
detailed in this thesis. The first analysis searches for a pseudoscalar boson with a
mass between 220 and 350 GeV, decaying to an SM-like scalar boson and a Z
boson, in the final state with two light leptons and two tau leptons. Second, a search
for the exotic decay of the new particle H to a pair of light pseudoscalar bosons,
which is still allowed by all measurements made up to now, in the final state with
two muons and two tau leptons is performed. Third, a mass region almost never
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X Abstract

explored at the LHC is probed by the search of a light pseudoscalar, with a mass
between 25 and 80 GeV, decaying to tau leptons and produced in association with b
quarks. The last analysis describes the search for a heavy resonance in the MSSM,
decaying to a pair of tau leptons. None of these analyses has found any hint of new
physics beyond the SM, but stringent limits on the cross section of such signals
could be set.
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Introduction

The standard model (SM) of particle physics describes the elementary particles and
their interactions through the electromagnetic, the weak, and the strong forces.
Experimental results from various high-energy experiments, such as the Large
Electron-Positron Collider (LEP) at CERN between 1989 and 2000, the Tevatron at
Fermilab between 1983 and 2011, and the Large Hadron Collider (LHC) at CERN
from 2010, have shown up to now an amazing agreement with the predictions of the
SM. The latest triumph of the theory is the discovery of a new scalar particle,
compatible with the Brout-Englert-Higgs boson of the SM, in July 2012. This
particle, the cornerstone and last missing piece of the SM, was introduced as a
consequence of the electroweak symmetry breaking, in order to explain how ele-
mentary particles could obtain a mass without violating the gauge invariance of the
theory. The physicists Francois Englert—working closely with deceased Robert
Brout—and Peter Higgs were awarded the 2013 Physics Nobel Prize in acknowl-
edgment of “the theoretical discovery of a mechanism that contributes to our
understanding of the origin of mass of subatomic particles, and which recently was
confirmed through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN’s Large Hadron Collider”. The data
collected by the ATLAS and CMS experiments at CERN in 2011 and 2012, during
the LHC Run-1, have permitted to study more precisely the properties and cou-
plings of this new particle; all measurements indicate up to now that it is compatible
within uncertainties with the scalar boson from the SM.

The discovery of a particle compatible with the scalar boson of the SM happened
almost fifty years after its prediction in 1964 and was made possible by the high
performance of the LHC, and of its two general-purpose experiments, ATLAS and
CMS. The LHC, situated under the French—Swiss border, is a twenty-seven-
kilometer-long circular proton—proton (pp) collider. Its Run-1 extended from 2010
to 2012 and permitted to collect roughly 25 fb~! of data at a center-of-mass energy
of 7 and 8 TeV, whereas Run-2 started in summer 2015 at a center-of-mass energy
of 13 TeV after a long shutdown of the LHC. The search for the SM scalar boson
was the main objective when designing the experiment.

XiX



XX Introduction

In the SM, the scalar boson is produced via different mechanisms. Its largest
production cross section at the LHC corresponds to the gluon—gluon fusion,
whereas vector boson fusion production and the production in association with a
vector boson have smaller cross sections. Although the gluon—gluon fusion pro-
duction dominates, studying the other production modes is important to test the
compatibility of the discovered boson, H, with the SM scalar boson. Subdominant
production modes can moreover have a larger sensitivity to the presence of a signal
in the case where the H decay products are difficult to identify. For a mass of
125 GeV, as measured by the CMS and ATLAS experiments, a large variety
of decay modes is opened, which provides experimentalists with a wide range of
physics signatures to study. The discovery of the H boson in 2012 was led by the
study of bosonic decay channels (H — vy, H — W*WT* and H — ZZ*), but
searching for its decay to fermions, essentially H — 7+7~ and H — bb, is
important to test whether the H Yukawa couplings are in agreement with the
predictions of the SM. Fermionic decay channels, despite their large branching
fractions, are less sensitive than bosonic decay channels because of the difficulty in
identifying and reconstructing tau leptons and b quarks, and in separating the signal
from large backgrounds.

Tau leptons are the only leptons heavy enough to decay semi-hadronically. In
about two-thirds of cases, tau leptons decay to a combination of charged and neutral
hadrons, and to a tau neutrino. Muons and electrons produced in leptonic tau decays
along with neutrinos cannot be distinguished from other muons or electrons pro-
duced promptly. Hadronically decaying tau leptons, 7, are reconstructed and
identified in CMS with the Hadrons Plus Strips (HPS) algorithm, which combines
trajectories measured in the tracker detector and energy deposits in the electro-
magnetic calorimeter to form 7, candidates. The algorithm also provides handles to
distinguish hadronically decaying taus from jets, electrons, and muons; it typically
identifies successfully 60% of hadronically decaying taus, while less than 1% of
quark and gluon jets are misidentified as 7.

Although the SM is a remarkable theory that is not contradicted by the precision
measurements made up to now, evidence for new physics beyond the SM (BSM
physics) exists. Theorists have proposed models to address the shortcomings of the
SM; many of these models predict the existence of an extended scalar sector.
The minimal supersymmetric extension of the SM (MSSM), which addresses the
hierarchy and the coupling unification problems among others, introduces a second
scalar doublet in addition to the one predicted in the SM. This results, after sym-
metry breaking, in five scalar eigenstates: two charged Higgs bosons H*, a light
and a heavy CP-even (scalar) bosons 4 and H, and a CP-odd (pseudoscalar) boson
A. One of the free parameters of the theory at tree level is the ratio of the vacuum
expectation values of the two scalar doublets, tanfi. At large values of tanf, the
most sensitive channel to uncover an eventual MSSM scalar sector is by far the
decay of a heavy neutral scalar to a pair of tau leptons: ® = H/A/h — 77 7. At
low tanf}, the phenomenology is richer, and different channels can contribute with
comparable sensitivities. One of them is the decay of the heavy pseudoscalar A to a
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Z boson and the light neutral scalar i, where the h boson decays to tau leptons:
A — Zh — £ {7 77. More generic BSM models, that include the MSSM, are
two-Higgs-doublet models (2HDM). In such models, the pseudoscalar A could be
lighter than the neutral scalar h, making bbA — bbr ™ 7~ with low my4 a high-
potential channel to discover an extended scalar sector. Finally, some models
authorize the SM-like h boson to decay exotically to non-SM particles, which is still
allowed by all LHC measurements. A powerful channel is, under some assump-
tions, h — aa — p* u~ Tt 7, where a is a light pseudoscalar boson.

The Run-1 of the LHC not only led to the observation of a new particle com-
patible with the scalar boson of the SM, but also permitted to explore large regions
of the parameter spaces of many BSM theories. The measurement of the properties
of the new particle has not shown any disagreement with the predictions of the SM,
and the ATLAS and CMS Collaborations have joined their efforts to determine the
mass of this new particle with a great precision: 125.09 4+ 0.21 (stat.) = 0.11
(syst.) GeV. No evidence for the existence of an extended scalar sector has been
observed, but some intriguing excesses (H — pu=7T flavor violating decays, f7H
production, ...) need more data to be confirmed. The Run-2 has permitted to collect
about 3 fb~! data at 13 TeV center-of-mass energy in 2015, which is not sufficient
to equalize the sensitivity reached in Run-1 for scalar studies. The large amount of
data collected at the LHC and high-luminosity LHC (HL-LHC) in the coming years
will allow for a large range of precision measurements and direct searches for new
physics beyond the SM, and different future collider options are already being
studied to take over from the LHC.

This thesis is devoted to the study of the scalar sector of the SM and to the search
for an extended scalar sector, with tau leptons in the final state. While Chap. 1
presents the SM, Chap. 2 introduces the motivations for BSM physics as well as
some BSM models with an extended scalar sector. Some statistic tools useful to
interpret the results of physics analyses are described in Chap. 3. The LHC and the
CMS detector are presented in Chap. 4, and the simulations and physics object
reconstruction in Chap. 5. The HPS algorithm, which reconstructs and identifies
hadronically decaying tau leptons, is detailed in Chap. 6, and its performance is
measured in data. Searches for the decay of the SM scalar boson to tau leptons are
presented in Chap. 7 (ZH associated production), Chap. 8 (WH — e*p*7)7), and
Chap. 9 (combination of all production modes). The next chapters detail searches
for BSM scalars decaying to tau leptons: MSSM pseudoscalar A — Zh —
£Y¢ 7tT 7" in Chap. 10, exotic decays of the 125-GeV scalar h — aa —
ut w7 in Chap. 11, light pseudoscalars in 2HDM bbA — bbt+ 7~ in Chap.
12, and heavy MSSM resonances @ = A/H/h — 7% 7~ in Chap. 13. The thesis
ends with a discussion about the status of high-energy physics after the first run
of the LHC and the plans for future collider experiments, in Chap. 14. All the
physics analyses detailed in this thesis exploit data collected by the CMS detector
during Run-1, whereas the HPS algorithm performance is measured in data col-
lected in both Run-1 and Run-2.
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Chapter 1
The Standard Model of Particle Physics

The standard model (SM) of particles physics [ 1-7] describes the elementary particles
and their interactions at the most fundamental level. It is a gauge theory based on the
SU@3) x SU(2) x U(1) symmetry group.

1.1 Elementary Particles and Forces

All interactions can be described by four forces: the strong force, the electromagnetic
force, the weak force and the gravitational force. These forces are mediated by
particles with an integer spin, bosons. The gravitational force, which can be neglected
if the energy is lower than the Planck scale (1.22 x 10" GeV), is not included in
the SM. The mediators of the strong interaction are eight gluons, while the photon
mediates the electromagnetic force, and the W= and Z bosons the weak force. The
forces and some of their characteristics are detailed in Table 1.1.

The first elementary particle that was discovered is the electron [8]. The electron
e belongs to the first generation of leptons, together with the electronic neutrino v,.
The muon 4, and the muonic neutrino v, constitute the second generation of leptons,
whereas the tau 7 and the tauic neutrino v, form the third generation. The masses
of the charged leptons differ by four orders of magnitude between the first and third
generations. Table 1.2 summarizes the leptons and their properties. The leptons are
fermions and are constituents of matter. They do not interact strongly.

Quarks, like leptons, are fermions and can be categorized in three generations.
The six quarks can interact via strong interaction and carry color charges. The top
quark, which was discovered in 1995 at the Tevatron, is the heaviest SM particle,

© Springer International Publishing AG 2018 3
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Table 1.1 Range, relative strength with respect to the strong force, and mediators of the four
fundamental interactions. The gravitational force is not included in the SM, and gravitons are
hypothetical particles

Interaction Range Relative strength Mediators
Strong 1075 m 1 8 gluons (g)
Electromagnetic 00 1073 Photon ()
Weak 1078 m 1014 Wt W,z
Gravitational 00 10~ Gravitons?

Table 1.2 Properties of the leptons in the three generations. g, represents the Coulomb charge.
Neutrinos are known to have a tiny mass compared to the other SM particles, but non-zero [9]

Generation Particle Charge Mass (MeV) Lifetime (s)

First Electron (e) —qe 0.51099 o0
Electronic neutrino (v, ) 0 ~0 00

Second Muon (u) —qe 105.67 2.20 x1076
Muonic neutrino (v,) 0 ~0 o0

Third Tau (1) —qe 1776.99 291 x10~13
Tauic neutrino (v;) 0 ~0 00

Table 1.3 Quarks and their properties. g, represents the Coulomb charge. Up, down and strange
quark masses correspond to current quark masses with 1 = 2 GeV, whereas other quark masses
correspond to running masses in the MS scheme [9]

Generation Quark Charge Mass

First Up quark (u) 2/3 g, 2.3f8:§ MeV
Down quark (d) 13 qe 4.8703 MeV

Second Charm quark (c) 2/3 q, 1.275 £ 0.025 GeV
Strange quark (s) —-1/3 ¢, 95 £5MeV

Third Top quark () 2/3 q. 173.21 £0.51 £0.71 GeV
Bottom quark (b) —1/3 g, 4.66 + 0.03 GeV

with a mass close to 173.2 GeV! [9]. The quarks and their properties are shown in

Table 1.3.

Ordinary matter on earth is essentially composed of particles from the first gen-
eration: up and down quarks in the nucleus, and electrons in the electron cloud.

Finally, the last piece of the SM is the scalar boson, discovered in 2012, and
responsible for the masses of the W* and Z bosons, and of the fermions.

UIn this thesis all masses and energies are expressed in natural units, where the speed of light and
h are taken as equal to 1.
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1.2 Standard Model Lagrangian

The SM is a theory based on the SU(3)¢ x SU(2);, x U(1l)y gauge symmetry,
where SU (2);, x U(1)y describes the electroweak interaction and SU (3)¢ the strong
interaction. The index C refers to the color, L to the left chiral nature of the SU (2)
coupling and Y to the weak hypercharge.

The gauge field associated to the symmetry group of electromagnetic interactions
is By, which corresponds to the generator Y. Three gauge fields, W,, W and W}
are associated to SU (2), with three generators that can be expressed as half of the
Pauli matrices:

1 /0 1 1 (0 —i I/1 o0
T T R (O B

The generators 7¢ satisfy the Lie algebra:
[T T = ie®*“T, and [T*, Y] =0, (1.2)

where €*’¢ is an antisymmetric tensor. Finally, in SU(3)¢, eight generators corre-
spond to the eight gluon fields G}t"'g. Unlike SU(2); x U(1)y, SU(3)¢ is not chiral.

Quarks and leptons are described by matter fields that are organized in weak
isodoublets or weak isosinglets, depending on their chirality. There are three gen-
erations of matter fields. Under SU (3)¢, quarks are color triplets while leptons are
color singlets; quarks therefore carry a color index ranging between one and three,
whereas leptons do not take part in strong interactions. Each generation i of fermions

consists of these left-handed doublets and right-handed singlets*:

(€L _f{uL
L = (VL)’ er, qL = (dL)7 ug, dg. (L.3)

After electroweak symmetry breaking, SU(2); x U(1)y is reduced to the U (1) gy
symmetry group. The weak hypercharge Y carried by the matter fields is related to
the electric charge Q and the weak isotopic charge T3 with:

Y=0-T (1.4)
The fermion content of the SM is summarized in Table 1.4, together with its repre-

sentation under the different groups of symmetry.
The SM Lagrangian density can be decomposed as a sum of four different terms:

Lsu = Lyauge + L+ Lyux + Ly, (L.5)

2Right—handed neutrinos, g, are sometimes also considered.
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Table 1.4 Fermion content of the SM, with representations under SU (3)¢ and SU(2),, hyper-
charge y, isospin 7> and electric charge g. The index i refers to the fermion generation, while the
indices L and R represent the left-handed or right-handed nature of the particle

Field SU (3)c representation SU(2)[, representation y t°

S

uir, 3
d; 3
4L 1
viL 1
3
3
1
1

uiR
d;

Lir

O | = L= | WA= |l — | — o =

O | = =Wl O | = (wl— W

— = = N N NN
|

ViR

which are related respectively to the gauge, fermion, Yukawa and scalar sectors. The
four Lagrangian terms are detailed below.

e The gauge Lagrangian density £,.¢. regroups the gauge fields of all three sym-
metry groups:

1 i pvi 1 i Qi 1 nZ
Loauge = =G G = Wi, W — 1B, B, (1.6)

In this expression, the tensors are:

G, = 0,G\, — 9,G!, — g, fixGIGE, withi, jk=1,....8; (1.7)
Wi, = 0.W, — 0,W) — geig W)Wy, withi, j k=1,....3; (1.8)
B,, = d,B, — 0,B,, (1.9)

where gg and g are the coupling constants associated to the SU(3)¢ and SU (2),
symmetry groups respectively.

e The fermionic part of the Lagrangian density consists of kinetic energy terms for
quarks and leptons, namely:

L =iGiBqi +itipPuig +idipPdig +il; Pl +iepPeig.  (1.10)

The gauge-covariant derivatives are:

i P i,
D'qi = (3"' + EQSGZ/\a + EQWZ op + 59 B") qir» (1.11)
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DFuigp = (3# + %HSGZLM + %Q/Bﬂ) UiR, (1.12)
DPdig = (aﬂ n %gstl’Aa - %g/B”) diz, (1.13)
DI,y = (aﬂ + %ngoa - %g’B”) L (1.14)

Dteip = (0" —ig' B")e;r, (1.15)

where ¢’ is the coupling constant associated to the U (1)y symmetry group.
e The Yukawa Lagrangian density describes the interactions between the fermions
and the scalar doublet ¢, which give rise to fermion masses. The doublet ¢ is

+
¢O) .If one notes
Y*, Y4 and Y¢ three general complex 3 x 3 matrices of dimensionless couplings,
the Yukawa Lagrangian density can be written as:

composed of two complex scalar fields; it can be written as ¢ = (

Ly = —YS-CI?LMjmg - Y,’?Q?Ldeﬁ - Y;;E;LejR¢ +h.c., (1.16)

where J) is defined as:

¢ =ior (o). (1.17)

Without loss of generality, it is possible to choose a basis such that the Yukawa
coupling matrices become diagonal, at the cost of introducing the Cabbibo—
Kobayashi—-Maskawa mixing matrix in the charged gauge couplings:

Yo = VoL YOV, = diagOe, A Ar), (1.18)
Y = VL YV, = diagOu, Aes Ao), (1.19)
Yo = Var Y2V = diag(\ag, As, Ap). (1.20)

The Yukawa sector introduces a large number of free parameters in the SM.

e The scalar sector will be described at length in the next section, but one can already
detail the Lagrangian density associated to the scalar sector, L. It is composed of
a kinematic and a potential components:

Ly, = (D"$)' Dy — V(9). (1.21)
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The potential V (¢) has the most general renormalizable® form invariant under
SUQR)L x U(l)y:
V(9) = 1766 + Mg ). (1.22)

To obtain the spontaneous electroweak symmetry breaking necessary to give mass
to the W and Z bosons, the factor uz has to be negative; and unitarity requires
that it is real. Additionally, to preserve the vacuum stability, A is a positive real
number. The kinetic part includes the gauge covariant derivative, which is defined
as:

D¢ = (aﬂ +igT W, + %BH) ¢. (1.23)

1.3 Scalar Sector

Mass terms for fermions and gauge fields are not present in L 44,4, 0r £ ¢, because only
singlets under SU (3)¢ x SU(2); x U(1)y could acquire a mass with an interaction
of the type m?¢" ¢ without breaking the gauge invariance. Electroweak symmetry
breaking, leading to the Lagrangian term L, is introduced to give mass terms to
fermions and gauge fields [10-15].

1.3.1 Electroweak Symmetry Breaking

A scalar doublet is introduced in the SM:

_ 1 801+i992) 104
<Z§_\/5(903+i904 ’ (1.24)

As described in the previous section, the field potential has the generic form V (¢) =
12T o + M@ )2, with 4> < 0 and ) a positive integer. This choice of parameters
gives the potential the shape of a “Mexican hat”. While a local maximum of the
potential is at the value zero, its minimum corresponds to a non-zero field. The field
can be developed around one of its degenerate minima in an arbitrary direction of
the electroweak symmetry breaking (EWSB):

—~ 0 —~
= () +¢= (_) + ¢. (1.25)
V2

3Theories are usually defined as valid within certain thresholds. In quantum theories, because all
particles can contribute to a process as virtual particles, all scales contribute, even to low-energy
processes. A cut-off is often needed in the calculation. If the cut-off disappears from the final
results (possibly by its absorption in a finite number of measured constants), the theory is called
renormalizable.
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where v is the vacuum expectation value (vev), measured to be about 246 GeV, and

corresponds to @ . This solution leads to a closed continuous surface of minima
in the radial direction. The second derivative of the potential in the radial direction
is positive, while it is zero in the transverse directions. One deduces the existence of
one massive particle, and three massless particles, called Goldstone bosons.

Given the existence of the field doublet ¢, one can write the Yukawa coupling of

the electron to this doublet with the following Lagrangian:

L9 = ~Neliserr +ho. 228 Nz eir + hec. (1.26)

V2
A mass can now be given to the electron in the SM:

A

me . (1.27)
V2
The covariant derivative of the ¢ field is given by:
D¢ = (al,, +igWiT, + i‘%BH) ¢ (1.28)
which leads to
2 gV 1y2 242 3,9 50
DO = T ((Wp + (W22 + (W2 + LB, ) .29
g
The vector bosons W' and W? therefore acquire a mass, given by:
v
mt = my = L. (1.30)

The third term of Eq.(1.29) is a linear combination of Wi and B,,, and corresponds
to a heavy boson field that is called Z,,. Its massless orthogonal combination is called
A, and corresponds to the photon field:

Z,= WS cos Oy — By, sin Oy

A, = Wﬁ sin Oy + B, cos Oy (1.31)

The third term of Eq. (1.29) can be recovered for:

/

tan Oy = L. (1.32)
9
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The mass of the Z boson is thus related to the mass of the W bosons via the Weinberg
angle fy,, which can be determined experimentally*:

MW _ cosBy. (1.33)
mgz

The three Goldstone bosons get absorbed to give a mass to the W and Z bosons.
This can be seen using the Higgs transformation:

1 301+iS02) it (0
= — . =e v | v |, 1.34
¢ ﬁ(%ﬂw ¢ —t%) (139

where one introduces the fields E (x) and h(x) that vanish in the vacuum. Given the
local gauge invariance, the following gauge transformation eliminates the degrees of
freedom associated to the Goldstone bosons:

i
4 v

¢ =e o. (1.35)
One can rewrite the potential as:
2\ 2 4

V=) (¢*¢ — ”7) - )\UZ (1.36)

1 v\° v
=AMz+h*— =) —2— 1.37
(2(1) +h) 5 ) 2 (1.37)

A 4
= MR 4+ ok’ + Sk A%, (1.38)

where the degrees of freedom associated to the three broken generators &,(x) have
disappeared. The last equality gives rise to the mass of the # field:

mi, =2 % = =242 (1.39)

The down quark can, like the electron, acquire a mass through Yukawa couplings
to the ¢ doublet:

v -
L4 = —MaGirddig + h.c. 228 ~Ni—sdindin + he. (1.40)

7

The up quark cannot acquire a mass by directly coupling to ¢. The most econom-
ical solution consists in making it couple to a transformation of ¢: ¢ as defined in
Eq.(1.17). The four degrees of freedom of the ¢ doublet, after absorption by the

4sin? Oy ~ 0.231 [9].
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three Goldstone bosons, lead to one degree of freedom corresponding to the massive
scalar boson of the SM, H.

The Brout—Englert—Higgs field couples universally to all quarks and leptons with
a strength proportional to their masses, and to gauge bosons with a strength propor-
tional to the square of their masses.

1.3.2 SM H Production Modes

The production modes of the SM scalar boson at the LHC are:

e The gluon-gluon fusion (ggH) production has the largest cross section at the
LHC. It proceeds via a quark loop.

e The vector boson fusion (VBF) production has a cross section an order of mag-
nitude below the ggH production. Two high-momentum quarks are present in the
final state; they hadronize to form jets. The kinematic characteristics of these jets,
such as their forward direction or their large invariant mass, make of the VBF
production an interesting process to tag experimentally.

e The associated production with a vector boson (V H) consists in the production
of a virtual boson V* that splits into a real boson V and a boson H; it is sometimes
called “Higgsstrahlung”. The cross section is even smaller than in the VBF case,
but the presence of leptons or quarks coming from vector boson decays help
discriminating a scalar boson V H signal from backgrounds.

e The production in association with a pair of top quarks (7 H) has such a small
cross section that it was not accessible experimentally in Run-1, even with the
SM background reduction obtained thanks to the presence of the two top quarks.
CMS is expected to be sensitive to t#H production in Run-2, given the larger
luminosity and the increase of center-of-mass energy, which especially benefits
this production mode.

The Feynman diagrams of the three dominant production modes of the SM scalar
boson at the LHC are shown in Fig. 1.1, and their respective cross sections at a center-
of-mass energy of 8§ TeV as well as the total H boson production cross sections at
center-of-mass energies of 7, 8 and 14 TeV are illustrated in Fig. 1.2.

1.3.3 SM H Decay Modes

Assuming a mass for the scalar boson, it is possible to compute its partial decay width
to any combination of SM particles. The branching fraction is obtained by dividing
the partial decay width by the sum of the partial decay widths of all possible decay

channels:
I'H — XX)

Syesy T(H = YY)’

BH — XX) = (1.41)
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q q q H

oo

* Z*
W)z W/

g q q q W/Z

Fig.1.1 Dominant Feynman diagrams for the SM scalar boson production at the LHC: gluon-gluon
fusion (left), vector boson fusion production (center) and associated production with a vector boson
(right) [16]
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Fig.1.2 Left: Scalar boson production cross sections in proton-proton collisions at a center-of-mass
energy of 8 TeV for the ggH, VBF, V H and ¢t H production mechanisms. Right: Total production
cross sections of the scalar boson in proton-proton collisions at 7, 8 and 14 TeV center-of-mass
energies [17]

The partial decay widths can be computed following the prescriptions in [6, 18], and
are shown in Fig. 1.3 for scalar boson masses between 80 and 200 GeV.

Decay to Fermions

In the SM, scalar couplings to fermions are directly proportional to fermion masses.
The Born approximation gives the partial decay width of the scalar boson to fermion
pairs. If m ; is the fermion mass, and N¢ the color factor,” it can be written as:

- GrN,
Corn(H = ff) = —=—mym> 3, (1.42)

4\/571'

where [ is the velocity of the fermions in the final state and can be expressed as:

B=]1-—=L, (1.43)
m

SEqual to one for leptons and to three for quarks.
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As the partial decay width is proportional to the square of the fermion mass, the
branching fraction of the H boson to tau leptons is approximately a two hundred
times larger than its branching fraction to muons, while the branching fraction to
electrons is negligible.

In the case of H boson decays to quarks, QCD corrections cannot be neglected. For
H boson masses much larger than the quark mass, the NLO decay width, including
Feynman diagrams with gluon exchange and the emission of a gluon in the final
state, can be expressed as:

- 3Gr ) 4g (9 3. m]
r H ~ l1+=={-+=-In— . 1.45
veotH = 4q) 4ﬁmemq |: T3 \a T m?, (145)

Decay to Bosons

For masses above the WW and ZZ kinematical thresholds, the H boson decays
essentially to electroweak boson pairs. The partial decay widths to a pair of elec-
troweak bosons V (W or Z boson) is given by:

G 3
T(H > VV) = s T ax(1 — 4x + 12x%), (1.46)
16427

0Gr ~1.17 x 1073 GeV~2 [9].
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with x = m?,/m3,, 6w =2 and 67 = 1.

However, below the WW and ZZ kinematical thresholds, the two-body decay as
described above is forbidden. The scalar boson can still decay to a pair of electroweak
gauge bosons, with one or two of them being off-shell (three-body and four-body
decays respectively). For mpy = 125 GeV, the three-body decay dominates, and its
partial decay width can be expressed, assuming massless fermions f, as:

3Gimf,
1673

T(H—> VV*) = my 6, Ry (x), (1.47)

with 8}, = 1,07, = 17—2 — % sin® Oy + % sin* Oy, and

T2~ 13x + 4722

3(1 -8 20x2 3x —1 1-—
Rr(x) = ( Al x)arccos(x )—

(4x — DH1/2 2x3/2 2x

3
- 5(1 — 6x +4x%) Inx. (1.48)

Even if massless particles do not couple to the H boson, H boson decaysto gg, Zy
and vy are allowed through massive particle loops. The H~y~y and H Z~ couplings
are mediated by W boson and charged fermion loops, and the Hgg couplings by
quark loops.

1.3.4 The SM Scalar Boson at the LHC

The discovery by the CMS and ATLAS experiments of a new particle, H, compatible
with the scalar boson of the SM was announced in July 2012 at CERN [19, 20]; this
constituted a triumph for the theory but also for the thousands of experimentalists who
had designed and worked on the experiments at the LHC. With a mass of 125GeV,
a large variety of decays are accessible experimentally and can be used to test the
compatibility of the new particle with the SM scalar hypothesis. The status of H
boson studies after the first run of the LHC is detailed in Chap. 14.

1.4 Chapter Summary

The SM successfully describes the elementary particles, and three of the four fun-
damental interactions. The recently discovered particle is, given the measurements
performed in the first run of the LHC, compatible with the scalar boson of the SM,
and all the constituents of the SM have now been observed. With a measured mass
of approximately 125 GeV, this boson is supposed to decay to a rich variety of final
states, which should be studied to assess the compatibility of the new particle with
the SM hypothesis.
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Chapter 2
Physics Beyond the Standard Model

The SM has been demonstrated as successful by many measurements performed at
high-energy experiments. In particular, the discovery of a new particle compatible
with the SM scalar boson, considered as the cornerstone of the SM, has consecrated
the theory. However there are strong indications that the SM is only a low-energy
expression of a more global theory. If new physics shows up beyond the SM, it could
be related to the scalar sector. Some motivations for the existence of BSM physics
are detailed in Sect. 2.1, while two-Higgs-doublet models, supersymmetry including
the minimal supersymmetric extension of the SM, and two-Higgs-doublet models
extended with a scalar singlet, are presented in Sects.2.2, 2.3 and 2.4 respectively.
Section 2.5 discusses how to uncover a possibly extended scalar sector at the LHC,
while the chapter ends, in Sect. 2.6, with a comparison between the reach of precision
measurements and direct discovery of new scalars, in a simple benchmark scenario.

2.1 Motivations for New Physics

The existence of new physics beyond the SM [1, 2] is strongly motivated. Some
motivations are based on direct evidence from observation, such as the existence
of neutrino masses, the existence of dark matter and dark energy, or the matter-
antimatter asymmetry, while others come from conceptual problems in the SM, such
as the large number of free parameters, the “hierarchy problem” or the coupling
unification. Each of these issues is shortly described in the next sections.
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2.1.1 Neutrino Masses

It is well-established by experiments with solar, atmospheric, reactor and accelerator
neutrinos, that neutrinos can oscillate and change their flavor in flight [3, 4]. Such
oscillations are possible if neutrinos have masses. Flavor neutrinos (v,, v, v;) are
then linear combinations of the fields of at least three mass eigenstate neutrinos
vy, V2, 3. Only upper limits on the neutrino masses have been set as of now (m, <
2 eV), but the differences between the neutrino squared masses have been measured:
Am?, = (7.53 £0.18) x 1075 eV? and Am3, = (2.44 £ 0.06) x 1073 eV? [5].

2.1.2 Dark Matter and Dark Energy

In 1933, Zwicky carried measurements of the velocities of galaxies in the Coma
cluster, using the Doppler shift of their spectra [6]. With the virial theorem, he could
relate these results to the total mass of the Coma cluster. Zwicky also measured the
total light output of the cluster, and compared the ratio of the luminosity to the mass
for the Coma cluster and for the nearby Kapteyn stellar system. The two orders of
magnitude difference between both of them made him conclude that the Coma cluster
contains some massive matter that does not radiate: dark matter. The ordinary matter
that surrounds us and is described by the SM, only represents 5% of the mass/energy
content of the universe. Astrophysical evidence indicates that dark matter contributes
approximately to 27%, and dark energy to 68% of this content. Measurements of
the temperature and polarization anisotropies of the cosmic microwave background
(CMB) by the Planck experiment could determine a density of cold non-baryonic
matter [7].

Nowadays little is also known about dark energy, which is responsible for the
accelerated expansion of the universe.

2.1.3 Asymmetry Between Matter and Antimatter

It is believed that matter and antimatter were produced in exactly the same quantities
at the time of the Big Bang. It is clear however that we are surrounded by matter, and
a legitimate question is “How is it possible to explain this preponderance of matter
over antimatter?”. It is very unlikely that our matter-dominated corner of the universe
is balanced by another corner of the universe dominated by antimatter, as this would
have been seen as perturbations in the CMB. Sakharov, in 1967, identified the three
mechanisms necessary to obtain a global matter/antimatter asymmetry [8]:

— Baryon and lepton number violation;
— Interactions in the universe out of thermal equilibrium at a given moment of the
universe history;
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— C- and CP-violation (the rate of a process i — f can be different from the CP-
conjugate process i — f).

The SM includes sources of CP-violation, through the residual phase in the CKM
matrix, but they are in no way sufficient to explain the magnitude of the matter-
antimatter asymmetry observed.

2.1.4 Free Parameters in the SM

The SM contains no less than nineteen free parameters, which can be taken as:

9 fermion masses (m., m,, M., m,, Mg, M, Mg, My, Mp);
3 CKM! mixing angles and 1 CP-violating phase;

1 electromagnetic coupling constant (g');

1 weak coupling constant (g);

1 strong coupling constant (gs);

1 QCD vacuum angle;

1 vacuum expectation value (v);

1 mass for the scalar boson (mg).

This large number of free parameters, especially in the scalar sector, could be an
indication for the existence of a more general and elegant theory than the SM.

2.1.5 Hierarchy Problem

The so-called gauge hierarchy problem [9] is related to the huge energy difference
between the weak scale and the Planck scale. The weak scale is given by the vev of
the Brout-Englert-Higgs field, which is equal to approximately 246 GeV. Radiative
corrections to the scalar boson squared mass, coming from its couplings to fermions
and gauge bosons, and from its self-couplings, are quadratically proportional to the
ultraviolet momentum cutoff Ayy, which is at least equal to the energy to which
the SM is valid without any addition of new physics. If one considers that the SM is
valid up to the Planck mass M p, the quantum correction to m?, is about thirty orders
of magnitude larger than m?,, which implies that some extraordinary cancellation of
terms should happen. Even if these corrections are absorbed in the renormalization
process, some may find uncomfortable with this sensitivity to the details of high
scales. This is also known as the naturalness problem of the H boson mass.

In particular, the correction to the squared mass of the scalar boson coming from
a fermion f that couples directly to the scalar field ¢ with a coupling A is:

IThe Cabibbo-Kobayashi-Maskawa (CKM) matrix contains information about the likelihood of
weak decays with flavor changing in charged currents.
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|)\f|2A2

— e A (2.1)

2
Amy =
Similarly, some corrections to the mass of the SM scalar boson also arise from
scalars. In the case of a scalar particle S with a mass mg and that couples to the
Brout-Englert-Higgs field with a Lagrangian term —\g|¢|?|S|?, the correction to the
squared scalar boson mass is:

As

e [Apy = 2m3In(Ayy/ms) +..]. 2.2)

Amz =
Again, the correction term to the squared mass is much larger than the squared
mass itself. BSM models that avoid this fine-tuning introduce new scalar particles
at the TeV scale that couple to the scalar boson, in such a way as to cancel the A%}V
divergence.
Additionally, the large mass differences between fermions, related to Yukawa
couplings that can differ by up to six orders of magnitude in the case of the electron
and the top quark, constitute the fermion mass hierarchy problem.

2.1.6 Coupling Unification

One of the fundamental questions raised by the SM concerns the particular choice of
the SU(3) x SU(2) x U(1) symmetry group. Additionally, the three forces included
in the SM, the weak, the electromagnetic and the strong forces, are treated sep-
arately. The intensity of the forces shows an apparent large disparity around the
electroweak scale, but at higher energies their coupling constants tend to have com-
parable strengths. The electromagnetic and weak forces can be unified in a so-called
electroweak interaction, but in the SM, the strong coupling constant does not meet the
two other coupling constants at high energies. The running of the coupling constants
can be modified by the addition of new particles, such as to reach a grand unification.

2.2 Two-Higgs-doublet Models

Two-Higgs-doublet models (2HDM) [10] are simple extensions of the SM. They
introduce two doublets of scalar fields, which, after symmetry breaking lead to five
physical states: two charged scalars H*, one CP-odd pseudoscalar A and two neutral
scalars 4 and H. Similarly to all models that have extra scalar singlets or doublets
relative to the SM, 2HDM satisfy the condition p = my /(mz cos Oy) = 1. 2HDM
include the minimal supersymmetric extension of the SM (MSSM), which addresses
the hierarchy problem and the coupling unification (see Sect.2.3). Moreover 2HDM
allow for the existence of additional CP-violation sources with respect to the SM,
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which could explain the baryon asymmetry in the universe. Finally, 2HDM are a
simple extension of the SM in the scalar sector, and there is no strong motivation
against adding an additional scalar doublet to the SM.

2.2.1 Formalism

The most general gauge invariant form of the scalar potential V in 2HDM can be
written as [10, 11]:

V= m6l 61+ mpln —my (6162 + 0l ) + 2 (s161)’
A2 (i) o ot Tt
+7 (¢2¢2) + )\3¢1¢1¢2¢2 + )\4¢)1¢2¢2¢1 (2.3)
+ [% (¢>f¢>2)2 + [A(, (¢I¢1) + A7 (¢§¢2)] Sl + h‘c,] '

Under the widely-used assumptions that CP is conserved in the scalar sector and not
spontaneously broken, and that all quartic terms odd in either of the doublets are
eliminated by discrete symmetries, the expression can be simplified as:

. . . . A L2 N LN2
V = mi o6 +mhole, — mhy (el62 + 601 ) + T (d101) + 5 (¢her)

. . A 2 2
a0 orolon + olonslon + 2| (olen) + (elon) |.
2.4)
where all the parameters are real.

0 0
The minima of the ¢; and ¢, doublets are respectively (v / «/5) and (v / \/E)
1 2

The ratio of the vacuum expectation values of the two doublets is written as:

tan g = 2. (2.5)
v

The squared mass matrix of the neutral scalars can be diagonalized to obtain the
physical states 7 and H; the rotation angle performing the diagonalization is called
a. The angle 3 defined in Eq. (2.5) can also be seen as the angle diagonalizing the
squared mass matrices of the charged scalars and of the pseudoscalars (one massive
pseudoscalar A and one massless Goldstone boson). Without loss of generality, /3
can be chosen in the first quadrant, whereas « is either in the first or in the fourth
quadrant [12]. The meaning of the angles « and (3 is illustrated in Fig.2.1.

The scalar couplings to gauge bosons and fermions in 2HDM can be expressed
as a function of the two parameters « and tan 3. There are four types of 2DHM
that do not violate flavor conservation in neutral current interactions; the condition
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v

Fig. 2.1 Schematic view of the two angle parameters of 2HDM. The parameter tan 3 is the ratio
between the vacuum expectation values of the two doublets ¢; and ¢», whereas « is the mixing
angle between the neutral scalars. The vacuum expectation value v = 246 GeV can be decomposed
in two components v and vy along the doublets ¢; and ¢, respectively. Adapted from [13]

Table 2.1 Scalar doublet to which the leptons ¢, up-type quarks « and down-type quarks d couple
in the different types of 2HDM

Type-1 Type-2 Type-3 (lepton Type-4 (flipped)
specific)
¢ P2 ¢ é1 &2
u ) &2 &2 )
2 P1 ®2 ?1

for avoiding flavor changing neutral currents being that all fermions with the same
quantum numbers couple to a same scalar multiplet [14]. A Z, symmetry (¢; —
+o1, g2 — —¢») can be found to ensure that only these interactions exist. The Z;
symmetry is softly broken if the term m?, is non-zero [15]. As shown in Table 2.1, the
difference between the four types lies in the doublets to which the charged leptons,
up-type quarks and down-type quarks couple. Type-1 is the easiest of them and is
the most SM-like: leptons, up-type quarks and down-type quarks all couple to the
same doublet, ¢,. In type-2, the leptons and down-type quarks couple to ¢,, whereas
up-type quarks couple to ¢;. In the so-called “lepton-specific” type-3, all quarks
couple to ¢; and leptons to ¢,. Finally in the flipped type-4 model, leptons and up-
type quarks couple to ¢; while down-type quarks couple to ¢,. In a general way, the
intensity of the couplings in the different scenarios are functions of both a and (3 as
presented in Table 2.2.
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Table2.2 Yukawa couplings of vector bosons V', up-type quarks u, down-type quarks d and leptons
£ to the neutral scalars and pseudoscalar in the four types of 2HDM without flavor changing neutral
currents. The Yukawa couplings to the charged scalars can be determined from the couplings of to
the neutral pseudoscalar [10]

Particle Coupling Type-1 Type-2 Type-3 (lepton | Type-4
specific) (flipped)
h ghvv sin( — «) sin(6 — «) sin( — «) sin(8 — «)
Ghui cos a/sin 3 cos afsin 3 cos a/sin 3 cos a/sin 3
had cos a/sin 3 —sina/cos 3 | cosalsin 3 —sin a/cos 3
Inei cos a/sin 3 —sina/cos f | —sina/cos 3 | cos alsin 3
H gHVV cos(8 — @) cos(f — ) cos(f — ) cos(f — )
JHuii sin a/sin 3 sin a/sin 3 sin a/sin 3 sin a/sin 3
IHad sin a/sin 3 cos a/cos 3 sin a/sin 3 cos a/cos 3
IHei sin a/sin 3 cos a/cos 3 cos a/cos 3 sin a/sin (3
A gavv 0 0 0 0
JAuii cot 8 cot 3 cot 8 cot 3
9add —cot 3 tan 3 —cotf3 tan 3
9aci —cotf3 tan 8 tan 8 —cotf3

2.2.2 Decoupling and Alignment Limits

In the SM, there is one neutral scalar boson, while there are two (h and H) in 2HDM.
The lightest neutral scalar of 2HDM is in all generality not identical to the one of
the SM, which points to the possibility of determining with property measurements
whether the new observed particle belongs to the SM or to 2HDM. As of now, the
measured properties of the 125 GeV-state are all compatible with the SM hypothesis
within experimental uncertainties. However the 2HDM hypothesis is not ruled out, as
there are two important scenarios where the neutral 4 of 2HDM tends to be SM-like:
the decoupling and the alignment limits [16, 17]:

e In the decoupling limit, the mass of the H, A and H* all are much larger than
the & mass, which causes & to have SM-like couplings. Indeed, if there are two
very different mass scalesm; < mgsuchthatm, ~myandmpy, my+, my =~ mg,
a low mass effective theory can be derived and corresponds to the SM because
the mg-related effects have been integrated out. The decoupling limit implies
cos(f — a) ~ 0.

e In the alignment limit, the whole vacuum expectation value (246 GeV) lies in the
neutral component of only one of the scalar doublets, and the mixing between
the h and H states disappears, which causes one of the neutral mass eigenstates
to align with the direction of the scalar field vacuum expectation value and to
become SM-like. In this case, the H, A and H* particles are not necessarily
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heavy. The alignment limit corresponds to cos(3 — «) >~ 0, and is more general
than the decoupling limit.

In Fig. 2.1, the equality cos(3 — «) = 0, which is satisfied both in the decoupling and
the alignment limits, corresponds to the alignment of the state 4 along the vacuum
expectation value v.

2.2.3 Light Scalars in 2HDM

In 2HDM, in the alignment limit, one of the neutral scalars (%) can be SM-like, while
the pseudoscalar A can be lighter than 125/2 GeV. In the case where the branching
fraction of the SM-like scalar to two light pseudoscalars is limited (B(h — AA) less
than about 0.3), such a topology is still allowed by the limited precision measurements
made on the 125-GeV state at the LHC. The branching fraction B(h — AA) can be
small in the alignment limit when the mass mixing parameter 71, has a modest value.
Another case where B(h — AA) is allowed to take small values with larger m; is
when sin(3 + «) = 1; this relation is compatible with the measured » — V'V signal
strength when tan 3 is large (>5). When sin(3 + «) =~ 1, sin « has to be positive,
which, in the type-2 of 2HDM, leads to a so-called “wrong sign” Yukawa coupling
of the SM-like / boson to down-type quarks and leptons (see Table 2.2).

The production cross section of light pseudoscalars at the LHC can be large [18].
Figure 2.2 illustrates the viable production cross sections for the gluon-gluon fusion
production (ggA) and the production in association with b quarks (bbA) of the
pseudoscalar boson A, in type-1 and type-2 of 2HDM. The two scenarios that give
small B(h — AA) are shown. It can be seen that the largest cross section times
branching ratio for A decays to tau leptons is achieved in 2HDM type-2 in the
wrong-sign Yukawa coupling scenario.

2.3 Supersymmetry

Supersymmetry (SUSY) golfand [19, 20] is a symmetry that relates bosons and
fermions. The SUSY operator Q, an anticommuting spinor, transforms a fermionic
field F into a bosonic field B and vice-versa:

Q|B) = F and Q|F) = B. (2.6)
A new quantum number R can be introduced to enforce baryon number and lepton

number conservation:
R = (—1)25+3B-L), 2.7)
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Fig. 2.2 Viable production cross sections for the ggA (top) and bbA (bottom) productions at a
center-of-mass energy of 8 TeV, times the branching fraction for A decay to a pair of tau leptons
in type-1 (left) and type-2 (right) 2HDM. The cyan points have sin(f — a) >~ 1, cos(6 — a) > 0
and modest m 12, whereas orange points have sin(3 + a) ~ 1 and tan 3 > 5, and correspond to
the wrong-sign Yukawa coupling scenario. The largest production cross sections times branching
fraction are obtained in 2HDM type-2 with wrong-sign Yukawa couplings. [18]

where S, B and L are respectively the spin, lepton and baryon numbers. With this
definition, all SM particles have R = +1 and all their superpartners have R = —1.
R is usually assumed to be conserved in such a way as to forbid fast rates of proton
decays. The R-parity conservation implies that supersymmetric particles can only be
produced in pairs and that the lightest supersymmetric particle (LSP) is stable. This
LSP is an excellent dark matter candidate.

One of the main motivations for the existence of SUSY is the solution to the
hierarchy problem. Because fermion loops and boson loops have opposite signs, and
SUSY associates a new boson to each fermion and vice-versa, the A%, terms in
Egs. 2.1 and 2.2 can exactly cancel for each fermion-scalar pair. Additionally, SUSY
can unify the electromagnetic, weak and strong forces below the Planck scale, as
illustrated in the case of the minimal supersymmetric extension of the SM (see
Sect.2.3.1) in Fig.2.3.

Individual particles are grouped in supermultiplets. As the supersymmetric oper-
ators Q and Q' commute with the generators of gauge transformations, particles
sharing a same supermultiplet have the same electric charge, weak isospin and color
degrees of freedom. In addition, because the same operators also commute with
the squared-mass operator — P2, the fermions and bosons in a same supermultiplet
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Fig. 2.3 Evolution of the 60
Uy, SU@2)r and SU(3B)c
couplings in the SM (dashed
lines), and in two MSSM
scenarios (solid lines).
Unlike the SM case, the 40F
three couplings can be
unified at a high energy scale
in the MSSM. [19]
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should have the same mass. The last point is however known not to be true in reality,
because superpartners at the electroweak scale would already have been observed at
colliders. If superparticles are heavier than SM particles, which would explain why
they have not been discovered yet, SUSY must be broken. For radiative corrections
not to exceed typical scalar masses, the SUSY breaking scale should be limited to a
few TeV.

2.3.1 Minimal Supersymmetric Extension of the SM (MSSM)

In the minimal supersymmetric extension of the SM (MSSM) [21-23], there exist
two types of supermultiplets: vector supermultiplets, where a spin-1 vector boson is
associated to a spin-1/2 Weyl fermion, and chiral supermultiplets, where a single Weyl
fermion is associated to a complex scalar field. The particle content of the MSSM is
shown in Tables 2.3 and 2.4. The superpartners of quarks are called squarks, while
the superpartners of leptons are called sleptons. The bino, the neutral wino and the
higgsinos mix to form four neutralinos (¥}, X9, X3 and X9), while the winos and
charged higgsinos mix to form four charginos ()2?E and )2?). Two chiral superfields,
(HT, HIO) and (H?, H,"), with hypercharges +1/2 and -1/2 as seen in Table 2.3, are
necessary to cancel chiral anomalies.

The MSSM is a particular case of 2HDM type-2. The main specificities in the
scalar sector are that, in the MSSM, the mass of the lightest scalar is constrained by
some upper bounds, the scalar self-couplings are specified, o and § are not indepen-
dent from each other, and the decay of the charged scalars H* to a pseudoscalar A
and a W boson is kinematically forbidden because m g+ >~ m 4 [10].
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Table 2.3 MSSM chiral supermultiplets

Particles Spin-0 Spin-1/2 SUB)c, SUQR)L, UDy)
Quark, Squark (iir, dir) (uir,dir) (3,2,+1/6)
it Ul (3%,1,-213)
¥, dy (3%,1,+1/3)
Lepton, Slepton (E,‘L, DiL) (eiL, I/,'L) (1,2,-1/2)
iR eir (1,1+1)
H, Higgsino (H", HY) (H7, H) (1,2,+1/2)
(HY, Hy) (H), Hy) (1,2,-1/2)

Table 2.4 MSSM vector supermultiplets

Particles Spin-1/2 Spin-1 SUB)c, SUR)L, U)y)
gluino, gluon g g (8,1,0)
wino, W boson wE, wo wE, wo (1,3,0)
bino, B boson BO BO (1,1,0)

000000003 ————
Fig. 2.4 Feynman diagrams for the production of neutral scalars in the MSSM, in gluon-gluon
fusion (left), and production with b quarks (center and right). [24]

2.3.2 Scalar Sector in the MSSM

In the MSSM, neutral scalars & = H/A/h can be produced by two mechanisms:
gluon-gluon fusion (gg®) and production with b quarks (bb®). Characteristic Feyn-
man diagrams for such processes are shown in Fig. 2.4, where the bb® mechanism
is shown in two different schemes of proton parton distribution functions. The bb®
production cross section is increased at large tan § because of the enhanced Yukawa
couplings to down-type fermions.

