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ABSTRACT

This thesis presents a study of the Standard Model (SM) Higgs boson in the decay channel
of 77 — eu, as well as a search for neutral Minimal Supersymmetric Standard Model (MSSM)
Higgs boson in the same decay channel, using data corresponding to an integrated luminosity
of 35.9 fb~! in proton-proton collisions with a center-of-mass energy of 13 TeV, collected by
the CMS detector at the Large Hadron Collider. The results of ep channel in both analyses
are combined with other channels of Higgs to 77 decay: ery, uty and 7,75.

An observation of the SM Higgs boson to 77 is established with a significance of 4.9 stan-
dard deviations, to be compared to an expected significance of 4.7 standard deviations. The
product of the observed SM Higgs boson to 77 production cross section times the branching
ratio is 1.09f8:§g times the SM prediction. This is the first observation of Higgs boson decays
to a pair of 7 leptons by a single experiment.

A search for neutral MSSM Higgs boson is performed in a mass range of 90 GeV to 3.2
TeV. No significant deviations from the SM background expectation are observed. Model
independent upper limits on the production cross section times branching ratio are set. The
results are interpreted into selected MSSM benchmark scenarios.






ZUSAMMENFASSUNG

Diese Arbeit prisentiert eine Studie des Higgs-Bosons des Standardmodells (SM) im Zer-
fallskanal 77 — ey, sowie die Suche nach einem neutralen Higgs-Boson des minimalen super-
symmetrischen Standardmodells (MSSM) im gleichen Zerfallskanal unter Verwendung von
Daten, die einer integrierten Luminositit von 35,9 fb~! entsprechen und in Proton-Proton-
Kollisionen bei einer Schwerpunktsenergie von 13 TeV vom CMS-Detektor am Large Hadron
Collider erfasst wurden. Die Ergebnisse der ey-Kanéle beider Analysen werden jeweils mit
anderen Endzustdnden der Tauzerfille aus dem Higgs-Boson-Zerfall kombiniert: ery,, ur, und
ThTh-

Das SM-Higgs-Boson wird mit einer Signifikanz von 4,9 Standardabweichungen im Zer-
fallskanal in ein Tau-Lepton-Paar beobachtet. Die erwartete Signifikanz betrdgt dabei 4,7
Standardabweichungen. Das Produkt aus dem beobachteten Produktionswirkungsquerschnitt
des SM-Higgs-Bosons mit dem Verzweigungsverhéltnis in ein Tau-Lepton-Paar betrégt 1, ogigﬁg
mal der SM-Vorhersage. Dies ist die erste Beobachtung von Higgs-Boson-Zerfillen in ein Tau-
Lepton-Paar durch ein einziges Experiment.

Die Suche nach einem neutralen MSSM-Higgs-Boson wird in dem Massenbereich von 90
GeV bis 3,2 TeV durchgefiihrt. Es werden keine signifikanten Abweichungen von der SM-
Untergrunderwartung beobachtet. Daher werden modellunabhéngige Obergrenzen auf den
Produktionswirkungsquerschnitt eines neutralen MSSM-Higgs-Bosons bestimmt, wobei das
Verzweigungsverhéltnis in ein Tau-Lepton-Paar festgelegt wird. Die Ergebnisse werden in
ausgewahlten MSSM-Referenzszenarien interpretiert.






CONTENTS

1

Introduction

2

The Standard Model of Particle Physics|

2.1 Elementary Particles and Forces| . . . . ... ... ... ... .........
2.1.1 Force mediators|. . . . . . . . . ...
2.1.2 Leptons| . . . . . . .
...................................
2.1.4 The Higgs boson| . . . . . ... .. .. ..

2.2 The Standard Model Lagrangian| . . . . .. . ... ... ... .. .......
2.2.1 Electromagnetic interaction . . . . . . ... ... L0
2.2.2  Strong interaction| . . . . ... ..o
2.2.3 Weak interaction and electroweak unificationl . . . . . . ... ... ..
2.2.4  The Higgs mechanism and spontaneous symmetry breaking . . . . . .
2.2.5 The mass of fermionsl . . . ... ... ... 000

2.3 SM Higgs Boson Production Modes|. . . . . . ... ... ............

2.4 SM Higgs Boson Decay Modes| . . . . . . ... ... ... ... .. ......
2.4.1 SM Higgs boson decays to fermions|. . . . . . ... ... ... .....
2.4.2  SM Higgs boson decays to bosons|. . . . . .. ... ... ... .....