At tree level in the MSSM, the only two free parameters can be taken as the mass
of the pseudoscalar, m,, and tan 3. The masses of the neutral scalars and of the
charged scalars, as well as the angle « can be expressed as [25]:

1
mi/H =3 (mi +m%F \/(mi +m%)? — dm’m? cos? ZB) , (2.8)

mi. =m’% +m3,, and (2.9)



28 2 Physics Beyond the Standard Model

2 2
tan 20 = tan 23 (%) with — = < a < 0. (2.10)
m4 —my 2
This leads to:
my <min(my, mz) X |cos26| <my. (2.11)

The mass of the lightest neutral scalar is thus inferior to the Z boson mass, which
is excluded by LEP bounds and does not correspond to the observation of the 125-
GeV scalar at the LHC. Fortunately, radiative corrections above tree level, essentially
loop corrections due to top and stop quarks, enable the /& scalar to be as heavy as
approximately 135 GeV. In the case where m 4 is much larger than the Z boson mass,
the relations above give:

My~ mys ~ ms anda:ﬁ—g, (2.12)

which is the decoupling limit as seen in Sect.2.2.2.

The phenomenology of the scalar sector of the MSSM can be described by two
parameters: the mass of the pseudoscalar m 4, and tan (3. It is generally assumed that
tan 3 lies approximately between 1 and 60, where 60 is the ratio between the top
quark mass and the bottom quark mass. Above tree level, more parameters appear
and some benchmark scenarios fixing these parameters can be studied. It has been
shown however that, taking into account the mass measured for the & boson, the
MSSM can be approximately reparameterized as a function of m 4 and tan (3, in the
so-called hMSSM [26]. One can distinguish three regions of the parameter space,
where the search strategies will differ: the low m 4, the high tan 3 and the low tan 8
regions. It has been shown in [26] that the full parameter space of the MSSM could
be almost entirely covered in the search for additional scalars at the LHC at 14 TeV
with a luminosity of 300 fb~!, while a good part of the parameter space has already
been explored in LHC searches at 7 and 8 TeV, as shown in Fig.2.5.

Low m4 Region

At low m 4, the most powerful channel to search for an MSSM scalar sector is
clearly HT — 7%, (and its charge conjugate decay). The limits shown in Fig. 2.5
correspond to the t — H b production, for charged scalar masses below the differ-
ence of the top quark and bottom quark masses.

High tan 3 Region

In the region of the parameter space where tan [ is large, say tan 5 > 5, the most
sensitive final state to search for new heavy resonances ®isbyfar® =A/H/h — 77.
The reason for this is that the couplings to leptons and down-type quarks are enhanced
with increased tan 3, because these particles couple to the second scalar doublet
(see Table?2.1). In addition, for the same reason, the production cross section for
the @ resonance in association with bottom quarks is also enhanced at large tan 3.
Even if the decay branching fraction of the resonance to bottom quarks remains
larger (approximately nine times higher), the experimental difficulties, such as the
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Fig. 2.5 Sensitivity of MSSM scalar searches at the LHC at 7 and 8 TeV in LHC Run-1 (left) and
projection with 300 fb~! of 14 TeV data collected at the LHC (right), in the context of the h(MSSM
parameterization. The A — ¢ search (dashed red line) has not yet been performed at the LHC, and
the sensitivity is predicted. The exclusion limit of the A — 77 analysis around m4 = 350 GeV
and 2 < tan 3 < 4 is due to the strong increase of the gg — A cross section at the ¢¢ threshold,
coupled to the suppression of A — Zh decays and enhanced couplings to down-type quarks and
leptons because tan 5 > 1. The hMSSM scenario takes into account the mass measured for the new
SM-like scalar. [26]

distinction between b jets and other flavor jets, make the channel ® — bb less sen-
sitive. Finally, the channel ® — pu also has some potential, but is hurt by its low
decay branching fraction: B(® — pp) ~ B(® — 77) x m;,/m?.
Low tan 3 Region

The phenomenology in the low tan 3 region is much richer than in the high
tan (3 region. Experimentally, one interesting decay of the A pseudoscalar to study is
A — Zh,in the intermediate mass range mz + m; < m4 < 2m,, as seen in Fig.2.6.
If the Z boson decays leptonically, it is possible to achieve a good background
reduction, and the most favorable 4 decays in terms of branching fractions, 1 — bb
and h — 77, can be targeted. At higher m 4, the A — 7 channel opens, but, due to
interference effects with the SM backgrounds, it is experimentally a difficult channel.
The dominant H decay channel in the intermediate mass range 2m; < mpy < 2m;, is
H — hh, whereas there are also non negligible contributions from H — WW and
H — ZZ. Outside of the low m 4 region described previously, for m g+ > m, + my,
the charged scalars H* almost exclusively decay to a top and a b quarks.

2.4 Two-Higgs-doublet Models + a Singlet

2.4.1 Introduction to 2HDM+S

The extensions of 2HDM where a complex scalar singlet is added to the already
present scalar doublets, are called 2HDM+S. Because of the additional singlet, two
new bosons are introduced. The next—to-minimal supersymmetric extension of the
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Fig. 2.6 Branching fractions of the A, H and H¥ scalars in the MSSM as a function of their
masses, for tan 5 = 2.5 and mj = 126 GeV. [27]

SM (NMSSM) [28, 29] (for areview, see [30]) is a case of 2HDM+S type-2 and is the
easiest extension of the MSSM. The supersymmetric potential in the MSSM contains
a mass parameter y in the expression p¢;¢,, which has to be at the SUSY breaking
scale (mgsysy). The fact that i is at a scale well below the Planck scale without any
theoretical reason, constitutes the so-called p problem [31]. This problem disappears
in the NMSSM, where an effective mass is generated via a coupling to the complex
scalar field associated to the new singlet; this is a strong motivation for the existence
of the NMSSM over the MSSM. Another motivation comes from the fact that new
scalar particles contribute to the mass of the scalar boson 4 in the NMSSM, which
removes the tensions in the MSSM originating from the large measured mass of the
new particle.

2.4.2 Exotic Decays of the 125-GeV Particle

In 2HDM+S, the & boson, identified as the 125-GeV particle discovered in 2012,
can decay exotically to non-SM particles. Even though decays of the 4 boson of
2HDM to non-SM particles are theoretically allowed, the 2HDM parameter space
is by now extremely constrained by LHC searches. However, in 2HDM+S, a wide
range of exotic decays of the 125-GeV boson is still allowed after the Run-1 of the
LHC. The singlet added to 2HDM does not have Yukawa couplings of its own, and
only couples to ¢ and ¢, in the potential, from which it inherits its couplings to SM
fermions. To keep the scalar 4 SM-like, the mixing with the singlet S needs to be
small. The imaginary part of the singlet gives rise to a pseudoscalar a (after a small
mixing with the pseudoscalar A), and the real part to a scalar s (after mixing with H
and h). Exotic decays of the type h — aa, h — ss or h — Za are then possible.
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In the pseudoscalar case, the light pseudoscalar a, mostly singlet-like, inherits
its couplings to fermions from the heavy pseudoscalar A. As in the case of general
2HDM, the four types of 2HDM+S lead to different scenarios and give rise to many
exploitable signatures for exotic & decays at the LHC:

— Type-1: All fermions couple to ¢;, and therefore the branching fractions of the
pseudoscalar are proportional to those in the SM, without any dependence on tan 3.

— Type-2: Leptons and down-type quarks couple to the same doublet, as in the
MSSM. For values of tan 3 larger than unity, the branching fractions of the
pseudoscalar to leptons and down-type quarks are enhanced, which makes 7 —
aa — bbbb, h — aa — ppbb and h — aa — 77bb interesting channels to
search for exotic & decays.

— Type-3 (lepton-specific): Leptons couple to the ¢, doublet contrarily to quarks,
which means that the branching fractions for pseudoscalar decays to leptons
increase for large values of tan 3. In this scenario with large tan 3, h — aa —
pptT and h — aa — 1777 are favoured channels when kinematically allowed.

— Type-4 (flipped): Pseudoscalar decays to leptons and up-type quarks are enhanced
with respect to down-type quarks when tan 3 > 1. In this case, h — aa — 77cc
and h — aa — T7bb can be interesting channels.

2.5 Search for BSM Physics in the Scalar Sector

The scalar sector is a favored place to look for new physics, because it is described
much less elegantly than the other parts of the SM as most free parameters of the
theory are related to the scalar interaction. The existence of a Higgs-portal [32],
where the scalar sector is the only one to interact with BSM physics, is strongly
motivated. Complementary ways exist to point to the existence of BSM physics in
the scalar sector:

1. Precision measurements of the properties of the 125-GeV scalar boson, that would
reveal deviations from the SM;

2. Direct discovery of new scalar particles;

3. Discovery of BSM decays of the 125-GeV scalar boson;

4. Observation of BSM physics in signatures involving scalar bosons.

A review about the complementarity between precision measurements and direct
searches in the MSSM can be found in [33]. The four points are detailed below:

— Precision measurements: The properties of the lightest scalar # of 2HDM can
deviate from the properties of the SM scalar boson; precision measurements of
the 125-GeV state therefore should make the distinction between 2HDM and SM
possible. However, as seen in Sect.2.2.2, many extended sector scalar models
have a decoupling or an alignment limit, which makes the properties of the &
boson of 2HDM very close to those of the SM scalar boson. Figure 2.7 illustrates
the dependence of the production cross section of the MSSM & boson as a function
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Fig. 2.7 Left: Production cross sections of the MSSM £ boson at 8 TeV, for tan 3 = 2.5. Right:
Evolution of the decay branching ratios of the 4 scalars in the MSSM and SM as a function of the
pseudoscalar mass m 4, for tan 5 = 2.5. [27]

of the mass of the pseudoscalar A for a given tan (3, as well as the ratio between the
decay branching fractions of the MSSM # and the SM scalar boson. As expected
according to the decoupling limit, the branching fractions tend to be very similar
in the two scenarios when the mass of the pseudoscalar increases, and a great
precision is needed to highlight deviation from the SM. The measurement of the
properties of the discovered 125 GeV-boson in the decay channel to tau leptons is
presented in Chap. 7.

— Direct discovery of new scalar particles: Discovering new scalar particles would
be a direct evidence of BSM physics. Many searches for extra scalars, in the context
of general 2HDM or MSSM for example, are performed at the LHC. The search
for a heavy neutral scalar decaying to a pair of tau-leptons is described in Chap. 13,
while the search for the heavy pseudoscalar A of the MSSM, decaying to a Z and a
SM-like 4 bosons is described in Chap. 10. Light bosons with a mass lighter than
the Z boson could also be discovered at the LHC; Chap. 12 details the search for
such a particle in its decays to tau leptons. Many other searches exist at the LHC
but are not described in this thesis, such as the search for charged scalars.

— Discovery of BSM decays of the 125-GeV scalar boson: Motivations for the
existence of exotic decays of the 125-GeV boson to non-SM particles are various
[34, 35]. First, the SM scalar boson has an extremely narrow width (I" ~ 4.07
MeV) compared to its mass, because of the suppression of tree-level Yukawa cou-
plings. Given that the coupling to two b quarks has the small value of approximately
0.02, the coupling, even small, to another light state could open non negligible
decay modes. Second, the scalar sector could be a portal to new physics, which
allows SM matter to interact with a hidden-sector matter. If there exists a Higgs
portal, the hidden-sector matter does not have to be charged under SM forces. And
finally, exotic scalar decays are a relatively simple extension of the SM, and are
still allowed after all the measurements made during LHC Run-1. Indeed an upper
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Fig. 2.8 Feynman diagram
of quark-gluino production
with subsequent cascade
decays via neutralinos into
the /| boson of the NMSSM.
[37]

limit on the branching fraction of the 125-GeV boson to BSM particles can be
set experimentally and, as of today, this upper limit leaves a large room for exotic
decays. In particular, CMS measured B(H — BSM) < 30 at 95% CL, using all
data collected during LHC Run-1 [36]. Projections for future LHC runs give a
final precision on B(H — BSM) of the order of 10%, which still allows for non
negligible decays of the 125-GeV particle. The variety of possible BSM decays
is extremely large. A group of searches among others explores the possibility for
the 4 boson to decay to invisible particles, resulting in missing transverse energy
in the detector. A search for exotic decays with SM particles in the final state is
presented in Chap. 11.

— Observation of BSM physics in signatures involving scalar bosons: Scalar
bosons could be produced in some BSM physics processes. An example of such
a process is a squark-gluino production with subsequent cascade decays via neu-
tralinos into the &; boson of the NMSSM; the corresponding Feynman diagram is
shown in Fig. 2.8. This method to look for an extended scalar sector is not explored
in this thesis.

2.6 Precision Measurements Versus Direct Discovery in the
Case of the SM+S

To compare the reach of precision measurements and direct discovery of new scalars,
one can take the simple case where a real scalar singlet S is added to the usual scalar
doublet ¢ of the SM [38]. After symmetry breaking, the singlet mixes with the doublet
with a mixing angle «, resulting in two neutral mass eigenstates H; and H,:

H, = ¢cosa + Ssina, (2.13)

H, = —¢sina+ Scosa, (2.14)
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Fig. 2.9 Left: Comparison of the reach of the precision measurement of the signal strength of the
125 GeV state at 1o and of the search for extra scalars at 2o for different masses (100, 150, 200, 500,
600 and 800 GeV). The blue line corresponds to the SM+S benchmark: cos? « + sin? @ = 1. Right:
Comparisons of the constraints on the parameter sin” o set by direct searches for extra scalar states
(blue curve if the decay H, — Hj H| is neglected, green curve otherwise), by indirect constraints on
the measurement of the strength parameter of the 125 GeV state with a partial set of data collected
by CMS during LHC Run-1, and by perturbative unitarity conditions, in the case of the SM+S
model. Uncertainties are given at 2o level. [38]

where H| has a mass m| = 125 GeV and H, a mass m, lower or greater than 125
GeV. The H; and H, states interact only via their ¢» component. The case where the
new particle interacts only through mixing is studied here. While the decay modes
and branching fractions of the new states are the same as predicted for the scalar
boson in the SM at their respective masses m| and m,, their production rates are
however scaled by factors cos? a in the case of H; and sin® « in the case of H,. The
decay H, — H; H; should be taken into account when kinematically allowed.

The SM+S benchmark model can be represented by the equality cos? o +
sin® = 1, as shown in Fig.2.9 (left) with the continuous blue line. Precision mea-
surements of the signal strength of the 125-GeV state give some constraints on the
parameter cos” v, which scales the H; production cross section; the measured signal
strength, when lower than one, is equivalent to the measured cos? av. The best-fit
signal strength was measured to be i = 0.80 &£ 0.14 (where the uncertainties corre-
spond to one standard deviation) in 2013 [39]; this value is represented together with
its uncertainty by the horizontal pink lines in Fig.2.9 (left). In a first approximation,
the uncertainty band can be doubled to correspond to uncertainties at the level of
two standard deviations. On the other hand, searches for extra scalars with masses
different from 125 GeV can set constraints on sin> a; the upper limit on the signal
strength at a given mass, if lower than one, is equivalent to an upper limit on sin’ « at
that same mass. Limits from searches for additional scalars with masses between 100
and 800 GeV [39-42] are shown in Fig. 2.9 (left) with the vertical dashed lines. This
makes it possible to compare the reach of the two approaches, using the CMS data
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collected during Run-1 and presented at the HCP12 conference. It can be seen in the
figure that in this particular benchmark model, in most part of the accessible mass
range, namely between 125 and 600 GeV, the direct detection is a more powerful
approach than precision measurements.

The limit on cos? «v obtained by the precision measurements on the signal strength
of the 125-GeV state can be converted to a limit on sin® o for all m,. In the right part
of Fig.2.9, the upper limits on sin? o are superimposed to the constraint from the
precision measurement (uncertainty at two standard deviations level), for all masses
my probed at the LHC. Also superimposed is the limit set by tree level unitarity
constraints in SM+S, which play a role at large m.

2.7 Chapter Summary

The SM is known not to answer a series of fundamental questions, such as the
hierarchy problem or the existence of dark matter. Many BSM models that address
some of the SM issues predict the existence of more than one scalar particle. This
is the case of the minimal supersymmetric extension of the SM (MSSM): it brings
a solution to the hierarchy problem and the coupling unification, proposes a dark
matter candidate, and introduces in total five scalar bosons. The MSSM is part of a
more generic class of models, two-Higgs-doublet models (2HDM), which have five
scalar particles and give rise to a large variety of phenomenological signatures. Three
complementary manners to uncover an eventually exotic scalar sector are explored
in this thesis:

— Precision measurements of the properties of the discovered boson, which may
highlight deviations from the SM;

— Direct search for new scalar particles in specific models;

— Search for exotic decays of the discovered boson.
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Chapter 3
Statistics

The physics searches presented in the next chapters heavily rely on statistical tools
and interpretation. In Sect. 3.1, the notion of likelihood is introduced, and the way
to include systematic uncertainties is detailed. Maximum likelihood fits, described
in Sect.3.2, are used to find the values of the parameters that give the best match
between predicted processes and data. They can be used to extract the value of a
parameter of interest, such as the signal strength, or to check the validity of a model
from the pulls of the nuisance parameters. To set upper limits on a signal process,
the C L, method, in Sect. 3.3, uses ratios of likelihoods. In case an excess of events
is observed on top of the predicted backgrounds, the significance of the excess can
be calculated (Sect.3.4) as the probability that a background fluctuation can cause
such a large deviation. Another tool to check the background modeling consists in
goodness-of-fit tests (Sect.3.5), which are a kind of generalized chi-square test that
measures the agreement between data and predictions. The last two sections of the
chapter concern multivariate analysis methods to classify events.

3.1 Likelihood

3.1.1 Basics

In a counting experiment, data events follow a Poisson law, which is a discrete
probability law describing the repartition of the number of events observed in a
given time interval if their average rate, \, is known and if they do not depend on
each other. The Poisson probability function of parameter A is:

e\

fn) =

3.1)

n!
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It can be shown that the best estimation of the parameter A is the expected number
of events in the time interval.

For a simple counting experiment, where n events are observed while b events are
expected, the likelihood, which quantifies the agreement between some expectation
and the observation, is simply:

7bbn

L(n|b) = (3.2)

n!

If data are binned in a histogram, the N bins can be considered as independent of
each other and the likelihood is given by the product of the likelihoods of every bin
of the distribution:
o N e~ biphi
£Gilb) =[[—* (3.3)

=1

considering 7 as the vector of the observed data in the different bins, and bits equiva-
lent for expected processes. If, on the contrary, data are not binned in a histogram but
are described by a probability distribution function (pdf) f;(x) of some observable x,
if k events are observed and if b events are expected in the full x range, the likelihood
is then [1]:

k
LEIb, fr(x) =k~ [ ] bfsxe™. G4

i=1

3.1.2 Introducing Systematic Uncertainties

Systematic uncertainties are nuisance parameters that influence the model but are
not of direct interest in the decision. In the analyses presented later, they come from
three different sources:

1. Theoretical uncertainties, such as cross section or parton distribution function
uncertainties;

2. Statistical uncertainties, coming for example from the limited number of events
in the MC simulations or from the limited number of observed events in a control
region used to estimate some background processes;

3. Experimental uncertainties, for example from luminosity or trigger efficiency
measurements.

They can be embedded in the likelihood [1]. The nuisance parameters g impact the
number of expected events, which can therefore be expressed as b(#). Introducing
the probability density function p(0]0), where 6 is the inferred default value of the
nuisance and reflects our degree of belief on what the real value of the parameter 6 is,
the likelihood becomes for L nuisance parameters in the case of a binned histogram:
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—b; pyn;

pri L
—[1r@;10). (3.5)
1

N
- e
L(7)b) =
(7i[b) 1} p
According to Bayes’ theorem, the Bayesian probability p(&~ |#) can be expressed as
a function of the frequentist probability p(06).

Most systematic uncertainties, corresponding to multiplicative factors on the sig-
nal or background yields, could be described by a Gaussian pdf of the type:

-1 0 — 0)?
p(016) = maexp(_ = ) (3.6)

but this has the inconvenient side-effect to cause problems for positively defined
observables. Instead, log-normal pdfs of parameter , which have longer tails than
Gaussian distributions for comparable uncertainties, and go to zero at § = 0, are
preferred to avoid negative values of these observables:

p(010) =

(In(8/6))*\ 1
0

1
S 0 ). 3.7
V27 In(k) eXp( 2(In k)2 G-

While, for small uncertainties, a Gaussian distribution with relative uncertainty e is
asymptotically identical to a log-normal distribution with parameter xk = 1 + ¢, it
clearly behaves less appropriately for large uncertainties, as illustrated in Fig.3.1
(left).

In the case of uncertainties coming from statistically limited numbers of events,
gamma distributions are used. If the event rate n in the signal region is directly
proportional to the small number N of events in the control region or in MC samples,
with a proportionality factor «, the gamma distribution reads:

1 (n/a)N
P = 2N

exp(—n/a). (3.8)

The log-normal and gamma distributions are illustrated in Fig. 3.1 for a given set of
parameters.

Additionally, shape uncertainties affect the distribution of the parameter of inter-
est [2], and are modeled with a linear extrapolation method [3]. Practically, they
are implemented in CMS by providing two alternative shapes, corresponding to the
variation by 1 standard deviation of the nuisance parameter. In the likelihood, a
parameter € is added to interpolate smoothly between the alternative shapes with a
“vertical template morphing” technique. If there are N shape nuisance parameters,
modeled with the parameters 6 = (0, 05, ..., 0y), and if Ay, h}L and h; correspond
respectively to the nominal histogram distribution, the histogram for a variation by
+1 standard deviation of the jth nuisance parameter and the histogram for a vari-
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Fig. 3.1 Log-normal (left) and gamma (right) distributions for different parameter values. Log-
normal distributions are positively defined; they are similar to Gaussian distributions for small
uncertainties (e.g. k = 1.10), but extend to higher tails for large uncertainties (e.g. k = 1.50) [1]

ation by —1 standard deviation of the jth nuisance parameter, then the histogram
distribution as a function of the shape nuisance parameters 6 is given by:

N
M@:hm+§:@wﬂ@4¢wp%+mwﬂ@), (3.9)
j=1
with
000 +1)/2 if 0] <1
a(®) = 0 iff<-—1, (3.10)
0 if 0> +1
[ - e <1
PO=1_qor=1) if 10> 1° G.1D
and
00— 1)/2 if 0] <1
(@) = 0 if6>-+1. (3.12)

9] if 6 <—1

It can be noticed that the effect of different shape uncertainties is additive.

A special kind of shape uncertainty is associated to the uncertainty on the number
of MC events or on the number of events from a control region used to estimate the
background in every bin of the distribution. This has an impact on the shape of the
distribution, but the behavior of each bin is independent from the behavior of the
others for a single process. Barlow and Beeston proposed a method to treat such
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cases [4]: a separate nuisance parameter is introduced for every bin of every process,
and multiplies the number of expected events in this particular bin for this given
process. A large number of nuisance parameters is added to the likelihood model,
but it is possible to prune some of them depending on their effects on the results.
These uncertainties are later called bin-by-bin (bbb) uncertainties.

3.2 Maximum Likelihood Fit

A maximum likelihood fit can be performed to find the parameters of interest that
provide the best agreement between expectation and observation. Two common sce-
narios are possible:

e Background-only fit: the nuisance parameters, acting on the expected background

distribution l;, are varied to the values 6 that maximize the likelihood L |l;, 5);
e Signal-plus-background fit: the nuisance parameters as well as the freely floating
signal strength 1 of the expected signal distribution § are varied to their optimal

values 6 and /i to maximize the likelihood £(#i|y5 + b, 0).

The variations of the nuisance parameters after a maximum likelihood fit are called
pulls; abnormally large values indicate an incoherence in the signal or background
modeling. In a more general way, maximum likelihood fits can be performed for
any freely floating parameter, called parameter of interest (POI), and any set of
constrained nuisance parameters.

3.3 Exclusion Limits

In the case where no significant excess of data is observed on top of the expected
backgrounds, upper limits can be set on the production cross section of a hypothetical
signal. The CL; method [1, 5-7], is used to do so in CMS physics analyses. The test
statistic g,, used to analyze LHC results is based on a profile likelihood ratio:

gu=—-2In =TI Wih 0 < i < . (3.13)

The signal strength /i that optimizes the likelihood is constrained to lie between zero
and the signal strength p, for which the test statistic is computed, in order to have a
positive signal rate and one-sided confidence intervals. In the numerator, the signal
strength is fixed while the nuisance parameters are allowed to float to the values that
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maximize the likelihood, whereas in the denominator, the signal strength and the
nuisance parameters may both float to maximize the likelihood.!

The observed value of the test statistic assuming a value of the signal strength g,
~0bs ~0bs

q/‘jb“, can easily be computed from Eq.3.13. The nuisance parameters 6, and 6,
that maximize the likelihood in the background-only (1 = 0) and background-plus-

signal (1 > 0) hypotheses respectively can also be determined.
a0bs

The probability density functions of the test statistics f (g, |l; .0y )and f(q,|us+
_ nobs
b, 0 " ), which describe the test statistic distribution in the background-only and

signal-plus-background hypotheses respectively, are estimated from toy MC pseudo-
~0bs ~obs

data, using the optimal value of the nuisance parameters, 6, and 6, , computed
in the previous step. It is now possible to evaluate the probabilities to obtain the
observation under both hypotheses. This leads to:

0 ~0bs

Pus+b = P(q, > qu“'|signal—plus—background) =/ f(qulps + l;, HN )dq,,

qﬁhs
(3.14)
and

_ aobs

o0
1—pp=Plq, > qzb5|background-0nly) :/h f(qulb, 0y )dq,. (3.15)
4"

The CL; value, for a given signal strength s, is given by the ratio of both probabilities:

Pus+b

L—pp

(3.16)

Figure 3.2 illustrates an example of test statistic distributions for the background-
only and signal-plus-background scenarios. The 95% confidence level upper limit is
obtained for the parameter y such that C L (1) = 0.05.

The non-conventional definition of the probability C L; as a ratio of probabilities,
as given in Eq.3.16, makes it possible to treat cases where the signal is so small
that both hypotheses are compatible with the observation, or where a deficit in data
would lead to a negative signal strength with large significance if only p,,,, was
considered. The definition of CL; leads to rather conservative limits. In order to
facilitate comparisons between both experiments, ATLAS also works with the C L
method and uses the same test statistic as CMS.

The procedure to obtain the median expected limit, as well as the =1 and +2
standard deviation bands, is easy. A large number of pseudo-datasets based on the
background-only expectation (including nuisance parameters) is generated, and the

19,, therefore represents the nuisance parameters that maximize the likelihood under a given signal

strength 1, whereas ] represents the nuisance parameters that maximize the likelihood when the
signal strength is allowed to float to its best-fit value.
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Fig. 3.2 Test statistic distributions in the background-only (blue) and signal-plus-background (red)
hypotheses. The signal-plus-background test statistic distribution is shown in the particular case
where the signal strength is equal to one. The observed value, shown with an arrow, permits to
compute the pp and p,s1p probabilities by integration, which are then used to compute C L (1) [1]
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Fig. 3.3 Left: Signal strengths that give CL; = 0.05 for a set of pseudo-experiments generated in
the background-only scenario. Right: Cumulative distribution of the signal strengths, and extraction
of the median and uncertainty bands based on the quantiles [1]

signal strength that gives CL; = 0.05 is computed for each of them. A cumulative
distribution function is then built with these results, from which the median (50%
quantile), =10 (16 and 84% quantiles) bands, and 20 (2.5 and 97.5% quantiles)
bands can be extracted, as illustrated in Fig.3.3.

Generating hundreds of toys for every signal strength hypothesis can quickly
become time- and CPU-consuming. When the expected number of events is large
enough, asymptotic limits, which do not require the use of toy MC samples, can be
used as an excellent approximation of “full” C L, limits [8]. The set of simulated
pseudo-data can be replaced by a single dataset with specific properties, called an
Asimov dataset in honor of the writer’s novel “Franchise” where a single voter
represents the entire population. From the Asimov dataset, in which the observed rate
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Fig. 3.4 Left: Test statistic distributions for a background-only hypothesis, in a simple counting
experiment with expected background events between 2 and 20. Histograms correspond to toy MC,
while the curve is obtained with the asymptotic method. The agreement between asymptotic curve
and toy MC is good already for five expected background events. Right: Histograms from toy MC
and curves from the asymptotic method for the test statistic distributions in the case of background-
only (blue) and signal-plus-background (red) hypotheses. In this example, ten signal events and
ten background events are considered, and the agreement between both methods is excellent. The
parameter 7 is a scale factor for the number of background events, and is taken as equal to one in
this example [8]

corresponds to the expected rate, can be extracted the parameters of a (non-central)
chi-square distribution, that mimic very well the test statistic distribution from toy
MC, already for a small number of expected events, as illustrated in Fig. 3.4. Using
the properties of the Asimov dataset permits to compute not only the median expected
limit, but also the uncertainty bands.

3.4 Significance

If an excess of data is observed on top of the predicted backgrounds, a p-value for the
background-only hypothesis is determined; it corresponds to the probability that the
backgrounds fluctuate to create an excess as large or larger than the one observed.
The same test statistic as defined in Eq.3.13 is used, where the signal strength p is
set to 0: R
qo=—2In M, with /i > 0. (3.17)
L(n|as + b, 6)
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The optimized value of the signal strength, /i > 0, is chosen to be positive as signif-
., n0bs

icance calculations only interpret excesses of events. The distribution f(qolb, 6, )

is built by generating toy pseudo-datasets, and the p-value of an observation with a

test statistic g3”* is given by:

0 _, aobs
po=Plao = ") = [ | Flanlb.dy . (3.18)
a5

An equivalent way to quantify an excess is to use the notion of significance. The
p-value py is related to the significance Z, with:

1 2 1 2 2
po = exp(—x~/2)dx = -P(x7 = Z;). (3.19)
0 /Zo ,—2 / ) X1 0

This corresponds to the higher tail of a Gaussian distribution. Asymptotically, there
exists a much faster way to estimate to p-value without generating toy pseudo-

datasets: )
Po =~ 3 [1 —erf (1/%)“/2)} . (3.20)

If a signal is searched for over a large mass range, the probability of observing
excesses is larger; this is called the look-elsewhere effect [9]. Practically, the local
significance measured as previously described needs to be corrected into a global
significance. The magnitude of the look-elsewhere effect depends not only on the
probed mass range, but also on the mass resolution since an excess of data at a
given mass in an analysis with a poor mass resolution will lead to large p-values for
mass hypotheses in a broad range. The relatively poor di-tau mass resolution causes
the H — 77 searches not to be extremely sensitive to the look-elsewhere effect.
The effect can be estimated by counting the number of times Nz, the observed
significance distribution up-crosses a certain level of significance Z,,, low enough
that the statistical uncertainty is not too large. The number of up-crossings N, for
a significance Z as large as the local significance (e.g. five standard deviations) can

be computed from the value Nz, , with the following relation:

2 2
= I ) 21
NZO = Nzupexp ) . (3 )

The notion of up-crossing is illustrated in Fig. 3.5. The global p-value is then given,
considering Zy as the local significance of the excess, by:

pglobal < p(l)ocal +NZU~ (322)
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Fig. 3.5 Example of scan of the test statistic as a function of the mass of the scalar boson. The
three up-crossings at a certain level Z,, are shown with blue points (N Zup = 3) [1]

3.5 Goodness-of-fit Test

Goodness-of-fit (GOF) tests [10] are used to quantify the agreement between the
expected processes and the observation. They consist in the test of the null hypothesis?
when the alternative hypothesis is not specified, and permit to notice departures from
the null hypothesis that would point to the existence of a mismodeling of expected
processes. A likelihood ratio can be built without dependence on the metric in which
the parameters are described. In so-called saturated models, the alternative hypothesis
is taken as matching exactly the observed data in each bin of the distribution, and
corresponds to a likelihood L, (71]71). The test statistic in a saturated GOF test is:

> - l‘)’ it
Ly LGS +5.6)

= — 3.23
e Lyar (i) 6.23)

Using Poisson pdfs, and after simplification, one is left with:

N s =\ i
qu=—21n [H(M) exp(—(us,-<5>+bi<5>>+n,->}. (3.24)

n;
i=1 !

The observed value of the test statistic gops is obtained by minimizing g,,.

To testif the observed test statistic is compatible with what could be expected given
the background (or signal-plus-background) predictions, toy MC pseudo-datasets are
generated according to the likelihood for the background (or signal-plus-background)
hypothesis. A minimal g/, is obtained for each pseudo-dataset, g;,,, and the observed
qobs 1s compared to the distribution of all the g;,,: if gops lies in the bulk of the
distribution, it means that the agreement between data and expectation is good, while
if it lies in the tails, careful checks are needed to determine if the expected processes
are mismodeled. An example of goodness-of-fit test where expectation agrees well
with observation is shown in Fig. 3.6.

2In this case the null hypothesis can be either background-only or signal-plus-background.
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3.6 Boosted Decision Trees

Multivariate analysis (MVA) methods are based on machine learning techniques,
and permit, from a sample of training signal and background events, to determine
a mapping function that helps classifying events according to their similarity with
background and signal events. Boosted decision trees (BDT) [11, 12] are the most
widely used MVA method in CMS. They are used to classify events considering
a large number of variables and their correlations. They proceed from samples of
background and signal events, for which discriminating variables are specified.

A single decision tree discriminating between background and signal events, is
built as follows:

1. Signal and background samples are divided into two parts: the first halves are
used to train the discriminator, while the second halves are used to test it.

2. The variable and the cut threshold that give the best separation between back-
ground and signal are determined,’ and the tree trunk is divided into two branches
with different signal purities.

3. The leaves of the tree are further divided using the variables and thresholds giving
the best separation, until a certain number of leaves has been created or until all
leaves have reached a given purity.

3The variables can be decorrelated in a first stage to enhance the sensitivity of the MVA method.



50 3 Statistics
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The procedure is schematically summarized in Fig.3.7. There are different metrics
to evaluate the purity; the most commonly used is called “Gini”. If an event i in a
branch of n events has a weight w;, the branch purity is defined as:

p= Zsignal w;
ZSignal w; + Zbkg w;

This is used to define the Gini weight:

Gini = (Z w,-) p(1 = p). (3.26)

i=1

(3.25)

The variable and the threshold chosen to divide a branch are those that minimize
the sum of the Gini weights of the two daughter branches. If the purity of the leaf
is greater than (.5, it is considered as a signal leaf, while if it is less than 0.5, it is a
background leaf.

A way to enhance the performance of decision trees and to make them less sensitive
to fluctuations in the training samples, is to combine a set of several decision trees
into a boosted decision tree. The principle consists in boosting misclassified events
by giving them a larger weight for the training of the next tree. Typically several
thousands of decision trees are combined in a single boosted decision tree. The
boosting algorithm is often chosen to be AdaBoost. The AdaBoost weight, «, that
multiplies the weight w; of all misclassified events of a tree is:

1. 1—¢
a=—In , (3.27)
2 €
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where

o _ Zmisclassified i (3.28)
D Wi

The final BDT score of an event is computed as the fraction of trees where the
event ended up in a signal leaf. It can be checked that there is no overtraining by
observing a good agreement in BDT scores obtained with the training and testing
samples. The BDT weights computed with such a technique are afterwards applied
to observed data, as well as to MC simulation events not used in the training phase.

3.7 K-Nearest Neighbor Classifier

The k-Nearest Neighbor (kNN) classifier [11] is another MVA method. For every test
event, the algorithm searches for the k closest events of the background and signal
training samples. The distance d between test and training events is determined with

a Euclidian metric:
d= (Z i — y,-|2) : (329)
i=1

where x; and y; are the values of the i variable for the test and training events
respectively. In order to account for variables with different units or different widths,
the width w; of the variable i is introduced to compute the distance:

1=

n 1 2
d= (Z Epc,- - yi|2) ) (3.30)

i=1 !

A probability P is assigned to every test event depending on the number of signal
(ks) and background (kp) events among its k nearest neighbors:

ks
P = .

(3.31)

The choice of the number k of neighbors is a compromise between the local descrip-
tion of the probability function (better with less neighbors) and the stability of the
probability density estimate (less fluctuations with more neighbors). Figure 3.8 illus-
trates the principle of the kNN algorithm.
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X

Fig. 3.8 Schematic overview of a kNN classifier in two dimensions. The square represents the test
event, while triangles are signal training events, and disks are background training events. If the
number of neighbors is chosen to be equal to three, the test event is considered as background-like,
while if the number of neighbors is nine, the event is signal-like. The smaller number of events
reflects the local density better, but is subject to larger statistical fluctuations

3.8 Chapter Summary

Statistical methods are used to extract results from data analyses in high-energy
experiments. Maximum likelihood functions can be associated to data and predicted
background distributions, using a specific test statistic defined for LHC experiments.
They permit to perform maximum likelihood fits to extract some parameter of interest,
such as the signal strength, to control the good agreement between data and predicted
processes with goodness-of-fit tests for example, to set upper exclusion limits in
case no excess of data is observed, or to measure the significance of an excess if
applicable. The last sections of the chapter describe how Boosted Decision Trees
and k-Nearest Neighbor classifiers rank events according to their similitude with
background or signal events after a dedicated training. These tools are used in the
analyses described in Chaps. 6—13.
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Part 11
Experimental Bases



Chapter 4
Experimental Setup

One of the main objectives that motivated the design and the construction of the
LHC and of its general-purpose detectors, is the search for the SM scalar boson.
Before the LHC operation, it was known from LEP and Tevatron results that the
scalar boson mass had to be larger than about 114 GeV [5, 13], while unitarity and
perturbativity constraints limited it to about 1 TeV [10]. The physics motivations for
building the LHC were obviously wider, and also covered among others the search
for supersymmetry or dark matter.The first part of this chapter describes the LHC
and the acceleration process for protons to reach the design energy, while the second
part presents the CMS detector.

4.1 Large Hadron Collider

The Large Hadron Collider (LHC) [11] is the largest circular particle collider ever
built. It is situated about 100 m underground close to Geneva, and has a circumference
of 26.7km. It was built in the tunnel previously used by the LEP, and the first col-
lisions happened in 2009. While the LHC can also support lead-lead or lead-proton
collisions, the following sections will describe only the proton-proton collisions as
they correspond to the data used in the physics results exposed in the next chapters.

4.1.1 Proton Production and Acceleration

Protons are produced in a duoplasmatron, where electrons from a heated cathode ion-
ize a hydrogen gas. A magnetic field coupled to an electric field creates an intense
ionization and the confinement of a plasma. An electrode extracts the protons from
the plasma. Protons are first accelerated in a linear accelerator, the LINAC2, until
they reach an energy of about 50 MeV. They are then injected in a circular accelerator,
the PS booster, where they reach an energy of 1.4 GeV, before entering the Proton

© Springer International Publishing AG 2018 57
C. Caillol, Scalar Boson Decays to Tau Leptons, Springer Theses,
https://doi.org/10.1007/978-3-319-70650-4_4



58 4 Experimental Setup

CERN's Accelerator Complex

CMS5S
ﬂ—' North Aw‘_\
2008 07 kel |
AN
ALICE . e LHCb
) »

x ATLAS
‘\lIiH.nI.\\.n |
|
\m I L
—T AD
2 L
1
\. ~% x5 I East Area
— R =
— __‘:___/ - —
. PS5
¥ /i | 1959 (528w |
NAC 2 —~ Lt
< N
, 7 = R
/ ___) ETHET
b ion » B 7 lantiproton » ebectron - Fantiproton conversion
LHC Large Hadron Collider  SPS Super Proton Synchrotron  PS Proton Synchrotron

| WAKefield Experiment

n AD Antiproton Decelerator AWAKE Advances
LEIR Low Energy lon Ring  LINAC LINear ACcelerator 1-Tol t L HiRadMat High-Radiation to Materials L e

Fig. 4.1 Overview of the CERN accelerator complex. To reach their final energy, protons suc-
cessively pass through the LINAC2, the PS booster, the PS, the SPS and finally the LHC [6]

Synchrotron (PS). In the Super Proton Synchrotron (SPS), the proton energy
increases from 26 to 450 GeV, and the protons are then injected in the LHC, where
they are finally accelerated to their final energy (3.5TeV in 2011, 4TeV in 2012,
6.5TeV in 2015). The acceleration chain is illustrated in Fig.4.1. Three to four cycles
of the PS synchrotron are needed to fill the SPS, whereas twelve cycles of the SPS are
required to fill the LHC. The total injection time is about twenty minutes, and about
twenty additional minutes are needed to increase the beam energy from 450 GeV
to 6.5TeV. When completely filled, the LHC nominally contains 2808 bunches of
approximately 10'! protons.

Inside the LHC, protons are accelerated by sixteen radiofrequency cavities, while
1232 niobium-titanium superconducting dipole magnets ensure the deflection of the
beams, and quadrupole magnets their collimation. The two proton beams circulate
in opposite directions in the LHC, which requires the existence of two rings with
opposite magnetic dipole fields and separate vacuum chambers. Because of the lim-
ited size of the tunnel inherited from the LEP era, the LHC uses twin bore magnets
instead of two separate rings of magnets. The superconducting magnets operate at
a temperature below 2K, obtained with a pressurized bath of superfluid helium at
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about 0.13 MPa. Three vacuum systems are part of the LHC architecture: the beam
vacuum (10719 to 10~ ! mbar at room temperature), the insulation vacuum for helium
distribution (about 10~% mbar) and the insulation vacuum for cryomagnets (about
10~° mbar).

The interaction rate, ‘2—1;’, depends on the process cross section o, and on the

luminosity £ with the relation:

dN
== _ro. 4.1
7 o 4.1)

The nominal design luminosity of the LHC is 10°* cm~2s~!. The number of interac-
tions per unit of time can also be expressed as a function of the beam characteristics.
Given g the charge of the beam particles, / the beam intensity, / the collision distance
of the beams, and s the beam section, the number n of particles that cross each beam
per unit of time and per unit of surface is n = qis. As the two beams interact during

a time laps of é, one obtains:
dN  I’lo
& s (42

Therefore, combining Eqgs. (4.1) and (4.2), the instantaneous luminosity is:

1%
L= o 4.3)

Another way to express the luminosity, with beam characteristic properties is:

sznbfreufy
L= e F, (4.4)

where N, is the number of protons in each bunch, n;, the number of bunches, f,., the
revolution frequency, «y the Lorentz factor, ¢, the normalized emittance, 3* the beta
function at the collision point and F a reduction factor coming from the crossing
angle of the two beams. The integrated luminosity L, later called simply luminosity,
is the integral of the instantaneous luminosity £ over a given range of time.

4.1.2 Experiments

Four detectors are located at collision points in the LHC:

e CMS (Compact Muon Solenoid) [8], which will be described in greater details
in Sect. 4.2, is a multi-purpose detector with wide physics objectives, such as the
search of the SM scalar boson, of dark matter candidates or of supersymmetric
particles;
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e ATLAS (A Toroidal LHC ApparatuS) [3] covers the same physics objectives as
CMS and exploits different technical solutions, including a large toroidal magnet;

e LHCD (Large Hadron Collider beauty) [12] studies matter-antimatter asymmetry
via CP violation, through studies involving b quarks;

e ALICE (A Large Ion Collider Experiment) [2] is designed to address the physics
of strongly interacting matter and the quark-gluon plasma at extreme values of
energy density and temperature in nucleus-nucleus collisions.

ATLAS and CMS analyze completely independent datasets; their respective
results can cross-check each other, or be combined to increase the precision of the
measurements.

4.1.3 Data Taking and LHC Schedule

While the first beams could circulate in the LHC in 2008, a mechanical damage, which
caused severe leaks of liquid helium, delayed the first proton-proton collisions at the
injection energy of 450 GeV to the end of 2009. In March 2010 were recorded the
first collisions at a center-of-mass energy of 7 TeV. The LHC delivered an integrated
luminosity of 6.14 fb~! in 7 TeV center-of-mass collisions in 2010 and 2011, of
23.30 fb~! at 8 TeV in 2012 and, after the first long shut down (LS1), of 4.22 fb~!
at 13 TeV in 2015. The evolution with the time of the integrated luminosity in 2011
and 2012 is presented in Fig.4.2. A bit more than 90% of the luminosity delivered
by the LHC was recorded by the CMS detector. On average several collisions occur
per bunch crossing, which constitutes the so-called pileup phenomenon. The mean
number of interactions per bunch crossing was around twenty in 2012.

The LHC should operate at 13 or 14 TeV center-of-mass energy between 2016 and
2018. A second long shutdown (LS) is planned in 2019 and 2020, while Run-3 will
extend until 2023. After Phase-1, which includes Run-1, Run-2 and Run-3, Phase-

CMS Integrated Luminosity, pp, 2011,/s = 7 TeV CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV
Data included from 2011-03-13 17:01 to 2011-10-30 16:10 UTC 7 Data included from 2012-04-04 22:38 to 2012-12-16 20:49 UTC 2
25

BN LHC Delivered: 23.30 fb |
[ CMS Recorded: 21.79fb!

- EEE LHC Delivered: 6.10 b '
6 [ CMS Recorded: 5.55 b ! 6

e

Total Integrated Luminosity (fb ')

Total Integrated Luminosity (fb 1)

R R RS IC AN K R RO ORI

Date (UTC) Date (UTC)

Fig. 4.2 Integrated luminosity delivered by the LHC (blue) and collected by CMS (yellow) at a
center-of-mass energy of 7 TeV in 2011 (left) and 8 TeV in 2012 (right) [7]
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Fig. 4.3 Overview of LHC schedule until 2037. The integrated luminosity collected in Phase-1 is
expected to reach 300 fb—!, while 3000 fb~! should be collected by the end of Phase-2 [4]

2 should extend up to approximately 2037. The integrated luminosity collected in
Phase-1 is expected to reach 300 fb~!, while 3000 fb~! should be collected by the
end of Phase-2. An overview of the LHC schedule is presented in Fig.4.3.

4.2 Compact Muon Solenoid

The CMS detector is a multi-purpose apparatus, designed to cover a wide physics
program, from the discovery of the SM scalar boson to the search for BSM physics. Its
main specifications to meet these goals consisted in achieving a good muon identifi-
cation and momentum resolution, a good charged-particle reconstruction efficiency
and momentum resolution, a good electromagnetic energy resolution and a good
missing transverse energy and di-jet mass resolution [8]. The detector gets its name
from its limited size considering its complexity, its sophisticated muon system, and
its solenoidal superconducting magnet.

4.2.1 Overview of the CMS Detector

The CMS detector is 28.7 m long, has a diameter of 15.0m and weighs 14,000t. It is
composed of different subdetector layers, arranged in a central cylinder, the barrel,
and closed by two endcaps. The origin of the right-handed coordinate system adopted
by CMS is at the nominal collision point, while the x-axis points radially towards
the center of the LHC and the y-axis points vertically. The z-axis is orthogonal to
the other axes and is directed along the beam direction, towards the Jura mountains
from LHC Point 5. The azimuthal angle ¢ is measured in the plane defined by the
x- and y-axes, from the x-axis. The polar angle 6 is measured from the z-axis, in a
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plane orthogonal to the xy-plane and containing the z-axis, and is used to define the
more widely-used pseudorapidity 7:

n = —Intan(0/2). 4.5)

The pseudorapidity is a good approximation for particles with £ >> m of the rapidity

y:
1 E
y= 1t (—+ pZ) . 4.6)
2 E—p,

The difference of the rapidities of two particles is invariant under a Lorentz boost in
the z-direction.

The key elements of the CMS detector, described in the next sections and illus-
trated in Fig. 4.4, are, from the innermost to the outermost part:

e An inner tracking system, which measures the trajectory of charged particles and
reconstructs secondary vertices;

e An electromagnetic calorimeter, which measures and absorbs the energy of elec-
trons and photons;

e A hadronic calorimeter, which measures and absorbs the energy of hadrons;

Superconducting Solenoid
Silicon Tracker
Pixel Detector

Very-forward
Calorimeter

Preshower

Electromagnetic
Calorimeter

Compact Muon Solenoid

Fig. 4.4 Overview layout of the CMS detector. The CMS detector is composed, from the innermost
to the outermost part, of an inner tracking system, an electromagnetic calorimeter, a hadronic
calorimeter, a superconducting magnet, and a muon system [8§]
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e A superconducting magnet, which provides a 3.8 T magnetic field parallel to the
beam axis to bend the tracks of charged particles;
e A muon system, which measures the energy of muons and reconstructs their tracks.

In addition, because of the high collision rate at the LHC, a trigger system has
been designed to only record data interesting for physics analyses.

4.2.2 Tracker

The subdetector layer closest to the beams is the tracker. Its function consists in
recording the tracks of charged particles, which can be used to estimate the momen-
tum of these particles with a great precision, or to reconstruct secondary vertices from
long-lived particle decays. The tracking takes place in a 5.8 m length and 2.5 m diam-
eter cylinder, around the interaction point. Because of the high number of particles
produced in overlapping proton-proton collisions, it is of primary importance that
the tracker has a high granularity. While the quantity of material had to be kept low
to limit photon conversion, multiple scattering, bremsstrahlung and nuclear interac-
tions, the tracker had to have a high power density of electronics and to be radiation
resistant.

In the barrel region, the tracker is composed of ten layers of silicon microstrip
detectors, and of three layers of silicon pixel detectors. The system is completed in
the endcaps by two disks in the pixel detector and three plus nine disks in the strip
tracker, for pseudorapidities up to |n| < 2.5. A sectional view of the tracker is shown
in Fig.4.5. In total, the inner tracker consists of 1440 silicon pixel and 15,148 silicon
strip detector modules. The resolution on the transverse momentum for a 100-GeV
charged particle is about 2.0%, while the impact parameter resolution achieved by
the inner tracker is about 15 pum.

4.2.3 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) measures the energy of electrons and pho-
tons, and covers pseudorapidity regions between —3.0 and 3.0. Electromagnetic
showers produced by electrons or photons entering crystals, ionize the crystal atoms,
which emit a scintillation light that is collected by photodetectors when they de-
excite. It uses 75,848 lead tungstate (PbWO4) crystals, which produce a blue-green
scintillation light, with a broad maximum at 420 nm, detected by silicon avalanche
photodiodes (APDs) in the barrel region (|| < 1.479) and vacuum phototriodes
(VPTs) in the endcap region (1.479 < |n| < 3.0). A preshower detector consisting
of two planes of silicon sensors interleaved with a total of 3X of lead is located in
front of the endcap ECAL. A sectional view of the ECAL illustrates its geometry in
Fig.4.6.
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Fig. 4.5 Sectional view of the tracker [8]

ECAL (EE)

Fig. 4.6 Sectional view of the ECAL. The barrel ECAL and the endcap ECAL are composed of
lead tungstate crystals, and of silicon avalanche photodiodes or vacuum phototriodes respectively.
A preshower is located in front of the endcap ECAL [9]

Lead tungstate crystals demonstrate a short radiation length (0.89cm), a high
density (8.3 g/cm?) and a small Moliére radius' (2.2cm); this allows the calorimeter
to be compact despite its fine granularity. In addition, the scintillation decay time is
such that 80% of the light is emitted in 25ns, the design bunch crossing time. As
the scintillation light output depends on the temperature of the crystals, with approx-
imately —1.9% per °C at 18 °C, special care is taken to maintain the temperature
stable within = 0.05 °C. The length of the crystals (23 cm, equivalent to more than
25 times the radiation length) can contain the full electromagnetic showers.

The barrel photodetectors, the APDs, have an active area of 5 x 5 mm?2. Two
of them are glued to every lead tungstate crystal, with a mean gain of 50. In the
endcaps, where the radiation rate is higher, one vacuum phototriode, VPT, with a
25 mm diameter, is glued to the back of every crystal, and has a mean gain of 10.2.

IRadius of a cylinder containing on average 90% of the shower energy deposition.
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The signal collected by the photodetectors is converted with an Analog To Digital
Converter (ADC). Crystals in the barrel are inclined by 3° in the - and ¢-directions
to prevent particles from passing through the intersection of two crystals. In the
endcaps, crystals are organized in rows and lines in the x- and y-directions.

The preshower detector is used to identify neutral pions, decaying to photon
pairs, in a high-pseudorapidity region with 1.653 < |n| < 2.6. The first layer of
the preshower consists of lead radiators that initiate electromagnetic showers from
incoming photons and electrons, while the second layer is composed of silicon strip
sensors, with an active area of 61 x 61 mm? and a nominal thickness of 320 pum,
that measure the deposited energy and the transverse shower profiles. Its thickness
corresponds to approximately three radiation lengths.

The energy resolution of the ECAL, obtained from Gaussian fits to the recon-
structed energy, can be parameterized as a function of the energy as:

o\2 S\ N’ 5

3 = (%) +(F) +e @)
where the stochastic term S represents statistical fluctuations on the number of sec-
ondary particles produced, N is the noise coming from the electronics and digiti-
zation, and C is a constant that accounts for calibration errors and for the leak of
part of the shower outside of the calorimeter. Without magnetic field and without
material in front of the ECAL, the parameters measured in an electron test beam are:
S = 0.028 v/GeV, N = 0.12GeV and C = 0.003 [1]. For unconverted photons

with a transverse energy greater than 100 GeV, the energy resolution provided by the
ECAL is better than 0.5%.

4.2.4 Hadronic Calorimeter

The hadronic calorimeter (HCAL) is crucial for physics analyses with hadron jets or
missing transverse energy. Located around the ECAL, the HCAL extends between
1.77 < r < 2.95m up to the magnet coil, where r is the radius in the transverse
plane with respect to the beams. Because of the limited space between the ECAL
and the magnet, the HCAL needs to be compact and made from materials with short
interaction lengths. In addition, to provide a good measurement of the transverse
missing energy in the event, it should be as hermetic as possible and extend to large
absolute pseudorapidity values. The HCAL is a sampling calorimeter, composed of
layers of absorbers and scintillators, that measures destructively the energy of hadron
jets.

The architecture of the HCAL is illustrated in Fig. 4.7. The hadron barrel calorime-
ter (HB), located inside the magnet coil, covers pseudorapidities such that |n| < 1.3.
Itis divided in 7 x ¢ towers of dimension 0.087 x 0.087. The HB is made of sixteen
absorber plates, most of them being built with brass while the others are made of
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Fig. 4.7 Longitudinal view of the CMS detector. The locations of the hadron barrel (HB), endcap
(HE), outer (HO) and forward (HF) calorimeters are indicated [8]

stainless steel. Because the thickness of the HB corresponds only to five to ten
interaction lengths depending on the pseudorapidity, an outer calorimeter (HO) is
added around the magnet to complement the HB, and the total thickness of the
combination of the HB and the HO increases to twelve interaction lengths. The
hadron endcap calorimeter (HE) covers a pseudorapidity range 1.3 < |n| < 3.0,
and is composed of brass absorber plates. Its thickness corresponds to approxi-
mately ten interaction lengths. Forward hadron calorimeters (HF) cover the high
pseudorapidity regions (3.0 < |n| < 5.2), which undergo high particle fluxes.
They are Cherenkov light detectors made of radiation-hard quartz fibers. The ECAL
and the HCAL combined can measure the energy of hadrons with a resolution
AE/E ~ 100%+/E[GeV] + 5%.

4.2.5 Magnet

A superconducting solenoid magnet, with a length of 12.9m and an inner diameter
of 5.9m, is used to curve the tracks of charged particles. It provides a 3.8 T magnetic
field, with a large bending power. The magnet is made of 2168 turns carrying a
19.5kA current. It is cooled down with liquid helium.
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4.2.6 Muon System

The muon system has to identify muons, to measure their momenta, and to con-
tribute to the event triggering. It relies on three types of gaseous detectors, located
outside the magnet solenoid. The gas is composed of a mixture of 40% Ar, 50%
CO, and 10% CF4, and gets ionized by the muons. lons created via this mechanism
are accelerated in an electric field and form avalanches in dedicated materials. The
barrel part extends to || < 1.2, whereas the endcaps, consisting each of four disks,
cover pseudorapidities up to |n| < 2.4. Each muon station consists of several layers
of aluminum drift tubes (DT) in the barrel region and cathode strip chambers (CSC)
in the endcap region, complemented by resistive plate chambers (RPC).

In the barrel there are four concentric muon stations consisting of 250 chambers
inside the magnet return yoke. The barrel muon system is further divided into five
wheels around the beam axis, which are themselves divided in twelve sectors. The
exact composition of the muon stations in terms of the number of DTs and their
orientation, depends on the position of the station, and is chosen in such a way as to
provide a good efficiency for reconstructing muon tracks from muon hits in different
stations. The resolution of a single station is close to 100 pm in position and 1 mrad
in direction. The muon endcap system regroups 468 CSCs, divided in four stations
per endcap. The CSCs, which consist in multiwire proportional chambers, have a
trapezoidal shape and count six gas gaps. Unlike DT, they can support the high rate
of neutron-induced background and cope with a large and non-uniform magnetic
field.

For low-momenta muons, the momentum resolution is by far dominated by the
tracker measurements, while for particles with high momenta (around 1TeV), the
tracker and the muon system both provide a momentum resolution of about 5%.
Combining the inner tracker and the muon system, the transverse momentum reso-
lution for particles up to 1 TeV lies between 1 and 5%. Although DTs and CSCs can
be used to trigger events based on the py of the muons with a good efficiency, their
time response is comparable to the design bunch crossing space. Therefore, RPCs,
which are double-gap chambers operated in avalanche mode, composed of parallel
anode and cathode plates with a gas gap in between, have been introduced in the
barrel and endcaps as a dedicated trigger system with a fast response and good time
resolution. The position resolution of RPCs is however coarser than that of DTs and
CSCs. Six layers of RPC are embedded in the barrel, whereas three layers of RPCs
are part of each endcap muon system.

Without complementary information form the tracker, the muon system provides
a resolution of about 10% for muons with || < 2.4 and pr < 200 GeV.
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4.2.7 Trigger

For a bunch spacing of 25 ns, the beam crossing frequency is 40 MHz. Given the high
crossing rate, the large size of an event (about 1 MB), and the fact that typically tens
of collisions happen for a same bunch crossing, storing and processing every single
event is simply not feasible. The trigger system reduces the rate by selecting events
that have a physical interest, based on the characteristics of these events such as the
transverse momentum of the particles. The rate reduction by at least a factor of 10°
is done in two steps: Level-1 (L1) Trigger and High-Level Trigger (HLT). Prescaled
triggers, which have loose selection conditions and thus do not permit to keep all
events passing these conditions, can be used to study more frequent collisions.

The L1 Trigger, which has a design output rate of 100kHz and a response time
of 3.2 us, relies on coarse information from the calorimeters and the muon sys-
tem. Field-Programmable Gate Array (FPGA) technology is mainly exploited for
the L1 Trigger hardware, while application-specific integrated circuits (ASICs) and
programmable memory lookup tables (LUT) are also used in special cases where
speed, density and radiation resistance are of high importance. The first step of the
Calorimeter Trigger is local, and consists in measuring the transverse energies in
ECAL crystals and HCAL read-out towers, grouped in so-called trigger towers. The
Regional Calorimeter Trigger then determines regional candidate electrons or pho-
tons (up to || = 2.5), tau veto bits (up to || = 3.0), transverse energy sums, and
other information of interest for muons. Finally the highest-rank calorimeter trigger
objects in the whole detector are determined by the Global Calorimeter Trigger. The
Muon Trigger uses information from the three muon systems, and covers pseudora-
pidities |n| < 2.1. Locally, DT chambers in the barrel provide track segments in the
¢-projection and hit patterns in the n-projection, while CSCs in the endcaps provide
information as three-dimensional track segments. Regionally, complete tracks are
made from joining the tracks and hits reported by the DTs and CSCs, and physi-
cal parameters are associated to them. RPCs, which have a better timing resolution,
contribute also regionally by producing their own track candidates based on regional
hit patterns. Globally, the Muon Trigger combines all pieces of regional information
from the three subdetectors.

Events passing the L1 Trigger are then processed by the HLT, which performs
more complex calculations, based on a combination of information from the different
subdetectors. It reduces the rate to about 400Hz. The HLT is based on software
techniques, and is flexible. The full read out information can be accessed at this
stage, and processed by a filter farm of about a thousand processors. The events
passing the HLT are kept for storage.
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4.3 Chapter Summary

The excellent performance of the LHC permitted to collect during its first run about 5,
20 and 3 fb~! of proton-proton datain 2011,2012 and 2015, at 7, 8 and 13 TeV center-
of-mass energies respectively. This thesis is based on the collision data collected by
the CMS detector in 2012 essentially, but also includes some analyses of 2011 and
2015 data. CMS is composed of several subdetectors: a tracker, an electromagnetic
calorimeter, a hadronic calorimeter and muon chambers. Tau leptons, which are the
common point between all analyses presented in this thesis, are reconstructed from
information from all subdetectors.
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Chapter 5
Event Generation, Simulation and
Reconstruction

To search for new physics, observed collision data should be compared to the ex-
pectation from SM processes. SM processes, as well as hypothetical signals, can be
modeled with Monte Carlo (MC) event simulations. The generated events are then
passed through a full simulation of the CMS detector, to model the interactions events
undergo before being detected, as well as the detector response. The first part of this
chapter concerns generation and simulation. The signatures left inside the detector
(or its simulation) by the data (or generated) events need to be reconstructed into
physical objects, such as electrons, muons, taus or jets. The reconstruction of the
different types of physical objects is described in the second part of the chapter, with
an emphasis on the objects used in the physics analyses presented in this thesis.

5.1 Event Generation and Simulation

Monte Carlo sample generation proceeds through the following steps [1]:

1. Hard-scattering process. At the LHC, the central part of the interaction consists
in the hard-scattering of the two incoming protons. As the collision actors are
rather constituents of the protons, called partons, it is required to extract the
momenta of these incoming partons. This is done thanks to parton distribution
functions (PDFs), which give the probability that a parton carries a certain fraction
of the proton momentum, at a given scale Q2. The most commonly used PDFs are
provided by the CTEQ group. Given the large energy scale, the hard-scattering
process itself is computed with the matrix element (ME) formalism in perturbative
QCD, at leading order (LO) or next-to-LO (NLO) depending on the generator.

2. Parton showering. Parton showering techniques are used to describe the
hadronization and radiation of quarks and gluons in the initial and final states.
While parton showering can be encapsulated in the matrix element computation,
this is however often not feasible for a large number of final state particles.
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3. Underlying events. Underlying events, coming from the interactions of the re-
maining parts of the protons that did not take part in the hard scattering process,
are then modeled. They typically consist in soft QCD interactions, and can be
modeled from phenomenological inputs.

4. Hadronization. When quarks and gluons have low energies, below typically 1
GeV, they cannot be treated as free anymore and the perturbative QCD formalism
fails. The hadronization stage models their recombination into hadrons without
any color charge.

5. Hadron and tau decays. The decay of short-lived particles is then simulated. In
particular, tau decays are simulated with Tauola [2], interfaced to a generator that
takes care of the previous steps.

6. Pileup. To describe the observed data more exactly, pileup interactions, consist-
ing in an additional set of soft inelastic collisions, are added to the main hard
scattering process. As it is difficult to predict the distribution of the number of
pileup interactions in data, MC datasets are usually generated for a scenario with
a higher number of vertices and afterwards reweighted to match the observed
distribution of pileup interactions.

Many MC generators have been developed. The ones used in the analyses
presented in the next chapters are Madgraph [3], Pythia [4], Powheg [5] and
aMC@NLO [6]. Powheg and aMC@NLO can compute NLO matrix elements. The
events are then passed through Geant4 [7], which simulates the response of the CMS
detector.

5.2 Object Reconstruction and Identification

The detector response is analyzed to identify physical objects. The particle-flow algo-
rithm used in CMS is described in Sect. 5.2.1, and is followed by the strictly speaking
object reconstruction, with tracks and vertices in Sect.5.2.2, jets and b-tagged jets
in Sect.5.2.3, electrons in Sect.5.2.4, muons in Sect.5.2.5, taus in Sect.5.2.6, and
finally missing transverse energy in Sect.5.2.7.

5.2.1 Particle-Flow

Stable particles are reconstructed in CMS with a particle-flow (PF) algorithm [8, 9],
which combines information from all subdetectors under the form of muon tracks,
calorimeter clusters and tracks from other charged particles. This is made possible by
the high granularity of the detector. The individual PF particles — electrons, photons,
muons, charged and neutral hadrons — are then combined to form more complex
objects such as hadronically decaying taus, jets, or transverse missing energy.
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The track reconstruction algorithm is performed with an iterative tracking strategy,
which achieves a high efficiency and a low misidentification rate, and is described
more in details in Sect. 5.2.2. In the calorimeters, a clustering algorithm is performed
to reconstruct neutral particles and to complement the tracking to measure the en-
ergy of charged particles among others. The first step of the calorimeter clustering
algorithm consists in identifying cells from calorimeter cluster seeds with an energy
above a given threshold, while in a second time, topological clusters are built by
joining adjacent cells with a minimum energy threshold. PF clusters are then formed
from topological clusters; their energies and sizes are determined iteratively based
on their distance from each cell. As a single physical particle can create multiple PF
elements, such as a track and several calorimeter clusters, a link algorithm has been
designed to fully reconstruct particles and to limit double counting. It computes a
distance between objects based on characteristics extracted from the iterative track-
ing and calorimeter clustering algorithms, and determines whether they correspond
to different physical objects.

5.2.2 Tracks and Vertices

Track reconstruction [10] is based on the collection of hits from the pixel and strip
trackers. The Combinatorial Track Finder (CTF) software, which is an adaptation and
extension of the Kalman filter, fits tracks from the hits. All tracks are reconstructed
after several iterations of the CTF, in an iterative tracking process. In the first iteration,
tracks are seeded and reconstructed with very tight criteria; this ensures a low fake
rate at the price of a moderate efficiency. In the next iterations, the seeding criteria are
loosened to increase the efficiency, while hits unambiguously assigned to the track
in the previous steps are removed to keep the fake rate low as a consequence of the
reduced combinatorics. A typical iteration proceeds in four steps. First, tracks are
seeded from a small number of hits, which determine the five parameters needed to
describe the helical path of charged particles in the quasi-uniform magnetic field of
the tracker. Second, the track finding step extrapolates the few hits from the seeding
stage, adding more hits layer after layer to the track candidate with a Kalman filter.
Third, track candidates are fitted with a Kalman filter to provide an estimate of
the track trajectory parameters. And finally, some quality cuts are applied to the
reconstructed tracks, in order to remove fake tracks not associated with charged
particles. The track reconstruction efficiency for single isolated muons is illustrated
in the left-hand side part of Fig.5.1.

Prompt tracks originating from the interaction region are used to reconstruct in-
teraction vertices [11]. They need to satisfy some quality criteria, based for example
on their chi-square or on the number of pixel and strip hits. Tracks that are close
enough to each other in the interaction region in the z-direction are clustered to form
a vertex. If several tracks are assembled, an adaptative vertex fit is performed to
determine the vertex characteristics, such as its exact position. The primary vertex
reconstruction efficiency distribution, close to 1, is illustrated in the right-hand side
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Fig. 5.1 Left: Track reconstruction efficiency for single isolated muons in the barrel (|| < 0.9),
transition (0.9 < |n| < 1.4) and endcap (1.4 < |n| < 2.5) regions of the tracker. The efficiency
reaches a plateau close to 1 for muons with p7 larger than about 1 GeV [10]. Right: Primary vertex
reconstruction efficiency in simulation and 7 TeV data. A plateau is reached for a number of tracks
larger than about six [11]

part of Fig. 5.1. Weights w between 0 and 1, representing the compatibility of a track
with the common vertex, are assigned to each track, and the number of degrees of
freedom of the vertex is computed as follows:

Nnucks
Naop =2 > w; — 3. (5.1)

i=I

This variable can be used to identify real proton-proton interactions, and to reduce
the vertex misidentification rate. The primary vertex is usually considered as the one
with the largest scalar sum of track transverse momenta.

5.2.3 Jets

Quark and gluon jets are built from PF objects. The anti-ky algorithm [12] is used
to cluster individual objects into jets. It proceeds by defining distances d;; between
two entities (particles, pseudojets) i and j, and distances d; g between an entity i and

the beam:
AZ
d;; = min(k;;%, ,ﬁ)ﬁ,and (5.2)

diB e ki‘zv (53)

t
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where k;; and k;; are the transverse momenta of the i and j entities respectively,
A[zj = (¢ — gbj)z + (i — nj)z, and R is a cone parameter chosen to be 0.5 in CMS in
Run-1 and 0.4 in Run-2. If the smallest distance is of d;;-type, the entities i and j are
combined into a new single entity, while if it is of d; g-type, the i entity is considered
as a jet and removed from the list of entities. The procedure continues until the entity
list is empty. Unlike other jet clustering algorithms, the anti-ky algorithm produces
jets with a conical shape, clustered around the hardest particles and with boundaries
resilient with respect to soft radiation.

The jet energies are corrected to ensure a uniform response in 77 and an absolute
calibration in pr. The objective of the calibration is that the reconstructed jet energy
matches the energy of the generated jet. The correction to the raw p7 of the jet can
be decomposed in four multiplicative terms [13]:

e An offset correction, to remove the energy due to particles not involved in the
hard-scattering process (pileup particles, detector noise);

e An MC calibration factor, which corrects the reconstructed energy to match the
generated MC particle jet energy, based on simulations;

e A residual calibration for the relative energy scale, to correct the energy response
as a function of the pseudorapidity, in order for the response to be flat with respect
to the pseudorapidity;

e A residual calibration for the absolute energy scale, to make the energy response
uniform with the transverse momentum.

B jets, originating from b quark hadronization, can be distinguished from other
jets coming from gluons, light-flavor quarks (u, d, s) and c-quark fragmentation using
track, vertex and identified lepton information. Different algorithms to tag b jets exist;
only the Combined Secondary Vertex (CSV) algorithm is described here as it is used
in the physics analyses presented in the next chapters. Because b hadrons typically
have a lifetime of ¢ ~ 450 wm, a powerful handle to discriminate between b jets
and non-b jets is the existence of a secondary vertex. A secondary vertex is defined
as a vertex sharing less than 65% of its tracks with the primary vertex and separated
radially from the primary vertex with a significance at least 30. In addition, if the
radial distance exceeds 2.5 cm and if the mass is compatible with a K° or larger than
6.5 GeV, the secondary vertex is rejected. The last condition for secondary vertices
is that the flight direction of each candidate is in a cone with AR = 0.5 around the
jet direction. When no secondary vertex is found, in about 35% of cases for real
b jets, the CSV algorithm can use so-called “pseudo-vertices”, from tracks with a
significance of the impact parameter (IP) larger than 2. If no pseudo-vertex is found,
the CSV algorithm proceeds from simple track variables. The list of variables used
to identify b jets are, when available in the event [14]:

e If the event has a secondary vertex, a pseudo-vertex or none of them;

e The flight distance significance between the primary and the secondary (or pseudo-)
vertex in the transverse plane;

e The number of tracks at the secondary or pseudo-vertex;

e The ratio of the energy carried by tracks at the vertex with respect to all tracks in
the jet;
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The pseudorapidities of the tracks at the vertex with respect to the jet axis;

The 2D IP significance of the first track that raises the invariant mass above the ¢
quark mass;

The number of tracks in the jet;

The 3D IP significances for each track in the jet.

A likelihood ratio to reject c jets and another one to reject light-parton jets are
combined to form the final CSV discriminator. The efficiency of the CSV algorithm
in data and simulations is shown in Fig.5.2; for the medium working point the
efficiency is close to 70% for a mistagging rate of about 1.5%.

5.2.4 Electrons

Electrons are reconstructed from energy deposits in the ECAL and tracks in the
tracker [16]. Special emphasis has to be given to the spread, mostly in the ¢-direction,
of the electron energy in the ECAL caused by photon radiation. Indeed, on average
33% of the electron energy is lost before reaching the ECAL at n = 0, while up to
86% can be lost when the budget material in front of the ECAL is large (e.g. at
In| = 1.4).

The clustering of the electron energy in the ECAL proceeds with different al-
gorithms in the barrel and in the endcaps, because the subdetector geometries are
different. In the barrel, the hybrid algorithm starts from the seed crystal that contains
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the largest energy deposit above 1 GeV. Strips of 5 x 1 crystals in the 77 X ¢ plane are
delimited around the seed crystal, and are merged to adjacent strips if their energy
exceeds 0.1 GeV. A supercluster is then formed from all the strip clusters that have
a seed strip with an energy of at least 0.35 GeV. In the endcaps, the multi 5 x 5
algorithm starts from a seed crystal with an energy deposit larger than 0.18 GeV. A
primary cluster of 5 x 5 crystals is built around the seed, while secondary clusters
of 5 x 5 crystals are centered around crystals that are not further than 0.3 in the
¢-direction and 0.07 in the n-direction from the seed crystal. The supercluster is
finally built from the primary cluster and all secondary clusters that have an energy
deposit larger than 1 GeV, and the energy collected in the preshower is added to it.
The position of the supercluster is computed as the energy-weighted mean of the
cluster positions, whereas its energy is simply taken as the sum of the energy of all
its constituent clusters.

Although electron tracks can be, as any charged particle track, reconstructed from
tracker information with the standard Kalman filter (KF) track reconstruction, large
energy losses caused by radiation in the tracker material hurt the reconstruction
efficiency of such a method. The electron track reconstruction in CMS proceeds in
two steps: the seeding and the tracking. The seeding stage uses two complementary
algorithms, the results of which are combined. The tracker-based seeding is based on
tracks, reconstructed with general tools for charged particles, that are matched to a
supercluster after extrapolation towards the ECAL, whereas the ECAL-based seeding
starts from a supercluster and selects electron seeds to extrapolate the trajectory
towards the collision vertex. The tracking phase is composed of the track building
and the track fitting. The energy loss of electrons in the tracker material does not
follow a Gaussian distribution, as assumed by the KF algorithm, but a Bethe—Heitler
distribution, which has a larger tail. The Gaussian Sum Filter (GSF) algorithm is used
to estimate the track parameters from a hit collection obtained with a KF algorithm, by
approximating the Bethe—Heitler distribution with a sum of Gaussian distributions.

Tracks and superclusters are matched to each other in GSF electron candidates.
ECAL-driven tracks are compatible with a supercluster if their extrapolated tracks in
the supercluster from the innermost track position is compatible with the supercluster
position within An x A¢ = 0.02 x 0.15. The compatibility of tracker-driven tracks
with superclusters is estimated with a multivariate technique that combines track and
supercluster information.

While the electron charge can be easily evaluated from the sign of the GSF track
curvature, this leads to a charge misidentification of up to 10% for electrons at
large pseudorapidity, because of bremsstrahlung followed by photon conversions. To
reduce the charge misidentification rate, two other charge estimates are computed;
the final electron charge is then the one given by at least two of the methods. The first
alternative method is based on the KF track associated to a GSF track if they share at
least one innermost hit, whereas the second one defines the charge sign as the sign of
the ¢ differences between the vector joining the beam spot to the supercluster position,
and the vector joining the beam spot and the first hit of the electron GSF tracks. The
combination of the three charge estimates reduces the charge misidentification rate
to 1.5% for reconstructed electrons from Z boson decays.
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Fig. 5.3 Electron identification performance for the MVA-based (continuous line) and cut-based
(one symbol for every working point) identification in terms of signal and background efficiencies,
in the barrel (left) and endcaps (right). The performance is computed for electrons with pr greater
than 20 GeV. The signal efficiency is measured for electrons in simulated Z — ee events, whereas
the background efficiency is measured for jets reconstructed in data. The background efficiency is
lower for the MVA-based identification relative to the cut-based identification, for a same signal
efficiency [16]

The electron momentum is evaluated from a weighted combination of the mea-
surements from track parameters — dominant for low energy candidates —, and from
supercluster parameters — dominant for high energy candidates.

Several variables may help to discriminate real electrons from hadronic jets. They
are classified into three categories: the observables that measure the agreement be-
tween ECAL and tracker measurements (such as Amn;, and Ag;,, respectively the
distances in 7 and ¢ between the supercluster and the track direction extrapolated
from the primary vertex position to the ECAL), the observables based on calorime-
ter information only (such as the ratio between hadronic and electromagnetic energy
around the seed cluster, H/FE) and the observables based on tracking measurements
(such as the compatibility between the KF- and GSF-fitted tracks). Two identifica-
tion methods exist: the cut-based electron identification directly cuts on the variables
presented before, while the MVA identification combines them in a BDT to obtain a
final discriminator on which a cut is applied. The MVA identification typically has a
better performance as shown in Fig.5.3. The thresholds on the BDT output used to
define the very loose, loose and tight MVA electron identifications are indicated in
Table 5.1; they depend on the electron transverse momentum and pseudorapidity.

The electron absolute isolation, used to reject non-prompt or misidentified leptons,
is defined as follows:

1= Z pr +max | 0, Z PT+ZPT_% z rr | 5.4
v

charged neutral charged, PU
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Table 5.1 Thresholds on the BDT output used to define the very loose, loose and tight electron
identification

Working point | Electron pr Inl < 0.8 0.8 <|n| <1479 1.479 < |n|
Very loose - 0.500 0.120 0.600
Loose pr <20 GeV 0.925 0915 0.965

pr >20GeV | 0.905 0.955 0.975
Tight pr <20 GeV 0.925 0.915 0.965

pr >20GeV  |0.925 0.975 0.985

where >, . ged PT is the scalar sum of the transverse momenta of all charged par-
ticles originating from the primary vertex and located in a cone with AR = 0.4
around the electron direction. The sums >_,,,,, and > are the equivalent for neu-
tral hadrons and photons respectively. The last term represents so-called §3 correc-
tions, which remove the contribution from pileup vertices from the neutral isolation:
neutral contributions from pileup vertices are estimated to amount to half of the
scalar py sum of charged particles from pileup vertices inside the isolation cone.'
The relative isolation of an electron is simply the ratio between its absolute isolation
and its transverse momentum.

5.2.5 Muons

Muons are reconstructed from tracks in the inner tracker (tracker tracks), and from
tracks in the muon system (standalone-muon tracks) [17]. The global muon recon-
struction associates tracker tracks to stand-alone muon tracks to form global-muon
tracks by combining with a KF filter the hits from both types of tracks. The tracker
muon reconstruction starts from tracker tracks and extrapolate them to the muon sys-
tem, where a muon segment should be found. While the global muon reconstruction
is especially efficient for muons leaving hits in several muon stations, the tracker
muon reconstruction is more efficient for low py muon candidates. The efficiency
for reconstructing a muon as global or tracker muon is as high as 99%.

Different identification working points can be used in physics analyses. To be
identified as “loose”, a muon candidate should be reconstructed as a PF muon, and
to be either a global or a tracker muon. “Medium” muons, used in Run-2 analyses,
should be loose muons, and have a segment compatibility probability between the
tracker and muon tracks larger than 0.451 or pass the following set of requirements:

e To be global muons;

e The normalized chi-square of their global tracks is less than 3;

e’ of the compatibility between the position of the standalone and trackers tracks
less than 12;

I'The ratio of neutral to charged isolation from pileup vertices is estimated from MC simulations.
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Fig. 5.4 Efficiency of the tight muon identification in 2010 data (black) and simulation (red), in
the barrel (left) and endcaps (right) [17]

e x? from the kink finder on the inner track less than 20 (used to remove muons
from decays in flight);

e Segment compatibility probability between the tracker and muon tracks larger than
0.303.

Finally, tight muons are global and PF muons that satisfy the following requirements:

e x2/number of degrees of freedom of the global muon track fit, using tracker and
muon chamber hits, less than 10;

Muon segments present in at least two muon stations;

Transverse impact parameter dy, of the tracker track with respect to the primary
vertex less than 2 mm;

Longitudinal distance d, of the tracker track with respect to the primary vertex
less than 5 mm;

Non zero number of pixel hits;

At least five tracking layers with hits.

The efficiency of the tight muon identification is shown in Fig.5.4. In practice, the
choice of the identification working point depends on the analysis.

The absolute and relative § 3-corrected isolations for muons are computed exactly
as for electrons in equation (5.4).

5.2.6 Taus

Muons and electrons originating from tau decays are reconstructed with the stan-
dard tools for electron and muon reconstruction described in Sects.5.2.4 and 5.2.5
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respectively. In about two thirds of cases, taus decay hadronically; they are in this
case reconstructed with the Hadrons plus Strips (HPS) algorithm [18, 19]. The HPS
algorithm builds taus from tracks, and energy deposits in ECAL strips. The main
handles to discriminate hadronically decaying taus from quark and gluon jets are the
track multiplicity — taus have only one or three tracks —, and the isolation — taus are
on average more collimated and isolated than quark and gluon jets. The efficiency in
identifying hadronically decaying taus is typically between 45 and 70%, for misiden-
tification rates of a jet as a tau of the order of 1%. The HPS algorithm is described
in more details in Chap. 6.

5.2.7 Transverse Missing Energy

Neutrinos and other hypothetical neutral weakly interacting particles cannot be de-
tected by CMS. However, some information about their presence can be gathered
from the detection of a momentum imbalance in the transverse plan to the beam axis.

The missing transverse energy is noted £7, while its magnitude is referred to as E7.

The E7 measurement [20] strongly relies on the reconstruction of all other physics
objects, and is sensitive to a wide range of effects: mismeasurement or misidentifi-
cation of physics objects, detector noise or malfunctions, pileup interactions, ...
The most widely used type of £7 in CMS is the particle-flow (PF) £7, which is
the negative vectorial sum over the transverse momenta of all PF particles. A bias in
the Z 7 measurement can be introduced for several reasons, such as the nonlinearity
of the response of the calorimeter for hadronic particles, or the minimum energy
thresholds in the calorimeters. This bias is found to be greatly reduced by correcting
the pr of jets with an electromagnetic energy fraction less than 0.9 and a corrected
pr greater than 10 GeV, to the particle-level pr. In addition, another bias comes

from the pileup interactions. This can be corrected by subtracting from the E7 a
certain fraction f(v) of v, the vectorial py sum of charged particles associated to

each pileup vertex:
E =Er =3 f@)i. (5:5)
PU

Finally, an asymmetry in the ¢ variable is observed for data and simulated events,

and is found to be related to the number of reconstructed vertices N,;,. The E7
projection in the x- and y-directions are independently corrected by some functions
of Nyx.

Another type of £7, used in the physics results presented in the next chapters, is
based on an MVA method. Itis designed to reduce the influence of pileup interactions,
which do not have significant £7 but degrade the E7 measurement resolution by
3.3-3.6 GeV on average for each single pileup vertex. The MVA E’ relies on the
identification of jets originating from pileup interactions with a MVA discriminator
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pr(l)

Uy — _qrl2)
pr(t)

Fig. 5.5 Schematic view of the Z boson transverse momentum ¢, the hadronic recoil 7 with its
parallel and perpendicular projections along g7, and the £7 [20]

that takes as input jet shape variables and vertex information. In Z boson decay
events, the transverse energy can be decomposed in three components, as illustrated
in Fig. 5.5: a well-measured momentum scale g7 = pr(I*) + p7(I7), an error-prone
hadronic recoil u7, which is the vectorial sum of all reconstructed PF particles except
the leptons originating from the Z boson decay, and the missing transverse energy

/E/T: . R
gr +ir + Er =0. (5.6)

The hadronic recoil can be decomposed in two components parallel or perpendicular
to gr direction: iy = i) + i). The MVA E7 is computed as a correction to the
hadronic recoil 7. A first BDT is trained to correct the direction of 17 to correspond
to the generated direction in simulated Z+jets events, while a second BDT estimates
the magnitude after direction corrections. The corrected hadronic recoil is added to

gr to give the negative MVA E/ 7. In comparison with the PF E T, the MVA E T
resolution is much less sensitive to the number of interaction vertices, as shown in
Fig.5.6, which may lead to an improvement of the sensitivity of physics analyses
such as H — 77 by as much as 20%.

Artificially large E7 can be measured because of spurious detector signals.
Sources of fake E7 are:

Dead cells in the ECAL;

Beam-halo particles;

Particles striking sensors in the ECAL barrel detector;

Noise from HCAL hybrid photodiode and readout box electronics;

Direct particle interactions with light guides and photomultipliers tubes in the
forward calorimeter;

e High-amplitude anomalous pulses in the ECAL endcaps;

o A misfire of the HCAL laser calibration system;

e A defective track reconstruction, from coherent noise in the silicon strip tracker.

Dedicated algorithms are used to identify and remove these events with fake £7.
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5.6 Hadronic recoil resolution as a function of the number of interaction vertices, in the

perpendicular (left) and parallel (right) dlrectlons to the transverse momentum of the Z boson, in
Z — up events for the PF ,E' T, the MVA Z T, and two other Z T types not described in the text:
no-PU PF /E 7 and MVA unity PF_E7 [20]

5.3 Chapter Summary

This chapter describes how events are generated and simulated, and how the physics
objects (electrons, muons, taus, jets, £7) used in the analyses presented in the next
chapters, are reconstructed and identified.
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Chapter 6
Tau Lepton Reconstruction and Identification

Tau leptons play an important role in physics analyses in the scalar sector. In the
SM, H — 77 is the most sensitive fermionic decay channel of the scalar boson,
and provides the most precise test of its Yukawa couplings. Additionally, in some
models with an extended scalar sector, such as the MSSM, the couplings of high mass
scalars to tau leptons can be enhanced for some choices of the model parameters.
Experimentally, identifying and reconstructing tau leptons is however challenging, as
they are, unlike other leptons, heavy enough to decay hadronically. Table 6.1 shows
the tau decay modes and their corresponding branching fractions. In about one third
of cases, tau leptons decay leptonically, to an electron, an electronic neutrino and a
tauic neutrino, or to a muon, a muonic neutrino and a tauic neutrino. The other decay
modes are hadronic, with, in the dominant modes, one or three charged hadrons
(pions or kaons), zero to two m° and one tauic neutrino. Some decay modes involve
intermediary resonances, such as p(770) and a;(1260). Taus decaying hadronically
will be denoted by 7,. Leptonically decaying taus are identified through standard
electron and muon identification algorithms, while hadronic taus are reconstructed
in CMS with the Hadrons Plus Strips (HPS) algorithm. The next sections present the
HPS algorithm, as well as the measurement of its performance with data collected
in Run-1 and Run-2.

6.1 HPS Algorithm Description

The HPS algorithm [2, 3] is designed to identify hadronically decaying taus. The
main challenge lies in the similarity between hadronic taus and jets from QCD
multijet processes, which have a production cross section five orders of magnitude
larger than the Drell-Yan process at the LHC. The first step of the HPS algorithm is
the reconstruction, where it is checked that the tau candidate topology is compatible

© Springer International Publishing AG 2018 85
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Table 6.1 Tau decay modes, their approximate branching fractions, and the eventual intermediary
resonances. The symbol % stands for kaons or pions. Charge conjugation is implied [1]

Decay mode Resonance B [%]
TT = e Uelr 17.8
T = W Uulr 17.4
T~ > hTu, 11.5
7~ = h~ Oy, p(770) 26.0
7= = h~ 7%, a1(260) 10.9
T > h hTh v, a1 (260) 9.8
7 = hmhth ™70, 438
Other hadronic modes 1.8

with one of the hadronic tau decay modes. The next step, the identification, rejects
quark or gluon jets, electrons, or muons that might have been wrongly identified as
hadronic taus.

6.1.1 Reconstruction

Tau candidates are reconstructed from a combination of tracks identifying charged
hadrons 4%, and ECAL energy deposits identifying 7°. The charged tracks are
required to have a p7 greater than 0.5 GeV and to be compatible with the hypothetical
production vertex of the 7;, candidate (|d;| < 0.4 and d,, < 0.03 cm with respect to
the vertex closest to the leading charged particle within the jet). The dimensions of
the ECAL strips in the 7 x ¢ plan are 0.05 x 0.20; the widening in the ¢ direction
accounts for the bending in the magnetic field of the electrons/positrons produced by
the conversion of photons from 7° — ~ decays. The electrons and photons used to
build the ECAL strips are required to have transverse momenta greater than 0.5 GeV,
and the total transverse momentum of a strip needs to be larger than 2.5 GeV to be
considered in the HPS algorithm. Hadronic taus are reconstructed in one of these
four topologies:

e Three prongs - 1~ h*h~: Three charged tracks, compatible with originating from
the same event vertex, are required. The charges of the three tracks should not be
all identical, and their invariant mass should lie between 0.8 and 1.5GeV. This
topology aims at reconstructing both 7= — h~h+th~v. and 7~ — h=hTh v,
decays. In the latter case however, the algorithm efficiency is low because the
neutral pion energy is considered as part of the isolation, which often leads the tau
candidate to fail the second step of the HPS algorithm (see Sect. 6.1.2).

e One prong plus two strips - 2~ 7°7%: The mass of the tau candidate formed by
the track and the strips should satisfy: 0.4 < m, < 1.2/ p7(GeV)/100GeV. The
pr dependence in the upper limit accounts for resolution effects. If the transverse
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momentum is less than 100 GeV or greater than 1111 GeV, the upper limit is fixed
to 1.2 or 4.0GeV respectively.

e One prong plus one strip - 7~ 7°: The tau candidate built from the track and the
ECAL strip should have a mass such that 0.3 < m, < 1.33/p7(GeV)/100GeV.
If the transverse momentum is less than 100 GeV or greater than 1044 GeV, the
upper limit is fixed to 1.3 or 4.2GeV respectively.

e One prong - 72~ : The reconstructed visible tau mass, m is set to the mass of a
charged pion.

All charged hadrons and ECAL strips are required to lie within a signal cone with
AR =3.0/pr(GeV) around the momentum vector of the tau candidate.! This so-
called “shrinking cone algorithm” takes into account the fact that the decay products
of taus with higher pr are more collimated. If a tau candidate can be reconstructed in
more than one topology and pass all selection criteria described above, the topology
that gives the highest pr for the tau candidate is kept. Hadronic taus that are recon-
structed as described above are said to pass the decay mode finding discriminator.

6.1.2 Identification

Jet rejection - Isolation

Genuine hadronically decaying taus are typically more collimated and isolated than
quark and gluon jets that have passed the reconstruction step; this is the main handle
to differentiate these physics objects. Two types of isolations have been designed:
cut-based and MVA-based.

The cut-based isolation is measured as the scalar sum of the transverse momenta
of charged particles with pr > 0.5GeV and photons with Er > 0.5GeV within a
cone centered around the tau candidate and with a radius AR = 0.5. The charged
particles are further required to be compatible with originating from the tau candidate
production vertex (|d;| < 0.2 cm along the beamline, d;, < 0.03 cmin the transverse
plan), in order to reduce the contribution from pileup jets. So-called A3 corrections
are applied to remove the contribution of pileup from the photon isolation; they are
computed as the scalar sum of the transverse momenta of charged particles in a cone
with AR < 0.8 around the tau candidate and with a distance larger than 0.2cm in
the beamline direction from the tau candidate production vertex, and are scaled by
a factor 0.46 to make the tau identification efficiency independent from pileup. The
tau candidate isolation, /., reads:

L="> pd9d(d.] < 0.2 cm) + max(p) — AB,0), (6.1)

with A corrections computed as follows:

I'The lowest and highest AR considered are 0.05 and 0.10.
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AB=046x > pr9d(|d.] > 0.2 cm). 6.2)

The loose, medium and tight isolation working points correspond respectively to I,
less than 0.8, 1.0 and 2.0 GeV.

The MVA-based discriminator, in addition to isolation criteria, also takes benefit
from the fact that taus have a non negligible lifetime compared to the secondary
vertex resolution in the CMS detector: ¢ = 87 um. A BDT discriminator is built
to distinguish genuine hadronic taus from quark and gluon jets. The input variables,
illustrated in Fig.6.1, are:

The charged particle energy in the isolation cone p§' "%’

The neutral particle energy p;. in the isolation cone;

The reconstructed tau decay mode (h~, h~ 7%, h~ 7% or h=hth™);

The transverse impact parameter d of the leading track of the tau candidate and
its significance dy/04,;

The distance between the tau production and the tau decay vertices, |Fsy — Fpy|,
and its significance, in the case of three-prong tau candidates;

A boolean indicating if a tau decay vertex has been reconstructed;

The tau candidate pseudorapidity;

The tau candidate transverse momentum;

The AS corrections.

The BDT is trained on MC samples: signal events come from Z — 77, Z — 77
and W — 7v; and the background events from W+jets and QCD multijet simula-
tions. The Z’ and W’ samples in addition to the SM Drell-Yan process permit to cover
alarge pr range for the tau candidate, between 20 and 2000 GeV. The BDT output is
shown in Fig. 6.2, and illustrates that a good discrimination between hadronic taus,
and quark and gluon jets can be achieved. Different working points are defined based
on the BDT output.

Muon rejection

Muons have a high probability to be misidentified as hadronic taus in the 2~ decay
mode. A cut-based and an MVA-based discriminators are designed to separate muons
from hadronic taus. Two cut-based working points are defined:

e Loose: The tau candidate does not pass this working point if the ECAL and HCAL
energy deposits associated to its leading track is less than 0.2 times the momentum
of this track, or if there are track segments in more than one muon station within
a cone with AR = (.5 around the tau direction;

e Tight: The tau candidate does not pass this working point if it fails the loose
working point, or if hits within a cone with AR = 0.5 around the tau direction are
found in the CSC, DT or RPC chambers of the two outermost muon stations.

Meanwhile, the BDT takes as input the following variables:

e ECAL and HCAL energy deposits of the leading charged particle of the tau can-
didate;
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Fig. 6.1 Input variables distributions, normalized to unity, for the MVA-based isolation discrimi-
nator for simulated Z/v* — 77 (blue) with real hadronic taus and W-jets (red) events with jets.
In the 7 decay mode plot the entry O represents the decay mode “one prong”, 1 and 2 represent the
decay modes “one prong plus one strip” and “one prong plus two strips” respectively and the entry
10 represents the “three prongs” decay mode [3]

e ECAL and HCAL energy deposits of any charged particle or photon of the tau

candidate;

the tau direction;

The fraction of the tau energy carried by the leading charged particle;
The number of track segments in the muon system in a cone with AR = 0.5 around

e The number of muon stations in the DT, CSC or RPC, that have a least one hit
detected within a cone with AR = (.5 around the tau direction;

The pseudorapidity of the tau candidate.
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Fig. 6.2 BDT output of the CMS Simulation
MVA-based isolation 1
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The BDT is trained on Z/v* — 77, Z/v* — pp, Z' — ppu, W — 7v, W — puv,
tt, H—> 17,2 — 77, W — 7rvand W' — pv events.

Electron rejection

Electrons also have a high probability to be misidentified as hadronic taus in the 7~
decay mode, or in the 4~ 7 if they radiate a bremsstrahlung photon that converts. A
BDT is trained to discriminate between electrons and hadronic taus, with Z /vy* —
T, 2y —>ee,Z - ee, W —>T1v,W —>ev,tt, H—> 11,2 — 177, W — TI
and W' — ev event samples. It takes as input the following variables:

e The electromagnetic energy fraction E/(E + H), defined as the ratio of the energy
deposits associated to the tau candidate in the ECAL, and ECAL plus HCAL
together;

e E/Pand H/P,where E and H are respectively the energy in the ECAL and HCAL
of the leading track of the tau candidate, and P is the transverse momentum of
this track;

e E7/E., the fraction of the tau candidate energy carried by photons;

e Fyom = (Piy — Poyt)/ Pin, where P;y, and P,,, are the GSF track momentum mea-
sured by the curvature of the track at the innermost and outermost position;

® > E./(Piy — P,u),theratio between the bremsstrahlung photon energy measured
in the ECAL and in the tracker;

o (NGSE — NEEY/(NGSE + NEF), where NZ3F is the number of hits in silicon
pixel plus strip tracking detector associated to the track reconstructed by the GSF
algorithm, and NI is its equivalent for the Kalman filter algorithm;

e The mass of the tau candidate;

e x*/ndof of the GSF track;

e The pseudorapidity and the transverse momentum of the tau candidate;
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e The transverse momentum, its significance and the pseudorapidity of the GSF
track;

e The distances in the 77 and ¢ directions between the GSF track and the nearest
boundary between ECAL modules.

These variables characterize the compactness and the shape of energy deposits in
the ECAL, the particle multiplicity, and the level of bremsstrahlung emitted. Any
tau candidate in the non-instrumented region between the ECAL barrel and endcaps
(1.446 < |n| < 1.558) does not pass the electron rejection.

6.2 HPS Algorithm Performance in Run-1

The expected performance of the HPS algorithm is measured in MC samples, as
described in Sect.6.2.1. The results of the performance measurements with data
collected in 2012 with the CMS detector are presented in the following sections.

6.2.1 Expected Performance

The expected performance of the HPS algorithm in terms of efficiency and misiden-
tification rates, averaged over the py and 7 of taus, is detailed in Table6.2. The
isolation efficiency depends on the working point, and is typically of the order of
50%, for j — 7, misidentification rates at the percent or permille level, as shown
in Fig. 6.3. The efficiency for taus to pass the discrimination against electrons varies
between 60 and 95% depending on the working point, and the corresponding e — 7
misidentification rates range from about 3 x 10™* to 2 x 1072, Finally an efficiency
of almost 100% is obtained for taus to pass the discrimination against muons, while
the ;© — 7, misidentification rates are below the permille level. The working points
to be used in the physics analyses are a case-by-case choice that depends on the
expected level of backgrounds. In about 90% of cases, taus are reconstructed in their
true decay mode, with no dependence on the number of reconstructed vertices.

6.2.2 Tau Identification Efficiency in Data

Measuring the tau identification efficiency in data is necessary for all physics analyses
that study final states with taus, as scale factors have to be applied to simulations to
correct for potential differences between data and MC simulations. In addition, the
uncertainty on the scale factor has to be considered as a nuisance parameter when
extracting the results.

The tau identification efficiency is measured in Z/y* — 7,7, and in tt — bbpuy,
events. Even though the Z/v* — 7,7, process has a larger cross section than
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Table 6.2 Expected efficiencies and misidentification rates of various tau identification discrimi-
nators, measured in 8 TeV MC simulations

Tau isolation discriminators

Efficiency Jet — 7, misidentification rate
Z/v*— 1T Z'(2.5 TeV) Wjets QCD multijet
— TT
Cut-based
Loose 49.0% 58.9% 9.09-1073 3.86-1073
Medium 40.8% 50.8% 5.13-1073 2.06-1073
Tight 38.1% 48.1% 4.38.1073 1.75-1073
MVA-based
Very loose 55.9% 71.2% 1.29-1072 6.21-1073
Loose 50.7% 64.3% 7.38-1073 3.21-1073
Medium 39.6% 50.7% 3.32-1073 1.30-1073
Tight 27.3% 36.4% 1.56-1073 4.43.1074
Discriminator against electrons
Efficiency e — T, misidentification rate
Z/v* — 1T Z'(2.5 TeV) Z — ee
—> TT
Very loose 94.3% 89.6% 2381072
Loose 90.6% 81.5% 4.43.1073
Medium 84.8% 73.2% 1.38-1073
Tight 78.3% 65.1% 6.21-1074
Very tight 72.1% 60.0% 3.54.107*
Discriminators against muons
Efficiency {1 — 75, misidentification rate
Z/v*— 17 Z'(2.5 TeV) Z =
> TT
Cut-based
Loose 99.3% 96.4% 1.77-1073
Tight 99.1% 95.0% 7741074
MVA-based
Loose 99.5% 99.4% 5.20-107*
Medium 99.0% 98.8% 3.67-10~*
Tight 98.0% 97.7% 3.18-107*
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tt — bbuTy, and less backgrounds contributing to the final state, allowing for a more
precise result, the measurement in 7 — bbuty, events is strongly motivated. First,
hadronic taus in 77 events have typically larger transverse momenta than hadronic
taus originating from the Drell-Yan process, as illustrated in Fig. 6.4, which makes
the measurement in ¢7 events sensitive to larger tau transverse momenta. Second, the
jet activity, which may spoil the tau isolation, is larger in ¢¢ than in Drell-Yan events;
both measurements thus probe different topologies. Finally, the measurement in ¢7
events is a precious cross-check of the measurement in Z/+* — 7,7, events. This is
particularly interesting because the tau identification measurements are mainly used
in H — 77 analyses, which have a selection close to the one used to measure the
efficiency in Z/v* — 7,7, events. Both measurements are performed with a “tag
and probe” method [5], where the “tag” is the muon and the “probe” the hadronic
tau.