The Minimal Supersymmetric Standard Model (MSSM)|

3.1 Motivations for Supersymmetry|. . . . . . ...
3.1.1 The hierarchy problem|. . . . . ... ... .. ... ... ... ... .
B.1.2 Thedark matter] . . . . ... ... ... ...
3.1.3  Unification of the forces| . . . . . . ... ... ... ... .. ......

3.2 The Minimal Supersymmetric Standard Model| . . . . . .. ... ... ... ..

3.3 The Higgs Sector of MSSM| . . . . . . ... ... ... ... . ... ... ...
3.3.1 The MSSM Higgs parameters| . . . . . . . .. ... ... ... .....
3.3.2  The MSSM Higgs benchmark scenarios) . . ... ... .........

13

17
18
18
19
19
19
19
20
22
22

27
28
28
29
30




4 Statistics

4.1 Likelihoodl . . . . . . . . . . e
....................................
4.1.2  Introducing nuisance parameters| . . . . . ... .. ... ... ... ..

4.2 Maximum Likelihood Fit|. . . . . . . . . . . . . .. .

4.3 Significance| . . . ..o

4.4  Exclusion Limits| . . . . . . . . . . e
4.4.1  Observed Limits| . . . . . . .. . .. ... ... ...
4.4.2 Expected Limits| . . . . . ... ...

4.5 Boosted Decision Treel . . . . . . . . . . . e

The CMS experiment at the CERN Large Hadron Collider]|

5.1 The CERN Organization|. . . . . . . ... ... ... ... ... .......
5.2 The Large Hadron Collider] . . . ... ... ... . ... ... ........
5.2.1 Proton production and acceleration|. . . . . . .. ... ... L.
5.2.2  Experiments at the LHC|. . . . . ... ... ... ... .. .......
5.2.3 LHC data taking schedule] . . . . .. ... ... ... ... .......
5.3 The CMS Experiment| . . . . .. ... ... ... ... ... ...
5.3.1 _Overview of the CMS detector] . . .. .. ... .. ... ........
5.3.2 Tracker| . . . .. ...
5.3.3  Electromagnetic calorimeter|. . . . . . .. ... ... 0L

5.3.4 Hadronic calorimeter| . . . . . .. ... ... .. L oL
5.3.5 Magnet| . . . .. ..
5.3.6 Muon system| . . . ...

5.3.7 Trigger and data acquisition system| . . . . . ... ... ... .....

6

Event Simulation and Reconstruction

6.1 Event Generation|. . . . . . . . . ...
6.1.1  Monte Carlomethod| . . . . . . ... ... .. ... ... ...
6.1.2  Structure of an event!. . . . . . ... ... Lo Lo L
6.1.3 Hard scattering] . . . . . . ... ... L Lo
6.1.4 Parton showering|. . . . . ... ... . Lo Lo Lo
6.1.5  Hadronmization|. . . . . . . ... ... . o
6.1.6 Underlying event| . . . . .. ... .. ... ... .. L.
6.1.7 Event generators| . . . . . ... ... Lo
6.1.8  Detector simulation] . . . .. ... ... ... . 0L

6.2 Object Reconstruction| . . . . . . .. .. ... ... L
6.2.1 Particle-flow Algorithm| . . . .. ... ... ... .. 0.
6.2.2 Primary vertex| . . . . .. ..o L
6.2.3  Electrons| . . . . . ...
....................................
.....................................
6.2.6 B-tagging) . . . . . . ...
6.2.7 Missing transverse energy E(T‘ .......................

10

41
42
42
42
45
45
47
47
48
49

53
o4
56
57
60
60
61
61
62
65
66
67
67
69



7 Performance of 7, Reconstruction and Identification| 87

7.1 The 7 Lepton Properties|. . . . . . . .. .. ... . ... L 88
7.2 Reconstruction and Identification of 7). . . . . . . ... ... L. 88
7.2.1 The hadron-plus-strip algorithm| . . . . ... ... ... ... ..... 88
7.2.2  Discrimination between 7, and jets . . . . . . ... ... 92
7.2.3 Discrimination against electron| . . . . .. ... 00000 94
7.2.4 Discrimination against muon| . . . .. ... L0 96

7.3 Measurement of the e — 7, Misidentification Rate| . . . . .. ... ... ... 97
7.3.1 Datasets and Monte Carlo samples| . . . . .. ... ... ... .... 97
[7.3.2  Data-to-Monte Carlo corrections| . . . . . ... ... ... ... .... 98
7.3.3  Signals and background modeling|. . . . . .. ... ... ... 98
7.3.4 Event selection| . . . . . . ... ... ... ... ... .. ... 101
7.3.5 Measurement| . . . . . . ... ... 101
7.3.6  Systematic uncertainties| . . . . . ... ... L L0 102
................................... 103

7.4 Measurement of the 4 — 7, Misidentification Rate| . . . . ... ... ... .. 104
7.4.1 Datasets and Monte Carlo samples . . . . ... .. ... ... ..... 105
[7.4.2  Data-to-Monte Carlo corrections| . . . . . ... ... ... ... .... 105
7.4.3 Background modeling] . . . ... ... Lo 106
7.4.4 Event selection| . . . . . .. ... ... ... 106
7.4.5 Measurement| . . . . . .. ... ... 107
7.4.6  Systematic uncertainties| . . . . . . .. ... Lo 108
................................... 109

7.5 Measurement of the Efficiencies of Discriminators against Electron and Muons| 111
7.5.1  Strategies| . . . ... 111
................................... 111

'8 Analysis of SM Higgs to 7 7 in the ey final state| 117
8.1 Analysis Overview| . . . . . . . . .. ... 118
8.2 Datasets and Monte Carlo Samples| . . . . . ... .. ... ... ... ... 118
8.3 Data-to-Monte Carlo Corrections . . . . . . . . . . ... ... ... ...... 119
8.3.1 Pileup| . . . . . . e 119
8.3.2 Triggers . . . . .. 119
8.3.3  Electrons and muon identification and isolation scale factors . . . . . . 122
8.3.4  Recoil corrections|. . . . . . ... 122
8.3.5 Reweighting of LO Madgraph Drell-Yan Z+jets events|. . . . . . . . . 123
8.3.6 Top pr reweighting]. . . . . . . ... ... 123

8.4 Event Selection| . . . . . . . ... 124
R.4.1 Baseline selection|. . . . . . ... ... ... ... ... ... ... . 124
8.4.2 The D¢ variable to suppress top pair production background| . . . . . 125
8.4.3 77 mass reconstruction| . . ... ... Lo oL 126
8.4.4 Event categorization| . . . . . .. ... Lo Lo Lo 128

8.5 Background Modeling] . . . . . . ... ... 129
8.5.1 Drell-Yan Z—+jets| . . . . . . . ... 129
852 fttevents|. . . . ... ... 129
8.5.3 QCD multijet events| . . . . . . . ... ... 130

11



8.5.4 Other backgrounds| . . . . . ... ... ... Lo L oL

8.6

Control Plots] . . . . . . . .

8.7

Signal Extraction| . . . . . . . . ... . L oo

8.8

Systematic Uncertainties|. . . . . . . .. ... .. L o

8.8.1 Uncertainties related to object reconstruction and identification|. . . .
8.8.2  Background estimation uncertainties| . . . . . .. ... ... L.
8.8.3 Signal prediction uncertainties| . . . .. ... ... ... L.
8.8.4 Other uncertainties . . . . . . . ... ... L

8.9

Results of ey Final State]. . . . . .. ... .o o 0oL oo

8.10 Combination with ery, pu7, and 7,7, Final States| . . . . . . . ... ... ...

[8.10.1 Brief description of ery, pur, and 7,7 final states) . . . . . . ... ...