Measurement in Z/v* — 7,7, events

The events are triggered with the lowest unprescaled single muon trigger, which
requires a muon with py > 24 GeV at HLT, so that the tau candidate is not affected
by any trigger requirement.” Loose tau candidates, which constitute the probes in
the measurement, are preselected with the following criteria:

e Transverse momentum of the jet associated to the tau candidate larger than 20 GeV;
e Absolute value of the pseudorapidity of the jet associated to the tau candidate less
than 2.3;

2 A precise list of the trigger paths, MC samples and collected datasets, used in this chapter can be
found in Appendix A.
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Fig. 6.4 Distribution of the transverse momentum of 7;, candidates in Z/v* — 77 and ¢7 (right)
events in data and in simulations. The Z/~* — ££ and tf events in which either the reconstructed
muon or the reconstructed 75, candidate is misidentified, are denoted in the MC simulation by “DY
others” and “tt others”, respectively [3]

e Passing the tight working point of the cut-based muon rejection discriminator;

e Passing the loose working point of the MVA-based electron rejection discrimina-
tor;

e At least one track with transverse momentum larger than 5 GeV.

Muons, which constitute the tags in the measurement, are selected with a transverse
momentum larger than 25 GeV, an absolute value of the pseudorapidity less than 2.1,
passing the tight working point of the PF muon identification and with a relative
03 isolation less than 0.1. The muon and the tau candidate are required to have an
opposite electric charge and to be separated by at least AR = 0.5.

The ¢t background is reduced by vetoing events that have a jet with py > 20GeV
and |n| < 2.4 that passes the medium CSV working point. Additionally, the events
that have an identified and isolated electron and muon on top of the tag are discarded
to reduce the contribution from other Z /v* — £ events or from diboson production.

In order to reduce the contribution from the W+jets background, with one jet
misidentified as a hadronic tau, a selection criterion on the transverse mass between
the muon and the £7 is applied:

M Er) = 204E (1 — cos Ag) < 30 GeV, 6.3)

where A¢ is the difference in azimuthal angle between the muon momentum and
_Er. The motivation of such a cut lies in the fact that, in W +jets, the lepton and the
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Fig. 6.5 Typical normalized distributions in the p7, final state of the my (1, £7) (left) and P¢
(right) variables, for the W+jets, Drell-Yan and ¢7 processes

neutrino typically fly in opposite directions, which gives rise to large mz (1, E7)
values. Typical distributions of the my variable in the p7y, final state are illustrated
for the W+jets, Drell-Yan and #7 processes in Fig. 6.5 (left).

In addition, another variable, P, is introduced to take benefit from the fact that
in Z/v* — 771 events, the missing energy from the tau decay neutrinos typically
forms a small angle with the visible tau decay products. P; is defined as a linear
combination of the quantities Pg” and PCU” [6]:

-

P = (pf + pf +ET).|%, ©.4)
is iy r E

P = (py + pr).|—<|, (6.5)

P = P —0.85P". (6.6)

The axis E is the bisector of the momenta in the transverse plane of the visible decay
products of the two taus; this is illustrated in Fig.6.6. The factor 0.85 has been
optimized in the context of the CMS MSSM ® — 77 analysis (see Chap. 13), and is
checked to perform well in this case too. The variable P is required to be larger than
—15GeV in this measurement. Typical distributions of the P, variable in the 47, final
state are illustrated for the W+jets, Drell-Yan and ¢7 processes in Fig.6.5 (right).
The selection thresholds on the variables m7 (i, E 7) and P; are determined in such
a way as to maximize the Z — 77 significance in events where the tau candidates
passes the tau isolation criteria.
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Fig. 6.6 Schematic representation of the quantities used to compute P¢

The signal, consisting of Z/v* — 77 events with a tau decaying to a muon and
a muonic neutrino, and a hadronic tau matched at generated level, is estimated from
MC simulations. Other Drell-Yan events, corresponding to other Z or tau decay
modes, or to Z/v* — 7,7, where the reconstructed hadronic tau does not match the
generated hadronic tau, are taken from MC simulations too and are considered as
background events. The contribution from the ¢f production is limited by to the b-jet
veto; its contribution is also estimated from MC simulations, and it is scaled to the
most precise cross section measurement at CMS [7].

The most important backgrounds, W+jets and QCD multijet processes, are fully or
partially estimated with data-driven methods. The shape of the W--jets background
is estimated from MC simulations. To increase the number of W+jets events from
MC samples passing the full selection, a so-called “stitching” method is applied.
Five MC samples are generated with different numbers of jets: inclusive, W+1 jet,
W+2 jets, W+3 jets and W+ 4jets. The cross sections of these samples are known,
but the weight to apply to the selected events depends on the number of generated
events, which, except for events with no generated jet, depends on two MC samples
(the inclusive and one of the exclusive samples). The weight to apply to events with n
generated jets (0 < n < 5) is computed as follows. The number of generated events
Ngen With a number of jets n is:

: g
__ incl _“n excl,n
Ngen = n.(]en incl +ngen ) (67)
inc

where n’g’;ff is the number of generated events in the inclusive samples, ng)e‘fll'" is the
number of generated events in the exclusive sample with n jets, 0;, is the inclusive
cross section of WH-jets events and o, , is the exclusive production cross section
of W+n jets events. Therefore, events with n jets in the inclusive and in the exclusive

samples should be weighted by a weight w,, computed as follows:

, -1
o, nmcl nexcl,n

gen gen
wn = —_— = E— + _— . (6.8)
Ngen Oincl Oexcl,n
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While the shape of the W+jets background is taken from MC simulations with the
stitching technique, its normalization is estimated from a control region in data
enriched in W+jets events. The region enriched in W+jets events is defined in the
same way as the signal region, except that the transverse mass between the muon and
E'r is required to be larger than 70 GeV. The small contribution from other processes
is subtracted from data to obtain the W+jets normalization in this control region.
The yield in the signal region is extrapolated from this value with a scale factor
measurgd in MC simulation as the ratio between the numger of events satisfying

mr (i, E7) < 30GeV to the number of events with mz (i, E7) > 70GeV.

The QCD multijet background is fully estimated with data-driven methods. Its
shape is taken from a region in data where the selection is the same as in the signal
region, except that the muon relative isolation is required to be greater than 0.3.
This region is highly dominated by QCD multijet events, and the small contribution
from other processes is estimated from MC simulations and subtracted from the data.
Meanwhile, the normalization comes from a region similar as the signal region except
that the muon and tau candidates are required to carry the same electric charge (so-
called “SS” region). In this region, the Z/v* — 1,7, signal is strongly suppressed,
and the main contributions come from QCD multijet and W+jets processes. The
contributions from the processes other than QCD are estimated from MC simulations
and subtracted from the observed data. The normalization obtained in such a way
is multiplied by 1.06 to reflect the yield difference between regions where the tau
and muon candidates do or do not carry a same electric charge. This scale factor,
which reflects a charge asymmetry mostly due to gluon splitting and low mass QCD
resonances, is measured as the ratio between opposite-sign and same-sign events in
a region where the muon and the tau have inverted isolations.

The events selected as described here above are divided into two categories, “pass”
and “fail”, depending on whether the loosely selected tau passes or fails the work-
ing point of the isolation under study. The pass category has a high Z/v* — 771
purity, while large background contributions from W+jets and QCD multijet, with jets
misidentified as hadronic taus, enter the fail category. The efficiency e for hadronic
taus to pass the isolation under study is defined as:

Ny
€= 20 Nf;w, : (6.9)
Z/’y*—)'r'r_’_ Z/v*—>TT

The numbers of signal events in the pass and in the fail regions are determined from
a maximum likelihood fit of the predicted processes to the observed data.

The simultaneous fit in the pass and fail categories is performed for two different
observables. The most obvious choice of fit variable is the invariant mass between
the muon and the hadronic tau. This variable is computed from the visible decay
products of both taus, and is therefore denoted m,;,. For signal events — Z /~v* — 77
with a muon from a tau decay and a hadronic tau matched at generated level —, the
m,;s distribution peaks around 70 GeV and has a shape distinguishable from other
processes, the distributions of which are flatter and extend to higher m,;; values.
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The other observable chosen to perform the simultaneous fit is Nyyqcks, Which is
defined as the multiplicity of tracks within a cone of size AR = 0.5, centered on
the tau candidate direction. Genuine hadronic taus typically have a smaller track
multiplicity than quark or gluon jets, which makes of N,.,s a powerful variable to
discriminate the signal from backgrounds with jets misidentified as hadronic taus.
The reason to measure the tau identification efficiency with two observables is two-
fold. First, as the results from both measurements are expected to be compatible with
each other, this constitutes a useful cross-check of the fit technique. Second, because
it does not depend on the tau transverse momentum, N5 can be used to perform
a measurement of the tau identification efficiency in given ranges of hadronic tau
transverse momentum.

The parameter of interest (POI) in the fit is the data-to-MC scale factor for the tau
identification efficiency. The signal yield in the pass region is directly proportional to
the POI, while the signal yield in the fail region is related to the POl in a more complex
way. Indeed the total number of signal events in both regions remains constant, but
migrations can happen between the regions. If one considers a constant total number
of signal events c, and a data-to-MC scale factor x, the multiplicative factor to the
signal yield in the fail region, y, is obtained as follows:

NG N = (6.10)

X X NPy x Ny =c, 6.11)
thus: pass
c—x XNy,

y= Fail frer, (6.12)
Nzjyeoser

A closure test has been performed by running the maximum likelihood fit with
pseudo-data equal to the sum of the expected processes, where the Z/v* — 7,7
is scaled with different values of the tau identification scale factor. The procedure
returns the input scale factor without any bias.

Nuisance parameters, affecting the shape and the normalization of the different
processes, are considered in the simultaneous fit. The luminosity uncertainty, amount-
ing to 2.6% in 2012 [8], is taken into account for processes with yields estimated
from MC simulations. Drell-Yan events are attributed a 3% uncertainty related to
their cross section, and the normalization of the ¢f process is known with an uncer-
tainty of 15%. To obtain the uncertainty on the W-jets normalization, the yield in
the high-m region is recomputed when subtracting processes for which the missing
transverse energy has been modified within its uncertainties. The maximum yield
variation amounts to 3% and is taken as a nuisance parameter on the W+-jets back-
ground. The uncertainty on the tau energy scale amounts to 3%; as it affects the
shapes of the distributions — mostly when the observable is m,;;—, alternative distri-
butions are provided to the maximum likelihood fit for variations of the tau energy
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scale by +3%. Bin-by-bin uncertainties take into account the statistical uncertainty
related to the limited number of events in every bin of every distribution.

In the case of the fit with N, as observable, two additional shape uncertainties
are taken into account. First, the track reconstruction efficiency is known with a
3.9% uncertainty [9]. Second, the uncertainty on the multiplicity of charged hadrons
produced in the hadronization of quark and gluon jets is known with 10% precision.
Therefore, additional shape templates are provided to the fit, and correspond to the
variations by 3.9 or 10% of the Ny, distribution means for hadronically decaying
taus and j — 7, fakes respectively. In practice, the downward variations are created
by removing tracks from tau candidates with a probability of 3.9 or 10%, and the
upward variations by adding a track with a probability of 3.9 or 10% for every
single track of the tau candidate. The set of systematic uncertainties is summarized
in Table 6.3.

The m,; distributions after the maximum likelihood fit are shown in Fig. 6.7 for
the loose working point of the cut-based and MVA-based discriminators, while the
corresponding N;,,.xs distributions are shown in Fig. 6.8. A good agreement between
expected processes and observed data is observed in both the pass and fail regions.
The tau identification efficiency scale factors extracted from the fits are presented
in Table 6.4: they are generally compatible with 1.0, with a 5% uncertainty. A 3.9%

Table 6.3 Parameter of interest and systematic uncertainties taken into account in the simultaneous
fit to determine the tau identification efficiency in Z/v* — 77 events. The uncertainties may be
fully correlated (f), anticorrelated (a) or uncorrelated (u) between the pass and fail regions

Signal: Z — 77 | Other DY tr W+jets QCD
multijet

Tau ID efficiency| (a) — — — —
(POI)
Luminosity 2.6% (f) 2.6% (f) 2.6% (f) — -
Muon ID effi- 2% (f) 2% (f) 2% (f) - -
ciency
Drell-Yan cross| 3% (f) 3% (f) — — —
section
tf cross section — - 15% () _ _
W+jets normal-| — - — 3% (u) —
ization
Tau energy scale | Shape (f) Shape (f) Shape (f) Shape (f) Shape (f)
j — 7, misidenti- — Shape (a) Shape (a) - —
fication
QCD multijet esti- — — — — Shape (u)
mation
Hadronization - Shape (f) Shape (f) Shape (f) Shape (f)
Tracking Shape (f) Shape (f) Shape (f) Shape (f) —
Bin-by-bin Shape (u) Shape (u) Shape (u) Shape (u) Shape (u)
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Fig. 6.7 Distributions of the visible invariant mass between the muon and the tau candidates, in
the pass (left) and fail (right) regions, for the loose working point of the cut-based (top) and MVA-
based (bottom) isolation discriminators. The various processes are shown after the simultaneous
maximum likelihood fit [3]

uncertainty has been added in quadrature to the uncertainty returned by the fit to
account for the uncertainty to pass the loose tau preselection criteria, and especially
the requirement that all tau candidates have a track with py > 5GeV. The results
obtained with the two observables are also compatible with each other.
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after the simultaneous maximum likelihood fit [3]
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Table 6.4 Data-to-simulation scale factors for the efficiency for hadronic tau decays to pass dif-
ferent tau identification discriminators, measured in Z/~* — 77 events. The columns labeled
data/simulation give the ratio of efficiencies measured in data relative to the MC expectation,
separately for the two cases that the observable N;,,cxs respectively my;s is used in the template
fit. The efficiency to pass the tau decay mode reconstruction and to satisfy the pr >20GeV and
|n] < 2.3 cuts are included in the data/simulation ratios given in the table

Data/Simulation
Niracks Myjs
Cut-based
Loose 0.963 £+ 0.051 1.006 £ 0.044
Medium 0.982 4+ 0.048 0.984 + 0.044
Tight 0.997 £ 0.052 0.982 +0.044
MVA-based
Very loose 0.940 £ 0.086 1.034 + 0.044
Loose 1.026 £+ 0.054 1.017 £ 0.044
Medium 0.992 £+ 0.057 1.014 £ 0.044
Tight 0.975 £ 0.052 1.015 £+ 0.045

The efficiency can also be measured in different |n| and pr ranges, or for a different
number of reconstructed vertices. This is important because some differences in
the performance of the algorithm could arise respectively from different detector
geometries (the efficiency is less when there is a large budget material for taus
to cross), different tau decay product shapes (harder taus are more collimated) or
different number of pileup vertices (pileup vertices contribute to spoiling the tau
isolation). The maximum likelihood fits are performed with N;.,s as observable
because this variable is not directly impacted by the choice of ||, pr or the number
of vertices. The results are shown in Figs.6.9, 6.10 and 6.11. All scale factors are
seen to be compatible with 1.0 within the uncertainties.

Measurement in {7 — bbu7, events

As stated previously, the measurement in tf — bbyuT;, events permits to probe taus
with higher transverse momentum, and in a topology with higher jet activity. The
events are selected in the fully leptonic decay of top quarks, with one prompt muon
and one tau decaying hadronically. The main backgrounds are other 77 decays (fully
hadronic decays, semi-leptonic decays, or fully-leptonic decays where the recon-
structed objects are not matched to a muon and a hadronically decaying tau at gen-
erated level), W-+jets and QCD multijet events.

The events are again required to pass the lowest unprescaled single muon trigger,
and amuon with py > 25GeV and || < 2.1 is selected. The muon is further required
to pass the tight PF identification and to have a relative isolation less than 0.1. The
hadronic tau candidate is selected with py > 20GeV, |n| < 2.3, and an opposite sign
charge compared to the muon. The muon and the tau candidate should be separated by
atleast AR = 0.5. The events are required to have at least two jets with pr > 30 GeV
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Fig. 6.9 Efficiency in data (plain symbols) and MC simulations (open symbols) for the tau identi-
fication as a function of the visible pr of the tau candidate, for the cut-based (left) and MVA-based
(right) discriminators [3]
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Fig. 6.11 Efficiency in data (plain symbols) and MC simulations (open symbols) for the tau identi-
fication as a function of the number of reconstructed vertices, for the cut-based (left) and MVA-based
(right) discriminators [3]

and |n| < 2.5, and separated from the muon and the tau candidate by at least AR =
0.5. Atleast one of these should pass the medium working point of the b-tagging CSV
algorithm. To reject background events from Drell-Yan process, the £7 should be
larger than 40 GeV. Finally, events that contain an additional electron (pr > 15GeV,
Inl < 2.3) or muon (pr > 10GeV, |n| < 2.4) passing the loose identification and
isolation criteria, are vetoed.

The exact same method as the measurement in Z/vy* — 77 events cannot be
applied because of the overwhelming background in the fail region. Therefore,
another category with two muons in the final state is considered; it is used to constrain
the processes in the pass region. The di-muon region aims at selecting 17 — bbuu
events, with a selection very close to the 1 — bbuT, selection in order to have the
same effect of systematic uncertainties.

The selection of the di-muon region is chosen to be as close as possible to the
pass region, in such a way as their nuisance parameters are correlated. Events are
required to contain two muons with py > 20GeV (25GeV for the leading muon),
Inl < 2.4 (n] < 2.1 for the leading muon), passing the tight PF isolation and with a
relative isolation less than 0.1. To remove contributions from Drell-Yan events, the
invariant mass of these muons is required to be above 50 GeV, and not to be within
10GeV of the Z boson mass: m,,, > 50GeV and |m,, — mz| > 10GeV. The same
criteria about the jets, £7 and additional leptons as in the pass region, are applied.

Because of the b jet requirement, the region with high m is not hugely dominated
by W+jets events as it was the case in the measurement in Z/vy* — 77 events;
therefore the W+-jets background is fully estimated from MC simulations and a 30%
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uncertainty is attributed to its normalization. All other processes — ¢f production,
Drell-Yan, single top quark production, diboson production— but QCD multijet are
also taken from MC simulations. The normalization and the distribution of the QCD
multijet background are estimated from data-driven techniques. The distribution of
the QCD multijet background is taken from a control region, identical to the signal
region except that the muons isolation requirement is inverted. This control region
is highly dominated by QCD multijet events, and the small contribution from other
processes is estimated from MC simulations and subtracted. The normalization of
the QCD multijet background is determined in another control region, where all cuts
from the signal region are applied, except that the muon and the tau candidate are
required to have the same charge (SS region). The contribution of the QCD multijet
background to the signal region with opposite-sign charge (OS region) is expected to
be approximately the same as in the SS region; a scale factor of 1.06, measured for
SM H — 77 analysis, is applied to extrapolated from the SS region to the OS region.
The normalization in the SS region is estimated from a template maximum likelihood
fit. The distribution of the QCD multijet process used to perform the fit is estimated
in a QCD-enriched region obtained by inverting the muon isolation requirement and
requiring the muon and the tau to carry the same electric charge.

The variable found to discriminate in the most efficient way the signal from the
backgrounds is the transverse mass between the muon and the missing transverse
energy. Typical signal distributions indeed extend to higher my values than back-
grounds. In the case of the di-muon region, the transverse mass is computed with
respect to one of the two muons, chosen randomly.

Systematic uncertainties considered in the maximum likelihood fit are partly iden-
tical to those used in the fit in Z/v* — 77 events, among them the luminosity, the
muon identification efficiency, or the ¢7 production cross section for example. Other
uncertainties are related to the b jet requirement: the b-tagging efficiency uncertainty
(typically between 2 and 7%), and the b mis-tag rate uncertainty for light jets misiden-
tified as coming from b-quarks (typically between 10 and 20%) [10], are considered
as shape systematics. The jet energy resolution and the jet energy scale also affect
the distribution of the my distributions [11], since the transverse missing energy is
recomputed for variations of the jet kinematics within the uncertainties to keep the
transverse momentum conservation. An uncertainty on the OS/SS scale factor for
the QCD multijet of 5% is considered as affecting the yield of this background, as in
the measurement in Z/v* — 77 events. A summary of the systematics considered
in the analysis is shown in Table 6.5.

A simultaneous fit of the two regions is performed for every isolation discrimina-
tor, as illustrated in Fig. 6.12 for the loose working point of the cut-based and MVA
based isolations. The results obtained for the data-to-simulation scale factors of the
different working points of the cut-based and MVA-based algorithms are presented
in Table 6.6. The uncertainty on the measurement amounts to approximately 10%,
which is more than the uncertainty of the measurement in Z/v* — 77 events due to
the larger background fraction and the smaller discrimination efficiency of the my
variable. The scale factors are well compatible between each measurement, and in
agreement with 1.0 within the uncertainties.
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Table 6.5 Parameter of interest and systematic uncertainties taken into account in the simultaneous
fit to determine the tau identification efficiency in tf — bbut,. The uncertainties may be fully
correlated (f), anticorrelated (a) or uncorrelated (u) between the pass and fail regions

tt — bbuty, | Other t7 Drell-Yan | Single top | Wjets QCD
multijet

Tau ID yes — - — - —
efficiency
SF
Luminosity |2.6% (f) 2.6% (f) 2.6% (f) 2.6% 2.6% —
Muon ID 2% (f) 2% (f) 2% (f) 2% 2% 2%
efficiency
Drell-Yan |— — 10% (f) — — -
cross
section
tr 15% 15% — — — Shape
production
cross
section
Single-t — — — 30% (f) — —
cross
section
W-jets nor- | — — - — 22% (u) —
malization
0OS-to-SS — - - — - 5%
scale factor
Tau energy | Shape (f) Shape (f) Shape (f) Shape (f) Shape (f) Shape (f)
scale

j— - Shape (a) Shape (a) Shape (f) Shape (f) Shape (f)
misidentifi-

cation

Jet Shape (f) Shape (f) Shape (f) Shape (f) Shape (f) Shape (f)
resolution

Jet energy | Shape (f) Shape (f) Shape (f) Shape (f) Shape (f) Shape (f)
scale
b-Tagging | Shape (f) Shape (f) Shape (f) Shape (f) Shape (f) Shape (f)
efficiency

Mis-b- Shape (f) Shape (f) Shape (f) Shape (f) Shape (f) Shape (f)
tagging

rate

ET Shape (f) Shape (f) Shape (f) Shape (f) Shape (f) Shape (f)
modeling

Bin-by-bin | Shape (u) Shape (u) | Shape (u) Shape (u) Shape (u) | Shape (u)
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Fig. 6.12 Distributions of the transverse mass between the muon and the £7, in events with one
(left) or two (right) muons, for the loose working point of the cut-based (top) and MVA-based
(bottom) isolation discriminators. The results are shown after a simultaneous maximum likelihood
fit in the two regions [3]
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Table 6.6 Data-to-simulation scale factors for the efficiency for 7, decays in 1t — bbuTy, events
to pass different tau identification discriminators. The column labelled data/simulation gives the
ratio of efficiencies measured in data relative to the MC expectation

Data/Simulation

Cut-based

Loose 1.037 £ 0.097

Medium 1.050 £ 0.107

Tight 1.047 £0.108
MVA-based

Very loose 0.927 £ 0.097

Loose 1.009 £ 0.097

Medium 0.956 £0.118

Tight 1.080 £ 0.117

Table 6.7 Data-to-MC scale factors for hadronic tau decays in Z/v* — 77 — u7y, events to pass
the discriminators against electrons and muons

Discriminators against electrons

Working point SF

MVA very loose 0.996 £+ 0.004
MVA loose 0.995 £+ 0.004
MVA medium 0.994 £ 0.005
MVA tight 0.997 + 0.006
MVA very tight 1.003 £ 0.007

Discriminators against muons

Working point SF

Cut-based loose 0.990 £ 0.003
Cut-based tight 0.990 + 0.003
MVA loose 0.990 + 0.003
MVA medium 0.989 £ 0.003
MVA Ttght 0.985 + 0.004

6.2.3 Anti-lepton Discriminator Efficiency

The efficiency for hadronic tau decays in Z/~* — 77 events to pass the discrimina-
tors against electrons and muons has also been measured in data and MC simulations.
The measurement is pretty similar to the measurement of the isolation efficiency in
Z/~v* — 77 events, except that the tau candidates in the pass and fail categories
now all pass the reconstruction and isolation conditions, but pass or fail respectively
the rejection against light lepton. The results are given in Table 6.7. The efficiencies
measured in data are in agreement with the MC predictions within the uncertainty of



6.2 HPS Algorithm Performance in Run-1 109

% E —e— Observed % 5 E —e— Observed
£ Oz-w 10° e Dz-w
Q SOOOE [ oY others Q E [DY others
i E W+ i r t
2 2500 E W +jets 2 10* E =tVtV+iets
e 2000 F- Oaco E> FE [Daco
g E E8 Uncertainty g 103 = 3 Uncertainty
1500 E
© : © ek
1000 = E
500 10g
0 a 1 L
S 5
35 g5 02
Els ElT
HE a2 00 R
fo[%2) g® -0.2
© N R EAFIET B R 5] . I R B
e 40 60 80 100 120 o 40 60 80 100 120
m,;; [GeV] m,;, [GeV]
; —e— Observed ;‘ F —e— Observed
& 100 @w & 100 @x
< DY others < F (DY others
it 104 W+ = 104 ;_ W+
k) W +jets 2 E EAW+jets
E> Oacp E> E [dacp
RS 10° - E@u o 10° 3 B8 Uncertainty
S S f
107 10°
10 10E
1 1
c c
9 9
gs o. g5 02
Els g5
EE g
@ -0.2 s® -0.2
| PN ISR S AT SR NS S S NS (O] L TR R (SR S N S
e 40 60 80 100 120 e 40 60 80 100 120

m,, [GeV] m,, [GeV]

Fig. 6.13 Distribution of m,;; observed in the pass (left) and fail (right) regions compared to the
MC expectation, for the loose working point of the cut-based rejection against muons (top) and
MVA-based rejection against electrons (bottom). The expected m,;s distribution is shown for the
postfit value of the nuisance parameters

the measurement, amounting to less than 1%. Control plots of the m,;, distributions
in the pass and fail regions are presented in Fig. 6.13 for two different light lepton
rejection discriminators.
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Fig. 6.14 Distribution of tag plus probe mass observed in the pass (left) and fail (right) region, for
the loose working point of the cut-based discriminator against muons in the regions |n| < 1.2 (top)
and 1.2 < |n| < 1.7 (bottom). The distributions observed in Z/v* — pu candidate event selected
in data are compared to the MC expectation, shown for the values of nuisance parameters obtained
from the likelihood fit to the data. Z/+* — €€ (£ = e, 1, T) events in which either the tag or the
probe muon are due to a fake are denoted by “DY others” [3]

6.2.4 p — T, and e - T, Misidentification Rates

The measurement of the i — 7, and e — 7, misidentification rates in data is a
challenging task, considering their low values (in general below the permille level).
This requires a large quantity of collected data, and a precise description of all
background processes.

The technique used to measure the  — 75, and e — 73, misidentification rates in
data is close to the one used for the measurement of the tau identification efficiency
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Fig.6.15 Distribution of tag plus probe visible mass, 71,5, observed in the pass (left) and fail (right)
regions compared to the MC expectation, for the loose working point of the anti—e discriminator
in the barrel (top) and endcap (bottom) regions. The expected m,;s distributions are shown for the
postfit value of nuisance parameters [3]

in Z/v* — 77 events. The signal is now Z/v* — uu or Z/v* — ee events, and the
parameter of interest acting on it is the misidentification rate scale factor. The events
are divided into two categories, pass and fail, whether the tau candidate (which is
actually a light lepton for signal events) passes or fails some working point of the
discriminator that rejects electrons or muons.

The selection is designed to ensure a large Z/v* — ppu/ee purity. The events
should contain a well-identified light lepton (the tag), and one loosely preselected
hadronic tau (the probe). Tag muons are selected identically as in Sect.6.2.2, with
pr > 25GeV, |n| < 2.1, tight PF identification and relative isolation less than 0.1.
Similarly, tag electrons are required to satisfy py > 30GeV, |n| < 2.1 (and 7 outside



112 6 Tau Lepton Reconstruction and Identification

of the transition region between ECAL barrel and endcaps), tight identification and
to have a relative isolation less than 0.1. The probe is a loose 7, candidate with
pr > 20GeV and |n| < 2.3, that passes the decay mode finding discriminator and
the loose cut-based HPS isolation. The tag and the probe should carry an opposite
sign electric charge and be separated by at least AR = 0.5. The W+jets and 7
backgrounds are reduced by requiring the £7 to be less than 25GeV (applied only
for the e — 7, misidentification rate measurement), and the transverse mass between
the tag and the E7 tobeless than 40 GeV (or 25 GeV for the e — 7, misidentification
rate measurement).

The backgrounds are estimated with the methods described in Sect. 6.2.2. Namely,
all processes are taken from MC simulations, except the QCD multijet background,
estimated from a SS region, and the W+jets, the normalization of which is derived
from a high-my sideband. Because some probes are not real electrons or muons,
but rather come from j — e/ misidentifications, such events are removed from the
signal templates, based on MC estimations. Uncertainties include, apart from those
already described in Sect. 6.2.2, the uncertainties on the energy scale of tag electrons
(2%), tag muons (1%), probe electrons (5%) and probe muons (3%).

Simultaneous fits are performed in the pass and fail regions for different working
points of the discriminators, and a set of these results is shown in Figs. 6.14 and 6.15
for the © — 75, and e — 73, measurements respectively. The observable is the visible
invariant mass between the tag and the probe.

The muon misidentification rates are measured in three i regions: |n| < 1.2,1.2 <
Inl < 1.7and |n| > 1.7, for different working points of the cut-based and MVA-based
discriminators against muons. The data-to-MC scale factors obtained after the fits
are given in Table 6.8 and summarized in Fig.6.16. The correction factors to apply
to simulations are in general greater than 1.0, and larger for tighter working points
and in the forward regions of the detector.

The e — 7, misidentification rates are measured separately in the barrel (|n| <
1.460) and endcap (|n| > 1.558) regions of the ECAL. The results obtained after the
fits are given in Table 6.9 and summarized in Fig.6.17. The simulation correction
factor amounts to up to 1.7. The difference between the rates in data and simulation
is larger in the barrel and for tighter discriminator working points.

6.2.5 Other Performance Measurements

The last two performance measurements performed with 2012 data concern the tau
energy scale and the j — 7, misidentification rate. They are only briefly covered in
the next paragraphs, and more details can be found in [3].

Tau energy scale

The tau energy scale has a large impact on physics analyses with taus, and is therefore
important to be measured in data. The measurement is performed in Z/v* — 7,7
events, by creating different signal templates for variations of the tau energy scale
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Table 6.8 Probability for muons to pass the loose working point of the cut-based tau isolation
discriminator plus different working points of the cut-based and MVA-based discriminators against
muons. The p — 75, misidentification rates measured in Z/v* — pp events are compared to the
MC predictions in three regions of : || < 1.2, 1.2 < |n| < 1.7 and |n| > 1.7

Inl < 1.2

Simulation Data Data/Simulation

Cut-based loose (2.48+0.02) - 1073 | (2.65+0.06) - 1073 | 1.068 & 0.025
Cut-based tight (9.94+0.10)-10~* | (1.05£0.05)- 1073 |1.053 +0.053
MVA loose (4.28+0.09)-107* | (4.63£0.49)-10~* |1.08240.116
MVA medium (2.91+£0.07)-107* | (3.08£0.50) - 10~* |1.058 +0.172
MVA tight (2.56 +£0.07) - 10™* | (2.66 +0.50) - 10~* | 1.039 £ 0.197
12 <n < 1.7

Cut-based loose (1.64+£0.03) - 1073 [ (1.92£0.10) - 1073 | 1.169 + 0.066
Cut-based tight (6.54+0.19)-107* | (8.33+0.81)-10~* | 1.274+0.129
MVA loose (5.61£0.18) - 10™* | (7.28 £0.94) - 10™* | 1.297 +0.172
MVA medium (3.2840.14) - 107* | (5.05+£0.97) - 10~* | 1.540 %+ 0.303
MVA tight (2.63+£0.12)-107* | (4.06£0.95) - 10~* | 1.543 +0.368
Il > 1.7

Cut-based loose (9.85+£0.30)- 10~* | (1.42+£0.11) - 1073 1.445+0.118
Cut-based tight (4.99+0.18)-107* | (7.42£1.09)-107* | 1.488 +0.224
MVA loose (4.66+0.17)-107% [ (6.99 £1.20)-10~* | 1.501 & 0.264
MVA medium (246 +0.12) - 10™* | (4.57+£0.92) - 10~* | 1.856 4 0.384
MVA tight (1.95+0.11)-107% | (2.77£1.25)-107% | 1.423 + 0.644

Table 6.9 Probability for electrons to pass different working points of the discriminant against
electrons. The e — 73, misidentification rates measured in Z/v* — ee events are compared to the
MC expectation, separately for electrons in the ECAL barrel and endcap regions

ECAL barrel (|| < 1.46)

Simulation Data Data/Simulation
Very loose (2.06 £0.01) x 1072 | (2.37 £0.06) x 1072 | 1.15£0.03
Loose (4.48 £0.05) x 1073 | (5.61 £0.17) x 1073 | 1.25 £0.04
Medium (1.73+£0.03) x 1073 | (2.30£0.18) x 1073 | 1.33 £0.10
Tight (9.70 £ 0.02) x 107% | (1.28 £0.21) x 1073 |1.324+0.21
Very tight (6.83 £0.02) x 10™* | (1.13£0.20) x 1073 | 1.66 £ 0.30
ECAL endcap (|n| > 1.56)
Very loose (2.9340.02) x 1072 | (3.11 £ 0.09) x 10~2 | 1.06 £ 0.03
Loose (4.46 £0.09) x 1073 | (4.67£0.22) x 1073 | 1.05£0.05
Medium (1.54 £ 0.05) x 1073 | (1.83+£0.22) x 103 | 1.19£0.15
Tight (8.83+£0.38) x 107* | (1.16 £0.26) x 1073 | 1.32 £0.31
Very tight (6.50 £0.33) x 10~* | (1.04 £0.26) x 1073 | 1.60 & 0.40
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and choosing the variation that gives the best agreement between data and predicted
processes after a maximum likelihood fit to the observed data. The measurement is
performed separately for the different tau decay modes, and with two observables:
the invariant mass of the two tau candidates, m,;,, and the reconstructed hadronic tau
mass, m. It is found that the tau energy scale is about 1% lower in data than in simu-
lation for the h*7%s decay mode, and the uncertainty associated to the measurements
in all topologies is 3%.

Jet— 7, misidentification rate

The j — 7, misidentification rate is measured in W+jets events and in QCD multijet
events. Because W+jets events contain a higher fraction of quark jets (as opposed
to gluon jets) than QCD multijet events, the misidentification rate measured in such
events is higher. Indeed, quark jets are typically more collimated and have a lower
track multiplicity than gluon jets. The rates measured in data usually agree with the
predictions from MC simulations, but some disagreements are observed at high |7|
because of an imprecise modeling of the isolation in MC simulations, and a trend
with respect to the transverse momentum is observed, with a deviation magnitude
of the order of 20%. In practice, most processes with jets misidentified as hadronic
taus are not estimated from MC simulations, but from data-driven methods.

6.3 HPS Algorithm in Run-2

In Run-2 some improvements have been made to the HPS algorithm to recover
efficiency losses [12]. The main changes concern the 73, decay modes covered by the
algorithm, the strip reconstruction, and the definition of the isolation discriminators.

6.3.1 Modifications with Respect to Run-1

A higher 7, identification efficiency can be achieved by including decay modes
with relaxed requirements in the reconstruction step, at the price of a larger j — 7
misidentification rate. The following decay modes are covered for the first time in
Run-2:

e Two prongs plus one strip: This category is used to reconstruct 75, decays with
three charged hadrons, where one of the tracks escapes detection or is merged with
another one. It especially helps recovering efficiency losses for high-pr taus.

e Two prongs plus two strips: Similarly, this category is targeted at 73, decays with
three tracks, where one is not detected.

Tau candidates that are reconstructed in any of the above-mentioned categories or in
one of those used in Run-1, are said to pass the “new decay mode finding”. The new
decay mode finding is mostly useful for analyses with high-p7 taus, for which the
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efficiency recovery is the largest, and with low backgrounds, as the additional decay
modes suffer from a larger j — 7, misidentification rate than the old decay modes.
The charge of the two-prong candidates is taken as the charge of the leading track;
the charge is correctly determined in about 75% of cases.

Whereas the size of the strips was fixed to 0.20 x 0.05 in the ¢ x 7 plan in Run-
1, the strips are reconstructed dynamically with variable dimensions in Run-2. The
strips are supposed to cover the ECAL energy deposits of photons and electrons
originating from neutral pion decays. It happens that, because of the bending of
their trajectory in the magnetic field, low-py electrons or positrons from photon
conversions are outside of the fixed-size strip, and contribute to the 7, candidate
isolation. This fake contribution to the isolation of a 75, constituent may cause the 7
candidate to fail the isolation discriminator. In Run-2, the size of the strip is adjusted
dynamically according to the transverse momentum of electrons and photons that
are added to the strips. It is a function of the pr of the strip and the electron/photon
to be merged:

An= f(p) + F(py™), (6.13)
Ad = g(p?") + g(p7™), (6.14)
where
f(pr) =0.20 x p;*%, (6.15)
g(pr) = 0.35 x p;°7". (6.16)

The functions are chosen from MC studies in such a way as 95% of electrons and
photons from tau decays are contained within the strip (Fig. 6.18).

The isolation discriminators have been slightly modified with respect to Run-1.
The § correction factor used in Run-1 to compute the cut-based isolation was seen
to overcorrect the pileup effects; it is chosen in Run-2 to be equal to 0.20 instead
of 0.46. In addition, the pr-sum of electrons and photons included in the strips but
outside the isolation cone is required not to exceed 10% of the 73, candidate transverse
momentum:

pirripouter => P/ (AR > Ryiy) < 0.10 x pj. 6.17)

As shown in Fig. 6.19 (left), the latter requirement reduces the fake rate by about 5%
for a same efficiency, whereas the modified Aj correction factor and the dynamic
strip reconstruction itself both bring an additional 5% improvement. The loose,
medium, and tight cut-based isolation working points are defined in Run-2 in such a
way as the points are equidistant in terms of 73, identification efficiency: the isolation
is required to be less than 2.5, 1.5 and 0.8 GeV respectively. Some new variables
with respect to Run-1 have been included in the MVA-based isolation in Run-2 to
improve the discrimination between 73, and, quark and gluon jets:

strip,outer
T 9
e The sign of the transverse impact parameter of the leading track;
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The signed 3-dimensional impact parameter and its significance;

The chi-square of the fit for the leading track of the 7, candidate;

The ratio of the electromagnetic energy to the total energy within the 7, signal
cone;

The total number of signal and isolation photons with pr > 0.5GeV;

The pr-weighted AR of photons within signal cone and the isolation annulus;

e The pr-weighted An and A¢ of photons in strips outside of signal cone.

A comparison between the performance of the cut-based and MVA-based isolations
is shown in Fig. 6.19 (right). Different BDT are trained for the old and new decay
modes.

6.3.2 Performance in 2015 Data

The performance of the algorithm is measured with the data collected at a center-of-
mass energy of 13 TeV in 2015.

Identification efficiency

The identification efficiency is measured in Z/v* — 7,7;, with a tag-and probe
method similar as in Run-1. The events are again divided into a pass and fail regions
depending on whether the 7, candidates pass or fail the isolation discriminator under
study. The events are selected with the lowest unprescaled single muon trigger avail-
able in 2015 data; offline the muon candidate should have a transverse momentum
larger than 19GeV and |n| < 2.1, and correspond to the object that fired the trig-
ger. The muon should additionally have a relative isolation less than 0.1, pass the
medium identification, and have |d;| < 0.2 and d,, < 0.045cm. The tau candidate
is required to satisfy: pr > 20GeV, |n| < 2.3, leading track pr > 5GeV, old decay
mode finding, no overlap with any global muon with pr > 5GeV. The muon and
tau candidates should be separated by at least AR = 0.5, and carry an opposite-
sign charge. Finally, in order to reduce the W+jets background, the transverse mass
between the muon and the E 7 is required to be less than 40 GeV, and P to be greater
than —25 GeV.

The Drell-Yan, ¢z, diboson and single top processes are fully estimated from MC
simulations. The W+jets distribution is also taken from MC simulations, while its
normalization is taken from a region where the transverse mass is greater than 80 GeV.
The QCD multijet is estimated from a region where the tau and muon candidates
have the same charge, from the subtraction of other processes estimated from MC
samples to the observed data. The normalization in the signal region is obtained by
applying a scale factor equal to 1.06. The systematic uncertainties considered in the
extraction of the final results are the same as those used in Run-1. Simultaneous fits
in the pass and fail regions are performed with m,;; or Ny.,qs as observable, for
the different isolation discriminators, as illustrated in Fig. 6.20 for the loose working
point of the MVA-based isolation with old decay modes. The data-to-simulations
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or of the number of tracks inside the signal and isolation cones of the 7;, candidate (bottom), in the
pass (left) and fail (right) regions, for the loose working point of the MVA-based isolation discrim-
inator with old decay modes. The various processes are shown after the simultaneous maximum
likelihood fit [12]

scale factors measured in 2015 data with both observables are given in Table 6.10
for different isolation working points: they are all compatible with unity, with an
uncertainty close to 6%.

Charge misidentification rate

The tau charge misidentification rate is measured in 2015 data for the first time at
CMS. A tag-and-probe method is also used, and the events are this time divided
into a “same-sign (SS)” and on “opposite-sign (OS)” regions. The parameter of
interest is the data-to-MC scale factor for the tau charge misidentification rate; it
directly multiplies the Z/+* — 7,7, signal in the SS region and is anticorrelated
to the signal yield in the OS region. The muon charge is supposed to be correctly
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Table 6.10 Data-to-simulation scale factors for the efficiency for hadronic tau decays to pass
different tau identification discriminators, measured in Z/v* — 77 events in data collected in
2015. The columns labeled data/simulation give the ratio of efficiencies measured in data relative
to the MC expectation, separately for the two cases that the observable N;,,qxs respectively m ;g is
used in the maximum likelihood fit. Old decay modes are a subset of new decay modes

Data/Simulation
Niracks Myis
Cut-based
Old decay modes, loose 0.981 +0.055 1.016 £ 0.056
Old decay modes, medium 0.967 + 0.054 1.006 £ 0.056
Old decay modes, tight 0.962 £ 0.051 0.999 £ 0.057
New decay modes, loose 0.982 £+ 0.057 0.992 £+ 0.057
New decay modes, medium 0.989 + 0.060 0.990 £ 0.058
New decay modes, tight 0.985 £+ 0.057 0.986 £+ 0.059
MVA-based
Old decay modes, loose 1.027 £ 0.055 1.037 £ 0.054
Old decay modes, medium 1.007 &+ 0.054 1.018 +0.056
Old decay modes, tight 1.000 £ 0.052 1.027 £ 0.056
Old decay modes, very tight | 0.998 & 0.052 1.015 £ 0.055
New decay modes, loose 1.080 £ 0.090 1.026 £ 0.059
New decay modes, medium 1.055 4+ 0.064 1.024 4+ 0.057
New decay modes, tight 1.035 £ 0.064 1.002 £+ 0.057
New decay modes, very tight | 1.054 4 0.067 1.005 £ 0.057

reconstructed in all cases, which is justified from MC studies. The selection is the
same as for the identification efficiency measurement, except that the 73, candidate
is required to pass the tight combined isolation working point, and that the visible
invariant mass between the muon and the tau candidates is required to be less than
100 GeV.

The background estimation methods are also the same as those used for the iden-
tification efficiency measurement, except that the QCD background cannot be esti-
mated in the SS region anymore as it is now a region used to extract the results.
Instead, the QCD background distribution is taken from a signal-free region where
the muon and tau candidates have a same sign charge, and the muon relative isola-
tion is required to lie between 0.1 and 0.5. The QCD multijet distribution is taken
as the difference between the observed data and the other backgrounds estimated
from MC samples. The number of events in the control region is about the same
as in the signal region. To cover for a bias that may be introduced by relaxing the
muon isolation, an uncertainty is added in the bins between 40 and 50 GeV. The
size of this uncertainty is related to the shape difference observed between the high-
statistic distributions of events selected with an anti-isolated tau candidate and an
isolated or anti-isolated muon. The QCD multijet distributions obtained in the four
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Fig. 6.21 QCD multijet distributions obtained by subtracting other SM processes, estimated from
MC simulations, from observed data in four regions with different muon and 7, isolations. The QCD
multijet distribution is taken from a region with an anti-isolated muon (relative isolation between
0.1 and 0.5, yellow line), and additional uncertainties are considered for masses between 40 and
50GeV to account for the difference observed between the distributions obtained in regions where
the 7, isolation is inverted (cyan and red lines)

above-mentioned SS selections are illustrated in Fig. 6.21. The QCD normalization
is taken from a signal-free region where the selection is the same as in the SS signal
region, except that the visible invariant mass between the muon and tau candidates is
required to be larger than 100 GeV. A 10% uncertainty related to the limited statistics
in the high-m,;s region and to the extrapolation to the low-m,;, region is associated
to the normalization estimation. A scale factor equal to 1.06 &£ 0.05, measured in a
region where the muon isolation is inverted, is applied to determine the normalization
in the OS region. The visible mass distributions obtained after a simultaneous max-
imum likelihood of the same-sign and opposite-sign regions are shown in Fig. 6.22.
The expected charge misidentification rate for two-prong taus is about 23%, and a
data-to-simulation scale factor equal to 1.2 & 0.3 is measured, leading to a misiden-
tification rate in data of approximately 28 4 7%. Taus reconstructed with the old
decay mode finding are expected to have a mis-measured charge in about 0.25%
of cases only; a data-to simulation scale factor equal to 3.873% is measured, which
indicates that the rate measured in data is compatible with the rate predicted in MC
simulations, and that it is less than 1.1% at 68% CL.

The charge misidentification rate is measured separately for the old decay modes
and for the two-prong decays; it is expected to be higher for the two-prong taus, for
which the charge is chosen as the charge of the leading track. A simultaneous fit is
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Fig. 6.22 Visible mass distributions for the muon and 73, candidates, in regions where they have the
same (left) or a different (right) electric charge, obtained after a simultaneous maximum likelihood fit
in both regions. The 75, candidates considered in the top row figures pass the old decay mode finding,
while in the row below they are reconstructed in one of the two-prong decay modes exclusively [12]

performed in the SS and OS categories, considering the same nuisance parameters
as for the efficiency measurement, except the following differences:

e The tau identification efficiency uncertainty is set to 5% and affects the signal in
both regions;

e The QCD normalization has a 10% uncertainty correlated between the OS and SS
regions, and an additional 5% in the OS region only, associated to the OS/SS scale
factor.
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6.4 Chapter Summary

Tau leptons are an important ingredient in physics analyses, especially in the scalar
sector where their high mass compared to other leptons and to most quarks make
them a favored decay channel for scalars. Due to their short lifetime, taus decay
within the CMS detector: in about one third of cases they decay to an electron or a
muon plus neutrinos, while they otherwise decay hadronically. This chapter describes
first how hadronically decaying taus are identified in CMS. The first step of the HPS
algorithm is to reconstruct tau candidates in one of the possible decay modes by
counting the number of tracks and ECAL energy deposits. The second step prevents
jets, electrons and muons from being misidentified as hadronically decaying taus,
by applying among others isolation conditions. Typically, the algorithm efficiency
is 60% for a j — 73, misidentification rate at the percent level, e — 7, rate at the
permille level and  — 73, rate below the permille level. The performance of the
algorithm is also measured in data collected by the CMS detectorin 2012 and 2015. In
particular, the efficiency in data is seen to be compatible with the efficiency predicted
by MC simulations, with about 6% uncertainty.
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Chapter 7
Search for the SM Scalar inthe ZH — 41T
Channel

In the SM, the scalar boson decays approximately 6% of the time to taus if it has
a mass around 125GeV. This decay mode, despite its relatively large branching
fraction, is challenging experimentally due to the similarity between hadronically
decaying taus, and quark and gluon jets. This chapter focuses on the production of
the SM scalar boson in association with a Z boson that decays to a pair of light leptons
(pp or ee) [1]. Even if the Z H associated production has a low cross section (about
2% of the total H boson production cross section at the LHC), the two light leptons
that originate from the Z boson can be identified more efficiently than hadronic taus
and contribute to a great background reduction.

7.1 Analysis Overview

The analysis covers eight different final states. The Z boson can decay to a di-muon
pair or to a di-electron pair, while the di-tau final states from the H boson decay
considered in this analysis are 7,7, 7.7, 7,75 and 7, 7;,. Two di-tau final states, 7,7,
and 7,7, are not studied because they overlap with the H — ZZ* search [2] and
have anyway a very low branching fraction. The dominant irreducible background
comes from the ZZ diboson production, while tiny irreducible contributions are also
due to the t7Z process. The rest of the background consists in reducible processes,
for which at least one jet is misidentified as one of the four final state leptons.
Reducible processes include essentially Z+-jets and W Z+-jets processes, but also
small fractions of 7 or QCD multijet processes among others. Irreducible processes
are estimated directly from MC samples, while reducible processes are estimated
with data-driven methods based on the misidentification rates of jets as leptons. Data
samples correspond to 5.0 and 19.7 fb~! of parked datasets collected at 7 and 8 TeV
respectively with a di-muon trigger path. The complete list of MC samples, collected
datasets and trigger paths, used in this analysis, can be found in Appendix A. The
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selected data and the expected processes are binned in distributions using the full
invariant mass of the taus (see Sect.7.4) as an observable, and results are obtained
from a fit of the expected processes to the observed data.

7.2 Selection

The event selection proceeds in three successive steps:

e Z boson candidate selection, from two same-flavor light leptons;
e H boson candidate selection, from two leptonic or hadronic taus;
e Other selection criteria common to all final states.

7.2.1 Z Boson Candidate Selection

The Z boson candidate is reconstructed from two opposite-sign same-flavor light
leptons. The dilepton invariant mass is required to be compatible with the Z boson
mass: |[mye —myz| < 30GeV. This selection criterion is loose because most back-
grounds also have a real Z boson. The events are triggered based on the two light
leptons, and are required to fire trigger paths with either two muons with p7 (i) >
17GeV and pr(uz) > 8GeV at HLT, or two electrons with pr(e;) > 17GeV and
pr(ez) > 8GeV at HLT. This involves that, to safely select events in the trigger effi-
ciency plateau, the offline py for the light leptons are required to be larger than 20
GeV for the leading lepton, and 10 GeV for the subleading one.

The electrons in the case of Z — ee decays are required to pass the very loose PF
identification (see Sect.5.2.4) and to have a relative 0 3-corrected isolation less than
0.3. In addition, their pseudorapidity is such that || < 2.5. The muons in the case of
Z — ppu decays are global or tracker muons, and have an absolute pseudorapidity
less than 2.4. They are required to pass the loose PF identification, and to have a
relative ¢ 3-corrected isolation less than 0.3.

7.2.2 H Boson Candidate Selection

After a good Z boson candidate has been found, the four di-tau final states are selected
with different criteria. In every case, the two tau candidates are required to carry an
opposite-sign charge and to have a transverse impact parameter with respect to the
beam, |d,], less than O.1.

To select H — 7,7, decays, two hadronic taus with visible pr greater than 15
GeV and |n| less than 2.3 are required. The taus need to pass the decay mode finding
discriminator, and the medium cut-based isolation is chosen because it gives the best
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compromise between signal efficiency and background (essentially Z-+jets) rejec-
tion, and brings the highest signal sensitivity. In order to reject electrons or muons
misidentified as hadronic taus, the loose working points of the discriminator against
electrons (MVA-based) and muons (cut-based) are applied to the tau candidates.

The selection of the H — 7,7, channel requires the presence of an electron with
pr greater than 10 GeV and |n| less than 2.5, and of a hadronic tau with p7 greater
than 15 GeV and |7| less than 2.3. The electron is required to pass the loose MVA
ID and to have a relative isolation less than 0.2. The hadronic tau is required to
pass the decay mode finding discriminator, as well as the loose cut-based isolation,
the loose cut-based discriminator against muons and the tight working point of the
MVA-based discriminator against electrons to reduce the probability of selecting a
Z boson decaying to a di-electron pair.

The H — 7,7, decay is reconstructed from a muon with py greater than 10 GeV
and |n| < 2.4, and from a hadronic tau with py greater than 15 GeV and |n| < 2.3.
The muon is required to pass the tight PF identification and to have a relative §3-
corrected isolation less than 0.3. The hadronic tau needs to pass the decay mode
finding discriminator, the loose cut-based isolation, the tight working point of the
cut-based discriminator against muons and the loose working point of the cut-based
discriminator against electrons.

Inthe H — 7,7, case, an electron with p7 greater than 10 GeV and || < 2.5, as
well as a muon with p7 greater than 10 GeV and |n| < 2.4, are selected. The muon
is required to pass the tight PF identification and to have a relative §3-corrected
isolation less than 0.3, while the electron passes the loose MVA identification and
has a relative §3-corrected isolation less than 0.3.

The identification and isolation conditions on the leptons have been chosen in such
a way as to optimize the analysis sensitivity to the hypothetical presence of a signal.
Additionally, upper exclusion limits are found to improve if the events are selected
with a minimal threshold on the L+ variable, defined as the scalar sum of the visible
transverse momenta of the two tau candidates. Indeed, backgrounds, and especially
reducible processes, typically produce leptons with lower transverse momenta than
the signal. The light lepton isolation and L7 thresholds in each final state are chosen
to optimize simultaneously the expected upper limits on the signal strength for a
scalar boson with a mass of 125 GeV, as shown in Fig.7.1. The optimized isolation
values have been quoted in the previous paragraphs, and the Ly thresholds are 70,
30, 45 and 25 GeV in the 7,7, T.7), 7,7, and 7,7, di-tau final states respectively. A
summary of the optimized isolations and L thresholds for the different di-tau final
states are given in Table7.1.

7.2.3 Other Common Selection Criteria

In order to reduce backgrounds with b jets, such as 7 (reducible) or 7 Z (irreducible),
events that have a jet with pr greater than 20 GeV, |n| < 2.4, and passing the medium
working point of the CSV discriminator are discarded. In addition, the four selected
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Fig. 7.1 Expected upper limit on the signal strength for a scalar boson with a mass of 125GeV
produced in association with a Z boson, for different lepton isolations and L7 thresholds, in the
LeryTy (top left), L1, 7, (top right), ££7,7), (bottom left) and £€7,7, (bottom right) final states,
using data collected at 8 TeV center-of-mass energy. In the €€7,7; final state, the minimal limit
is obtained with the medium working point of the cut-based isolation and L7 > 70GeV, while
L7 > 30GeV and relative electron isolation less than 0.2 are found to optimize the limits in the
Let, Ty, final state. In the ££7, 7, final state, L7 > 45GeV and muon relative isolation between 0.25
and 0.35 minimize the expected limit, and in the ££7,7), final state the best L7 threshold is 25 GeV

Table 7.1 Optimal thresholds on the lepton isolation and on Lt for the different di-tau final states

Final state T isolation e/ relative isolation | L7 (GeV)
Lty Ty Medium cut-based - 70
LT Loose cut-based 0.2 30
Lty Loose cut-based 0.3 45
LTty - 0.3 25

Ieptons need to be separated from each other by at least AR = 0.5, and to come
from the same primary vertex (|d;| < 0.1). To prevent a single event from passing
the selection of different final states, a veto on extra muons and electrons is imposed:
if a muon or an electron with relative isolation less than 0.3 and pr greater than
10GeV is found on top of the four selected leptons, the event does not pass the
selection for this final state.
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7.3 Background Estimation

7.3.1 Irreducible Process Estimation

The irreducible processes, ZZ — 4¢ in its gq and gg production modes, as well
as the tiny t7Z and ZH — ZW W contributions, are estimated from MC samples
and normalized to their (N)NLO cross sections. The H boson decays to a pair of W
bosons contribute mainly to the di-tau final state with one electron and one muon,
and are considered as a background because the search targets H boson decays to
taus only.

7.3.2 Reducible Process Estimation

All backgrounds that possess at least one jet misidentified as one of the four final
state leptons, are estimated together with data-driven methods. The normalization
and the distribution of the reducible processes are estimated separately. The dominant
contributions come from Z-jets where two jets are misidentified as tau candidates,
and W Z+-jets where one jet is misidentified as a tau candidate.

Reducible background distribution

The distribution of the reducible background is obtained by selecting tau candidates
with a same-sign charge (SS region). This effectively removes the contributions
from ZZ — 4/ and from the signal, and only leaves reducible processes. However,
applying the full selection described in Sect. 7.2 except that the charge requirement
on the tau candidates is inverted, leads to a statistically limited control region. In
order to obtain smoother templates populated with more data events, some selection
criteria that do not bias the distributions need to be relaxed. The isolation on the
light leptons is relaxed to 2.0 instead of 0.2 or 0.3in the signal region; this can be
shown not to bias the distributions (see Fig.7.2). The hadronic taus are not required
to pass the loose or medium working points of the cut-based isolation, but to have
a BDT output of the MVA-based isolation without lifetime information greater than
0. Relaxing the L7 thresholds is seen to shift the m ., distributions to lower values,
as shown in Fig.7.3. Therefore, all L7 thresholds are kept the same as in the signal
region.

Reducible background normalization

The normalization of the reducible background is estimated with the so-called
“misidentification rate method”. The reducible background is essentially composed
of Z+jets events, with two jets misidentified as leptons, and of W Z+-jets with one
jet misidentified as a lepton. One can note f; the probability that the jet i is misiden-
tified as a lepton and x; the probability that the lepton i is correctly identified as a
lepton, and divide the events into four different categories depending on whether the
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Fig.7.2 Reducible background distributions in the ££7;, 7, (left) and ££7, 7, (center and right) final
states, obtained from a region where the two tau candidates have a same-sign charge, and no L
selection criteria are applied. The distributions are shown for different MVA output thresholds for
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Fig. 7.3 Reducible background distributions in the ££7;,7;, (left) and €£7, 7, (right) final states,
obtained from a region where the two tau candidates have a same-sign charge, and pass the relaxed
isolation values described in the text. The distributions are shown for different L7 thresholds. As
the L7 selection criteria bias the reducible background mass distributions, they are not relaxed to
model the distribution in the signal region

tau candidates pass the isolation and identification criteria (N ,,: both tau candidates
pass the isolation and identification criteria, N,: the first tau candidate passes and
the second one fails the isolation and/or identification criteria, N,: the first tau can-
didate fails and the second one passes the isolation and/or identification criteria, N ss:
both tau candidates fail the isolation or identification criteria). For a total number
Nz of Z+jets events, where the two tau candidates are jets, the contributions in the
four regions are:
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Npp =Nzfifa

Ny =Nz fi(l = f2)

Ny =Nz(1— fi) fa

Ny =Nz(1 = f)(1 = f2)

Nz — (7.1)

For a total number Ny 2, of WZ+jets events, where the first tau candidate is a
Iepton and the second one a jet, the contributions in the four regions are:

Nyp = Nwzix1 f>

N,y = Nwzixi(1 — f2)

Ny = Nwzi(1 — x1) f2

Ny = Nwzi(1 —x1)(1 = f2)

Nwzi — (7.2)

For a total number Ny 2z, of W Z+jets events, where the first tau candidate is a jet
and the second one a lepton, the contributions in the four regions are:

Nyp = Nwzz f1x2

Npr = Nwza fi(1 — x2)

Nyp = Nwz2(1 — fi)x2

Nyp = Nwzo(1 — fi)(1 — x2)

Nwzz —> (73)

Therefore the total number of events in the four regions are:

Npp = Nz f1f2+ Nwzix1f2 + Nwza fix2
Npr =Nz fi(l = f2) + Nwzixi(1 — f2) + Nwza f1(1 — x2)
Ngp =Nz — f)fa+Nwz1(1 —x1) fa+ Nwza(l — fi)x2

Nyp=Nz(1— D) = f2) + Nwz1(1 —x))(1 = f2) + Nwza(1 — f1)(1 — x2)
(7.4)

One can see that the contribution of events in the signal region, N,,, is given by
a weighted combination of the events in the three other regions:

fa fi fif2
=5 TNy TN T a=py

The first term of the equation counts the W Z+-jets events with the first tau candidate
being a lepton and the Z+jets events, whereas the second term counts the W Z+-jets
events with the second tau candidate being a lepton and the Z-jets events. The
subtraction of the third term removes the Z+jets contribution because it has been
counted twice. If N, ends up to be negative, the reducible background contribution

Npp = Npys (1.5)
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Table 7.2 Weighted and raw contributions inthe N7, N, and N s, regions, and their combination
to obtain an estimate of the yield of the reducible background in the N, region. The last column
is the sum of the weighted Ny, and Ny, minus the weighted Ny, and the quoted uncertainty is
statistical only

Channel Ny Nyr Nyp Estimated N,
Weighted | Raw | Weighted | Raw | Weighted | Raw
pprph (TTeV) | 0.17 4545 0.15 24 | 0.16 55 10.14 +£0.05
puteth (7TeV) | 0.42 2943 | 0.65 37 | 0.80 132 | 1.03£0.18
pptyr (7TeV) | 0.07 544 | 0.72 33 1 0.23 16 |0.88+£0.18
pptet, (7TeV) | 0.03 162 | 0.13 4 |0.03 3 10.13£0.09
eetpy (TTeV) | 0.15 4187 0.55 23 | 0.15 48 10.56 £0.14
eet,m, (1TeV) | 0.09 5551 0.33 27 | 0.07 8 10.31=£0.09
eet,m, (TTeV) | 0.42 2969 | 1.00 54 | 0.46 87 [1.04£0.19
eet,7, (7TeV) | 0.04 148 | 0.09 7 | 0.09 6 |0.15+0.08
puth (8TeV) | 0.86 18849 | 3.04 157 | 091 270 |3.09+£0.30
pptetn (8TeV) | 1.88 14107 | 6.53 187 | 2.74 502 |7.38£0.62
pppr, (8TeV) | 0.39 2853 | 3.97 156 | 0.98 67 |4.55+044
pptety, (8TeV) | 0.27 879 | 0.90 52 1092 46 | 1.55+0.27
eetp Ty (8TeV) | 0.81 17560 | 2.23 149 | 0.87 277 1230+£0.24
eet,7, 8TeV) | 0.36 2506 | 2.58 138 | 0.59 54 12.81+0.31
eet,m, (8TeV) | 1.75 12655 | 4.82 198 | 2.60 430 |5.67£048
eet, 7, (8TeV) | 0.20 691 | 0.23 33 | 0.77 37 10.80+0.17

is estimated to be equal to the positive third term. The different terms of the equation
are given for every final state studied in this analysis in Table 7.2, together with the
estimated reducible background yield obtained by combining them.

In order to apply the misidentification rate method, and to estimate the yields
presented in Table 7.2, the rates with which jets are identified as electrons, muons
or hadronic taus need to be computed. They are evaluated from signal- and ZZ-free
regions, obtained with the signal selection except that the tau candidates are required
to carry a same-sign charge and that there is no requirement on their isolation and
identification (such candidates are called “relaxed” in the rest of the section).

The rate with which jets j are misidentified as 7, (j — 7, misidentification rate)
is computed for events with two relaxed 7, candidates that have a same sign charge,
following the ££7, 7, selection criteria except that the L7 threshold is lowered from
70 to 50 GeV. It corresponds to the ratio between the number of relaxed taus passing
the isolation over the total number of relaxed taus. There is a strong dependence of
the misidentification rate on the transverse momentum of the taus, because high pr
hadronic taus tend to get more collimated, which ensures a better distinction from
quark and gluon jets. However the transverse momentum of tau candidates that do
not pass the decay mode finding discriminator is not a well defined quantity, and a
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Fig. 7.4 Rates with which jets are misidentified as hadronic taus, in the barrel (left) and endcap
(right) regions, for the isolation working points used in the ££¢7, (top) and ££7, 7, (bottom) final
states. The fit uncertainties are shown with yellow bands, while 20% uncertainty bands are shown
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better variable is the transverse momentum of the jet closest to the tau candidate.
Therefore, the j — 7, misidentification rates are computed as a function of the
transverse momentum of the closest jet, and can be parameterized by decreasing
exponentials with three constants ¢y, ¢;, and c3 as:
fpr) =c1 + e, (7.6)
The j — 7, misidentification rates are measured separately for the loose and medium
working points of the cut-based isolation, in the barrel and endcap regions, and the
four corresponding curves are shown in Fig.7.4.
The j — e and j — p misidentification rates are measured in events with a good
Z boson candidate, a hadronic tau and a light lepton, following the ££7,7;, and ££7,7;,
selections. Again the tau candidates are required to carry the same charge, and the
electron or muon isolation and identification criteria are relaxed. In order to increase
the number of selected events, the 75, is required to have a pr larger than 5GeV
instead of 15GeV in the signal region. The presence of events with real electrons
and muons, such as WZ+jets events, is reduced by requiring the transverse mass
between the light lepton and the transverse missing energy to be less than 30 GeV. To
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Fig. 7.5 Rates with which jets are misidentified as muons (left) or electrons (right), in the £€ep
(top) or ££¢Ty, (bottom) final states, for the isolation and identification working points used in the
respective final states. The fit uncertainties (shown with yellow bands) are fully covered by 30%
uncertainty bands (shown in blue)

be consistent with the j — 7, case, the misidentification rates are also parameterized
as a function of the closest jet to the electron/muon' with a decreasing exponential.
They are measured for the different isolation and identification criteria chosen to
select the di-tau candidates in the different final states. Because of the limited number
of events selected, the misidentification rates are measured for the barrel and endcap
regions together. The misidentification rate functions are illustrated in Fig.7.5.

To validate the background estimation method, the results from the reducible
background estimation in the ££7;,7;, are compared to the observed data, in a signal-
and ZZ-free region where the two tau candidates have the same sign. Better statistical
precision is achieved by relaxing the Ly selection criterion and the hadronic tau
isolation. As shown in Fig. 7.6, both are in good agreement, in terms of distribution
and normalization.

11f no jet is found within a cone of AR = 0.5 around the light lepton, then the transverse momentum
of the light lepton itself is considered.
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7.4 Di-tau Mass Reconstruction

As neutrinos are always present in tau decays, computing the invariant mass of two
taus from their visible decay products underestimates the real mass of the resonance
and leads to a poor mass resolution. The SVfit algorithm [3] can reconstruct the full
di-tau mass with a likelihood technique. The kinematics of a tau decay is described by
two or three parameters, in the case of hadronic or leptonic tau decays respectively:

e X, the fraction of tau energy carried by the visible decay products;

e ¢, the angle between the visible decay product system and the full tau lepton
momentum vector;

e m,,, the invariant mass of the two neutrinos in case of a leptonic tau decay.

This leads to between four and six unknowns for a di-tau system. However, only
two measured parameters can constrain the momenta of the neutrinos: the transverse
missing energy magnitude and its orientation.

A probability P(m.,) can be measured for any hypothetical di-tau mass m;
the best estimate of the di-tau mass corresponds to the mass that maximizes this
probability. The probability is computed as follows:

Pm,,) = / 5(myr — mor (5. @) p(R15, )da, (1.7)

where the tau decay pair kinematics is described by @ = (X1, ¢1, m), X2, ¢2, m2,),
the visible decay product momenta are given by y = (p}"*, p5**) and the missing
transverse energy vector is X. The expression p(X|y, d) represents the probability
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that a given missing transverse energy is measured knowing the values of the visible
decay products momenta and the tau decay kinematics.

The likelihood p(X|y, @) is the product of the likelihood functions for both tau
decays and of the likelihood function describing the compatibility of a di-tau pair
decay with the measured E7. The individual likelihood functions are the following
ones:

e Leptonic tau decays are modeled with matrix elements, and, assuming unpolarized
taus, their likelihood functions read:

dr my,

L=
= dXdm,ydo < Am?

(m? 4 2m? ) (m* —m?). (7.8)

vv

e For hadronic tau decays, the likelihood function is:

_dr 1 1
TdXde 2w\ p_my )’

m

(7.9)

b

where the visible decay products are considered as a single particle with mass
Nyjs.- N

e If neutrinos are the only source of missing transverse energy, the measured E7
should be equal to the vectorial sum of the transverse momenta of all neutrinos.
However some differences between the two quantities can occur because of exper-
imental resolution effects. The latter are taken into account when building the E7
likelihood, assuming a Gaussian resolution:

1 L(E ==\ o
L= —exp|-= ) vol(E, - spt K, — pY) ).
zﬂm‘”‘p( 2(}4—%) Py~ )
(7.10)

In this expression V is the missing transverse energy covariance matrix of the
event.

With respect to the so-called visible mass, the SVfit mass, later simply denoted
m,,, improves significantly the mass resolution and ensures a better discrimination
between the scalar boson signal and the Z boson background, as illustrated in Fig. 7.7.
In the context of the analysis presented in this chapter, the improvement on the
expected upper limit brought by using the SVfit algorithm, ranges from about 10 to
40% depending on the probed H mass, as illustrated in Fig.7.8.
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Fig. 7.7 Invariant mass of two taus, using only visible decay products (left) or with the SVfit
algorithm (right). One tau is chosen to decay hadronically, while the second one decays leptonically
to a muon plus neutrinos. The Z — 77 background is represented by the filled yellow area, whereas
the black distribution represents a SM scalar boson signal with a mass of 125 GeV. The SVfit mass
enhances the separation between the two processes with respect to the visible mass, and brings a
better mass resolution for the signal [1]
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Fig.7.8 Expected upper limits at 95% CL on the signal strength of the H boson, inthe ZH — ¢1T
channel, with 8 TeV data. The dashed line indicates the limit obtained when using the visible
invariant mass of the taus as observable, and the plain line shows the corresponding limit when the
SVfit-reconstructed mass, m -, is the observable
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7.5 Systematic Uncertainties and Simulation Corrections

The simulations are reweighted so that they reproduce the number of true vertices
measured in data.

Theoretical uncertainties on the signal cross section arise from variations of the
renormalization and factorization scales (2.9 and 3.1% at 7 and 8 TeV respectively),
and from uncertainties on the parton distribution functions (2.7 and 2.5% at 7 and
8 TeV respectively) [4]. The Z Z production cross section also suffers from theoretical
uncertainties from parton distribution functions and QCD scale. The uncertainty on
the cross section of the ¢ Z process is 50% [5, 6], while 44% uncertainty is assigned
tothe g9 — Z Z background to account for theoretical uncertainties from QCD scale.

Because the lepton identification and isolation efficiencies differ in data and sim-
ulations, the MC events are reweighted with some scale factors, determined via tag
and probe methods. The scale factors and their uncertainties are usually measured
for different pr and |n| values of the leptons. The uncertainties amount to 2% per
single muon, 2% per single electron and 6% per single hadronic tau. Conservatively,
they are multiplied by the number of leptons. The simulations are also corrected for
the differences in trigger efficiency observed in data. The muon and electron trigger
efficiency uncertainties amount to 1% and are also measured from tag and probe
methods. An uncertainty of 1%, introduced by the b-tag veto, is associated to the
yield of all processes estimated from MC simulations. The effect on the yield is rela-
tively small because the mis-tagging rate is low. The luminosity uncertainty amounts
t02.2% in 2011 [7] and 2.6% in 2012 [8]. It is fully correlated between all processes
estimated from MC samples, namely the irreducible backgrounds (ZZ — 4¢, 1t Z
and ZH — ZW W) and the signal samples.

An uncertainty of 3% is related to the tau energy scale, as explained in Chap. 6.
This does not only impact the normalization of the distributions taken from MC
simulations (if a tau has a larger energy, it is more likely to pass the py thresh-
old requirements), but also their distributions (m ., strongly depends on the visible
four-momenta of the two taus). Therefore the tau energy scale is considered as a
shape uncertainty, and two additional distributions for every MC-estimated process,
corresponding to the variations by +1 standard deviation of the tau energy scale,
are provided to compute the limits. The nominal and alternative distribution for the
signal and irreducible backgrounds are shown in Fig. 7.9 for two di-tau final states.

The uncertainty on the normalization of the reducible background comes from
the fits of the misidentification rates, which are statistically limited. The fit functions
are modified within their uncertainties, and the yields of the reducible processes
are recomputed for the variations, which permits to compute a yield uncertainty
related to the modifications of the fit functions. It can be seen that a 20 or 30%
uncertainty band can cover the variations of the j — 7, or j — e/u fit functions
respectively. The uncertainty associated to a given fit function is fully correlated
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Fig.7.9 Nominal m . distributions and their corresponding contributions when the tau energy scale
is varied by *1 standard deviation, for the ZH — ¢{77 signal (top) and ZZ — 4¢ background
(bottom), in the ££7,,7;, (left) and ££7, 7y, (right) final states

between the final states where it is used to compute the reducible background yield,
while uncertainties associated to different fit functions are fully uncorrelated. The
uncertainties by final state range from 15% (€47,7;,) to 30% (£€ep). The smaller
yield uncertainty in the €7, final state is the consequence of the better statistical
precision in the fit functions because the j — 7, misidentification rate is more than
one order of magnitude larger than the j — ¢ misidentification rates.

Because the number of events after all selection criteria is low for the MC-
estimated processes, an uncertainty between 5 and 50%, depending on the final
number of events, is assigned to the MC processes.? This uncertainty is not correlated

2The most limited MC samples after selection, which are assigned an uncertainty as large as 50%,
contribute to the expected yield by a negligible amount.
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between final states as it only has a statistical origin, and is not correlated between
processes either.

Finally, bin-by-bin errors are taken into account for every process, estimated from
MC simulations or with data-driven method. Because this results in a large number of
additional shape uncertainties, these uncertainties are pruned: only those that modify
the yield in a bin by more than 10%, or in a 50 GeV m ., window around 125GeV,
are kept. This pruning is checked to have a very limited impact on the final results.

A summary of the systematic uncertainties and of their effects on the yields of
the different processes can be found in Table 7.3.

7.6 Results

After the selection, only 84 data events remain, and some of them have a di-tau mass
m compatible with 125 GeV. This is the case for example of an event recorded on
the 15th of November 2012: the event is selected with the p1p7, 7, selection and has
m,, equal to 122.8 GeV. A three-dimensional view of this particular event is shown
in Fig.7.10.

Fig. 7.10 3D view of a event compatible witha ZH — 7,7, decay, recorded by CMS at 8 TeV
center-of-mass energy in November 2012. In the figure, starting from the upper left corner and pro-
ceeding clockwise, the green cone indicates the hadronic tau (pr = 19.0 GeV) potentially coming
from the SM scalar boson decay, the first red line in the negative pseudorapidity region represents
the first muon (pr = 18.4GeV), daughter of the Z boson, then, in the positive pseudorapidity,
region the second red line indicates the muon (pr = 47.5GeV) coming from the decay of the tau
from the scalar boson decay, and the third red line represents the second muon coming from the Z
boson (pr = 22.0GeV). The Z boson candidate has a mass of 91.0GeV and the full di-tau mass
of the scalar boson candidate, m -, is 122.8 GeV [9]
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Fig. 7.11 Expected and observed m ., distributions in the eight different final states at 7 TeV. The
distributions are obtained after a maximum likelihood fit that includes the nuisance parameters

discussed previously [1]
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Fig. 7.11 (continued)

A simultaneous maximum likelihood fit is performed in all final states; the result-
ing postfit distributions are shown in Figs. 7.11 and 7.12 at 7 and 8 TeV center-of-mass
energy respectively. The predicted and observed yields for the different final states
and data taking periods are detailed in Table 7.4. The maximum likelihood fit permits
to extract the best-fit signal strength, as well as the pulls on the nuisance parameters.
The signal strength for the combination of the eight final states at 7 and 8 TeV is
found to be:

i =1.6141.85. (7.11)

The spread of the measured signal strengths for the different di-tau final states and the
different data taking periods is shown in the left-hand side of Fig.7.13. Computing
the chi-square of this set of measured signal strengths with respect to the best-fit
value 1 for the combination, and comparing it to the chi-square distribution for toys
generated with the background-plus-signal hypothesis with ;1 = /i, one can see that
such a spread is expected and reasonable. This is illustrated in the right-hand side
part of Fig.7.13.

As no excess of data above the expected backgrounds is observed, upper limits on
the signal strength are set at 95% CL, using the asymptotic C Ly method. The limits
obtained in the four di-tau final states are shown in Fig.7.14. The ££ .7, final state is
the most sensitive channel because of the clear signature left by muons in the detector,
while the ££7;, 7, is the second one because of the large branching fractions for taus
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Fig. 7.12 Expected and observed m ., distributions in the eight different final states at 8 TeV. The
distributions are obtained after a maximum likelihood fit that includes the nuisance parameters
discussed previously [1]



148 7 Search for the SM Scalar in the ZH — {77 Channel

CMS, 19.7 fb™ at 8 TeV CMS, 19.7 fb™ at 8 TeV

% 045 1 SMH(125 GeV) 1t % 025~ SMH(125 GeV) ]
o F ee+TT —e— Observed E o [ U +71.7, —e— Observed ]
= 0.40F [ SM H(125 GeV)— WW s F [ SM H(125 GeV)> WW |
T ossf Bz 1 = o[ =z ]
g VIO [ Reducible bkg. t F [ Reducible bkg. E
£ 030k [T Bkg. uncertainty £ r [T Bkg. uncertainty 1
) 30 ) [ i
Z : 1 Z ok .
T 0.25F e ° + 1
0.20F E ]

E ] 0.10 -
0.15F 4 ]
010 E 0.05F- ]
0.05F - ]
0.00 E 3 0.00 L R e ey ]

0 300 0 300

m,, [GeV] m,, [GeV]

Fig. 7.12 (continued)

Table 7.4 Observed and predicted event yields in all final states and data taking periods. Back-
ground contributions are measured after a simultaneous maximum likelihood fit of all final states,
whereas the signal at my = 125GeV is normalized to the SM expectation. The last column,
S/(S + B) represents the ratio of the signal and signal-plus-background yields in the central m,,
range containing 68% of the signal events for my = 125GeV

Process Signal Background Data HLB

ee+ ey 7TeV 0.045 £ 0.002 1.0+£0.1 1 0.077
pp e 7TeV 10.051 +0.002 1.0£0.1 3 0.100
ee + 1 7TeV | 0.061 + 0.004 1.1+0.1 1 0.127
pp 4+ 7TeV 1 0.073 £+ 0.006 0.8+0.1 0 0.195
ee+ ety 7TeV | 0.075 £ 0.004 22+£0.1 4 0.077
wi+ e, 7TeV | 0.078 = 0.004 22+£0.1 1 0.092
ee + prp, 7TeV | 0.087 £ 0.004 1.5+0.1 2 0.135
w4+ prp, 7TeV | 0.111 £ 0.005 24403 2 0.103
ee + ey 8TeV 0.185 &+ 0.007 40£02 4 0.082
w4 e 8TeV  10.202 £ 0.008 5.1£03 9 0.105
ee + 1,7, 8TeV | 0.260 + 0.020 48+04 9 0.148
w7, 8TeV | 0.285 +0.022 5.8+04 4 0.150
ee + ety 8TeV  0.279 £ 0.013 102 £0.5 13 0.063
up~+etp 8TeV 10.293 +£0.014 122 £ 0.6 8 0.081
ee + pt, 8TeV [ 0.385 +£0.018 7.6+04 11 0.149
wi+ prp 8TeV [ 0.427 £0.021 10.5£ 0.6 12 0.092
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square distribution for toys generated with a signal strength equal to the best-fit combined value.
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to decay hadronically. They can be combined together, as illustrated in Fig.7.15. The
upper expected limits on the signal strength range from about 2.5 to 20 depending
on the H boson mass probed. These results are compatible with those obtained by
the ATLAS Collaboration [10].

7.7 Chapter Summary

H — 77 is the most sensitive decay channel to test the Yukawa couplings of the
recently discovered boson. Because of the large j — 7, fake rate, studying this decay
in the dominant gluon-gluon fusion production mode leads to large Drell-Yan and
QCD multijet background. Even though the associated production with a Z boson
has a cross section more than one order of magnitude lower, searching for ZH —
1T events is viable due to the large background reduction that can be achieved
by selecting the two light leptons originating from the Z boson. The irreducible
ZZ — 4¢ background is estimated from MC samples, while reducible processes are
determined via the misidentification rate method. The analysis is sensitive to about
four times the expected signal cross section in the SM.
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Chapter 8
Search for the SM Scalar in the WH — ey,
Channel

The cross section for the associated production of the SM scalar boson with a W boson
is several times larger compared to the associated production with a Z boson, but the
background reduction is less strong because of a less clean signature. Two analyses
have been performed with the data collected in Run-1 by the CMS detector [1]: one
for fully hadronic tau decays WH — {7, 7, and the second one for semi-leptonic
di-tau final states W H — £7y7;,. The ey, final state of the latter channel, where the
W boson decays to a light lepton and a neutrino, one of the taus to a light lepton of
the other flavor, and the other tau hadronically, is the object of this chapter.

8.1 Selection

This analysis targets leptonic W boson decays with one light lepton (electron or
muon), leptonic decays of one of the taus, and hadronic decays of the other tau. The
euTy, final state is described in this chapter, whereas the pp7y, final state is included
in [1], and the eeT;, final state is not studied because of its lower sensitivity.1

The events are selected with asymmetric electron-muon trigger paths, for which
the leading lepton is required to have a transverse momentum greater than 17 GeV,
and the subleading one greater than 8 GeV. Offline, the lepton matched to the leading
trigger leg is required to have a transverse momentum greater than 20 GeV, while
the lepton matched to the subleading trigger leg should have a transverse momentum
greater than 10GeV. In addition, the electron candidate is selected with |n| < 2.5,
|d;| < 0.2cm, loose MVA identification and a relative isolation less than 0.15 (0.10)

IThe lower sensitivity of the eer;, final state compared to the zu7, final state can be explained
by the more efficient muon reconstruction and identification, and by the larger electron charge
misidentification, which plays a role because the light leptons are required to carry the same electric
charge to reduce the Drell-Yan background.
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for |n| < 1.479 (>1.479). Requiring the three charge estimates to be consistent with
each other reduces the electron charge misidentification rate. The muon candidate is
selected with || < 2.4, |d,| < 0.2 cm, tight PF identification, and a relative isolation
less than 0.15 (0.10) for || < 1.479 (>1.479). Both light leptons are required
not to be associated to a jet that has a CSV discriminator greater than 0.8. The ¢7
background is drastically reduced by requiring the electron and the muon to have
the same electric charge. The 7, candidate is required to have a different electric
charge, to have pr > 20GeV, |n| < 2.3, |d;| < 0.2cm, and to pass the decay
mode finding discriminator, the loose working point of the cut-based isolation, the
loose working point of the cut-based discriminator against electrons, and the loose
working point of the cut-based discriminator against muons. In the case where the
invariant mass between the electron (muon) and tau candidates is in a 40-GeV wide
window around the Z boson mass, the tight working point of the discriminator against
electrons (muons) is chosen to reduce the Drell-Yan background Z/v* — ee and
Z/v* — pup contribution. All three objects are required to be separated by at least
AR = 0.5.Events that contain a b-tagged jet (tight CSV working point), or additional
identified electrons, muons or taus, are vetoed. The extra lepton veto prevents any
overlap with the ZH — €77 analysis described in Chap. 7.

Events collected at a center-of-mass energy of 8 TeV are divided into two cate-
gories according to Ly, the scalar py sum of the three leptons: the L-high category
is characterized by Ly > 130GeV and the Ly-low one by L7 < 130GeV. Because
of the lower integrated luminosity in 2011, 7 TeV events are grouped in a single cate-
gory with Ly > 70GeV. This categorization improves the sensitivity of the analysis
because signal events typically have a larger L7 than background events.

8.2 Background Estimation

Irreducible backgrounds correspond to processes with at least three real leptons in
the final state, namely WZ — 3¢vand ZZ — 4¢.The ZZ — 4¢ process is reduced
by requiring the event not to have more than three identified leptons. These diboson
contributions are estimated from MC samples, and normalized to their predicted
NLO cross sections [2].

Other backgrounds feature at least one misidentified object, and are classified
as reducible. Reducible processes include among others W-+jets, 7, though greatly
reduced by the same sign charge requirement on the light leptons, QCD multijet, and
Z+jets events. These backgrounds are estimated together with a misidentification
rate method. The principle of the method is the same as described in Chap.7 for
the ZH — {717 analysis. In this case, the “fakeable” objects are considered to be
the muon and the electron, and the j — e and j — p rates therefore have to be
measured in data. These misidentification rates are measured in a W+jets-enriched
region in data, defined in the same way as the signal region except that the events
should not include a 7, candidate. In addition, the region is enriched in W +-jets events
by requiring the transverse mass between the “tag” lepton (the lepton that passes all
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identification and isolation conditions) and the E 7 to be greater than 55GeV, and
the transverse mass between the “probe” lepton (the lepton without identification
and isolation conditions for which the misidentification rate is measured) and the

E'r to be less than 35GeV. In order to make the topology as close as possible to the
signal region, an additional jet with py greater than 20 GeV is required to mimic the
presence of the hadronically decaying tau.

The misidentification rates for electrons and muons are determined independently
with a k-Nearest Neighbors (kKNN) classifier (see Sect.3.7). This allows the rates to
depend on a large number of variables. In practice, three variables are chosen in this
analysis: the probe lepton p7, the pr of the jet closest to the probe lepton, and the
number of jets with py > 20GeV in the event. The rate measured in collected data
for jets to be misidentified as muons is shown in Fig. 8.1 as a function of these three
variables. As seen in the context of the ZH — {477 analysis, the misidentifica-
tion rates strongly decrease with the transverse momentum of the closest jet. The
dependence with the lepton py is more complicated because of the contamination
of real leptons from W Z events in the high- pr region. The number of jets variable
is particularly useful to parameterize the difference in the misidentification rates in
different topologies; these rates indeed tend to be lower for events with a large num-
ber of jets, such as ¢ events because of the higher hadronic activity that spoils the
probe lepton isolation. The number of nearest neighbors is chosen to be equal to fifty,
which ensures a good local description with limited statistical fluctuations.

However, applying such a technique leads to an overestimation of the misidenti-
fication rates, especially at high lepton pr, because of the contamination of ZZ and
W Z events with real leptons in the W+jets enriched region. To remove these contri-
butions, two additional KNN per lepton (muon or electron) are trained, respectively
for ZZ and W Z events in MC simulations that pass the W+jets enriched region
selection. The two kNN outputs are subtracted from the data kNN output according
to the expected contributions of WZ and ZZ events in the data region, estimated
from the process cross sections. In particular, the kNN outputs of these two MC
samples are scaled by:

NM C ﬁdata

W ) (8 . 1 )
where NM€ and N9“¢ are respectively the raw number of events in MC simulations
and data in the W +jets control region where the training is done, and £Y€ and £4¢
are the respective integrated luminosities of the MC simulations and data samples.

The rates measured in such a way are applied to data events that pass the signal
region selection, except that the muon and/or the electron candidates do not pass
the isolation and/or identification conditions. Assuming a misidentication rate f, for
the electron candidate ( f, depends on the electron p7, on the pr of its closest jet,
and on the number of jets with pr > 20GeV in the event), and a misidentification
rate f, for the muon candidate, events with two leptons failing the isolation and/or
identification conditions are weighted with #{Lﬁ)’ events with the electron pass-
ing but the muon failing the identification and/or isolation conditions are weighted
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Fig. 8.1 Rates with which jets are misidentified as muons, as a function of the pr of the jet closest
to the lepton candidate (left), of the lepton candidate pr (center), and of the number of jets with
pr > 20GeV in the event. The misidentification rates are measured in a W+jets enriched region
in data collected in 2012 at 8 TeV center-of-mass energy. The increase of the misidentification rate
with the lepton pr is due to the contamination of real leptons from W Z events in the high pr
region, while the decrease with the number of jets is caused by the higher hadronic activity, which
spoils the lepton isolation

with 5 f" , and events with the muon passing but the electron failing the identifi-

cation and/or isolation conditions are weighted with - L v . As described in Chap. 7,
the double counting of events with two fake leptons i 1s removed by subtracting the
weighted contribution of events with two leptons failing the isolation and/or isolation
conditions, to the sum of the two other weighted categories.

The reducible background estimation method is validated in a control region
where the 7, candidate has the same sign as the electron and the muon, and does not
pass the loose working point of the cut-based isolation. This region is signal-free, and
enriched in reducible background. Figure 8.2 illustrates the L7 and m,; distributions;
predicted backgrounds agree with observed data both in terms of normalization and
distribution. A band corresponding to 30% uncertainty on the reducible background
prediction is drawn.

The method of the e/ misidentification rate is cross-checked with an indepen-
dent method, which considers the 73, candidate as the possibly misidentified object.
The j — 7, misidentification rate is measured in a W+jets enriched region in
data. The events in the control region are selected with a single muon trigger; the
muon candidate is required to have py > 24GeV, |n| < 2.1, to pass the tight
PF identification, and to have a relative isolation less than 0.1 and a longitudinal
impact parameter of the track with respect to the primary vertex less than 0.2cm.
The region is enriched in W+jets events by requiring the transverse mass of the
muon and the E7 to be greater than 40 GeV. Two same-sign 7, candidates, with
an opposite charge with respect to the muon, are also selected. Events that contain
an extra light lepton (with py > 15GeV), or a b-tagged jet (with pr > 20GeV)
are vetoed. The j — 7, misidentification rate is measured in three pseudorapidity
regions (|n| < 0.8,0.8 < |n| < 1.6, 1.6 < |n| < 2.3), separately for 2011 and 2012
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Fig. 8.3 Rates with which jets are misidentified as hadronically decaying taus in the barrel (|n| <
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misidentification rates are measured in data collected in 2012 at 8 TeV center-of-mass energy, and
are fitted with Landau functions

data. The dependence of the misidentification rates with the 75, transverse momentum
is parameterized with Landau functions, as illustrated in Fig. 8.3. The mathematical
form of Landau distributions is:

1 o0
f(pr) = —/ e ¥ 108X =PT gin (rx)d x. (8.2)
™ Jo

Events in data that have a loose 73, candidate that does not pass the isolation
condition are reweighted with a weight w:

f(pr)

—_—, 8.3
T ) &3

w(pr) =
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Fig. 8.4 Comparison between the reducible background distributions obtained with the e/ and 7
misidentification rate methods, in the low-L7 (left) and high-L7 (right) regions. The shaded areas
correspond to statistical uncertainties only

in order to estimate the reducible background contribution in the signal region. This
method estimates backgrounds that have jets misidentified as 7, but does not take
into account events where the 7, corresponds to a real hadronically decaying tau or
to a e/u — T, object. Therefore, the small Drell-Yan background contribution is
not included in the reducible background estimated with this method, and is instead
directly taken from MC samples. The reducible background obtained with the 7
misidentification method is compared to the one obtained with the e/ misidentifica-
tion method described previously. The comparison in the high- and low-L regions,
shown in Fig. 8.4, demonstrates an excellent agreement between both techniques
within statistical uncertainties. The background estimated with the e/ misidentifi-
cation rate method is considered as the default one, while the background estimated
with the 73, misidentification rate method is considered as an alternative with a shape
uncertainty.

8.3 Results

The observable used to extract the upper exclusion limits is the visible invariant mass
between the 7;, candidate and the subleading light lepton. Leptons from leptonic
decays of taus originating from H bosons indeed tend to have a lower transverse
momentum than light leptons directly originating from W boson decays. The correct
di-tau pair is reconstructed in about 70% of cases with this method. The SVfit mass
is not used for the W H analyses with H — 77 because the £7 coming from the W
boson decay is mixed to the £7 from the tau decays.
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Fig. 8.5 Goodness-of-fit test in the ey, final state, in data collected at 7 TeV (left) and 8 TeV
(right) center-of-mass energy

Many systematic uncertainties, such as the trigger efficiency, muon and electron
identification and identification, tau identification, tau energy scale, b-tagged jet veto,
and luminosity uncertainties are in common with the ZH — ££77 analysis described
in Chap. 7. Uncertainties that differ include 30% uncertainty on the normalization of
the reducible background due to the ¢/ u misidentification rate method, and the alter-
native reducible background distribution from the 75, misidentification rate method.
Additionally, diboson backgrounds estimated from MC samples (W Z and ZZ) are
attributed PDF and QCD renormalization scale uncertainties (about 4% each), and
a statistical uncertainty between 3 and 10% to account for the limited number of
events remaining after the full signal selection.

Goodness-of-fit tests are performed for the 7 and 8 TeV distributions; the results
are shown in Fig. 8.5. The observed goodness-of-fit lies in both cases in the bulk of the
goodness-of-fit distribution for toys experiments, which indicates a good agreement
between the process predictions and the observed data.

The visible mass distributions obtained with the 7 TeV data, and the 8 TeV data
in the two categories, are shown in Fig.8.6. A good agreement between predicted
processes and observed data is seen, and upper limits on the signal cross section are
set at 95% CL. At mpy = 125GeV, the analysis is sensitive to about 4.6 times the
cross section expected in the SM. All values for H boson masses between 90 and
145 GeV are indicated in Table 8.1.
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Fig. 8.6 Observed and expected distributions of the visible invariant mass between the 7, candidate
and the subleading lepton, at 8 TeV in the low-L 7 (top left) and high-L (top right) regions, and
at 7TeV (bottom left). [1] The expected and observed limits at 95% CL on the signal cross section
for the combination of these distributions is shown in the bottom right part of the figure

8.4 Chapter Summary

The W H production cross section is several times larger than the Z H production
cross section, but the level of background is higher because the W boson decay
products are less efficient to select than the Z boson decay products. The ep7, decay
channel, where one of the light lepton promptly comes from the W boson whereas
the other one comes from the decay of one of the taus originating from the H boson,
is described in this chapter. A great background rejection is achieved by requiring
the two light leptons to have the same electric charge. The reducible background is
estimated with a misidentification rate method that relies on the probability for jets
to be identified as light leptons. No excess of events is observed, and the analysis is
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Table 8.1 Expected and observed limits at 95% CL on the signal strength for the WH — eumy,
process, for H boson masses between 90 and 145 GeV

mpy (GeV) | —20 —lo Median +1o +20 Obs. Limit
90 1.40 1.90 2.73 3.96 5.56 3.36
95 1.59 2.15 3.09 4.49 6.29 3.76
100 1.77 2.41 3.45 5.04 7.04 4.10
105 1.48 2.01 2.88 4.18 5.88 2.88
110 2.13 2.89 4.14 6.02 8.46 4.09
115 2.14 291 4.17 6.08 8.59 3.60
120 2.33 3.17 4.58 6.71 9.50 4.02
125 2.84 3.88 5.58 8.18 11.58 4.62
130 3.53 4.83 6.97 10.27 14.58 5.53
135 4.31 5.90 8.59 12.67 18.19 6.54
140 5.82 7.98 11.59 17.09 24.40 8.81
145 7.42 10.20 14.91 22.10 31.81 11.04

sensitive to about five times the expected cross section times branching fraction for
the process under study.
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Chapter 9
Combination of Searches for the SM Scalar
Boson Decaying to Taus

The two searches presented in Chaps. 7 and 8, respectively ZH — £¢rrand WH —
ey, are combined with searches for the SM scalar boson decaying to taus and
produced in gluon—gluon fusion and vector boson fusion productions, as well as
with searches in the W H channel but with other final states (WH — {71;,7, and
WH — puTy). This combination provides an important test of the H boson Yukawa
couplings.

9.1 Gluon-Gluon Fusion and Vector Boson Fusion
Production Modes

The gluon—gluon fusion and vector boson fusion production modes are studied simul-
taneously. Events are separated into different exclusive categories to increase the
signal/background discrimination based on kinematic properties of the signal:

e 2-jet: This category targets the VBF production. The events are required to have at
least two jets with pr greater than 30 GeV, and to pass additionally some criteria
to increase the VBF signal purity, based on the invariant mass of the jets and their
separation in the n-direction.

e I-jet: This category targets the gluon—gluon fusion production with a jet from
initial state radiation.

e (-jet: This category targets the gluon—gluon fusion production.

The 2-jet and 1-jet categories are the most sensitive. Meanwhile the O-jet category is
the least sensitive because of the overwhelming Drell-Yan background, but is useful
to constrain nuisance parameters. Events are further divided according to the trans-

verse momentum of the H boson candidate ( p? = |pr(n) + pr(m) + E7|, where
pr(71) and pr(m) are the reconstructed visible transverse momenta of the taus), in
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order to select H boson candidates boosted in the transverse plane, and according to
the transverse momentum of the tau candidates, as they are typically larger than the
pr of taus originating from Z bosons if my > m.

The six possible di-tau final states are studied. The most sensitive final state is 7,7,
whereas the least sensitive final states 7,7, and 7,7, because of the small expected
di-tau branching fraction. All details can be found in [1].

9.2 Vector Boson Associated Production

Despite the small production cross section compared to the gluon—gluon fusion and
vector boson productions, searching for a scalar boson decaying to taus and produced
in association with a vector boson permits to constrain the scalar couplings to vector
bosons. Three final states studied in Run-1 in the context of the search for a SM
scalar boson decaying to taus and produced in association with a vector boson, have
not been presented in the previous chapters: WH — um1,, WH — em,7;, and
WH — put,. The latter final state is covered with background estimation methods
very similar to those used in the W H — e, analysis detailed in Chap. 8, and the
Z/v* — pp background is greatly reduced by requiring the two muon candidates
in the event to have the same electric charge. The large reducible background in the
WH — {7,7, final states is reduced by training a BDT and selecting events with a
BDT output above a certain threshold. The BDT takes as input the 7, candidate pr,
the distance between the 73, candidates, the missing transverse energy, as well as the
ratio between the vectorial and scalar sums of the 75, candidate p7. The observable
used to extract the results is the invariant mass between the 7, candidates.