8.10.2 Results| . . . . . . e

9 Analysis of MSSM Higgs to 7 7 in the ey final state]

9.1

Analysis Overview| . . . . .. .. . Lo

9.2

Datasets and Monte Carlo Samples| . . . . . ... ... ... ... ... ....

9.3

Data-to-Monte Carlo Corrections] . . . . . . . . . . . . . . .. ... ... .

9.3.1 Triggers| . . . . . . .
9.3.2 B-tagging] . . . . . ..

9.4

Event Selection| . . . . . . . . . .

9.4.1 Categorization| . . . . . ... ... ...

9.5

Background Modeling| . . . . . ... ...

9.5.1 Drell-Yan Z+4jets|. . . . . .. ..o o
9.5.2  Refined modeling of QCD multijet events| . . . . .. ... ... .. ..
9.5.3 Modeling of jet — e/pevents| . . . ... ...

9.6

Signal Extraction . . . . . ... ... L oL oo

9.7

Systematic Uncertainties|. . . . . . . . ... ... Lo

9.7.1 Uncertainties related to object reconstruction and identification. . . .
9.7.2  Background estimation uncertainties| . . . . . . .. ...
9.7.3  Signal prediction uncertainties . . . ... ... .. ... ... ...
9.7.4  Other uncertainties|. . . . . . .. ... ... . Lo L

9.8

Results of ey Final State|. . . . . . ... ... oo oo

9.9

Combination with ery, ur, and 7,7, Final States| . . . . . . . . ... ... ..

9.9.1 Brief description of ery, pur, and 7,7, final states) . . . . . . ... ...

9.9.2 Results| . . . . . . e

10 Summary and conclusions|

Appendices

[A Publications

11 Bibliography|

12

147
148
148
149
149
149
150
150
150
150
151
154
156
156
156
158
159
159
160
160
160
164

171

173

175

177



CHAPTER

1
INTRODUCTION

The universe as we know today can be described as the composition of elementary par-
ticles. These particles together with their interactions form every substance we see, from
macroscopic objects like stars to microscopic bacterium and ultimately, intelligent life form:
the human beings. The standard model (SM) of particle physics describes the elementary
particles and three interactions between them: the electromagnetic, the weak and the strong
forces. Results from past high energy experiments, such as experiments at the Large Electron-
Positron Collider (LEP) at CERN between 1989 and 2000, at Tevatron at Fermilab between
1983 and 2011, and at the Large Hadron Collider (LHC) since 2010, have shown significant
good agreements with the SM predictions. It proves that the SM is a great success, espe-
cially after the discovery of the 125 GeV Higgs boson, the final piece of a puzzle in the SM,
by the ATLAS and CMS experiments at CERN LHC in July 2012. The Higgs boson was
introduced to explain why particles have mass. The electroweak bosons W* and Z° acquire
mass through the electroweak symmetry breaking in the Higgs mechanism, and the fermions
obtain mass from Yukawa couplings with this boson. Francois Englert and Peter Higgs were
awarded the 2013 Nobel Physics Prize because of their contribution to the understanding of
the origin of mass of elementary particles which was confirmed by the discovery of the Higgs
boson in both ATLAS and CMS experiments.

The LHC is a circular proton-proton collider twenty-seven kilometers in circumference,
located in a tunnel 150 meters deep below the ground near the Swiss-French border. The
high performance of its two general-purpose detectors, ATLAS and CMS, made the discovery
of the Higgs boson possible. In the first running period, Run-1 from 2010 to 2012, both
detectors collected roughly 25 fb~! of data at a center-of-mass energy 7 TeV and 8 TeV. It
allowed studying more details of the properties and couplings of the new particle. In Run 1,
no significant deviations from SM were observed. All measurements are compatible with the
existence of the new particle within the uncertainties. Run-2 started from summer 2015 at a
center-of-mass energy of 13 TeV and it extended to the end of 2018 before a long shutdown.