The results of the combination between all V H analyses with H decays to taus
performed in Run-1 are shown in Fig. 9.1 and Table 9.1. The limits increase with the
mass of the scalar boson probed because of the expected decrease of the branching
fraction B(H — 77). Although there is a small deficit of observed events compared
to the expected SM processes, the results are compatible both with the existence
and the absence of a SM scalar boson at a mass of 125GeV. For this particular
mass, the observed upper limit at 95% CL on the signal strength lies at 2.1. The
combined best-fit signal strength is i = —0.33 &£ 1.02, which corresponds to i =
1.61 £ 1.85 for the ZH channels, 1 = —3.15 £ 2.03 for the W H channels with
two hadronically decaying taus, and i = —1.57 £ 1.65 for the W H channels with
exactly one hadronically decaying tau. The V H analyses are expected to reach the
SM sensitivity in Run-2 with the increase of integrated luminosity and the increase
of center-of-mass energy.
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Fig. 9.1 Left: Combined expected and observed 95% CL upper limit on the signal strength
parameter © = o/osy for the VH analyses. The background-only hypothesis includes the
pp — H(125GeV) — WW process for every value of mpy. Right: Expected 95% CL upper
limit on the signal strength parameter ¢ = o/ospy in the background-only hypothesis, shown
separately for each V H channel [2]

Table 9.1 Observed and expected 95% CL upper limits on the signal strength for the combination
of all V H analyses with H decays to taus performed with Run-1 data

my(GeV) —20 —lo Median +lo +20 Obs. Limit
90 7331071 [9.89.10! | 1.40 2.00 2.74 9.58-107!
95 8.13-107! | 1.09 1.55 221 3.04 1.09
100 8.91-10"! [1.20 1.70 2.42 3.33 1.13
105 8.52-107! |1.15 1.63 2.36 3.24 1.16
110 9.77-10"1 |1.32 1.87 2.69 3.71 1.29
115 9.70- 107! | 1.31 1.87 2.68 3.70 1.33
120 1.08 1.47 2.09 3.01 4.17 1.81
125 1.21 1.65 2.36 3.42 4.76 2.06
130 1.47 2.01 2.87 4.16 5.82 2.98
135 1.87 2.45 3.52 5.10 7.13 4.02
140 2.36 3.21 4.61 6.72 9.43 5.70
145 3.28 4.46 6.41 9.29 12.99 8.87

9.3 Combination of All Production Modes

A comparison of the expected sensitivity of all the final states and categories com-
bined, in terms of upper limits on the signal strength, is shown in Fig.9.2. The
searches in all production modes are combined together, and their uncertainties are
correlated when applicable. An excess of events is observed on top of the SM back-



166 9 Combination of Searches for the SM Scalar Boson Decaying to Taus
CMS (unpublished) H—1t, 4.9 fb™ at 7 TeV, 19.7 fb™' at 8 TeV = 12 CMS (unpublished) H-1t, 4.9 fb™ at 7 TeV, 19.7 fb™' at 8 TeV
g‘ expected g r expected
ce +
o _e-uu - L -@-0-Jet
= o e ‘E 10
g o r;,r,, £ [ A -@-1-Jet
= e-e1, 3 - . -@- 2-Jet (VBF)
d - ) o [ LY VHos1t
10 e VH-1t > 8§ v

o = @ Hotr+VHo e N 3 . -@- Hotr#VH- 1t
o F A 8 I »
=3 1 I Y

] 6 \

4 L

»_/‘
1 @
e .
D e Y Pt
100 120 140
my, [GeV]

Fig. 9.2 Expected 95% CL upper limit on the signal strength parameter ¢ = o/ospy in the
background-only hypothesis, shown separately for the seven channels (left), and for the O-jet, 1-jet,
2-jets and V H categories (right) [1]

ground predictions, as seen in Fig.9.3 in the combined distribution of the decimal
logarithm log(S/(S + B)) obtained in each bin of the final discriminating variables
for all event categories and channels, where S denotes the expected signal yield at
my = 125GeV and B the expected background yield in a given bin. This results
in the first evidence for the decay of the H boson to a pair of tau leptons, with
an observed (expected) significance of 3.2 (3.7) standard deviations for a mass of
125 GeV. The best-fit signal strengths in the different di-tau final states are given in
Table 9.2; the slight deficit of events relative to the SM expectations for the scalar
boson essentially comes from the 7,7, and 7,7, final states in gluon—gluon fusion
and VBF production modes, and from the V H analyses as described in Sect.9.2.

The best-fit value for the signal strength is well compatible with the SM hypoth-
esis: i = 0.78 £ 0.27 at my = 125GeV. The combined measured mass of
the excess is obtained after a parabolic fit, illustrated in Fig.9.3, and amounts to
my = 122 £ 7GeV. A likelihood scan is shown in Fig. 9.4 for the combination of
the analyses in the (ky, k¢) plane, where the coupling modifiers ky and k ; quantify
the ratio between the measured and the SM values for the couplings of the scalar
boson to vector bosons and fermions respectively; the observed couplings are well
compatible with the SM expectation. The constraints in the ky direction essentially
come from the searches for a scalar boson produced in association with a vector
boson and in vector boson fusion. After combination of the H — 77 analysis with
the search for the decay of the H boson to a pair of b quarks [3], the CMS Col-
laboration could show an evidence for the decay of the H boson to fermions, with
a significance of 3.8 standard deviations (for 4.4 standard deviations expected) [4].
The ATLAS Collaboration also announced an evidence for the H boson Yukawa
couplings to taus during LHC Run-1 [5].
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Fig. 9.3 Left: Combined distribution of the decimal logarithm log(S/(S + B)) obtained in each
bin of the final discriminating variables for all event categories and channels, where S denotes the
expected signal yield at m gy = 125GeV and B the expected background yield in a given bin. Right:
Scan of the negative log-likelihood difference as a function of my [1]

Table9.2 Best-fitsignal strengths for every final state for the gluon—gluon fusion and VBF analyses,
for the combination of the V H analyses, and for all H — 77 searches combined

Final state TeTe TuTu TeTy ThTh
i 0.05 £ 1.60 —0.54 +1.38 0.90 £ 1.03 1.31 £0.63
Final state TeTh TuTh VH All
i 0.31 £0.55 1.01 £0.41 —0.33 +1.02 0.78 £0.27
Fig. 9.4 Scan of the CMS H-1r, 4.9 b at 7 TeV, 19.7 fb" at 8 TeV
negative log-likelihood 20— 7T T T
; . ¥ - 95% CL .
difference as a function of | my= 125 GeV i
the coupling modifiers ky i [ 68% CL il
and ks. The H > WW . o Best fit I
contribution is treated as a 1.5 ¢ sm -
signal process. The red i k
diamond indicates the SM - i
expectation [1] i i
1.0 -
0.5 <]
I B B R

%9
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9.4 Chapter Summary

The combination of all searches for H boson decays to taus, in the gluon—gluon
fusion, vector boson fusion and V H associated productions, leads to an evidence for
the decay of the H boson to taus. The results are perfectly compatible with the SM
expectation, and the measured signal strength at my = 125GeV is i = 0.78 +0.27.
The measured mass of the excess is my = 122 £+ 7GeV.
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Chapter 10
Search for a Heavy Pseudoscalar Boson
A Decaying to Zh in the ££71 Final State

The A — Zhdecay channel is studied to uncover a hypothetical extended scalar sector
inthe MSSM, or more generally in 2HDM type-2. It is sensitive to pseudoscalar boson
masses between about 215 GeV (sum of the masses of the 2 and Z bosons) and 350
GeV (twice the top quark mass), in the low tan 3 regions. The most sensitive final
states are ££bb and ££TT because they cover the largest 4 boson branching fractions,
and, unlike the case of the SM H production in gluon-gluon fusion, do not suffer
from high backgrounds or high triggering thresholds thanks to the additional leptons
coming from the Z boson decay. Both analyses have been performed using CMS
data collected in 2012; the results from the A — Zh — €£bb search are available
in [1], while the A — Zh — ££77 search results are published in [2] and described
below. The analysis workflow is close to the search for the SM H boson produced in
association with a Z boson, presented in Chap.7.

10.1 Differences with Respect to the SM ZH — {11
Analysis

Because there are many similarities between the selection and background estimation
methods of the present analysis and the SM ZH — ££77 analysis detailed in Chap. 7,
this section only highlights the differences; everything not mentioned should be
assumed identical to what was done for the SM ZH — £¢{77 analysis. The same
eight final states (corresponding to Z — up or Z — ee, and h — 7,7, h — T, Tp,
h — 7,7 or h — T7,7,) are studied, but only in data collected in 2012 at a center-
of-mass energy of 8 TeV.

The signal samples, with A boson masses between 220 and 350 GeV, are generated
with Madgraph. Some rare processes, generated with Madgraph as well, are added
to the list of irreducible backgrounds: WWZ (o = 0.0580pb at 8 TeV), WZZ (0 =
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Fig. 10.1 Reconstructed A A— Zhlltt 8 TeV
boson mass, using the s 0.16F .
SVfit-reconstructed di-tau © C — my =220 GeV — mj, =240 GeV 1
system. The full signal 0.14F m, =260 GeV m, =280 GeV
selection is applied, and all C m, = 300 GeV — m, = 320 GeV
eight final states are 012 —— m, =340 GeV A
superimposed. The r ]
resolution is between 15 and 010E h
20% for all masses r .
0.08F 3
0.06f 3
0.04F 3
0.02F .
0.00E :

150 200 250 300 350 400 450
miz° (GeV)

0.0197pb at 8TeV) and ZZZ (0 = 0.0055pb at 8§ TeV) triboson productions. A
50% uncertainty is assigned to the production cross sections of these rare triboson
processes [3].

The observable used in this analysis is the reconstructed mass of the pseudoscalar
A boson, my“’. It is computed as the invariant mass between the Z candidate and
the SVfit-reconstructed di-tau system. A mass resolution between 15 and 20% is
obtained for all masses. Figure 10.1 illustrates the reconstructed mass distributions
for different signal mass hypotheses, after the full signal selection.

The 7, pr threshold is raised to 21 GeV instead of 15 GeV. This improves the
sensitivity of the analysis because signal events typically have harder hadronic taus
than background events (mostly reducible processes, but also ZZ — 4¢). The Ly
thresholds described in Chap.7 are found to be optimal in this case also for all A
boson masses probed, using the expected upper limits as a figure of merit. The Ly
distributions for the signal, and the reducible and irreducible backgrounds are shown
in Fig. 10.2 for the £¢7,7;, final state; the threshold at 70 GeV is seen to remove a
large contribution from backgrounds while keeping a good signal efficiency. All the
selection criteria are summarized in Table 10.1, while a cut-flow table, Table 10.2,
gives indications about the efficiency of the different selection criteria on signal
events. It can be noted that no selection criterion is applied to the mass of the di-tau
system m,, which is expected to be close to 125 GeV for signal events. The reason
is that such a criterion would bring a negligible improvement in the limits because
m. is highly correlated to the observable my“” in signal and in background events,
and because the analysis is statistically limited.

The normalization of the reducible processes is again taken from a control region
where the two tau candidates have a same-sign charge and pass relaxed isolation
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Fig. 10.2 Normalized A— Zh=litt 8 TeV
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criteria. The relaxed isolation and identification criteria have been slightly modified
with respect to the SM ZH analysis, and are namely:

o ({1, output of the MVA discriminator without lifetime information greater than
0 for both hadronic taus;

e ({1,T;: output of the MVA discriminator without lifetime information greater than
—0.95 for the hadronic tau, loose MVA electron ID, relative electron isolation less
than 0.3;

o {{7,7;: output of the MVA discriminator without lifetime information greater than
—0.95 for the hadronic tau, loose PF muon ID, relative muon isolation less than
0.7;

o ({7,7,: loose PF muon ID, no electron ID, electron and muon relative isolations
less than 2.0.

These criteria have been chosen to ensure a selection efficiency as large as possible
without biasing the background composition. Indeed, in the semi-leptonic final states,
relaxing the isolation of the light lepton might lead to an over-representation of the
Z-+jets background (no real isolated light lepton) over the WZ+jets background (one
real isolated light lepton).

Thej — e,j — pandj — 75, misidentification rates are reevaluated with the new
selection; and the functions for the loose electron and loose muon ID/isolation are
now divided into barrel and endcap regions. The systematic uncertainties on the nor-
malization are again computed by varying the fit functions within their uncertainties
and propagating these to the reducible processes yield.
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Table 10.1 Selection criteria for the eight final states of the A — Zh — ££77 analysis

Z— Z — ee Z — pp
e pr > 1020 GeV, |n| < 2.5 -
I¢; < 0.3, vLoose MVA ID -
I - pr > 10/20 GeV, |n] < 2.4
Ie; < 0.3, Loose PF ID
Myy 60 < Mmyy < 120 GeV
Charge Opposite sign charges
h— 771 h—en ‘h—)e'rh h — h — 7
e pr > 10GeV, |n| < 2.5 - -
vLoose MVA ID | Loose MVA ID
Iy <03 L <02
T - pr > 21GeV, |n| <2.3
Loose isolation | Loose isolation | Medium
isolation
Tight anti-e Loose anti-e Loose anti-e
Loose anti-f Tight anti- Loose anti-y
0 pr > 10 GeV - pr > 10GeV |-
Inl <24 Inl <2.4
Loose PF ID Tight PF ID
L < 0.3 L < 0.3
Charge Opposite sign charges
Others h— e h — em h — pm, h — 7
Ly > 25 GeV > 30 GeV > 45 GeV > 70 GeV

b-Jet veto | No b-tagged jet (medium CSV working point)

Lepton veto | No additional identified and isolated electron or muon
AR >0.5

between
leptons

Table 10.2 Number of unweighted signal events after every selection criterion, for a sample with
my = 300GeV

JTRTh ‘ ety ‘,uum-h ‘u,ue,u ‘ eeTyT ‘eee*r;, ‘ eepTy ‘eee,u
Initial number 99 794

Trigger 61577

Atleast 4 loose leptons | 12136 | 11717 |[6212 |2876 |8504 |7310 |5755 |1865
b-Jet veto 10109 10276 5551 |2660 |7018 |6332 |5045 |1711
Z candidate 7825 | 7758|4571 |2142 |4903 |5266 |2720 |1340
h candidate 1106 919 | 1485 718 764 735 950 531
Lz cut 842 919 | 1362 707 612 735 892 522
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10.2 Background Estimation Validation

The main components of the reducible background are Z+jets and WZ+jets
processes, where one or two jets are misidentified as leptons. The first one is by
far dominant in the £¢7;,7, final state, whereas the WZ-jets contribution becomes
non negligible in all other final states, with at least three identified light leptons.
Figure 10.3 shows some reducible background distributions, obtained by inverting
the charge requirement on the tau candidates, relaxing the Ly selection criteria and
inverting the hadronic tau isolation. Contributions from MC processes are superim-
posed; they permit to see the background composition, but suffer from large statistical
(limited number of selected events) and systematic (jet misidentification rates not
well modeled in MC) uncertainties. The same selection is applied to produce the
distributions in Fig. 10.4, except that the hadronic tau isolation is not inverted, but
simply relaxed to the very loose working point of the MVA-based isolation with life-
time information. The data-driven reducible background prediction is shown with
the light blue line; the agreement between prediction and observation is good within
the uncertainties.

Two di-tau final states have not been considered in this analysis: 7,7, and 7,7,.
The reason is two-fold: they have the lowest branching fractions (about 3% each) and
suffer from very large contributions from the ZZ — 4¢ background. Even if signal
events typically have a larger £7 than background events due to the neutrinos from
tau decays, adapting the selection does not permit to obtain a significant background
rejection for a reasonable signal efficiency. It has been shown that adding these two
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Fig.10.3 Visible invariant mass of the four leptons in the ££7, 7, (left) and £€7, 7, (right) final states,
in a reducible background-dominated region, where the tau candidates carry a same sign charge,
the Lt selection criteria are not applied, and the hadronic tau isolation is inverted. Filled areas
represent background contributions estimated directly from MC simulations: the Z+jets processes
by far dominate in the ££7,7;, final state, while the WZ+jets contribution is not negligible in the
other final states. The agreement between MC predictions and data is not perfect because of large
statistical and systematic uncertainties on the MC-estimated processes
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Fig. 10.4 Visible invariant mass of the four leptons in the ££7;,7, (left) and €77, (right) final
states, in a reducible background-dominated region, where the tau candidates carry a same sign
charge, the Ly selection criteria are not applied, and the very loose MVA discriminator is used for
hadronic tau isolation. Filled areas represent background contributions estimated directly from MC
simulations: the Z-+jets processes by far dominate in the ££7;,7, final state, while the WZ+jets
contribution is not negligible in the other final states. The agreement between MC predictions and
data is not perfect because of large statistical and systematic uncertainties on the MC-estimated
processes. The blue line represents the data-driven prediction for the reducible background; the
agreement with observed data is good
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Fig. 10.5 Reconstructed A boson mass distribution in the £{ee (left) and €€y (right) control
regions states. The prediction for the ZZ background is well in agreement with the observed data,
without any maximum likelihood fit being applied. The A — Zh signal contribution is negligible
in both final states

final states would bring less than 5% to the combined limit, with an almost zero
effect for low my signal hypotheses. However, the ££ee and €€ final states can be
used to validate the estimation of the ZZ — 4¢ background. Figure 10.5 shows a
good agreement between the ZZ background, taken from MC simulations, and the
observed data, in an £fee and an ££iy1 control regions.
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10.3 High E7 Excess

The E7 distributions obtained after the full signal selection are shown in Fig. 10.6.
An excess of events is observed at large £ values in four final states: eeej, jipjie,
eeet, and ppet,. The expected and observed yields in these four final states for
Er > 120 GeV can be found in Table 10.3. These events pass the filters to remove
events with abnormally high £7, as described in Sect. 5.2.7. The characteristics of the
eight events that pass the full signal selection and have £7 > 120 GeV, are shown in
Table 10.4. Most backgrounds, such as ZZ — 4¢ or Z-+jets, have a low E T, Whereas
triboson processes including W bosons essentially contribute in high £ regions. The
signal processes have real £7 from the tau decays, but the typical £7 for such events
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Fig. 10.6 ET distributions in the ££7,7, (top left), £, 7, (top right), £€7, 7, (bottom left) and
Let,7, (bottom right) final states. In the ££7,7; and £{7,7, final states, an excess of events is
observed at high ET. No maximum likelihood fit is performed on the predicted backgrounds and
systematic uncertainties are not taken into account
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Table 10.3 Predicted background and observed yields for ET > 120GeV in the four final states
where an excess is observed, corresponding to the right side of Fig. 10.6

Process ee + ety pp 4 ety ee+ e i+ pe
qq — ZZ — 4¢ |0.010 0.096 0.119 0.117
g9 —> ZZ — 4¢ |0.010 0.007 0.014 0.014
Reducible 0.090 0.027 0.018 0.016
wWwZz 0.027 0.021 0.085 0.129
wzz 0.004 0.002 0.006 0.001
777 0.000 0.001 0.000 0.001
1z 0.000 0.019 0.150 0.054
ZH — Ut 0.018 0.017 0.019 0.020
ZH — LUWW 0.002 0.001 0.025 0.027
Total background | 0.247 £ 0.105 0.191 £0.073 0.436 £ 0.164 0.378 £0.120
Observed data 1 2 3 2

Table 10.4 Characteristics of the observed events with E 1 larger than 120 GeV. For hadronic taus,
the absolute isolation in GeV is quoted, while for light leptons it is the relative isolation

eeten |eeten |eeten |ee+etry | putery| pputep | pptety | pp+ep
PF }fT (GeV) 298 132 173 197 201 186 256 131
pr(€1) (GeV) | 106 311 138 50 196 133 30 326
pr () (GeV) |25 79 104 41 72 83 27 51
pr (1) (GeV) |76 10 43 139 26 63 206 23
pr(m) (GeV) |86 271 34 23 51 31 30 42
myy (GeV) 91 93 85 91 91 90 86 93
mrr (GeV) 370 159 41 213 81 229 233 260
m?’Ts (GeV) 167 127 19 130 25 120 144 130
mr (GeV) 308 719 346 343 307 360 330 540
Iso (¢1) 0.107 0.022 0.006 0.009 0.000 0.015 0.000 0.000
Iso (€2) 0.024 0.086 0.000 0.012 0.130 0.076 0.240 0.190
Iso (71) 0.185 0.000 0.000 0.008 0.000 0.019 0.000 0.220
Iso (1) 0.042 0.008 0.000 0.000 0.000 0.000 1.800 0.000
Number of jets | 6 3 0 1 1 0 5 3

lies below 100GeV. All observed events with high £7 have two light leptons very
compatible with a Z boson (invariant mass between 85 and 93 GeV), while the two
tau candidates do not correspond to a particular resonance. The excess is interpreted
as an upward statistical fluctuation, particularly of triboson processes.
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10.4 Results

Goodness-of-fit tests (see Sect.3.5) are performed for the four di-tau final states, as
illustrated in Fig. 10.7. The observed goodness-of-fit values generally lie in the bulk
of the toys distributions, which indicates a reasonable background description given
the observed data. Some limited tensions appear in the ££7,,7, and ££7,7,, final states.

No significant excess of events is observed on top of the predicted backgrounds in
any of the final states, and model-independent limits can be set on the cross section
times branching ratio for different mass hypotheses, as illustrated in Figs. 10.8 and
10.9. The observed combined limit at 95% CL ranges from about 4 to 16 fb. Another
search forA — Zh decays was performed with the CMS detector in Run-1, in the final
state with two light leptons (from the Z boson) and two b quarks (from the / boson).
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Fig. 10.8 Expected and observed distributions of the reconstructed m4 in the four different di-tau
final states at 8 TeV (left) and their corresponding upper limits on the signal cross section times
branching fraction (right). The distributions are obtained after a maximum likelihood fit. The signal
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Fig. 10.9 Left: Comparison between the expected limits in the four di-tau final states. Right:
Observed and expected upper limits at 95% on the production cross section times branching fraction,
for the combination of all the final states studied in this analysis [2]

In the hypothesis that the ratio of the branching fractions of the /2 boson to taus and b
quarks is the same as in the SM, the search for A — Zh — ££bb is a few times more
powerful than the A — Zh — ££77 search presented here. However, this hypothesis
might not hold and BSM phenomena could intervene; the A — Zh — €77 analysis
therefore has an interest by itself, in addition to the sensitivity it could add if it was
combined to the A — Zh — ££bb search.

The results are also interpreted in the contexts of the MSSM and 2HDM, as
shown in Fig. 10.10, where the production cross sections and the branching fractions
of the scalar bosons are calculated as described in [5]. In the MSSM, the results are
interpreted in the so-called low tan /3 scenario [6], for which the SUSY scale, Mgy sy,
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Fig. 10.10 Left: Exclusion region at 95% CL in the m4 — tan (3 plane for the low-tan 5 scenario
of the MSSM. The red area indicates the region excluded by the mass of the SM-like scalar being
inconsistent with 125 GeV. Right: Exclusion region at 95% CL in the cos(8 — «) — tan 3 plane in
2HDM type-2 for my = my = 300GeV [4]

is increased up to the point where the mass of the lightest scalar boson is compatible
with 125GeV over a range of low tan 5 and my values. The A — Zh — 47T
analysis is sensitive to low tan 3 values (95% CL exclusion of regions with up to
tan 3 ~ 2.5) because the gg — A production cross section is very large in this
region,' and because the A — Zh decay mode largely dominates when the A — 77
and A — bb decays are not enhanced by large values of tan 3. The limit steeply
falls down around 350 GeV, where the A — #f channel opens. In 2HDM type-2, the
interpretation of the search results is based on these inputs: the scalar boson masses,’
tan 3, o and m}, = m} 2 5- In the alignment limit, where cos(3 — a) — 0, the
A — Zh branching fraction vanishes as the & boson becomes SM-like. The other
region where the analysis is not sensitive at low tan (3, for cos(3— ) values between 0
and 1, corresponds to vanishing values for 5(h — 77) when @ — 0, as the couplings
of the / boson to leptons in 2HDM type-2 are proportional to (— sin o/ cos 3) (see
Table2.2).

't is higher than the SM gg — H cross section for tan 3 ~ 1.
2We assume here that my = mpy = my+ = 300 GeV.
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10.5 Combination with H — hh — bbT71

The results of the search presented in this chapter are combined with those of the
search for a heavy neutral scalar decaying to a pair of SM-like scalar bosons (m;, =
125 GeV) with two taus and two b quarks in the final state [2]. These analyses are
both sensitive in comparable mass ranges for the heavy scalars (my >~ m,): above the
sum of the 4 and Z masses or twice the # boson mass, and below twice the top quark
mass. No excess is observed in any of the analyses, and the results are combined in
the models already described in the previous section, as shown in Fig. 10.11. The
H — hh — bb7T analysis is also sensitive to low tan (§ values in the MSSM, because
it has very large production rates in this region. In 2HDM type-2, both B(h — bb)
and B(h — 77) vanish when o« — 0. The results from the ATLAS Collaboration
about / boson pair production do not show any excess of data either [7].

MSSM low tanB scenario 2HDM type-ll, m =m,, =300 GeV
95% CL Excluded: 95% CL Excluded:
T observed [l £1cExpected T | mlSS 3 125:3 Gev " observed [l + 10 Expected
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Fig. 10.11 Left: Exclusion region at 95% CL in the m4 — tan 3 plane for the low-tan § scenario
of the MSSM, for the combination of the A — Zh — €£77 and H — hh — bb7T analyses. The
red area indicates the region excluded by the mass of the SM-like scalar being inconsistent with
125 GeV. Right: Exclusion region at 95% CL in the cos(3 — «) — tan 3 plane in 2HDM type-2
for my = my = 300GeV, for the combination of the A — Zh — ¢&r7 and H — hh — bbrT
analyses [2]
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10.6 Chapter Summary

Searching for a heavy pseudoscalar boson, A, decaying to a Z and an % bosons is
powerful to uncover an MSSM scalar sector, at low tan 3 and intermediate A boson
masses (between the sum of the # and Z boson masses, and twice the top quark mass).
In the analysis presented in this chapter, the Z boson decays to a pair of electrons or
muons, which allows to suppress the SM backgrounds, and the / boson decays to a
pair of tau leptons, which is characterized by a large branching fraction. The analysis
methods are close to those used in the context of the search for a SM scalar boson
produced in association with a Z boson and decaying to a pair of taus; differences
include among others the definition of the reconstructed A boson mass as observable.
As no excess of events is observed, limits are set on the cross section times branching
fraction. The results are also interpreted in the MSSM and in 2HDM type-2. Finally,
model-dependent results are shown for the combination with the H — hh — bbrT
analysis.
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Chapter 11
Search for Exotic Decays of the SM-Like
Scalar Boson in the p 77 Final State

As explained in Sect.3.4, motivations for the existence of exotic decays of the
125-GeV scalar boson are numerous. This chapter describes the search for the decay
of the 125-GeV particle to a pair of lighter pseudoscalar bosons, decaying to a
di-muon pair and a di-tau pair [1]. The di-muon pair exhibits an excellent mass
resolution, which can be used to separate the signal from background contributions.
Selecting a di-tau pair on top of the di-muon pair allows for a larger branching fraction
than if two di-muon pairs were selected, and for a better background rejection than if
a b quark pair was probed. The pp77 final state is especially sensitive in 2HDM+S
type-3 with large tan 3, where pseudoscalar decays to leptons are enhanced over
decays to quarks, and can complement analyses with other final states such as pubb.
It can be noticed that the pp77 final state has also been studied in the context of the
search of the SM scalar boson produced in association with a Z boson and decaying
to taus (Chap. 8); these two analyses therefore share similarities in the event selection
and background estimation methods and references will be made in time. A major
difference lies in the modeling of the reconstructed discriminant variable, m,,, for
the signal and background processes. The last part of the chapter is devoted to the
interpretation of the results in the different types of 2HDM+S, and to the comparison
with other searches for exotic decays of the 125-GeV particle performed with the
CMS detector in Run-1.

11.1 Selection

The possibility of exotic decays of the 125-GeV particle is studied in the h — aa —
pprT channel, the Feynman diagram of which can be found in Fig. 11.1 for the gluon-
gluon fusion production. Among the six possible di-tau final states, only 7,7, is not
studied. In addition of the low branching fraction and large ZZ — 4¢ background,
shared with the 7.7, final state, it also suffers from combinatorial difficulties in
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Fig. 11.1 Feynman diagram g
for the T
g9 — h — aa — pprt a <
7
process h < P T
N U
<
a 7
g

grouping the four final state muons into two correct pairs. The selection of the four
di-tau final states common to the SM ZH — £{77 and BSM A — Zh — 01T
analyses is close to what has been presented in Chaps.8 and 11 respectively, but
slightly looser to allow for a signal acceptance times efficiency as large as possible.
The signal acceptance times efficiency is lower in this analysis than in the ZH —
et and A — Zh — €477 cases as the final state leptons typically have lower
transverse momenta because they originate from lighter particles. Signal samples
are generated with Pythia using its built-in 2HDM functionality, for pseudoscalar
boson masses ranging between 20 and 60 GeV with 5-GeV steps.

The selection criteria for the five di-tau final states studied in this analysis are
summarized in Table 11.1. The events are again selected with a double muon trigger
path. The offline muon py thresholds are chosen to be as low as possible, while still
on the trigger efficiency plateau: they are one GeV above the HLT thresholds, which
means 18 GeV for the leading muon and 9 GeV for the subleading one. In case there
are more than two muons in the event (p1447,7, and piju7, 7, final states), the one with
the highest pr is considered as decaying promptly from a pseudoscalar a boson,
and is paired with the next highest pr muon with an opposite-sign charge, while the
last muon is considered as coming from a muonic tau decay. The correct pairing is
obtained in more than 90% of cases, for all pseudoscalar masses. The pr of the third
muon in these final states should be larger than 5 GeV. The di-muon pair originating
from the pseudoscalar boson is formed from two opposite sign muons that pass the
loose PF identification, have a relative isolation less than 0.4 and satisfy |n| < 2.4.
There is no selection criterion on their invariant mass because signal events do not
have a real Z boson.

The five di-tau decays are selected as follows, from two opposite-sign charge
particles:

e a — T1,7,: This decay is reconstructed from two opposite-sign electrons that pass
the loose MVA identification, have a relative isolation less than 0.4, a transverse
momentum greater than 7 GeV and |n| < 2.5. The contribution from the back-
ground h — ZZ* — ppee is reduced by requiring the visible invariant pass of
the four leptons not to lie in a 30 GeV wide window around the /# boson mass.

e a — 7,7,: This decay is reconstructed from an electron with py > 7GeV, |n| <
2.5, having a relative isolation less than 0.4 and passing the loose MVA identifica-
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Table 11.1 Selection criteria in the five studied final states. The two pr and 7 values quoted for the
muons in the 1447, 7, and p 7, 7, final states correspond to the case where the muons are responsible
or not for firing the trigger path

putete | putety | putemy LT T LHTH T
1 pr >18 GeV, |n| < 2.4, I,; < 0.4, Loose PF ID
1773 Iye1 < 0.4, Loose PFID, || <24
pr >9 pr > 5/9 pr >9GeV | pr >5/9 pr > 9 GeV
GeV GeV GeV
Te pr >7GeV, |n| < 2.5, MVA ID - -
I <04 I <04 I <0.2
Th - - pr > 15GeV, |n| < 2.3, Loose anti-u
Loose iso. Loose iso. Medium iso.
Loose anti-e | vLoose vLoose
anti-e anti-e
Ty - pr > 9/5 - pr > 9/5 -
GeV GeV
In] <2.4 In] <2.4
Loose PF ID Tight PF ID
I <04 Lo <05
b-Jet veto No b-tagged jet in the event.
Lepton veto No additional electron or muon.
|myprr — 125] < 25 GeV
lmyy —mer|/my, | <038
AR between leptons > 0.4
lm2is e — 125 >15GeV | -

tion, and from a muon with pr > 5/9 GeV (depending on whether it is responsible
for firing the trigger path), || < 2.4, passing the tight PF identification and having
a relative isolation less than 0.4.

e a — 7,7, This decay is reconstructed from an electron with pr > 7GeV, || <
2.5, having a relative isolation less than 0.2 and passing the loose MVA identifica-
tion, and from a hadronic tau with py > 15 GeV, |n| < 2.3, and passing the decay
mode finding, the loose MVA-based isolation, the loose rejection against muons
and the loose rejection against electrons discriminators.

e a — 7,7;: This decay is reconstructed from a muon with py > 5/9 GeV (depend-
ing on whether it is responsible for firing the trigger path), || < 2.4, passing the
tight PF identification and having a relative isolation less than 0.5, and from a
hadronic tau with pr > 15 GeV, || < 2.3, and passing the decay mode finding,
the loose MVA-based isolation, the loose rejection against muons and the very
loose rejection against electrons discriminators.

e a — 7, 7y,: This decay is reconstructed from two hadronic taus with pr > 15 GeV,
Inl < 2.3, and passing the decay mode finding, the medium M VA-based isolation,
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Fig. 11.2 Normalized distributions of the m,,,;, (left) and 100 times |m,;, — mrr|/m,,, (right)
variables in signal and background events

the loose rejection against muons and the very loose rejection against electrons
discriminators.

The leptons are required to be separated from each other by at least AR = 0.4.
Events that contain a jet with pr > 20 GeV, |n| < 2.4 and that passes the tight work-
ing point of the CSV discriminator, or additional identified and isolated light leptons,
are discarded. There is no selection on the L variable anymore, but two additional
criteria are applied to reduce the background contribution in the signal region. First,
the invariant mass of the four leptons, with the di-tau system reconstructed with the
SVfit algorithm, is required to lie in a 50 GeV-wide window around the % boson
mass: |m,,-~ — 125 < 25 GeV. Second, as the di-tau pair and the di-muon pair are
expected to have the same mass in signal events, their normalized mass difference is
on average low and the following selection criterion is found efficient to reject back-
ground events: |m, — m,.|/m,, < 0.8.Typical distributions of theses two variables
are illustrated in Fig. 11.2. Both criteria have a signal efficiency greater than 90%.

The signal acceptance times efficiency after the full selection ranges from 1 to
5% depending on the final state. The efficiency to pass the double muon trigger is
about 70%, and the smallest efficiencies are generally associated to the selection of
the four leptons because of the py threshold requirements.

The signal samples are generated for the gluon-gluon fusion production mode
only, but non negligible contributions from other production modes should also be
taken into account. Indeed, if the & boson has SM-like production modes, with a
theoretical cross section of 22.1 pb, the ggh, VBF, Wh, Zh and tth productions
represent respectively 87.2, 7.1, 3.2, 1.9 and 0.6% of the total production cross
section. Signal samples for a pseudoscalar boson mass of m, = 40 GeV are generated
for every production mode, and their acceptance times efficiency is compared to
the one of the gluon-gluon fusion produced samples. The efficiency for the VBF
sample is roughly the same as for the gluon-gluon fusion signal, because the lepton
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Fig. 11.3 Ratio of the signal acceptance times efficiency in the VBF (left), Wh (center) and Zh
(right) production modes, to the signal efficiency in gluon-gluon fusion production. The acceptance
times efficiency in VBF is comparable to the acceptance times efficiency in ggh, while it is about
40% lower for the Wh and Zh production modes

kinematics is basically unchanged and there is no selection focuse based on the
number of jets. The case of the Wh and Zh productions is different: leptons might
be produced in vector boson decays and make the event fail the additional lepton
veto, or neutrinos from the vector bosons may change the m,, computation and
make the event fail the selection criteria on m,, or |m,, — m:|/m,,. Because
of these effects, the selection efficiency for signal events produced in association
with vector bosons is approximately 40% lower than in the gluon-gluon fusion case.
The relative efficiencies with respect to the gluon-gluon fusion production for the
VBF, Wh and Zh production modes are shown in Fig. 11.3. Meanwhile, the tth
contribution is negligible because of its small cross section, of the b jet veto, and of
the additional lepton veto. Therefore, signal samples produced in gluon-gluon fusion
are reweighted with a modified cross section o computed as:

o =22.1x(0.872 x 1.00 + 0.071 x 1.00 + 0.032 x 0.60 4+ 0.019 x 0.60 + 0.006 x 0.00) pb.
(11.1)

11.2 Background Estimation and its Validation

The background estimation methods are generally similar to those used in the con-
text of the SM ZH — ¢4t7 and MSSM A — Zh — £{77 searches. The ZZ back-
ground is directly taken from MC simulations and normalized to its NLO cross
section [2], while the reducible processes are estimated with data-driven methods.
The normalization of the reducible processes comes from the misidentification
rate method. The j — u, j — e and j — 7, misidentification rates are measured
for the identification and isolation working points used in this analysis; they are
shown in Fig. 11.4. They are parameterized with decreasing exponential functions
as a function of the transverse momentum of the closest jet, but in the case of light
leptons with pr less than 15 GeV, they are measured in two five-GeV wide bins.
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Fig. 11.4 (continued)

The low-pr behavior of the muon misidentification rate is due to events with a very
low pr spurious track with potentially one hit in the muon chambers, which are
reconstructed as muon candidates but do not pass the muon identification. Because
of the large pileup, many such muons are reconstructed, but their misidentification
rate is small because they do not pass the identification conditions. The normalization
of the reducible processes is estimated by subtracting the contribution of events with
two tau candidates that fail the isolation or identification conditions, weighted by
a factor that depends on the misidentification rates, from the weighted contribution
of events with exactly one tau candidate that fails the identification or isolation
conditions.

To validate the estimation of the reducible background, the yields obtained with the
misidentification rate method are compared with the observed data in a region where
the two tau candidates have the same electric charge. The statistical uncertainties
are reduced by relaxing the selection criteria on |m,, — M 7 |/m . M- and my,,.
The results are presented in Table 11.2; the yields from the misidentification rate
method are very compatible with the observation. An additional cross-check consists
in comparing the yields of the misidentification rate method when the rates are
parameterized as a function of the pr of the closest jet or of the lepton. The difference
between both methods is limited (between 5 and 30%) and well covered by the
uncertainty assigned to the reducible background normalization.! Nevertheless, the
parametrization as a function of the pr of the closest jet is chosen because it gives
the best agreement between prediction and observation in the closure test described
in the previous paragraph.

The di-muon mass (m,,,) distribution of the reducible background is taken from
data in a region where both tau candidates have the same electric charge and are
selected with relaxed isolation and identification criteria, namely:

I'The uncertainties range from 25 to 50% depending on the final state, as explained in Sect. 11.4.
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Table 11.2 Comparison between the yield in data with two SS tau candidates, and the yield obtained
in the SS region with the misidentification rate method

I TeTe JTe Ty, LU TeTh T Th TR Th Combination
Data 13+£3.6 14 +£3.7 65 £8.1 24 +£49 56+7.5 172 £ 13.1
Mis-ID  |11.2+£5.6 |[133+6.6 |[57.54+21.8|258+9.8 |68.9£17.2 | 176.7+30.7
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Fig.11.5 Comparison between the m,, distributions obtained via the misidentification rate method
and from data with SS tau candidates (default method), in the five different final states

— W, T,: relative isolation less than 1.0 for both electrons;

— upT.T,: relative isolation less than 2.0 for both leptons;

— ppt, T loose MVA electron identification, relative electron isolation less than 5.0,
BDT output of the tau isolation including lifetime information greater than —0.95;

— pp7, 7y loose PF muon identification, relative muon isolation less than 5.0, BDT
output of the tau isolation including lifetime information greater than —0.95;

— puT,,: BDT output of the tau isolation including lifetime information greater
than —0.90.

The m,,, distribution obtained in this way is compatible, within the large statistical
uncertainties, with the distribution coming from the misidentification rate method,
as shown in Fig. 11.5.
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Fig.11.6 Data, predicted SM backgrounds, and signal (m, = 40 GeV) di-muon mass distributions
in the pupu7, 7, (top left), put, 7, (top right), put., (center left), pp7, 7, (center right), and jupu, 7,
(bottom left) final states, and their combination (bottom right). The cuts on the variables 2,7 and
|myy, — mrr|/m,, are not applied to increase the number of selected events. The signal samples are
scaled as thirty times the normalization obtained with o () as predicted in the SM, B(h — aa) =
10%, and considering decays of the pseudoscalar a boson to leptons only. No maximum likelihood
fit to the data has been performed [1]
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Distributions of the m,,, variable observed in data and their predictions for SM
processes, before cutting on |m,, — m,.|/m, norm,,,, are shown in Fig. 11.6 and
demonstrate a good background description in the full mass range, and especially in
the more populated Z peak region.

11.3 Modeling of the Experimental m ,,, Distributions

Because of the excellent di-muon mass resolution, an unbinned shape analysis, using
m,, as observable, is performed. All processes are parameterized separately in the
five final states.

11.3.1 Signal

Signal distributions are parameterized with Voigtian functions, which are convolu-
tions of Gaussian and Lorentzian profiles:

400
V(im) = / G(m',0)L(m —m’, o)dm’, (11.2)

o0

where the Gaussian profile is centered on 0 and defined as:

e—mz/(202)
G(m,0) = ———, (11.3)
o2
and the centered Lorentzian distribution is:
«
Lim,oa)= ———. 11.4
(m, @) T 1) (11.4)

In practice, the Voigtian function, and its components, are centered close to the a
boson mass hypothesis. The Lorentzian component reflects the natural width of the
signal, while the Gaussian component takes into account experimental resolution
effects.

Signal samples are generated with Pythia, for masses between 20 and 60 GeV,
with 5 GeV steps. Fits are performed for every mass hypothesis and every final state,
after the full selection has been applied. The Gaussian component is seen to vanish
in the final states with three muons (y4447,7, and p1p47,7;), and the signal distributions
in these final states are therefore fitted with simple Lorentzian functions. The signal
fits in the different final states for m, = 40 GeV are shown in Fig. 11.7; a good fit
quality is observed for all of them.
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(bottom) final states. The black dots correspond to events selected in MC samples [3]

A method is designed to interpolate the signal description to any mass between
20 and 60 GeV, and to extrapolate it up to m;/2 = 62.5 GeV. The fit parameters
extracted from the fits to the signal samples, are parameterized as a function of the
generated a boson mass with polynomials with three degrees of freedom. The mean
of the distributions is, as expected, close to the generated a boson mass, while the
width parameters, o and o, show a more complex behavior. The distributions of
the fit parameters are shown in Fig. 11.8 for all final states. The signal acceptance
times efficiency, measured for all masses in every final state, is also parameterized
as a function of the mass hypothesis, as shown in Fig. 11.9. These parameterizations
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Fig. 11.8 Lorentzian or Voigtian fit parameters extracted from fits to signal samples in the different
final states, with pseudoscalar boson masses ranging from 20 to 60 GeV
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Fig. 11.9 Signal normalization as a function of the pseudoscalar boson mass, for an 4 boson
production cross as expected in the SM, a decays to leptons only and B(h — aa) = 10%. The
plateau trend between 30 and 50 GeV is due to the interplay between the boost of the a bosons at
low m, and the boost of the tau leptons at high m,

allow the description of the signal distribution and normalization at any mass, as
illustrated in Fig. 11.10

A closure test is performed to validate the interpolation procedure. A signal sample
is removed from the fit of the Lorentzian and Voigtian parameters as a function of
the a boson mass, and the signal distributions resulting from the extrapolation with
this parameterization are compared to the direct fits to this signal sample. The test
is performed for intermediary masses, and for an extreme mass (m, = 60 GeV):
interpolating to intermediary masses and extrapolating outside the range of generated
masses both give a good agreement with the direct fits. The results of the closure test
for m, = 55 GeV are shown in Fig. 11.11.

11.3.2 ZZ Background

The Z Z background is parameterized with Bernstein polynomials, which are linear
combinations of Bernstein-basis polynomials. The n 4 1 Bernstein-basis polyno-
mials used to build a Bernstein polynomial with n degrees of freedom are defined
as:

bip(x) = (’:) x'(1—x)"", withi =0,...,n, (11.5)
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Fig. 11.11 Comparison between the interpolation from the parameterization and the direct fit for
a signal with m, = 55 GeV

n
where (i

are binomial coefficients. Bernstein polynomials are positively defined

for x between 0 and 1, which makes them a good choice to describe data limited by
statistics.

The polynomial coefficients are extracted from a fit to the events selected in the
Z Z MC simulation. As the number of selected events is extremely low in the pu7, 7,
final state, the hadronic tau isolation is relaxed from the medium to the loose HPS
working point. This does not bias the bias the m,,, distribution, and increases the
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number of selected events by more than 50%. The fits are shown in Fig. 11.12 for all
final states.

The degree of the Bernstein polynomial is chosen to be the lowest that gives a
good data description; in other words, the degree n is chosen if the degree n + 1
does not bring a significant improvement to the fit quality. The minimized nega-
tive log-likelihood, N LL, which describes the level of agreement between the fit
function and the distribution of the selected events, can be measured for the fits with
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Table 11.3 Twice the difference between the minimum negative log-likelihood values for two
adjacent polynomial degrees in the different final states, for the fit of the ZZ background. The
improvement brought by the additional degree of freedom is judged significant if this value is larger
than 3.85. The sixth degree does not improve the fit quality significantly for any of the final states,
and the fifth degree is thus chosen

Polynomial Degree (n — n+1) | 2 x (NLL, — NLL,41)

HUTeTe HUTe Ty HHTeTh HUTuTh HHUTRTh
354 94.8 0.05 9.07 4.29 6.17
4 -5 18.2 1.65 0.78 0.67 2.99
56 0.20 0.61 2.87 2.22 2.01

Table 11.4 Twice the difference of the minimum negative log-likelihood values for two adjacent
polynomial degrees in the different final states, for the fit of the reducible background. The improve-
ment brought by the additional degree of freedom is judged significant if this value is larger than
3.85. The fourth degree does not improve the fit quality significantly for any of the final states, and
the third degree is thus chosen

Polynomial Degree (n - n+1) | 2x (NLL, — NLLy41)

HUTeTe HTe Ty, HUTeTh HTy Th HUThTh
2—>3 6.80 9.35 0.84 0.76 12.5
34 0.41 0.12 1.55 0.11 0.07

polynomials with degree n orn + 1. It can be shown that twice their difference follows
achi-square distribution with one degree of freedom: 2 x (NLL, — NLL,.|) ~ X%-
The number of degrees of freedom n 4+ 1 is chosen over n if the chi-square
between these two fits shows no significant improvement (p-value < 0.05 with a F-
distribution [4]): P(X% >2x(NLL,— NLL,+;)) < 0.05. A significant improve-
ment therefore consistsin2 x (NLL, — NLL,+;) > 3.85. Such a method has been
used in [5]. The differences for the fits with Bernstein polynomials of different
degrees are shown in Table 11.3: the fifth degree is the one that permits to describe
efficiently all final states. The fourth degree would have been optimal for all final
states except T, 7., which is the most populated by ZZ events; this choice does
not impact the final results because the Z Z background is negligible with respect to
the reducible processes in these final states. Similarly, the third degree is chosen for
the reducible background (Table 11.4).

11.3.3 Reducible Background

Like the ZZ background, reducible processes are modeled with Bernstein
polynomials. The same method is used to determine the optimal polynomial degree;
as shown in Table 11.4, the third degree is the best choice. It can be noticed that the
reducible background is described with a polynomial with less degrees of freedom



202 11 Search for Exotic Decays of the SM-Like Scalar Boson in the ppu77 Final State

19.7 b (8 TeV) 19.7 it (8 TeV)
=5 20F = 20F
. £ CMS . F CMS
o ':: Preliminary HHUTTg < ':: Preliminary m”etu
uE [ [ uE [
12 12
F . —— = .
10 Ll
8 8=
sF sf -
4_— 4:- - !
22— P J. 1
v “’In-z.f‘:r 30 ".3'5 'n:n' 'dls"sln sls T
my, (GeV) m,, (GeV)
_ 197" (8TeV) 19.7 it (8 TeV)
3 3
. 1w CMS . s CMS
& . Preliminary HHT T, o . Preliminary MUT T,

-grail B W RS 4
S T (PR VT A PR NEEEE Fee. P
£ S 40 45 50 55 &0 65

m, (GeV) m,, (GeV)
19.7 1™ (8 TeV)

e 2
ofLe i1 il
5

20

3 =l cMS
© [ Preliminary HUT T

m,, (GeV)

Fig. 11.13 Modeling of the reducible background with third-order Bernstein polynomials, in the
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(bottom) final states. The black dots correspond to observed events selected in control regions [1]

than the Z Z background, which is subdominant. The reason is that the distribution of
the ZZ background is better constrained by the large statistics from the MC sample,
especially in the ppur,7, final state, whereas the reducible background distribution
comes from a statistically limited number of observed events in a control region
in data. The results of the fits, together with their uncertainties, are illustrated in
Fig.11.13.
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11.4 Uncertainties

The systematic uncertainties that affect the yields of the signal and background
processes are:

Theoretical signal prediction: A 10% uncertainty affects the signal yield, to
account for uncertainties on the theoretical signal prediction.

Signal efficiency: An uncertainty between 5 and 8% is considered in each final
state to account for the uncertainty on the parameterization of the normalization
of the signal as a function of the mass, illustrated in Fig. 11.9.

Luminosity: The uncertainty on the luminosity, which affects the Z Z background
and the signal, is measured to be 2.6% [6].

Tau energy scale: As discussed in Chap. 7, the tau energy scale in data is known
with 3% precision [7]. This does not affect the m ,, distributions, but has an effect
on the estimated yield of processes from MC simulations because of the p thresh-
olds applied to select hadronic taus. When the tau energy scale is varied by +3%,
the acceptance for the signal and ZZ processes is modified by up to 10% in the
7,7y final state, and up to 4% in the ppt, 7, and put, 7, final states. The yield
uncertainties in the pu7, 7, final state, and in the ppu7, 7, and ppur, 7, final states,
are uncorrelated because different HPS isolation working points are used.

Tau identification: An uncertainty of 6% is considered for any single hadronic
tau [7]; and this number is conservatively doubled in the w7, 7, final state.
Muon identification: A 1% uncertainty is considered, conservatively multiplied
by the number of muons in the final state.

Electron identification: A 2% uncertainty is considered, conservatively multi-
plied by the number of electrons in the final state.

Trigger efficiency: The uncertainty on the double muon trigger efficiency is esti-
mated to amount to 2%.

B jet veto: Applying a b jet veto brings a 1% uncertainty on the yield of the signal
and ZZ processes, both estimated from MC simulations.

Z Z theoretical cross section: Uncertainties in the parton distribution functions
(PDF) and variations of the renormalization and factorization scales lead to respec-
tively 5 and 6% yield uncertainties on the ZZ background.

Limited number of ZZ events in MC samples: After the full selection, the
number of MC events remaining for the Z Z process is limited, and an uncertainty
ranging between 1 and 15% depending on the final state is associated the global
normalization of the ZZ background.

Reducible background normalization estimation: The uncertainty on the nor-
malization of the reducible background is estimated by recomputing the yields
after modifying the misidentification rate fit functions within their uncertainties.
An uncertainty is associated to every fit function, and the total uncertainty in a
given final state varies between 25 and 50%
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Table 11.5 Systematic uncertainties on the yields or shapes of the signal, ZZ and reducible
processes. The relative change in yields resulting from a variation of the nuisance parameter equiv-
alent to one standard deviation is indicated

Systematic uncertainty Relative change in yield
Signal 77 Reducible
backgrounds
Luminosity 2.6% 2.6% -
Trigger 1% 1% -
Tau identification 0-12% 0-12% -
b-Jet veto 1% 1% -
Tau energy scale 0-10% 0-10% -
Electron identification 0-4% 0-4% -
Muon identification 2-4% 2-4% -
Signal prediction 10% - -
Signal efficiency 5-8% - -
PDF - 5% -
QCD scale VV - 6% -
77 statistics in MC - 1-15% -
Reducible background normalization |- - 25-50%
Reducible background distribution - - shape only
Signal modeling shape only - -
Muon energy scale shape only - -

Meanwhile, the shape uncertainties considered in the analysis are:

— Signal modeling: Statistical uncertainties on the parameterization of the signal
are accounted for through the uncertainties on the fit parameters (v, o) describing
the signal distribution.

— Muon energy scale and muon momentum resolution: The muon energy scale
and momentum resolution uncertainties are found to shift the mean of the signal
distributions by up to 0.2% when they are varied by £1 standard deviation. This
is accounted for as a parametric uncertainty on the mean of the Lorentzian and
Voigtian functions.

— Reducible background distribution estimation: The three uncertainties associ-
ated to the three degrees of freedom of the Bernstein polynomials used to model
the reducible background, are decorrelated and considered as shape uncertainties.

All the uncertainties are summarized in Table 11.5. Given the very low expected
yields expected over the full mass range, and the excellent di-muon mass resolution,
the analysis is mostly statistically limited, and the systematic uncertainties described
above generally play a little role in the results.
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Fig. 11.14 Background and signal (m, = 40 GeV) models, scaled to their expected yields, in the
JpiTeTe (top left), puteT, (top right), pute7, (middle left), pp7, 7, (middle right), and jupiry, 7,
(bottom left) final states, and their combination (bottom right). The two components that form the
background model, ZZ and reducible processes, are drawn. Every observed event in the individual
decay channels is represented by an arrow, together with its measured m,,, value; while in the
combined mass plot data are binned in a histogram. The signal samples are scaled with o(h) as
predicted in the SM, B(h — aa) = 10% and considering decays of the pseudoscalar a boson to
leptons only. The results are shown after a simultaneous maximum likelihood fit that takes into
account the systematic uncertainties [1]
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Table 11.6 Expected and observed yields in the different final states. The signal samples are scaled
with o(h) as expected in the SM, B(h — aa) = 10% and considering decays of the pseudoscalar
a boson to leptons only. The background yields are obtained after a maximum likelihood fit to
observed data, taking into account the systematic uncertainties described previously

Signal Backgrounds Obs.

mg =20 mg =60 77 Reducible | Total

GeV GeV
JTTe 0.20£0.02 |0.58+0.06 |4.64+0.39 |2.49+1.03 |7.13£1.10 |8
HTe Ty, 0.58+0.08 |1.42+0.16 |0.10£0.01 |1.70£0.74 |1.80+0.74 |2
HTeTh 0.74+0.08 |2.02+£0.20 |0.16+£0.02 |5.65£1.77 |5.81£1.77 |5
T T 0.96+0.10 |2.30+£0.22 |0.13£0.02 |0.994+0.31 |1.124+0.31 |1
JUTRTh 0.60£0.06 |1.90+0.18 |0.06£0.01 |4.64+£0.98 |4.70+0.98 |3
Combined |3.08+0.31 |8.22+0.82 |5.09+£0.39 |15.47+2.41 |20.56+£2.44 |19

11.5 Results

The expected and observed m,,, distributions in the different final states are shown in
Fig. 11.14. The expected distributions are the result of a simultaneous background-
only maximum likelihood fit to the observed data. Every observed event is indicated
together with its precise m ,,, value. The yields are detailed in Table 11.6: the number
of observed events is compatible with the SM expectation.

Upper limits can be set on the cross section times branching fraction for the
process h — aa — pu7T, but a more easily interpretable result consists in upper
limits on o(h)/osy x B(h — aa) x B(a — 7). Indeed, if the production cross
section of the /& boson is the same as predicted in the SM, the first term is equal to 1,
while the last term is also almost equal to 1in the hypothesis that the a boson does
not decay to quarks.” The latter hypothesis is a good approximation at large tan 3 in
2HDMH+S type-3. The B(a — pu) branching fraction can easily be expressed as a
multiple of B(a@ — 77), given that in 2HDM and their extensions, one has:

F(a — UH) _ mi /1 — (4mﬁ/m3)
Ta—717)  m2/1—@m2/m2)

The asymptotic approximation cannot be used to extract the C L limits because
of the low expected event yield, and other techniques have to be used [8]. Indeed the
test statistic distributions in this analysis do not follow chi-squares, as supposed by
the asymptotic approximation. Therefore toys need to be generated for every mass
point and every final state to obtain the exact test statistic distributions. The limits
obtained with the full C L calculation are shown in Fig. 11.15. Under the hypotheses
that the & boson production cross section is the same as expected in the SM and that

(11.6)

2B(a — 77) > 0.995 for all @ boson masses larger than 20 GeV if there is no decay to quarks.
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Fig. 11.15 Expected upper limits at 95% CL on the production of & — aa relative to the SM h
production, scaled by B(a — 77)2, in the JpiTeTe (top left), puteT, (top right), put.7, (middle
left), pp7, 7, (middle right), and g7, 74 (bottom left) final states, and for the combination of these
five final states (bottom right). B(a — 77)2 is close to 1in the hypothesis where the pseudoscalar
a boson does not decay to quarks. No excess has a global significance larger than 2 standard
deviations [1]
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Fig. 11.16 Observed upper limits at 95% CL on "g’) x B(h — aa) for the combination of all
di-tau final states, in 2HDM+S type-3 (left) and type-4 (right) [1]

the a boson does not decay to quarks, 3(h — aa) larger than values between 4 and
15% can be excluded for pseudoscalar masses ranging from 20 to 62.5 GeV. An
excess of events is seen at low m, in the 17,7, final state. The local significance of
the excess is about three standard deviations, but a large look-elsewhere effect, due to
the narrow signal resolution, the large mass range probed and the five different final
states needs to be taken into account. The up-crossing method (see Sect.4.4) is not
appropriate in this case to evaluate the look-elsewhere effect because there exists a
correlation between the background description in neighbor bins, but the trial factor,
which relates the global to the local p-value is measured by throwing toys based on
the background-only expectation and counting the fraction of times an excess as the
one in the ppi7, 7, final state is observed. The trial factor is larger than thirty, which
leads to a global significance less than two standard deviations.

The ATLAS Collaboration has also published results on the search for the exotic
decay of the 125-GeV particle to a pair of light pseudoscalar bosons in the final state
with two muons and two taus [9]. The analysis targets masses of the pseudoscalar
boson between twice the tau mass, and 50 GeV, and makes use of special techniques to
reconstruct boosted di-tau pairs. Because the strategy used by ATLAS is optimized for
boosted di-tau pairs and thus low pseudoscalar masses, the CMS analysis described
in this chapter is roughly one order of magnitude more sensitive for pseudoscalar
masses above 20 GeV.

If a type of 2HDM+S and a value of tan 3 are chosen, the branching fractions
of the pseudoscalar boson to any SM particle can be determined univocally for any
mass m,. Assuming that the production cross section for the & boson is the same
as predicted in the SM, this analysis is sensitive to B(h — aa) < 1 values at large
tan 3 (tan § > 1.8) in 2HDM4+S type-3, and small tan 3 (tan 5 < 0.5) in 2HDM+S
type-4, as illustrated in Fig. 11.16. It is however not sensitive to branching fractions
less than unity for any tan 5 in 2HDM+S type-1 and type-2.


http://dx.doi.org/10.1007/978-3-319-70650-4_4

11.6 Interpretation and Comparison with Other CMS Searches 209

11.6 Interpretation and Comparison with Other CMS
Searches

A large variety of exotic h decays is allowed in 2HDM+S, with little indirect con-
strains from other CMS measurements. It is therefore a favored model to compare
the reach of different exotic & decay searches. Five decay modes with two light
pseudoscalar bosons have been studied with the data collected by CMS in Run-1:

1. h - aa — ppr7,20 < m, < 62.5GeV [1].Itis the analysis described at length
in this chapter.

2. h — aa — pubb,20 < m, < 70 GeV [10]. This analysis is pretty similar to the
first one, but suffers from larger backgrounds because of the difficulty to identify
b jets.

3. h > aa — 7777,5 < m, < 9GeV [11]. Because of the low pseudoscalar mass,
the di-tau pairs are boosted, and special boosted reconstruction techniques have
been used.

4. h - aa — 7777,5 < m, < 15 GeV [12]. Even if the final state is the same as
in the previous analysis, different boosted reconstruction techniques are used, and
this analysis particularly targets the Wh associated production mode.

5. h — aa — pppp, 0.25 < m, < 3 GeV [13]. Apart from its reach in 2HDM+S,
this analysis is also interpreted in dark SUSY models. A similar analysis has also
been published by the ATLAS Collaboration [14].

In 2HDM+S, the pseudoscalar a inherits its couplings to fermions from the SM-like
scalar, while it cannot decay to gauge bosons. The branching fractions of the a boson
depend on the type of 2HDM+S, and on the value of tan 3, the ratio between the
vacuum expectation values of the two scalar doublets. The formulae presented in
Sect.2.3.3 still apply, with some notable differences due to the pseudoscalar nature
of the boson and to the presence of a second doublet [15, 16].

The partial decay width of the pseudoscalar to fermions reads:

- N.Gfr , > 4m§¢
r =—q . W= —, 11.7

where the differences with the SM case lie in the power of the last term (1 for a
pseudoscalar, 3 for a scalar), and in the scaling by the square of g, ; 7, which multiplies
the coupling from the SM, depends on tan § and is given in Table 3.2 for all types
of 2HDM. It can be noticed that, for two different kinds of leptons, the ratio of the
branching fractions is simply the ratio of their squared masses when m, > 2m ¢, for
example:

Bla — pp) _my,

Bh — 7t1)  m?

(11.8)

In the case of decays to quarks, the previous formula still holds with N = 3 and
specific QCD corrections, amounting to about 20%. The QCD corrections can be
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decomposed in two terms: A,, and A2, with

_ — 2
Agg =567 + (35.94 — 1.35N ) (%) , (11.9)
i T
) O_[2 2 1 m2
A2 = 383—10g—+—10g —¢ (11.10)
w2 m; 6 m?2

The symbol o indicates the running of the strong coupling constant at the renormal-
ization scale m,, and m, is the running of the quark mass in the modified minimal
subtraction (MS) scheme [17—19] at the same renormalization scale. In 2HDM+S
type-1 and type-2, when neglecting the QCD correction terms, and for pseudoscalar
boson masses large compared to twice the b quark mass, the ratio between the branch-
ing fractions of the pseudoscalar to b quarks and to tau leptons is given by:

B(a — bb) N mg

Bh — 11) m_ﬁ

, (11.11)

where the factor 3 comes from the number of colors.
The partial decay width to a photon pair via b- or t-quark loops,? is given by:

2
Gro’m? , m2
Fa— ) =—=%> Nq: 9. iA] ) —% )| - (11.12)
BTV Zf: 190177112\ 42

where ¢ is the electric charge relative to that of the electron. The form factor Af,
is simply given by:

Al () =2x7" f(x), (11.13)
with
arcsin®/x, ifx < 1;
x) = 2 11.14
A —}1 (log :fﬁ — mr) otherwise. ( )

There is no QCD correction to take into account.
Finally, the partial decay width to a pair of gluons, through c-, b- or t-quark loops
is:

2
GpaSm 97 7 O_és

r » 1 — —=-Ns)—).

(@ — gg) = ETN ] zgqq 1/2(4 2) (+(4 6 f)ﬂ)

q=t,b,c

3Unlike the SM case, there is no contribution from W loops because of the pseudoscalar nature
of a.
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Fig. 11.17 Branching fractions of the pseudoscalar boson a to SM particles for different types
of 2HDM+S and different tan 3 values. There is no tan 3 dependence in 2HDM+S type-1. The
calculations in the [3,5] and [9,11] GeV mass ranges are most likely invalid due to decays to
quarkonia

The NLO corrections in the last term are computed with the renormalization scale
of the strong coupling constant equal to the pseudoscalar mass.

The branching fraction for each decay can be obtained by dividing the partial
decay width over the total decay width. Figure 11.17 shows the branching fractions



212 11

PR —— —
= E 3

o E Type-1 E

S 10'[ 2HOMeS, m =40GeV  _Typer o
T 102 E aa—uutt —Type-3 E
o] o E arXiv: 3124992 —Type-4 E
©  .F E
@ OF !
10* r 7
10°f 1
:
107 1
10% r 7
0 :
m-m: L MR R | L L 1_

107 1

tanp

B(aa—upubb)

Search for Exotic Decays of the SM-Like Scalar Boson in the pu77 Final State

1
10"

10°)
10.4;
10°§

10°
107 3
10°
10‘92

[ 2HDM+S, m_ = 40 GeV
E aa—upbb
10%

= arXiva 3124992

Type-1
—Type:2
— Type-3
— Type-4

10—i0 F i1
10" 1

tanp

Fig. 11.18 Branching fractions of a pair of a bosons to ppu7r7 (left) and ppubb (right) as a function
of tan (3, in the four types of 2HDM+S without tree-level FCNC

19.7 fo’' (8 TeV)
L 2 e e e
p E 2HDM+S type-3 1
T 1RE m,=40 GeV
£ F ! 3
€ ]
m
x 10F 3
=z E 3
Be |
5 'F
- E
U W —
2 10'F ——
g E h—aa—pprt (HIG-15-011)
5[ h-saa—sppbb (HIG-14-041)
10 E expected | |observed E
i 1 P | | - P

.1... 2.

3

4

tan p

10°
o
©
1 10t
&
o
a g
x
£l3
Blo 42
c
5 3
_
[&]
32
w
[=2]

19.7 b (8 TeV)
.és,ll
F M E|
- ezt 2HDM+S type-4
3 m, =40 GeV 7§
3 E
3 / E

3
d h—aa—spptt (HIG-15-011) E
h-aa—spuubb (HIG-14-041) §
expected | |observed f
PR IR T T T T T T U T T T NN
1 2 3 4
tan p

Fig. 11.19 Comparison between the reach of the h — aa — ppbb and h — aa — purT as a
function of tan (3 for a pseudoscalar mass of 40 GeV, in 2HDM/S type-3 (left) and type-4 (right)

Fig. 11.20 Comparison
between the different
analyses i — aa searches
performed in Run-1 with the
CMS detector, in 2HDM+S
type-1 and type-2. The white
areas between 3.55 and

5 GeV, and between 15 and
20 GeV, correspond to mass
regions where no analysis
was performed

x B(h— aa) x Bla— puf

a(h)
Osm

95% CL on

19.7 b’ (8 TeV)
0'E CMS | 1
E Preliminary
104 g 3
10 | 2HDM.S ]
§ Type-1 and type-2 3
" h—aasearches 3
10° hsaa-syper (HIG-15-011) -_-Hﬁ
3 h—saa-ppubb (HIG-14-041) 3
r hsaa-vicet (JHEP 01 (2016) 079) 1
107k h—saa—rrr (HIG-14-022) =
E — h-saa—spypp (PLE 752 (2016) 146)
[ expected [ | observed :I
10—5 o a sl s 0ua sl '
1 10



11.6 Interpretation and Comparison with Other CMS Searches 213

_ 19.7 i (8 TeV|
T wf T T
_; wE h-san searches
g L | MNo prediction for Bla— XX}
217" < hsan—ag (PLB 752 (2016) 148)
csb 'B . h-saa—sitt (JHEP 01 (2016) 079)
S E hosan-trer (HIG-14-022)
o o'
2 hsan—sjaybb (HIG-14-041)
o 10t
@
1o f 2H0MeS type- hosan st (HIG-15-011)
1ot fp e ] expected observed
1 10
m, (GeV)
19.7 b (8 TeV, 19.7 1 (8 TeV)
R T T --{ E) El T T
1w 1 0 10°
1w 1 z°F Ih
£ 40 1 £ Wy = £ g g
T g H 2 =
% 16 A L % wl- ol uo[
Elzw = e =ERlT g — Z|3 1 =l
LT ] a|bm : ~= ol\? b
£ 1 [ Lt 8 L c W' c W'y
3 =] ]
- 1 - W - 10
O 10? 1 Q o
2 100 3 2 ' 2 0
8 w0 7 & 1w & 10t
10° |- ZHOM4S type-2 - [ 2HOM+S type-2 I 2HDM+5 type-2
10t - tangi = 0.5 3 10° [ tanb =20 1ot | tan =50
107 [ eI - rawn- Az r i AT e
1 1 00 A 1 1 1
1 10 1 10
m, (GeV) m, (GeV)
19.7 " (8 TV 19.7 o' (8 TeV|
S — 4 1 1 — ,
T g i k] © r
lw 1 1 I g
£ 4 1 = =
[ sy @ @ °F -
X 1 = 18
|30 [ | {-,| s@, ; e ;
T 10 . Blo =] | .
5 . . = 105 § w'f
o 1w 1 5] SR |
2 1 E = FlN
w 10t E uwy w
@ gtk ZHOMS L @ S 10° | ZHOMAS type-3
10* [ tang = 0.5 k- 1 - tanfi = 5.0
1w il ! 1 : ram el i
1 10 1 10 " 1 10
m, (GeV) m, (GeV) m, (GeV)
19.7 b (8 TeV) IQ.?!D"!BW 18.7 i (8 TeV,
= T E = 0 T T & = T T
B | 1 T wf 1 &
10'f 3 T wp 7
.';.. 108 £ w'fp 7 .‘2.. 4
o r 1 D ——-7 o
bad m!— X A x 1N
=] R w= Z| g E = s
‘alus 1 OB —y ‘5’|oﬁ 10 e '6@
5 wf | B 1 :- B -
2 E
o'f 1 owr B wk
3 - -
ﬁ m.r 1 ﬁ 0 b % o -
@ 10" 2HDMsS type-4 1 T 10" | ZHOMAS typo-4 1 T 107 | ZHDM4S type-4
1o | 1B =05 10° | tanfi= 2.0 . 10 | 18N = 50
F it s 1 107 [ artivasiz v E E ivrars oo
100 i i i L o i i
1 "0 1 1 1 w0
m, (GeV) m, (GeV) m, (GeV)

Fig. 11.21 Comparison between the different analyses in 2HDM+S type-1 (first row), type-2
(second row), type-3 (third row), and type-4 (fourth row), for tan 5 = 0.5 (left), tan 5 = 2.0 (center)
and tan 5 = 5.0 (right) in terms of 95% CL limits on (o (h)/osp) x B(h — aa)



214 11 Search for Exotic Decays of the SM-Like Scalar Boson in the ppu77 Final State

of the pseudoscalar a to SM particles, in the four types of 2HDM+S, for different
values of tan 3.

The largest branching fraction for the pur7 final state, B(aa — purr), is
obtained for large tan 5 values in 2HDM+S type-3, where the decays to leptons
are enhanced over the decays to quarks. The largest B(aa — pubb) is also obtained
in 2HDM+S type-3, but for tan 8 >~ 2: itis the best compromise between the enhance-
ment of the couplings to leptons and the reduction of the couplings to quarks. The
branching fractions to both final states are shown in Fig. 11.18 for a pseudoscalar with
amass of 40 GeV as a function of tan [ in all four types of 2HDM+S without tree-level
FCNC. The interplay between the h — aa — pubband h — aa — ppurT analyses
in type-3 and type-4 is shown in Fig. 11.19: h — aa — pu77 is more sensitive in
type-3 for tan 5 > 1.8 and in type-4 for tan 5 < 0.5.

In 2HDMH+S type-1 and type-2, the ratio between the branching fractions of the
pseudoscalar to down-type quarks and to leptons does not depend on tan 3. The
results of all analyses can therefore be rescaled to limits on (o (h)/osp) x B(h —
aa) x B(a — 77)2, or equivalently on (o (h)/osy) X B(h — aa) x Bla — pp)?,
as shown in Fig. 11.20. In type-3 and type-4 however, down-type quarks and leptons
do not couple to the same scalar doublet, and the ratio between their branching
fractions depends on tan .

The branching fractions of the pseudoscalar boson to muons and taus hugely
depend on the pseudoscalar mass; and more intuitive limits can be set on (o (h)/
osy) X B(h — aa). This requires to make a hypothesis both on the model and on
tan 5. The results are shown for three tan 3 values in every type of 2HDM+S in
Fig.11.21.

11.7 Chapter Summary

The existence of exotic decays of the 125-GeV boson is still allowed with relatively
large branching fractions by the precision measurements on this 125-GeV state.
This chapter presents a search for the h — aa — pu77 decay, which is particularly
enhanced at large tan 3 in 2HDM+S type-3. The observable is the invariant mass
of the two muons, and given its excellent resolution, an unbinned shape analysis
is performed. No excess is observed over the tiny predicted SM backgrounds, and
exclusion limits can be set. Branching fractions of the # boson to a pair of light
pseudoscalar a bosons as low as 4% can be excluded, in 2HDM+S type-3 with large
tan 3. The performance of this analysis is then compared with those of the other
exotic h decay searches performed with the CMS detector in Run-1, in the four
different types of 2HDM+S without FCNC.
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Chapter 12
Search for a Light Pseudoscalar Decaying
to Taus

In some particular scenarios of 2HDM type-2, light pseudoscalar A bosons can be
produced in association with b jets with a large cross section accessible with LHC
Run-1 data, as explained in Sect.2.2.3. This low mass region, below the Z boson
mass, has been barely explored at the LHC, unlike the high mass region where many
analyses test various hypotheses. A difficulty in analyzing such a mass region is that
the final state leptons typically have low transverse momenta and do not pass the
trigger thresholds. In this chapter, we study the bbA — bbTT process, as published
in [1]. Whereas the bbA — bbuu process is more easily accessible because of the
efficient identification and triggering of muons, the branching ratio of the A boson
to muons is more than two orders of magnitude lower than its branching fraction to
taus.

12.1 Analysis Overview

The Feynman diagram of the signal process considered in this analysis is shown in
Fig.12.1. Three di-tau final states among the six possible ones are studied: 7,7, 7,7,
and 7,7;. The 7,7, and 7,7, final states are discarded because of their low branching
fractions and of the large backgrounds, while the trigger thresholds in the 73,7, final
state are too high (45 GeV per hadronic tau) to study a light resonance.

Signal samples are generated with Pythia, for pseudoscalar masses between 25
and 80 GeV. Because the selection efficiency is low given the low average transverse
momentum of final state leptons, all events are generated with at least one lepton with
pr greater than 15 GeV, and a reweighting is performed to account for the generator
level efficiency. The Drell-Yan, W +jets, ¢ (fully leptonic, semi leptonic and fully
hadronic) and diboson (WW, WZ and ZZ) processes are also generated with Mad-
graph. Finally, single top and SM H boson processes are generated with Powheg.
The W+jets and Z+-jets samples are produced inclusively, and exclusively for dif-
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Fig. 12.1 Feynman diagram g b
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ferent numbers of generated jets. This permits to increase the selection efficiency
for these important processes with large cross sections, and to obtain more pre-
cise templates. The different samples can be combined with the stitching technique.
The Z/~* — 2¢ samples are further divided into two mass regions: my, > 50GeV
and 10 < my, < 50GeV. It has been checked that both mass regions can be joined
smoothly. The data have been collected in 2012 at 8 TeV center-of-mass energy, and
amount to 19.7 fb~! ntegrated luminosity. A summary of the MC processes with their
cross sections, as well as the collected datasets, can be found in Appendix A.

A binned analysis is performed, using the full di-tau invariant mass m., as observ-
able, and upper limits on the cross section times branching fraction are set with the
asymptotic CL; method. The SVfit algorithm is seen to perform well for low mass
resonances, and a mass resolution of about 15% is obtained for all final states and
all masses between 25 and 80 GeV, as shown in Fig. 12.2.

12.2 Selection

A vertex with at least four degrees of freedom is required in the event, with a position
with respect to the beam interaction such that —24 < z < 24 cm and |r| < 2 cm. If
there are more than one vertex satisfying these conditions, the one with the highest
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scalar pr sum of the tracks is chosen as the vertex of the hard-scatter interaction.
In all final states, the events are required to have at least one jet with pr > 20GeV,
In| < 2.4 and passing the medium CSV b-tagging working point. The next sections
describe the selection criteria specific to the three different di-tau final states.

12.2.1 7,7, Final State

The events in the 7,7, di-tau final state have to fire a trigger path that requires at
HLT level a muon and an electron with pr greater than 8 and 17 GeV respectively for
the leading and subleading lepton. At analysis level, the py requirements are chosen
such that the trigger efficiency is close to the plateau, and either a muon with pr
greater than 10GeV and an electron with py greater than 20 GeV, or a muon with
pr greater than 18 GeV and an electron with py greater than 10GeV are required.
The 2GeV difference between the leading electron and muon criteria comes from
the slower trigger efficiency turn-on for electrons. The pseudorapidity conditions
on the leptons also come from trigger constrains and are |n| < 2.3 for muons and
In| < 2.1 for electrons. In addition, the selected objects are required to correspond
within AR < 0.5 to the objects that fired the trigger paths.

The electron and the muon are required to be isolated, with relative isolation
less than 0.15in the endcaps (|n| > 1.479) and 0.10in the barrel (|n| < 1.479). The
electron should pass the conversion veto and the loose MVA identification, while the
muon should be tightly identified. The |d.| and d,, parameters are required to be less
than 0.2 and 0.02 cm respectively for both leptons. The electron and the muon need
to carry an opposite-sign charge, and to be separated by at least AR = 0.5.

In order to reduce the backgrounds from Drell-Yan or diboson productions, events
that have more than one isolated and identified electron and muon are vetoed. In
particular, the extra electrons are selected with the following characteristics:

e pr > 10GeV, |n| < 2.5;

o dy, <0.045cm, |d;| < 0.2 cm;

e relative isolation less than 0.3;

e loose MVA identification and conversion veto,

while extra muons pass the following conditions:

e pr > 10GeV, |n| < 2.4;

o dy <0.045cm, |d;| < 0.2 cmy;
e relative isolation less than 0.3;
o tight PF identification.

The 17 contribution is reduced by selecting events with P, defined in Chap. 6, greater
than —40 GeV. In addition, the transverse mass between the dilepton system and the
ET is required to be less than 25 GeVi; this further reduces the ¢ contribution and

removes a large fraction of electroweak backgrounds. Over the probed mass range,
the expected upper limits on the signal cross section times branching fraction improve
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by 40-55% by applying the P selection, and by 8-20% by additionally applying the
transverse mass selection; the largest improvement is seen at low my4.

12.2.2 7,73 Final State

The trigger path used to select events in the 7,7, final state requires at HLT a muon
with py greater than 17GeV and a hadronic tau with pr greater than 20 GeV. At
analysis level, a muon with py greater than 18 GeV and |n| less than 2.1, and well as
atau with py greater than 22 GeV and || less than 2.3, are required. The reconstructed
objects should correspond to the objects that fired the trigger paths within AR < 0.5.
The muon should pass the tight PF identification, and have a relative isolation less
than 0.1. Its d,, and its |d,| are required to be less than 0.045 and 0.2 cm respectively.
The hadronic tau should pass the decay mode finding discriminator, the tight MVA
identification including lifetime information, the loose cut-based rejection against
electrons, as well as the medium MVA rejection against muons. Both leptons are
required to carry an opposite-sign charge and to be separated by at least AR = 0.5.

To remove contributions from Z/v* — puu events, the events are vetoed if they
contain a second muon that has an opposite-sign charge compared to the selected
muon, and with a relative isolation less than 0.3, pr > 15GeV, |n| < 2.4, |d;| <
0.2 cm, separated from the tau candidate by at least AR = 0.15, and being identified
as a global, PF and tracker muon. In a more general way, all events that have an
electron (pr > 10GeV, |n| < 2.5, loose MVA identification, relative isolation less
than 0.3, |d;| < 0.2 cm, separated from the muon and tau candidates by atleast AR =
0.15) or a second muon (pr > 10GeV, |n| < 2.4, tight PF identification, relative
isolation less than 0.3, |d;| < 0.2 cm, separated from the muon and tau candidates
by at least AR = 0.15) on top of the already selected muon and tau candidates are
vetoed. The contribution from W+jetsﬁand it events is reduced by requiring the

transverse mass between the muon and E7 less than 30 GeV.

12.2.3 7,71, Final State

At HLT level, an electron with transverse momentum greater than 22GeV and a
hadronic tau with transverse momentum greater than 20 GeV are required. Offline, the
events are selected with an electron with py > 24GeV and || < 2.1 and a hadronic
tau with pr > 22GeV and |n| < 2.3. The electron is required to pass the tight MVA
identification, and to have a relative isolation less than 0.1, whereas the hadronic
tau passes the decay mode finding discriminator, the tight MVA isolation including
lifetime information, the medium MVA discriminator against electrons as well as the
loose cut-based discriminator against muons. Both candidates have |d;| < 0.2 cm,
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and are matched to trigger level objects. Moreover, the electron and the tau have an
opposite-sign charge and are separated from each other by at least AR = 0.5.
Extra lepton vetoes are applied to reduce the contribution from Drell-Yan and mul-
tilepton processes. Any event with an additional electron (pr > 10GeV, || < 2.5,
loose MVA identification, relative isolation less than 0.3, |d;| < 0.2 cm, separated
from the electron and tau candidates by at least AR = 0.15) or muon (p7 > 10GeV,
In| < 2.4, tight PF identification, relative isolation less than 0.3, |d.| < 0.2 cm, sep-
arated from the electron and tau candidates by at least AR = 0.15) is discarded. To
reject more specifically the Z/~4* — ee background, the events are also not selected
if they contain a second electron that has an opposite-sign charge to the other elec-
tron, and has the following characteristics: pr > 15GeV, || < 2.4, tight MVA-based
identification, relative isolation less than 0.3, |d,| < 0.2 cm, separated from the elec-
tron and tau candidates by at least AR = 0.15. The contribution from W +jets and ¢z
lzackgrounds is reduced by requiring the transverse mass between the electron and

Er to be below 30GeV.

12.3 Background Estimation

123.1 Z/~* —> 71

The Z/~* — 77 process is a major irreducible background, and it is therefore crucial
to estimate it correctly. To do so, so-called embedded samples are used [2]. They
are produced from Z/+* — pu observed events collected with a muon trigger. The
reconstructed muons are replaced by simulated taus that are subsequently decayed
with Tauola, and polarization effects are modeled with TauSpinner [3]. The detector
response to the tau decay products is modeled via Geant. Jets, £7, and hadronic taus
are then reconstructed with the PF algorithm, while lepton isolations are recomputed
given the new set of particles. Embedded samples based on the full collected data
are generated for every di-tau final state. Such a method implies that most event
properties, for example the £ or the jet characteristics, are directly taken from data
and do not suffer from modeling uncertainties. The normalization is taken from the
MC simulation for the selection without any requirement on the number of b jets, and
a scale factor derived from the embedded samples is applied to account for the dif-
ferences in the selection. Because t7 — WbWb — puvbuvb events contaminate the
di-muon events selected in data, embedded ¢z samples generated from MC samples
are also produced, and subtracted from the embedded Z/~* — 77 after reweighting.
Generally, the contribution from #7 events is low, but it can become significant if b
jets are required in the selection. In addition, the ., distributions of the 77 and Drell-
Yan samples are extremely different, and the ¢7 process becomes proportionally more
important in the m., tails, where searches are performed.
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Embedded samples are produced for invariant masses of the leptons greater than
50GeV, while MC samples are used to model Z/~v* — 77 events with my, below
50GeV. More precise distributions are obtained for the MC samples by relaxing the
b-tagging CSV working point.

12.3.2 Z/~* - ppfee

These processes contribute essentially to the 7, and e7), final states, when one of the
light leptons is misidentified as a hadronic tau. Because the ¢ — 73, and even more
so the 4 — 73, misidentification rates are low, these processes represent only a small
contribution to the total background. They are entirely estimated from MC samples.

12.3.3 Wjets

The W+jets background is composed of events where a jet is misidentified as a
hadronic tau (e7; and u7y, final states) or as a light lepton (eu final state). It is
estimated with different methods depending on the final state.

In the e, and 17, final states, this background is strongly reduced by requiring
the transverse mass between the light lepton and the £ to be less than 30 GeV. While
its distribution comes from MC samples, its normalization is estimated directly from
observed data. In the region where the transverse mass is greater than 70 GeV, the
W +jets process is by far the dominant background, and a scale factor can be estimated
in such a way as the normalization of the MC sample corresponds to the number of
observed events, from which the other small background contributions, estimated
from MC samples, have been subtracted. The scale factor measured in the high myr
region is then applied to the MC simulation in the low my signal region. As the
tau pr distribution is seen to differ in MC simulations and data, an event-by-event
correction that accounts for the differences between data and MC simulations in the
energy scale of hadronic taus arising from j — 7, misidentification is applied. It
is measured in a control region with my > 50GeV, and depends on the transverse
momentum of the hadronic tau in the MC sample. The weight w can be expressed
as a function of the hadronic tau pr as:

w =0.79 — 0.15.x — 0.03.x* — 0.08.x°, (12.1)
where x = (pr/GeV — 149.83)/100. (12.2)
In the ey final state, all backgrounds that have at least one jet misidentified as

a muon or an electron are estimated together with a data-driven method, which is
explained in the next section.
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12.3.4 QCD Multijet

The QCD multijet background is an important event contribution in the low di-tau
mass region. It arises from jets misidentified as hadronic taus, muons or electrons,
and from real light leptons from the semi-leptonic decays of jets from heavy flavor
quarks. The QCD multijet background is estimated with data-driven methods that
depend on the final state.

In the eT;, and w7y, final states, the normalization of the QCD multijet background
is obtained from a same-sign (SS) charge region, where the charge requirement on
the two leptons has been inverted. The contribution from other processes, such as
W +jets or ¢ production, is estimated from MC simulations and subtracted from the
observed data, which gives the QCD multijet m., distribution. The normalization of
this process is not necessarily the same in the SS and opposite-sign (OS) regions, and
a scale factor to extrapolate the SS normalization to the OS normalization is needed. It
is measured in data, by taking the ratio between OS and SS events with inverted light
lepton isolation and hadronic taus passing the very loose working point of the MVA
isolation instead of the tight one. The relaxation of the tau isolation and the inversion
of the light lepton isolation permit to obtain a signal-free QCD-enriched region,
from which the tiny contributions from other processes are subtracted. The ratio is
measured as a function of the di-tau mass as some dependence is observed, and is
applied to events in the isolated SS region to extract the QCD multijet normalization
in the signal region.

The m,, distribution of the QCD multijet background in the e7;, and pi7, final states
is also taken from an SS region. Compared to the signal region, the tau isolation is
relaxed to the loose MVA working point instead of the tight one to obtain more
populated templates, and the muon isolation is required to lie between 0.2 and 0.5 to
remove the W+jets contribution. A bias in the m. distribution of the QCD multijet
template is introduced by relaxing the tau isolation; this is corrected by applying
an event-by-event weight that represents the probability for a hadronic tau that has
passed the very loose MVA-based isolation to pass the tight working point. This
weight is measured in three different pseudorapidity regions, as a function of the tau
transverse momentum. Additionally, the bias introduced by selecting events in the
SS region instead of the OS one is corrected with the same m,-dependent weight
derived to extract the QCD multijet normalization. Figure 12.3 shows a schematic
summary of how the QCD multijet normalization and m distribution are estimated
in the eT;, and u7y, final states.

In the ey final state, all processes where at least one jet is misidentified as one of the
light leptons, are estimated together with a method that relies onthej — eandj — p
misidentification rates. The probability for loosely preselected, or so-called “fake-
able”, leptons to pass the full lepton identification and isolation as required in the sig-
nal region are measured in signal-free regions. Fakeable electrons have the following
characteristics: GSF candidate, pr > 10GeV, |n| < 2.3,d,, < 0.2cm, |d;| < 0.1cm,
conversion veto, transverse shower shape parameter o;,;, < 0.01(0.01) in the bar-
rel (endcaps), |Adi,| < 0.15(0.10) in the barrel (endcaps), |An;,| < 0.007(0.009)
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Fig. 12.3 Schematic
overview of the QCD
multijet background
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in the barrel (endcaps), and relative track, electromagnetic and HCAL isolations
all less than 0.2. Meanwhile fakeable muons are selected as global muons with
pr > 10GeV, || < 2.1 and d,y, < 0.2 cm. If the muon transverse momentum is
greater than 20GeV, the fakeable candidate is required to have its relative track,
electromagnetic and HCAL isolations all less than 0.4; otherwise its absolute track,
electromagnetic and HCAL isolations should all be less than 8 GeV. The complete
signal selection is applied to data events with fakeable electrons and muons, and the
events are divided into three categories:

o Np: The fakeable electron and the fakeable muon both fail the lepton identification
or isolation requirements. These events are weighted by w = %
AR

e N,s: The fakeable electron passes the full electron requirements but the fakeable
muon fail the identification or isolation criteria. These events are weighted by

w= L
= 12
o Nj,: The fakeable muon passes the full muon requirements but the fakeable electron
fail the identification or isolation criteria. These events are weighted by w = IJE 7

In order to remove double-counted events, which have both a misidentified muon
and a misidentified electron, the normalization of the reducible background is esti-
mated with a weighted combination of the three categories: N, + N, — Ny. The
contamination from events with real leptons is estimated to 17% and the yield of the
reducible background estimated with the misidentification rate method is reduced by
this amount.

12.3.5 tt production

The top quark pair production is another large irreducible background, which con-
tributes over the entire di-tau mass range. This contribution is particularly important
because of the b jet requirement in the selection of all channels. The ¢ process is
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estimated from MC samples, and reweighted to the cross section measured in a tz-
enriched region in data, obtained by selecting events with an electron, a muon and
two b jets. Because the distributions of the top quark transverse momentum differ
in data and MC samples, a weight is assigned event-by-event to correct the MC
distribution.
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Fig. 12.4 Control distributions in the ey final state. The events are selected as in the signal region
except that there is no requirement on the number of b-tagged jets. The electroweak background
is composed of diboson and single top backgrounds, while the misidentified e/x background is
due to QCD multijet and W+jets events. The contributions from the SM scalar boson and from the
signal are negligible and therefore not shown. A maximum likelihood fit to data, taking into account
systematic uncertainties, is performed [4]
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Fig. 12.5 Control distributions in the e7), (left) and p7;, (right) final states. The events are selected
as in the signal region except that there is no requirement on the number of b-tagged jets. The
electroweak background is composed of Z — ee, Z — ppu, Wjets, diboson, and single top quark
contributions. The contribution from the SM scalar boson and from the signal are negligible and
therefore not shown. A maximum likelihood fit to data, taking into account systematic uncertainties,
is performed [4]

12.3.6 Other Backgrounds

Single top and diboson backgrounds are only a small fraction of the background, and
are fully estimated from MC samples and scaled to their NLO cross section [5]. The
contribution from the SM-like scalar with a mass of 125GeV is taken into account
in all its dominant production modes. The H — W W decay mainly contributes in
the ey final state.

12.3.7 Control Distributions

The agreement between data and predicted backgrounds is shown for a set of variables
in Fig. 12.4 for the ey final state, and in Fig. 12.5 for the other two final states.

12.4 Systematic Uncertainties

The systematic uncertainties considered in this analysis are detailed in Table 12.1.
The uncertainties on the lepton trigger, identification and isolation efficiencies are
treated together, and amount to 2% per muon, 2% per electron and 8% per hadronic
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Table 12.1 Systematic uncertainties considered in the bbA — bb7T analysis
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Systematic source Yield uncertainty
T ety e
Normalization | Integrated luminosity 2.6% 2.6% 2.6%
Muon ID/trigger 2% - 2%
Electron ID/trigger - 2% 2%
Tau ID/trigger 8% 8% -
u — T, misidentification rate 30% - -
e — 73, misidentification rate - 30% -
b tagging efficiency 1-4% 1-4% 1-4%
b mistag rate 1-9% 1-9% 1-9%
Fr scale 12% | 12% | 12%
Z/v* — 77 normalization 3% 3% 3%
Z/~* — 77 low-mass normalization 10% 10% 10%
QCD multijet normalization 20% 20% -
Reducible background normalization - - 30%
W -+jets normalization 30% 30% -
it cross section 10% 10% 10%
Diboson cross section 15% 15% 15%
H — 77 signal strength 30% 30% 30%
Distribution Electron energy scale - - Shape
Tau energy scale Shape Shape -
Distribution of QCD multijet and W+jets Shape Shape -
Trigger efficiency Shape Shape -
Limited number of events Shape Shape Shape
1t pr reweighting shape Shape Shape
Theory Underlying event and parton shower 1-5% 1-5% 1-5%
Scales for A boson production 10% 10% 10%
PDF for generating signal 10% 10% 10%
NLO versus LO 20% 20% 20%

tau. Because some hadronic taus are selected with pr in trigger turn-on efficiency
curves, a shape uncertainty consisting in the difference between the measured and
plateau efficiencies is considered for low p7 taus. All processes estimated from MC
simulations are affected by a 2.6% uncertainty related to the luminosity measure-

ment [6]

The Z/vy* — ee and Z/v* — pu processes are attributed a 30% uncertainty
related to the e — 7, and . — 7, misidentification rates respectively, while all
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Drell-Yan events with my, > 50GeV have a 3% uncertainty related to the theo-
retical predicted cross section [7]. A 10% uncertainty is considered for the low mass
Drell-Yan events. The other processes also have normalization uncertainties: 15%
for the diboson production theoretical cross section, 10% for the measured ¢7 cross
section, 30% for the reducible background in ey related to the misidentification rate
method, 30% for the i — 77 process because of the uncertainty on the measured
signal strength, 20% for the QCD multijet because of the uncertainties on the OS/SS
and misidentification rate functions, and finally 30% for the W +jets background in
the e7;, and yu7, final states due to the propagation of the £7 uncertainties to the scale
factor measured in the high-my region.

Shape uncertainties include the uncertainties on the electron and tau energy scales,
and on the #7 py reweighting. Bin-by-bin uncertainties are considered for all processes
to account for the limited number of events in every single bin of the distributions,
while the W+jets and QCD multijet processes also have a shape uncertainty related
to their data-driven estimation methods.

Theory uncertainties affecting the signal include the differences in acceptance
observed when using an LO generator instead of NLO (20%). Theoretical uncertain-
ties arising from the underlying event and parton showering matching scale, PDF [8],
and the dependence on factorization and normalization scales are considered for sig-
nal. The PDFs uncertainty is taken as the difference in the signal acceptance for the
signal simulation with CTEQ6L1, MSTW2008NLO [9], and NNPDF2.3NLO [10]
PDF sets, leading to a 10% uncertainty.

12.5 Results

A simultaneous maximum likelihood fit is performed in the three final states with
all the systematic uncertainties taken into account. The pulls and goodness-of-fit
tests indicate a good description of the processes. The di-tau mass plots after the fit
are shown in Fig. 12.6, together with their zoomed-in versions at low m, .. A slight
excess is observed in the 147, mass spectrum around 35 GeV, but it is compatible with
the background-only hypothesis within the statistical and systematic errors. Model-
independent upper limits can be set on the cross section times branching ratio using
the asymptotic CL, technique; they are shown for each final state in Fig. 12.7. Even
though the level of background is higher at large m.,, the exclusion limits improve
sharply with the A mass; this is due to the rapidly increasing signal acceptance times
efficiency with the pseudoscalar mass, illustrated in Fig. 12.8. The combination of the
three final states is shown in Fig. 12.9, which contains also colorful points indicating
theoretically viable scenarios. All red-orange points have cross sections above the
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Fig. 12.6 Observed and predicted m,, distributions in the p7y, (top), er;, (center) and ey (bottom)
final states. The plots on the left are the zoomed-in versions for m., distributions below 50 GeV. A
signal for a mass of myq = 35GeV is shown for a cross section of 40pb. In the p7;, and e7, final
states, the electroweak background is composed of Z — ee, Z — pu, Wjets, diboson, and single
top quark contributions. In the ey final state, the electroweak background is composed of diboson
and single top backgrounds, while the misidentified e/u background is due to QCD multijet and
W +jets events. The contribution from the SM H boson is negligible and therefore not shown [1]
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Fig. 12.7 Observed and expected upper limits at 95% on the cross section times branching fraction
for a light pseudoscalar boson produced in association with two b quarks and decaying to taus, in
the pu7y, (left), ey, (center) and ey (right) final states [1]

Fig. 12.8 Signal acceptance
and efficiency for different A
masses for the three di-tau
final states. The acceptance
times efficiency increases
sharply with the
pseudoscalar boson mass [4]
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ones excluded by the analysis: this process is excluded in 2HDM type-2 with wrong
sign Yukawa couplings. The theoretical points are shown up to my = m;, /2, but the
exclusion is even stronger for heavier A pseudoscalar bosons due to the absence of
h boson decays to a pair of pseudoscalars.
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Fig. 12.9 Expected and observed upper limits at 95% confidence level on the cross section times
branching fraction for the combination of all three final states. The points represent typical expected
cross sections in 2HDM type-2. The blue and green points correspond to models with SM-like
Yukawa couplings, with low tan 3, sin(8 — &) >~ 1, cos(8 — ) > 0 and low m%z; while the orange
and red points correspond to models with a wrong-sign Yukawa coupling, with large tan /3, sin(3 +
«) >~ 1 and small cos(3 — a)) < 0. Theoretical points are shown up to A boson masses equal to half
of the & boson mass [1]

12.6 Chapter Summary

In some parameter space of 2HDM type-2, a pseudoscalar lighter than the Z boson
mass can be produced with a large cross section, while still being consistent with
the results from all high-energy experiments. The search is performed in a mass
range from 25 to 80 GeV, which was previously almost unexplored at the LHC. The
associated production with b quarks is studied, and the search is performed in three
di-tau final states: 7,7,, 7,7 and 7,7,. The dominant backgrounds are estimated
from data-driven methods. No significant excess is observed in the low di-tau mass
region, and limits between 7 and 39 pb are set on the production cross section times
branching fraction. These results exclude the signal hypothesis in 2HDM type-2 with
wrong-sign Yukawa coupling, where the sign of the Yukawa couplings of the 2 boson
is not SM-like.



232 12 Search for a Light Pseudoscalar Decaying to Taus

References

1. CMS Collaboration, Search for a low-mass pseudoscalar Higgs boson produced in associ-
ation with a bb pair in pp collisions at /s = 8 TeV. Submitted to Phys. Lett. B (2015),
arXiv:1511.03610 [hep-ex]

2. ATLAS Collaboration. “Modelling Z — 77 processes in ATLAS with 7-embedded Z — up
data”. In: JINST 10.09 (2015), P09018, https://doi.org/10.1088/1748-0221/10/09/P09018,
arXiv: 1506.05623 [hep-ex]

3. Z. Czyczula, T. Przedzinski, Z. Was, TauSpinner program for studies on spin effect in tau
production at the LHC. Eur. Phys. J. C 72, 1988 (2012), https://doi.org/10.1140/epjc/s10052-
012-1988-z, arXiv:1201.0117 [hep-ph]

4. CMS Collaboration, CMS-HIG-14-033 public twiki, http://cms-results.web.cern.ch/cms-
results/public-results/publications/HIG- 14-033/index.html

5. J. Campbell, R. Ellis, C. Williams, Vector boson pair production at the LHC. JHEP 07, 018
(2011), https://doi.org/10.1007/JHEP07(2011)018, arXiv:1105.0020 [hep-ph]

6. CMS Collaboration, CMS luminosity based on pixel cluster counting - Summer 2013 update.
CMS Physics Analysis Summary CMS-PAS-LUM-13-001 (2013), http://cdsweb.cern.ch/
record/1598864

7. K. Melnikov, F. Petriello, Electroweak gauge boson production at hadron colliders through
O(alpha(s)**2). Phys. Rev. D 74, 114017 (2006), https://doi.org/10.1103/PhysRevD.74.
114017, arXiv:hep-ph/0609070 [hep-ph]

8. PDFALHCWorking Group, The PDF4LHCWorking Group interim report (2011),
arXiv:1101.0536 [hep-ph]

9. A. Martin et al., Parton distributions for the LHC. Eur. Phys. J. C 63, 189-285 (2009), https://
doi.org/10.1140/epjc/s10052-009-1072-5, arXiv:0901.0002 [hep-ph]

10. R. Ball et al., Parton distributions with LHC data. Nucl. Phys. B 867, 244-289 (2013), https://
doi.org/10.1016/j.nuclphysb.2012.10.003, arXiv:1207.1303 [hep-ph]


http://arxiv.org/abs/1511.03610
https://doi.org/10.1088/1748-0221/10/09/P09018
http://arxiv.org/abs/1506.05623
https://doi.org/10.1140/epjc/s10052-012-1988-z
https://doi.org/10.1140/epjc/s10052-012-1988-z
http://arxiv.org/abs/1201.0117
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-033/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-033/index.html
https://doi.org/10.1007/JHEP07(2011)018
http://arxiv.org/abs/1105.0020
http://cdsweb.cern.ch/record/1598864
http://cdsweb.cern.ch/record/1598864
https://doi.org/10.1103/PhysRevD.74.114017
https://doi.org/10.1103/PhysRevD.74.114017
http://arxiv.org/abs/hep-ph/0609070
http://arxiv.org/abs/1101.0536
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://doi.org/10.1140/epjc/s10052-009-1072-5
http://arxiv.org/abs/0901.0002
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1016/j.nuclphysb.2012.10.003
http://arxiv.org/abs/1207.1303

Chapter 13
Search for a Heavy Di-tau Resonance
in the MSSM

Supersymmetry is the most elegant solution to many shortcomings of the SM, such as
the existence of dark matter or the hierarchy problem. Its simplest version, the MSSM,
can be probed at the LHC. Searching for heavy neutral resonances (® = A/H/h)
decaying to a pair of tau leptons is the most powerful way at the LHC to uncover an
MSSM scalar sector at large tan (3, given the increased scalar couplings to leptons and
down-type quarks. This chapter presents such a search, for resonance masses between
90 and 1000 GeV [1]. This analysis supersedes the previous results obtained with the
same dataset by the CMS Collaboration [2]. The differences between the analyses are
the categorization according to the 73, candidate pr, described later in the text, and
the MVA-based identification of 73, in the latest analysis. The six possible di-tau final
states are studied with 7 and 8 TeV data collected by CMS in 2011 and 2012. The
treatment of the 7,7, 7,7, and 7,7, decay modes is similar to a large extent to the one
described in Chap. 12, and only the differences will be mentioned. The 7,7, and 7,7,
final states are by far the least sensitive, because of the small branching fractions
and large levels of backgrounds; and they will not be described in details in this
chapter. Finally, the 7,73, channel, which has not been studied in Chap. 12 because
of the high p7 thresholds at trigger level, is in this analysis particularly sensitive
thanks to the large branching fraction and the typically high p; decay products of
heavy resonances. The analysis in this channel will be described at length in the next
sections.