In the SM, the production of the Higgs boson goes through several mechanisms. At
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Chapter 1. Introduction

the LHC, the largest cross-section corresponds to gluon-gluon fusion production, with vector
boson fusion production coming next. Although the gluon-gluon fusion production dominates,
it is also important to study other production modes to test the compatibility of the boson
discovered with the SM prediction. During the LHC Run-1 era, a large amount of decay
modes of SM Higgs boson were accessible for experimentalists which allowed the studies of
a wide range of physics signatures. The discovery in 2012 was declared by the studies of the
bosonic channels (H — vy, H — W*WT and H — ZZ). However, fermonic decay modes
(H — bb and H — 7777) are also important to study the Yukawa coupling of the Higgs
boson and to test whether it is compatible with the SM prediction. Among the fermionic
decay modes, the most promising channel is 7777, due to the large event rate expected in
the SM compared to the u*u~ decay channel (B(H — 7777) = 6.3% for a mass of 125.09
GeV), and to the smaller contribution from background events with respect to the bb decay
channel.

The SM is a successful theory which is not contradicted by the experimental results
within experimental accuracy. However, several questions remain, for example, the underlying
mechanism responsible for the symmetry breaking and the existence of dark matter. Theorists
have proposed several models to address the shortcomings of the SM. Many of these models
predict an extra sector of Higgs bosons and one of the main tasks of the LHC is to further
explore it. The Minimal Supersymmetric Standard Model (MSSM) introduces a second scalar
doublet in addition to the SM one. It leads to five eigenstates after symmetry breaking: two
charged Higgs bosons H, a light and a heavy CP-even (scalar) boson h and H, and a CP-odd
(pseudo-scalar) boson A. At tree level, the properties of these particles are described by two
free parameters, conventionally chosen as the mass of the pseudoscalar m 4 and the ratio of
the vacuum expectation values of the two doublets tan 8. For low and medium tan 3, the
gluon-gluon fusion process dominates, while for high tan 8, associated production with b-jet
is the dominant one. With respect to SM Higgs to 77, the branching ratios of H — 77 and
A — 77 are enhanced in the high tan 8 parameter space. This thesis reports on a search
of MSSM and SM Higgs into 77, using the 2016 data recorded by the CMS detector, in
particular in the decay channel in which one 7 lepton decays to an electron and the other
one to a muon.

The tau lepton, with a mass of m, = 1.777 GeV, is the only lepton heavy enough to decay
into hadrons. In about one third of the case, taus decay leptonically to a muon or an electron,
plus two neutrinos. The muons and electrons produced in these decays are reconstructed and
identified with the standard techniques for muons and electrons in CMS. In two thirds of the
cases, tau leptons decay hadronically, to a combination of charged and neutral mesons, plus
one neutrino. Hadronically decayed taus, 75, are reconstructed and identified in CMS with
the Hadrons-Plus-Strips (HPS) algorithm, which uses the trajectories measured in the tracker
detector and energy deposits in the electromagnetic calorimeter to build 7, candidates. The
algorithm also provides discriminators to separate hadronic decay taus from quark and gluon
jets, electrons and muons. The algorithm identifies successfully 65% of hadronically decaying
taus, while less than 1% of quark and gluon jets are misidentified as 75,. This thesis is also
devoted to the study of the performance of hadronic tau identification against electrons and
muons.

In Chapter 2, the Standard Model, the Higgs boson and the electroweak symmetry break-
ing theories are presented. Chapter 3 continues with the motivations for supersymmetry as
well as MSSM with an extended Higgs sector. In Chapter 4, statistical tools and their working
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principles are described. In Chapter 5, the experimental setup is presented with descriptions
of the LHC machine and the CMS detector is described. In Chapter 6, the simulations and
the physics object reconstruction are presented. The HPS algorithm, which reconstructs and
identifies 7, is documented in Chapter 7, as well as its performances measured in data.
Searches for the decay of the SM Higgs boson to tau leptons in final states are presented
in Chapter 8. Searches for the MSSM Higgs boson decaying to tau leptons are presented
in Chapter 9. All the physics analyses shown in this thesis used data collected by the CMS
detector in 2016 during Run-2 with an integrated luminosity of 35.9 fb~!. I have analyzed
the ey channel in 2016 for SM Higgs to 77 contributing to its first observation, and put the
most stringent limits on MSSM Higgs to 77 up to date. I have also contributed to the 7
identification used by the whole CMS collaboration.
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This chapter describes the standard model (SM) of elementary particle physics. In Section
the properties of these particles and the interactions between them are described. The
SM is a gauge theory based on the SU(3) x SU(2) x U (1) symmetry group. The mathematical
framework of it is presented in Section Section [2.3)and [2.4] describe the main production
modes and decay modes that are in the LHC current sensitivity scope.
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Chapter 2. The Standard Model of Particle Physics