13.1 Categorization

In the MSSM, neutral scalar bosons can be produced either by gluon-gluon fusion, or
by b-associated production. The gluon-gluon fusion proceeds essentially via top and
bottom quark loops, but contributions from light squarks can also play a limited role.
The first production mechanism is dominant for small and moderate tan 3 values,
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whereas the latter becomes more important at large tan 3 due to the enhancement
of the couplings to down-type quarks. It can also be noticed that at large tan 3,
the couplings to leptons are increased in the same proportions, and the branching
fraction of the heavy resonance to tau leptons can reach up to 10%.! The first step
of the categorization aims at separating the two different production modes.

The events are divided into two categories, depending on their number of b-tagged
jets:

— B-tag: This category targets the gg — ®bb production mode. The events should
contain at least one jet with pr > 20 GeV, |n| < 2.4 and passing the medium
CSV working point. The large ¢7 contribution is reduced by limiting the number
of jets (b-tagged or not) with pr > 30 GeV to maximum one.

— No-b-tag: This category targets the gg — & production mode. The events are
required not to contain any jet with pr > 20 GeV, |n| < 2.4 and passing the
medium CSV working point.

These two categories permit to measure the cross sections independently for the two
production modes, and ensure a better analysis sensitivity because the signal over
background ratio is larger in the b-tag case, especially at large tan (3. It can be noticed
that the requirement on the maximum number of jets with py > 30 GeV in the b-tag
category is not applied in the bbA — bb7T analysis detailed in Chap. 11.

The events collected at 8 TeV in the e7y,, u7;, and 73,7, final states are further cate-
gorized based on the transverse momentum of the hadronic taus. The b-tag category
is divided into two sub-categories:

— Low: The hadronic tau pr, in the e7;, and p7y, channels, is between 30 and 45 Ge V.
In the 7,73, final state, the subleading hadronic tau is required to have a transverse
momentum between 45 and 60 GeV.

— High: The hadronic tau pr, in the e7;, and p7, channels, is greater 45 GeV. In
the 7,7, final state, the subleading hadronic tau is required to have a transverse
momentum greater than 60 GeV.

Meanwhile the no-b-tag category is divided into three sub-categories:

— Low: The hadronic tau pr, in the e7j, and p7;, channels, is between 30 and 45 GeV.
In the 73,75, final state, the subleading hadronic tau is required to have a transverse
momentum between 45 and 60 GeV.

— Medium: The hadronic tau pr, in the e7), and 7, channels, is between 45 and
60 GeV. In the 7,7, final state, the subleading hadronic tau is required to have a
transverse momentum between 60 and 80 GeV.

— High: The hadronic tau p7, in the e7;, and 7, channels, is greater 60 GeV. In
the 7,73, final state, the subleading hadronic tau is required to have a transverse
momentum greater than 80 GeV.

UIn this case, the resonance only decays to b quarks and tau leptons, and the ratio between both
branching fractions does not depend on tan 3 because they couple to the same doublet.
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Table 13.1 Categorization based on the pr of the 75, candidates, according to the final state and
the b-tagging category

Channel 30 < pft <45 |45 <pf <60 |60 < pf <80 |pF >80GeV
GeV GeV GeV

ety Ty b-tag Low High

eTy/ Ty no-b-tag Low Medium High

Ty Ty b-tag - Low High

T)Th NO-b-tag - Low Medium High

The classification is summarized in Table 13.1. These sub-categories also have dif-
ferent signal-to-background ratios, which improves the sensitivity for signal events
with high pr hadronic taus. The categorization according to the hadronic tau pr is
seen to improve the expected upper limits by about 20% in ey, 30% in p1;, and 40%
in 7,7, for all signal mass hypotheses. This corresponds to increasing the dataset
size by a factor between 1.5 and 2.

The 110 and eps channels, as well as all data collected at 7 TeV, are not categorized
based on the final state lepton transverse momenta because they are either limited by
the small number of selected events, or much less sensitive than the others.

13.2 7,71, Final State

The 75,7, channel has not been studied in the bbA — bbrT analysis because of the
high p7 thresholds imposed by trigger constraints. In the case of the search for a
heavy resonance however, the taus are produced with a larger transverse momentum,
and the signal acceptance grows with the resonance mass. The 75,7, channel has the
largest di-tau branching fraction (about 44%) and as such, improves considerably
the sensitivity of the analysis in the regions with large m .

13.2.1 Selection

A combination of two triggers is used to select events in the 7,75, channel. If the
transverse momentum of the leading tau in the event is less than 350 GeV, the events
should pass a trigger path requiring two hadronic taus with pr greater than 35 GeV
at HLT. Otherwise, a single jet trigger path, requiring at HLT level a PF jet with pr
greater than 320 GeV, is applied to the events. The latter path is seen to be more
efficient for events with high pr taus. The double tau trigger path was deployed
during the year 2012, and only 18.3 fb~! are exploitable for this analysis.

Offline, the events are selected if they contain two hadronic taus with visible pr
greater than 45 GeV and |n| < 2.1, corresponding within AR < (.5 to the objects
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that fired the trigger path. Both tau candidates are required to pass the tight working
point of the MVA isolation including lifetime information. The subleading tau should
additionally pass the loose working point of the MVA discriminator against electrons.
The two taus are required to be of opposite charge. In case more than two taus pass
these selection criteria, the two most isolated” taus that have an opposite charge are
chosen.

13.2.2 Background Estimation

The estimation of the Z/v* — 77 background is similar in all the final states studied
in this analysis. Embedded samples are used, and they are normalized in an inclusive
category (combination of all five event categories) to the yield obtained from MC
samples. The normalization in the individual exclusive categories is obtained by
multiplying the yield in the inclusive category by an acceptance factor measured in
the embedded samples. The contamination from 77 events is estimated and subtracted.

The QCD multijet process is a particularly overwhelming background in the 7,7
channel, because of the large j — 7, misidentification rate. The QCD multijet
estimation relies on the measurement of the probabilities for the leading 7, to pass the
tight MVA isolation working point, as required in the signal region, or to pass arelaxed
isolation working point (loose or very loose) but fail the tight one. These probabilities
are measured in a QCD-enriched control region, obtained by inverting the charge
requirement on the tau candidates, and subtracting the limited contribution of other
processes, based on MC samples. The probabilities are measured as a function of the
tau transverse momentum, and in three pseudo-rapidity regions (|n] < 1.2, 1.2 <
Inl < 1.7 and 1.7 < |n| < 2.1). The ratios f, between the probabilities to pass
the tight isolation and to pass the relaxed but to fail the tight isolations are fitted
with linear functions as a function of the 7, pr. The shape and normalization of the
QCD multijet background are obtained by selecting events that pass the full signal
selection except that the leading tau does not pass the tight isolation working point
but a relaxed one, and reweighting them by the ratios measured in the previous step.
The contribution from other small processes is estimated from MC predictions and
subtracted. The relaxed working point is the loose one in the no-b-tag category and
the very-loose one in the b-tag category. In addition, because the number of selected
events in the b-tag category is still low, the CSV working point is relaxed to loose,
which is checked not to bias the QCD multijet background distribution. The ratios
are illustrated in Fig. 13.1.

The estimation of all other backgrounds (¢7, W+jets, diboson, ...) is the same as
described in Chap. 12 for the bbA — 77 analysis in the e7, and p7j, channels.

The resulting distributions in the five different categories are shown in Fig. 13.2.

2The decision is based on the raw output of the MVA isolation including lifetime information.
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Fig. 13.2 Observed and expected m,, distributions in the 73,7, channel, in the five subcategories.
The expectation is shown after a maximum likelihood fit to data. [1]
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13.2.3 Trigger Efficiency

The efficiency of the double tau trigger is measured in data and in MC simulations in
order to derive correction factors for the simulations. The efficiency is measured for
one tau, and the total efficiency is given by the product between the efficiencies for
the two taus. The measurement is performed in a region enriched in Z/v* — 7,7
events.

To perform the measurement, the events are first triggered with a single muon
trigger, and the presence of a muon with pr > 25 GeV, |n| < 2.1, tightly identified
and with a relative isolation less than 0.1 is required. The 73, candidate is selected
with pr > 20 GeV, |n| < 2.1, and has to pass the decay mode finding and the
tight working point of the MVA-based isolation. The muon and the tau should be
separated by at least AR = 0.5, and to have an opposite sign charge. The W + jets
background is reduced by requiring the transverse mass between the muon and the
1 to be less than 20 GeV. The set of events selected in such a way constitutes the
denominator of the efficiency ratio.

The numerator of the efficiency ratio is obtained by requiring the events to pass a
trigger path that requires a muon and a hadronic tau. The muon selection at trigger
level is looser compared to the single muon trigger applied in the previous step, and
all events pass this part of the trigger. The tau requirements of this muon-+tau trigger
are the same for a single tau as those used by the double tau trigger under study,
except that the tau py threshold at L2 and L3 is 25 GeV for the first one and 35
GeV for the latter one. To correct for this, the muon-+tau trigger path is required to
be fired and an offline cut on the L2 and L3 tau py is applied to emulate the double
tau trigger operation.

The efficiency is measured as a function of the tau p7 by dividing the numerator
and denominator events, both in data and in MC events. It is fitted with the convolution
of a Heaviside step function and of a Gaussian curve, which reflects resolution effects:

€ Pr — K
=—11 — ], 13.1
om-tfrear(2=2)]

where 1 and o are the mean and width of the Gaussian, representing the inflection
point of the curve and its spread, and e is a normalization factor, representing the
efficiency at the plateau. The error function is defined as:

erf(x) = %/ﬂ e dt. (13.2)

An unbinned fit is performed. The resulting curves in MC simulations and in data
are shown in Fig. 13.3.

The division between the data and MC efficiency curves gives a py dependent
scale factor to be applied to correct simulations. The correction amounts to up to
10% for taus with py > 45 GeV as used in the analysis. The uncertainty on the
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Fig. 13.3 Trigger efficiency measured in MC simulations (left) and data (right). The uncertainties
obtained by varying the three decorrelated fit uncertainties by one standard deviation are shown
with dashed lines

correction is estimated to be 4.5% per single tau. The trigger efficiency for high pr
taus is seen to decrease steeply in MC samples because of a problem in simulations,
and reaches efficiencies below half its plateau value. The decrease is parametrized
by a second order polynomial for taus with pr > 140 GeV, which is used to correct
the simulations. A 100% uncertainty is associated to this correction.

13.3 Differences from the Light Pseudoscalar Boson Search
Analysis in the eTy,, 7, and ep Final States

The selection of the ery,, u7, and ep final states proceeds almost similarly as in
the case of the search for a light pseudoscalar decaying to taus and produced in
association with b jets. The main differences lie in the categorization according to
the number of b-tagged jets and to the transverse momentum of the 7, candidates.
Additionally, these final states are also studied here with data collected at 7 TeV
center-of-mass energy. Because the search concentrates on heavy resonances, the
Drell-Yan contribution criterion is estimated only for an invariant mass of the leptons
above 50 GeV.

13.3.1 Differences Specific to the ey Channel

The leading muon is required to have a transverse momentum greater than 20 GeV
instead of 18 GeV. There is no selection on the transverse mass between the dilepton
system and £7, and P¢ is required to be greater than —20 GeV (Fig.13.4) .
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Fig. 13.4 Observed and expected m ., distributions in the e/ channel, in the two subcategories.
The expectation is shown after a maximum likelihood fit to data. [1]

13.3.2 Differences Specific to the e, and ut, Channels

The selection of the e;, and pu7;, final states is almost identical, except for the catego-
rization discussed before. Another difference is that the OS/SS scale factor measured
to scale the QCD multijet background extracted from a region where the two tau can-
didates have the same sign, is not measured as a function of the di-tau mass anymore,
but is estimated to be a constant equal to 1.06, with a 5% uncertainty. The lepton
thresholds are also modified compared to the bbA — bb7T analysis: the taus are
selected with pr > 30 GeV (instead of 20 GeV), and the muons with pr > 20 GeV
(instead of 18 GeV). The distributions obtained with 8 TeV data are shown for the
et and p7y, channels in Figs. 13.5 and 13.6 respectively.

13.4 & pr Reweighting

The transverse momentum of the & resonance produced in gluon-gluon fusion
depends on the relative contributions from top, bottom, stop and sbottom quark loops,
and therefore is related to tan /3. This variable is not directly used in the analysis, but it
has an influence on the transverse momenta of its daughter tau leptons. A modification
of the ® transverse momentum will cause changes on the signal acceptance due to pr
thresholds, and event migrations from a py category to another. Signal samples are
generated at LO with Pythia, and the ® bosons are produced without any transverse
momentum other than coming from initial state radiations. The description of the
@ py variable is corrected using the procedure outlined in [3] and briefly explained
here. The @ p7 spectra are computed at NLO level with Powheg, and some weights
are derived to correct the pr spectra obtained via Pythia. The reweighting factor is
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Fig. 13.7 Visible mass m,;; and full SVfit mass m,, distributions for the Z — 77 background
and different signal hypotheses. [1]

taken as the average between the factors obtained with tan § = 2 and tan § = 30,
and the difference is considered as a shape systematic uncertainty. Reweighting the
Pythia distributions typically makes the py spectra softer, and therefore contributes
to a decrease of the analysis sensitivity, especially for small m¢. The effect of the
shape uncertainty on the final upper limits is limited to less than 5%.

13.5 Result Interpretation

The statistical uncertainties in the tail of the m .. distributions are large, and a fit of the

form f(m,;) = exp (—WL’L"I—TXTW) is performed for every major background, where
co and c; are constant terms. The binned distributions are used at low m.,, while
the fit functions are used to model the different processes at higher m.., values.? The
uncertainties on the decorrelated parameters are considered as nuisance parameters
in the likelihood functions. Simulation corrections and other systematic uncertainties
are generally similar to those considered in the context of the bbA — bb7T analysis.
Additional uncertainties are related to the categorization. The full invariant mass
m;., reconstructed with the SVfit algorithm, is again used as observable to extract
the results. Figure 13.7 illustrates the difference between the visible invariant mass
and m ., distributions for the Z — 77 background and for the signal with different
masses. The m .. distributions are centered on the true mass, and have a typical
resolution of 20%. Their high mass tail is due to £7 resolution effects, while the
low mass tail comes from events where the tau candidates are back-to-back and have
little visible pr.

3The threshold where the parameterization starts is between 150 and 325 GeV depending on the
final state and on the category.
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Fig. 13.8 Model-independent observed and expected upper limits at 95% CL on o (gg®). B(® —
77) (left) and o (bb®). B(® — 77) (right), for the production of a narrow resonance that decays
into tau pairs, beyond the discovered SM-like boson of mass 125 GeV. [1]

No significant excess compatible with a heavy resonance is observed in any of the
final states or categories, and model-independent limits on the cross section times
branching fraction can be set for the two production modes. Upper limits are set at
95% CL with the C L asymptotic technique, and are shown in Fig. 13.8. The fact that
both production modes contribute to the b-tag and non b-tag categories is taken into
account. The signal templates are considered as the sum of the contributions of the
two MSSM neutral bosons degenerated in mass, while the third boson contribution
is seen to be negligible.

The results can also be interpreted in some specific MSSM benchmark scenarios,
as illustrated in Fig. 13.9. The six benchmark scenarios considered are:

— mj'®*: The parameters are designed to maximize the mass of the lightest scalar,
up to about 135 GeV. As the mass of the SM-like scalar has been measured to
be 125 GeV, a large part of the parameter space in this benchmark scenario is
already excluded by this indirect constraint, but this scenario can be used to set
conservative lower bounds on m 4 and tan (3.

— m}"**: The parameters are modified such that the / mass is compatible with the
mass of the observed SM-like scalar, by reducing the amount of mixing in the stop
sector. The stop mixing parameter is chosen to give the best agreement with the
measured value of muon anomaly (g — 2),,.

- m’h"”dfz The mass of the & boson is compatible with 125 GeV, and the stop mixing
parameter is chosen to give the best agreement with the measured rate of b — s7.

— Light-stop scenario: The mass of the 4 boson is compatible with 125 GeV, and the
rate for the 4 boson production through gluon-gluon fusion is reduced.

— Light-stau scenario: The mass of the & boson is compatible with 125 GeV, and the
rate for the decay of the 4 boson to photons is increased.
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Fig. 13.9 Regions of the m4 — tan 3 plane excluded by this analysis (blue) and by the constraint
mhM SSM — 125 4+ 3 GeV (red) in the m}'** (top left), mZ’”‘H (top center), m;l"”df (top right), light-
stop (bottom left), light-stau (bottom center) and tau-phobic (bottom right) MSSM benchmark
scenarios. The 3 GeV uncertainty on the & mass comes from theoretical predictions on mj in
supersymmetric models. [1]

— Tau-phobic scenario: The mass of the 2 boson is compatible with 125 GeV, and
the couplings of the & boson to leptons and down-type quarks are reduced.

More details about these benchmark scenarios can be found in [4, 5].

Similar results have been obtained by the ATLAS Collaboration in Run-1 [6], and
results with an almost equal sensitivity have been published with the data collected
at 13 TeV center-of-mass energy in 2015 [7].

13.6 Chapter Summary

The search for a heavy resonance decaying to a pair of taus is by far the most
powerful way to discover an extended scalar sector in the MSSM when tan 3, the
ratio between the vacuum expectation values of the two scalar doublets, is large.
At large tan 3 values, the decays of the heavy resonance ® = A/H/h to taus are
enhanced, as is its production in association with b quarks. The analysis sensitivity
is improved by categorizing events according to their number of b-tagged jets, and
to the transverse momentum of their leading hadronic tau if applicable. As no excess
of data is observed on top of the predicted SM backgrounds, limits are set on the
cross section times branching fraction of a signal in the bb® and gg® production
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modes, for resonance masses between 90 and 1000 GeV. Results are also interpreted
in different MSSM scenarios, and are seen to exclude a large part of the parameter
space, especially at large tan (3.
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Chapter 14
Overview of LHC Results and Prospects
for Future Colliders

After the discovery of a particle compatible with the scalar boson of the SM, many
fundamental questions remain. Searches performed at the LHC in Run-1 have not
permitted to discover BSM physics, but a few deviations from the SM expectations
have been observed with a low significance. These will require more data, collected
in Run-2 or later, to be confirmed or invalidated. Next sections describe the status of
the results of the CMS experiment after Run-1 and their projections in the coming
runs, with particular emphasis on the scalar sector, as well as the prospects for the
next collider experiments.

14.1 Overview of CMS Measurements in the Scalar Sector

14.1.1 SM Precision Measurements

The significance of the excess of events at a mass of about 125GeV has long
since exceeded five standard deviations, and physicists are now performing pre-
cision measurements on the recently discovered particle, to assess its compatibility
with the SM scalar hypothesis. The most precise decay channels are H — ~~ and
H — ZZ* — 4¢. The H — -~ analysis [1] is characterized by a small narrow
resonance above a large falling continuum background. To increase the sensitivity
of this analysis, different categories are defined, with various signal purity and mass
resolution. Results are extracted from a fit of the parameterized background and sig-
nal distributions to the observed data. In the H — ZZ* — 4/{ channel [2], at least
one of the Z bosons is produced off-shell. The so-called golden channel corresponds
to the case where both Z bosons decay to leptons (essentially ee or ). Despite the
low cross section times branching fraction, this decay channel is extremely powerful
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and is one of the main components of the discovery in 2012, because of the low level
of backgrounds and the excellent lepton identification and reconstruction.

As detailed in Chap. 7, the fermionic decay channels, despite their large branch-
ing fractions at my = 125 GeV, are less sensitive because of the large level of back-
grounds in the gluon-gluon fusion production mode. The decay channel H — bb has
the largest branching fraction in the SM, but is extremely complicated experimentally
because the difficult distinction between jets originating from b quarks — b jets — and
other jets makes the QCD multijet background overwhelm the signal. Luckily, some
production modes of the scalar boson give handle to reduce the backgrounds: this is
the case of the vector boson fusion production with two additional energetic forward
jets, and of the associated production with a vector boson where the decay products
of this vector boson may be easy to identify. These two production modes have been
studied at CMS, and although the results are still far from a discovery in the bb
decay mode, an excess at a mass close to 125 GeV has been observed with a signif-
icance of 2.1 and 2.2 standard deviations respectively in the associated production
and vector boson fusion production modes [3, 4]. The main challenges in searching
for H — 77 decays are to distinguish tau leptons decaying hadronically from jets
originating from quarks or gluons, and to reduce the large multijet backgrounds com-
ing from Drell-Yan QCD processes. Additionally the invariant mass of the tau pair
can only be reconstructed with a poor resolution (~20%). The analysis of data taken
in 2011 and 2012 at the LHC has shown an evidence for the existence of H decays
to tau leptons, and all measurements (signal strength, mass, ...) are compatible with
SM expectations. More details can be found in Chap. 7. The combined significance
of the H — bb and H — 77 searches exceeds three standard deviations, which
leads to an evidence for the decay of the 125-GeV particle to fermions [5].

Although the branching fractions of the SM scalar boson to a pair of electrons or
muons are tiny and not accessible with a low amount of data such as that collected
during LHC Run-1, the searches H — pu and H — ee are still performed because
the observation of such decays would be a clear evidence for BSM physics. In
these analyses [6], the signal hypothesis forms a narrow resonance on top of SM
backgrounds, which enables the analysts to use shape-based techniques to extract
a potential signal. No excess has been observed in any of the decay channels, and
upper limits have been set by the CMS Collaboration at 95%CL on the branching
fraction of the new particle to electrons (B(H — ee) < 0.0019) or muons (B(H —
) < 0.0016), assuming the SM production cross section for scalar boson.

The combination of ATLAS and CMS resultsinthe H — yyand H — ZZ* —
4¢ channels led to the most precise measurement of the new particle mass [7]:

my = 125.09 £0.21 (stat.) = 0.11 (syst.) GeV. (14.1)
All production and decay channels have been taken into account in a CMS-only
combination [8]; the combined signal strength is found to be very compatible with

the SM expectation:

fi = 1.00 £ 0.09 (stat.) 005 (theo.) £ 0.07 (syst.). (14.2)
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Fig. 14.1 Measured signal strengths in different event categories that tag different production (left)
and decay (right) modes [8]

The signal strengths measured for the different production and decay modes are all
in a good agreement with the SM expectations, as shown in Fig. 14.1. An interesting
feature is the excess observed in the 17 H production mode [9]. Table 14.1 summarizes
the signal strengths and significances measured in the different production and decay
channels of the SM scalar boson, with the data collected in Run-1 by the CMS
detector.

Such a mass for the scalar boson, associated to the measured top quark mass [12]:

m, = 172.44 + 0.13 (stat.) = 0.47 (syst.) GeV, (14.3)

implies that in the SM without addition of new physics, the universe lies at the
boundary between stability and instability of the electroweak vacuum [13, 14], as
illustrated in Fig. 14.2. The electroweak vacuum lifetime in this meta-stability region
fortunately exceeds the age of the universe. The fact that the universe lies at the edge
of the electroweak vacuum expectation value raises many questions: why did early
fluctuations not destabilize the potential? Does it play a role in inflation? .... This
apparent meta-stability might be a hint in understanding deeper physics.

Another great achievement of Run-1 is the extraction of an upper bound on the
H boson width, equal to 5.4 times the value predicted in the SM for a boson mass of
125 GeV [15]. This bound is obtained under the SM hypothesis, in the gg - H —
ZZ channel, and relies on the determination of the relative off-shell and on-shell
productions. Indeed, the respective cross sections are:

2 2
on-shell ~ 99gn9HzZ

Ugg—>H—>ZZ* -

, 14.4
o (14.4)
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Table 14.1 Best-fit signal strengths and observed significances, measured in Run-1, for different
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production and decay modes of the SM scalar boson. Results come from [1—4, 6, 8-11]
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, (14.5)
where g,,5 and g 77 are the H boson couplings to gluons and Z bosons respectively,
and I'y is the H boson width. The indirect upper limit of I'y < 22MeV at 95% CL
complements the existing experimental results on the H boson width, and gives a
value more precise by more than two orders of magnitude.

All the above-mentioned physics analyses have shown a good agreement between
the properties of the 125-GeV particle and those predicted for the scalar boson
of the SM. This is however not the end of the story, as many BSM theories with
an extended scalar sector have an alignment limit, where the properties of one of
their scalars tend to be SM-like. Highlighting deviations from the SM expectations
therefore requires to reach a greater precision, and to analyze larger datasets. The
LHC is expected to collect about 300 fb~! of proton-proton data by 2022, after which
a long shutdown is planned for upgrades of the machine and detectors. The High
Luminosity LHC (HL-LHC) will eventually permit to collect about 3000 fb~! data
with an increased instantaneous luminosity and larger average pileup. Projections
of the precision measurements on the scalar boson have been extrapolated from the
Run-1 operation in the 300 and 3000 fb~! cases [16]. An optimistic and a pessimistic
scenarios have been studied: the first one supposes the theoretical uncertainties are
reduced by a factor two and the other uncertainties are scaled by the square root of the
luminosity, while the second one assumes the systematic uncertainties are the same
as in Run-1. In any case, the performance of the detector and trigger is considered
to be the same as in Run-1. The projections of the precision on the measurements
of the signal strength for a SM-like boson are shown in Fig. 14.3: in particular the
precision on the H — 77 signal strength, equal to approximately 30% in Run-1
can be reduced to 8-14% with 300 fb~' data at 14 TeV, and 5-8% with 3000 fb~!
data at 14 TeV. The increased precision obtained at the HL-LHC might lead to the
observation of deviations with respect to the SM predictions, and be an indication of
the existence of BSM physics.

14.1.2 Exotic Scalar Decays

Three categories of searches for exotic scalar decays are explored with data collected
at the LHC:

e A summary of the CMS searches for the exotic decay of the 125-GeV particle
to two light pseudoscalar bosons has been presented in Chap. 11. The results of
the searches are interpreted in the context of 2HDM+-S; the analyses can exclude
branching fraction 5(h — aa) values less than one in some scenarios (especially
large tan (3 in type-3, where the decays to leptons are enhanced over the decays to
quarks) and in some pseudoscalar mass ranges. These analyses will be performed
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Fig. 14.3 Projected precisions on the measurement of the signal strength for a SM-like H boson
with 300 (left) and 3000 (right) fb~! data collected at 14 TeV. The two scenarios are described in
the text [16]

with Run-2 data, and new final states and mass ranges will be covered to probe a
larger phase space.

e Lepton-flavor violating scalar decays are also studied with CMS data [17]. Decays
suchas H — p1or H — et are not allowed in the SM if the theory is renormaliz-
able, and their observation would be an evidence for the existence of BSM physics
above a finite mass scale. An excess of events compatible with H — 7 decays
is observed with a significance of 2.4 standard deviations, and corresponds to a
best-fit branching fraction B(H — urt) = (0.841”8%2)%. The ATLAS experiment
does not confirm the excess seen by CMS [18] but does not exclude its existence,
and more precise results from the next LHC runs are looked forward to.

e In some BSM models, the SM-like scalar boson could decay to invisible particles
with a large branching fraction. Such a possibility is investigated through final
states with a large transverse missing energy coming from H decays to invisible
particles, and other physics objects from H production in association with a Z
boson, in the vector boson fusion production mode, or in the gluon-gluon fusion
mode with a jet from initial state radiation. The combination leads to an upper
limit at 95% CL of 36% on the branching fraction of the 125-GeV state to invisible
particles [19].

14.1.3 MSSM and 2HDM Scalar Searches

Different parts of the MSSM parameter space can be covered by the study of a variety
of scalar decays. As described in Chap. 13, the search for resonances decaying to a pair
of tau leptons can exclude scenarios with large tan 3, for which the scalar couplings to
leptons and down-type quarks are enhanced. Decays sensitive in the same high tan 8
region, but less powerful, include H — pp and H — bb. At low tan (3, different
final states can uncover an MSSM scalar sector: H — WW, H — ZZ, A — Zh
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Fig. 14.4 95% CL exclusions contours as obtained by the most sensitive CMS analyses in the
context of the MSSM that have been performed on the LHC Run-1 dataset. The colored filled areas
correspond to the regions in m 4 and tan 3 that have been excluded at 95% CL. The colored (slightly
darker shaded) lines with hatches correspond to the regions that were expected to be excluded.
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marked in gray. The theoretical uncertainty of the MSSM predictions on m;, has been estimated to
be +3 GeV [23, 24]

and H — hh. Meanwhile the search for a charged scalar boson is sensitive to the
low m 4 region. A summary of the searches for an MSSM scalar sector performed
with the CMS data in Run-1 is presented in Fig. 14.4, in the m;l’“"” [20, 21] and
hMSSM [22] benchmark scenarios [23]. As the MSSM is a special type of 2HDM,
these searches can also be interpreted in 2HDM [23]. However, because of the larger
number of free parameters, the comparison of the results of several analyses is not
as straightforward. No excess has been observed in any search for a 2HDM scalar
sector in Run-1 or Run-2 as of now.

14.2 Overview of Other SM and BSM Results of the CMS
Experiment

14.2.1 Standard Model

With the 25 fb~! proton-proton data collected by the CMS detector in Run-1, unprece-
dented precision on the measurement of the cross section of SM processes could
be achieved [25, 26]. All measurements and theory predictions are in remarkable
agreement at 7, 8, and 13 TeV center-of-mass energy, as presented in Fig. 14.5. The
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Fig. 14.5 Comparison of theoretically-predicted cross sections for various SM processes at 7, 8
and 13 TeV, with experimental measurements made with the CMS detector in Run-1 and Run-2 [28]

top quark mass measurement precision reached a great accuracy in Run-1 at CMS:
m; = 172.44 £ 0.13 (stat.) £0.47 (syst.) GeV [12]. This value supplants the “world
combination” performed in 2014 with the results of the ATLAS, CDF, CMS and DO
experiments [27]. More SM measurements were made in Run-1 [25, 26], but are not
be detailed here.

14.2.2 Dark Matter

Unlike direct and indirect detection experiments, collider experiments not only search
for dark matter (DM) candidates, but could also in principle produce them. DM
candidates produced at the LHC are assumed to have weak-scale mass and interaction
cross section with baryonic matter, and therefore to escape the detector leaving as
signature a momentum imbalance. Most CMS searches for dark matter look for
pair-produced dark matter candidates, characterized by a large transverse missing
energy K7, produced in association with an object identifiable in the detector; such
analyses are generically called mono-X + E7. The most sensitive mono-X + £7
channel is the monojet, where one jet is produced from initial state radiation (ISR)
and can be triggered on. Other mono-X + E7 analyses include the mono-photon,
mono-scalar, mono-Z, mono-top and mono-lepton channels. Collider experiments
are complementary to direct and indirect detection experiments, and are typically
more sensitive to low DM particle masses (mpy < 10GeV) and spin-dependent
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Fig. 14.6 Summary of exclusion limits in Simplified Model Spectra from several SUSY gluino
(left) and stop (right) searches performed with the data collected by the CMS detector in 2012 [32]

interactions. Assuming a simplified model with a vector particle decaying to a pair
of DM particles, the CMS experiment excludes at 90% confidence level (CL) in the
monojet channel, mediator masses up to 1.6 TeV with Run-1 and 1.3 TeV with Run-2
data, for low DM particle masses [29, 30].

14.2.3 Supersymmetry

A broad variety of analyses have searched for SUSY particles and processes in Run-1,
without finding any hint of BSM physics [31]. If they are light enough to be produced
at the LHC, strongly-produced SUSY particles are expected to have the largest pro-
duction cross section of all sparticles. CMS analyses set limits on simplified models
where gluinos or squarks are pair-produced, with inclusive searches. Other searches
target processes with smaller production cross sections, such as the direct produc-
tion of stop quarks, bottom. Results from different gluino and stop quark searches,
interpreted in Simplified Model Spectra (SMS) are shown in Fig. 14.6. Even though
the masses probed almost reach the highest possible mass for superparticles, many
SUSY models have not been addressed yet, and a large parameter space remains
unexplored. The SUSY physics program at the LHC will continue in the next runs.
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14.2.4 Others

Many searches for exotic models (Z’ boson, W’ boson, leptoquarks, heavy stable
charged particles, excited leptons, heavy Majorana neutrinos, ...) have been per-
formed at the LHC [33]. As of now only one promising excess has been reported by
both the ATLAS and CMS collaborations: an excess of events in the diphoton mass
spectrum at a mass of about 750 GeV [34, 35]. The global significance is about two
standard deviations in the ATLAS analysis with Run-2 data, and somewhat lower for
CMS, but it is intriguing that an excess is seen at the same place in both experiments.
Many theoretical models have been proposed to address such a deviation from the
SM if it were to be confirmed with larger datasets in Run-2.

14.3 Future Collider Experiments

The HL-LHC program extends until about 2035, but it is already time to design its
successor, as many fundamental questions will remain. If no new physics is observed
at the LHC, the reason could be that the new physics mass scale is beyond the LHC
reach, or that the mass scale is accessible at the LHC but the final states are elusive
to the direct search. Different options of linear and circular colliders are studied
to address both cases. In general, electron-positron colliders have the advantage to
provide an extremely clean experimental environment, with an absence of strong-
interaction backgrounds and with controlled electroweak backgrounds, allowing for
very precise measurements. Additionally, such colliders do not suffer from underly-
ing event and pileup collision contamination, and the triggering is easy with a 100%
efficiency. On the other hand, hadronic colliders have a larger mass reach for the
exploration of new physics, but require carefully-designed subdetectors for the iden-
tification of particles in a crowded environment. Circular colliders, relative to linear
colliders, can provide a much higher luminosity because of larger collision rates,
continuous injection and multiple collision points, and their beam energy can be
measured with great accuracy. However, the center-of-mass energy they can reach is
lower because of synchrotron radiation, they consume a large power, and their beams
are difficult to polarize. A comparison between the luminosity and center-of-mass
energy linear and circular colliders can reach is shown in Fig. 14.7 for some collider
projects. Different collider projects are described in the next paragraphs.

The FCC-ee (also known as TLEP) [36] program involves electron-positron colli-
sions at a center-of-mass energy of 91 (Z boson pole), 160 (W W threshold), 240 (H
production peak, dominated by Higgsstrahlung) and 350 (¢7 threshold) GeV in a cir-
cular collider with a circumference between 80 and 100 Km situated in the Geneva
basin. The FCC-ee would allow for extremely precise SM process measurements
with per mille-level uncertainties, and could set indirect constrains on heavy BSM
particles. The dominant uncertainty associated to the measurement of SM processes
would be theoretical. The scalar physics program of the FCC-ee consists in deter-
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mining all scalar boson couplings in a model-independent way, in measuring its total
decay width indirectly and evaluating its rare or exotic decays. The FCC-ee physics
program for electroweak precision measurements relies on the production of about
10" Z bosons, 103 W bosons and 10° ¢7 pairs.

After a dozen years of operation (about two years at the Z pole, one or two years at
the WW threshold, five years as a “Higgs factory”, and five years at the ¢7 threshold),
and more than two million scalar bosons produced, the FCC-ee could potentially
be upgraded to become a proton-proton collider, FCC-hh, with a center-of-mass
energy of around 100 TeV [37]. Because the energy is proportional to the magnetic
field and to the collider radius, such an energy can be achieved by multiplying
the magnetic field by a factor two and the radius by a factor four relative to the
LHC. The combination of FCC-ee and FCC-hh reduces the costs of having two
experiments, and would permit to obtain the best precision, sensitivity and reach for
new physics among all other collider options. The FCC-hh could collect between
250 and 1000 fb~! every year, which would lead to about 20 ab~"! after twenty-five
years of operation. The option of a circular collider between electrons and hadrons,
FCC-eh, is also under study [38].

The International Linear Collider (ILC) [39] is a linear electron-positron collider
that could be built in Japan in a few years. The ILC would in a first phase collect 500
fb~! at an energy in the electron-positron center-of-mass of 250 GeV, 200 fb~! at
350GeV, and 500 fb~! at 500 GeV, and in a second phase 3500 fb~! at 500 GeV and
1500 fb~! at 250 GeV. Such a machine has a low beamstrahlung, and its luminosity
and energy can be determined precisely. The ILC provides a clean environment to
measure the scalar boson couplings with a great accuracy, which would allow to
eventually highlight deviations from the SM predictions. Its physics program also
covers measurements of the properties of the top quark with a great accuracy, and
searches for new particles at the TeV scale.

A comparison of the expected reach of the HL-LHC, FCC-ee and ILC in terms
of scalar boson signal strength precision, top quark mass and scalar boson mass
measurements is shown in Fig. 14.8.
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Fig. 14.8 Left: Expected precision on the measurement of the H boson signal strength at the
HL-LHC, ILC and TLEP/FCC-ee. The TLEP and ILC indications correspond to the data expected
to be collected during the run at 350 GeV center-of-mass energy and during the previous runs at
lower energy. Right: Precision on the top quark and W boson mass measurements achievable with
different projects of colliders [36]

14.4 Chapter Summary

The CMS physics program has covered an impressive range of new physics searches
and precision measurements as of now. The highlight of the Run-1 is the discovery
of a new particle compatible with the SM scalar boson and the measurement of some
of its properties, but the fact that searches for BSM physics, such as dark matter or
SUSY, do not observe any deviation from the SM in a large parameter space is not
less interesting. Future collider studies and designs have started in order to take over
the LHC physics program and to address the unanswered questions after the LHC
stops running.
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Chapter 15
Conclusion

The LHC started operating in 2010, at an unprecedented center-of-mass energy of
7TeV. Its Run-1 extended until the end of 2012 with a center-of-mass energy of
8 TeV. After a first long shutdown, the LHC resumed its operations in 2015 with
proton-proton collisions at a center-of-mass energy of 13 TeV. The discovery of a
new particle, H, compatible with the Brout-Englert-Higgs boson of the standard
model (SM) is without contest the highlight of the Run-1 of the LHC.

The discovery of the new particle was driven by the searches in the H — v and
H — ZZ decay channels, but many other decay modes are open in the SM for a mass
of the scalar boson equal to 125 GeV. Measuring the production cross sections and
the branching fractions of the new boson for all possible production and decay modes
is essential to assess its compatibility with the SM predictions. In Chaps.7 and 8 is
described a search for the SM scalar boson, produced in association with a Z boson
or a W boson respectively, and decaying to a pair of tau leptons. The di-tau final state
is the most sensitive fermionic decay channel, and therefore gives the most precise
measurement of the Yukawa couplings of the scalar particle. While the vector boson
associated production has a small cross section relative to the gluon-gluon fusion and
vector boson fusion production modes, an efficient background rejection is obtained
by selecting the light leptons originating from the vector boson decays. Both analyses
are not sensitive yet to the cross section predicted in the SM for the scalar boson, but
their results are compatible with the SM scalar boson hypothesis. After combination
with the dominant production modes, the first evidence for the decay of the H boson
to a pair of tau leptons is achieved with a significance of 3.2 standard deviations, as
detailed in Chap. 9.

In the SM, the H boson decays approximately 6% of the time to tau leptons if it
has a mass of 125GeV. The H — 77 decay channel is challenging because of the
similarity between hadronically decaying taus, and quark and gluon jets. In CMS,
the Hadrons Plus Strips (HPS) algorithm is used to reconstruct and identify hadronic
taus (73,), as described in Chap. 6. It first proceeds by checking that tau candidates
correspond to one of the possible tau decay modes by counting the number of tracks
and deposits in strips of the electromagnetic calorimeter, and measuring their com-
patibility with a hadronic tau hypothesis. The second step consists in rejecting jets,
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electrons and muons by applying further selection criteria, based among others on the
isolation of the tau candidates. A typical selection efficiency of 50% can be reached,
for a j — 7, misidentification rate at the percent level, and ¢ — 7, and p — 7
misidentification rates at the per mille level or below. The performance is also mea-
sured in data collected both in Run-1 and Run-2: it is generally compatible with the
performance in MC simulations, but some data-to-simulation scale factors not equal
to unity are also derived, for example for the e — 75, and  — 7, misidentification
rates. The uncertainties on the tau identification efficiency and tau energy scale in
data amount to 6 and 3% respectively.

The SM is known not to answer a series of questions, and is thought to be a
good approximation at low energies of a more fundamental theory. This is motivated
among others by the existence of dark matter and dark energy, the hierarchy problem,
describing the fact that the H boson mass receives huge corrections, or the will
to unify all fundamental interactions. Many of the models that address some of
these questions introduce an extended scalar sector. This is the case of the minimal
supersymmetric SM (MSSM), which contains three neutral and two charged scalars.
The MSSM can be described at tree level by two parameters: m 4 the mass of the
neutral pseudoscalar, and tan (3 the ratio between the vacuum expectation values of
the two scalar doublets. Different searches should be performed to cover the full
parameter space of the MSSM; for example H/A/h — 77 is sensitive at large tan 3
while A — Zh searches are powerful at low tan § only. More general models are
two-Higgs-doublet models (2HDM), which also give rise to five (pseudo)scalars.
Depending on the choice of its parameters, it can motivate the existence of light
pseudoscalars. A simple extension of 2HDM is 2HDM+-S, where a scalar singlet
is added to the two scalar doublets. Such models make the decay of the 125-GeV
particle to non-SM particles possible, even after the precision measurements on the
SM-like scalar performed in Run-1. In general, tau leptons are important objects
to uncover a potentially extended scalar sector, because the scalar boson Yukawa
couplings are proportional to the mass, and taus are by far heavier than muons and
electrons.

Chapter 10 details the search for A — Zh decays in the €¢77 final states.
The light leptons originating from the Z boson allow for an efficient background
rejection, while 7 — 77 has a large branching fraction relative to most other
decay channels. The analysis is performed with 8 TeV data, and combined with
H — hh — bbrT, which is also sensitive at low tan 3 and in a comparable mass
range. No excess is observed in any of the final states, and the results are interpreted
as model-independent upper limits on the cross section times branching fraction,
and as model-dependent limits in the m 4 — tan 3 plane in the MSSM and 2HDM
type-2. Cross sections times branching fractions between 5 and 17 fb are excluded
at 95% CL for pseudoscalar boson masses ranging between 220 and 350 GeV in the
A — Zh — €017 analysis.

The possibility of exotic decays of the 4 boson to a pair of light pseudoscalar
bosons is studied in Chap.11. The h — aa — pu7tT is especially sensitive in
2HDM+-S type-3, where, for tan 3 > 1, the decays of the pseudoscalar a boson to
leptons are enhanced over its decays to quarks. The expected SM backgrounds are


http://dx.doi.org/10.1007/978-3-319-70650-4_10
http://dx.doi.org/10.1007/978-3-319-70650-4_11

15 Conclusion 265

particularly low, and an unbinned shape analysis is performed. No significant excess
is observed, and upper limits between 4 and 15% can be set on B(h — aa) in the
hypotheses that the /# production cross section is the same as predicted in the SM,
and that the a boson does not decay to quarks, which is a good approximation at
large tan 3 in 2HDM+S type-3. The end of the chapter presents an interpretation of
all h — aa searches performed with the CMS detector in Run-1, in different types
of 2HDM+S and for different tan 3 values; pseudoscalar masses between 1 GeV to
half of the & boson mass are covered by the analyses.

In 2HDM and for a given choice of the model parameters, the production of light
pseudoscalars is allowed with large cross sections, while not contradicting other LHC
measurements. Chapter 12 describes the search for a light pseudoscalar decaying to
taus and produced in association with b quarks. The search covers a mass region
between 25 and 80GeV, which was unexplored before at the LHC. No excess is
observed in any of the three di-tau final states studied, and stringent upper limits are
set on the cross section times branching fraction. The analysis is seen to exclude
such a process for pseudoscalar masses between 25 and 80GeV in 2HDM type-2
with negative Yukawa couplings of the /& boson to down-type fermions.

Chapter 13 presents the search for a heavy resonance (& = A/H/h) in the
MSSM, with an improved sensitivity obtained by categorizing the events according
to the pr of their hadronic taus, and by using the MVA tau identification including
lifetime information. The ® — 7,7, decay channel, which has the largest branching
fraction, is described in details. Again, no excess of data above the predicted SM
backgrounds is observed, and limits are set on the production cross section times
branching fractions for the bb® and gg® production modes. The excluded cross
section times branching fraction ranges approximately from 22 pb to 8 fb depending
on the resonance mass and on the production mode. The results are also interpreted
in some benchmark scenarios, where large parts of the regions with high tan 3 are
excluded. In particular, tan 3 values as low as about 3 can be excluded in the m}'“*
scenario of the MSSM for m 4 ~140GeV.

No evidence for BSM physics has been observed in any of the searches presented
in this thesis, neither in other CMS measurements performed in Run-1 as detailed in
Chap. 14. The Run-2 of the LHC started at the beginning of 2015, with an increased
center-of-mass energy, which permits to explore completely new regions. The large
luminosity that will be collected together with the increased center-of-mass energy,
will make searches for BSM processes with smaller cross sections or heavier particles
possible, and allow for more precise measurements of the SM-like scalar properties,
which might highlight deviations from the SM expectation. The MSSM parameter
space has been impressively well covered in Run-1, though unexplored regions,
especially at large and intermediate m 4, still remain. In addition, many new physics
signatures have not yet been studied. This is only the beginning of the LHC program,
and many discoveries most likely lie ahead of us.
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Appendix A
Technical Details About Physics Analyses

A.1 Monte Carlo Samples and Collected Datasets

The collision datasets used in the analyses described throughout this thesis are pre-
sented in Tables A.1, A.2 and A.3, at 7, 8 and 13 TeV center-of-mass energies respec-
tively. The Monte Carlo samples, together with their generators and cross sections
are indicated in Tables A.4, A.5 and A.6.

A.2 Triggers

The trigger paths used in the analyses described throughout this thesis are indicated
in Table A.7 for every studied final state.
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Table A.3 Datasets collected at 13 TeV center-of-mass energy, used in the physics analyses detailed
in this thesis

Dataset Chapters

6 |7 |8 |10|11 |12 |13
1% /SingleMuon/Run2015C25ns-16Dec2015-vl |V
/SingleMuon/Run2015D-16Dec2015-v1l v

Table A.4 MC samples, with their generators and cross sections used in 7 TeV analyses. The cross
sections for the SM scalar boson are indicated for my = 125GeV

Process Generator | XSxB Chapters

(pb)

6 |7 |8 10 [11 |12 |13

zZ7 — 4t Pythia 0.106 v |V
88 — ZZ* — 202¢ Pythia 0.005 v
WZ — 3¢v Madgraph | 0.868 v
trzZ Madgraph | 0.139 v
WH/ZH/ttH with H — tt | Pythia 0.021 v |V
H — WW — 202y, Powheg 0.0053 v |V
WH,ZH,ttH
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Table A.6 MC samples, with their generators and cross sections used in 13 TeV analyses. W+jets

and Z4jets cross sections are quoted at NNLO

Process Generator XSxB Chapters
(pb)
6 10 |11 |12 |13

VV — 202v aMC@NLO 11.95 v

Z7Z — 202q aMC@NLO 3.22 v

77 — 4L aMC@NLO 1.21 v

WW — 1£1v2¢q aMC@NLO 50.00 v

WZ — 2€2q aMC@NLO 5.60 v

WZ jets aMC@NLO 5.26 v

WZ — 3¢1v aMC@NLO 4.71 v

WZ — 1£3v aMC@NLO 3.05 v

WZ — 1£1v2q aMC@NLO 10.71 v

tt (inclusive) Powheg 831.8 v

1/t > tW Powheg 71.2 v

Z/y* — 20 +jets, my; >| Madgraph 6025.2 v

50GeV

W — £v + jets (inclusive) | Madgraph 61526.7 v
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