2.1 Elementary Particles and Forces

As we know today , there are four interactions in nature: the electromagnetic force,
the weak force, the strong force and the gravitational force. A theory that describes the first
three forces was developed between 1960s and 1970s which is commonly known as the
Standard Model (SM) of particle physics. It has passed all the tests performed by various
experiments within their accuracies. Currently, it is the most successful attempt to describe
elementary particles and their interactions.

The forces are mediated by bosons, which have an integer spin. The gravitational force is
not included in the SM. The work to combine gravity with quantum field theory (quantum
gravity) is still ongoing. The effect of excluding gravitational force is negligible if the energy
scale is lower than the Planck scale (1.22 x 10 GeV), a scope which is much larger than
the current state-of-the-art particle colliders (for the LHC, 1.3 x 10* GeV) and cosmic ray
measured in laboratory frame (10! GeV).

2.1.1 Force mediators

All forces are mediated by particles with an integer spin, bosons. The mediators of the
strong interaction are eight gluons. They mediate the strong forces between color charged
particles (the quarks). Gluons are massless. Because of their effective color charge, they
can also interact among themselves. The gluons and their interactions are described by the
theory of quantum chromodynamics (QCD) [11H13].

Photons mediate the electromagnetic force between electrically charged particles. The
photon is massless and is well-described by the theory of quantum electrodynamics (QED)
. The W and Z gauge bosons mediate the weak interactions between particles of different
flavors (all quarks and leptons). They are massive, with masses shown in Table The weak
interactions involving the W# exclusively act on left-handed particles. Furthermore, the W+
carries an electric charge of +1 and —1 and couples to the electromagnetic interaction. The
electrically neutral Z boson interacts with both left-handed particles and antiparticles. These
three gauge bosons along with the photons are grouped together, as collectively mediating
the electroweak (EW) interaction as detailed in table

Mediators Interaction Range (m) | Relative strength | Mass (GeV)
8 gluons (g) | Strong 10710 1 0
photon () | Electromagnetic | oo 1073 0
W=, Z Weak 10718 10~ 80.38, 91.18

Table 2.1: The properties of the three force mediators in the SM .

!The gluons are massless, so the range is co. The range is limited only by confinement.
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2.2. The Standard Model Lagrangian

2.1.2 Leptons

Leptons are fermions with half-integer spin and do not interact strongly. Two categories
of leptons exist: charged leptons, and neutrinos, classified in three generations. Electron e
and electron neutrino v, are the first generation. The muon p and the muon neutrino v, are
the second generation. For the third generation, there are 7 lepton and the tau neutrino v..
The mass of electron is four orders of magnitude smaller than that of the heaviest charged
lepton 7. The mass of neutrino is small and upper limits are set. The details are summarized

in table

Generation | Particle Charge | Lifetime(s) | Mass

Ist electron (e) —qe 00 0.511 MeV
electron neutrino(re) | 0 00 <2eV

2nd muon (p) —qe 2.20 x 1076 | 105.7 MeV
muon neutrino(v,,) 0 00 <2eV

3rd tau (1) —qe 2.91 x 10713 | 1777 MeV
tau neutrino(v;) 0 00 <2eV

Table 2.2: The properties of leptons in the SM. g, is the elementary charge .

2.1.3 Quarks

Quarks are fermions and classified in three generations. There are six flavors of quarks.
Quarks interact through the strong interaction and carry color charges. They have either
—1/3 or 2/3 of the elementary charge. Among the six quarks, the top quark is the heaviest.
It was discovered by the proton-proton collider Tevatron in Fermilab in 1995. Quarks have
never been observed as individual particles. They are bound together as composite particles
called hadrons. Three quarks (qqq) or three antiquarks (ggq) form baryons, quark antiquark
pairs (gq) form mesons. The quarks and their properties are shown in table

2.1.4 The Higgs boson

Finally, the last piece of the SM, the Higgs boson, was discovered in 2012 by the ATLAS
and CMS experiments in LHC. It is the only scalar (spin-0) elementary particle we have
observed so far. According to the SM, the presence of the Higgs boson is responsible for the
masses of the W= and Z bosons, and of the fermions.

2.2 The Standard Model Lagrangian

This section describes the formalism of the Standard Model of particle physics, a gauge
quantum field theory that is based on symmetry groups SU(2);, xU(1)y x SU(3)¢. According
to Noether’s theorem , there are conserved charges associated to each of these symmetry.
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Chapter 2. The Standard Model of Particle Physics

Generation | Particle | Charge | Mass

1st up 2/3¢. | 2.370:F MeV
down | —1/3¢ | 4.8703 MeV
2nd charm | 2/3¢e 1.275 £ 0.025 GeV

strange | —1/3¢. | 95 £ 5 MeV

3rd top 2/3qe 173.21 £0.51 £0.71 GeV
bottom | —1/3¢. | 4.66 £0.03 GeV

Table 2.3: The properties of quarks in the SM . e is the elementary charge.

The SU(2)r, x U(1)y describes the electroweak interaction which has four massless vector
fields W23 and B. It conserves weak hypercharge Y and weak isospin I. The index L refers
to the left chiral nature of the SU(2) coupling. The index Y refers to the weak hypercharge.
The SU(3)¢ describes the strong interaction which is mediated by eight gluons. It conserves
the color charge C.

Particles gain mass through the Higgs mechanism which spontaneously breaks the elec-
troweak symmetry. As a result, there are four physical vector bosons W+, Z and the photon
v which are linear combinations of the W23 and B fields. The U(1)g)s symmetry group
describes the electromagnetic interaction with photon v as the mediator and conserves the
electric charge (Q).

The theories of the strong and electroweak interactions with the addition of the Higgs
sector form together the framework of the SM. A Lorentz invariant Lagrangian density £
describes the dynamics of the system, which can be expressed by three separate terms:

ESM - Estrong + ['electroweak + ﬁHiggs (21)

The following subsections will describe the Lagrangians of electromagnetic, strong and weak
interactions as well as the Higgs mechanism. Natural units and the Einstein summation
convention are used throughout the thesis.

2.2.1 Electromagnetic interaction

The electromagnetic interaction is described by QED , which is an abelian gauge
theory. By making Schddinger equation relativistic, Dirac introduced his equations [11] to
describe the free propagation of a fermion with mass m.

(90 — m) =0, (2.2)

where 1 is the four-component spinor representing the fermionic field as a function of space-
time coordinate x* = (t,x,y,z), where u € {0,1,2,3} is the index of the four space-time
components. The symbol v* indicates the Dirac matrices.
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2.2. The Standard Model Lagrangian

The Lagrangian density of the Dirac equation is given by
£ = iy 9 — m)¥, (2.3)
where ¢ = 140 is the adjoint spinor. It it possible to perform the following transformation,
i — !ty (2.4)

where the phase a(x) is a function of time-space coordinate xz* and ¢ is the electric charge
of the fermion. Transformations of this type build up the U(1) symmetry group.

The free Dirac equation is not invariant under the local phase transformation. How-
ever, the invariance can be achieved by substituting 9, with the following new covariant
derivative D), in equation

D, = 0, +iqA,. (2.5)

The new vector field A, is the electromagnetic field and is required to transform as
A, — A, —0ua(x). (2.6)

As suggested by Noether’s theorem , this local invariance results in the conservation
of electric current

JH = qipytap. (2.7)

With such new set of locally invariant transformations, the Lagrangian density of Dirac
equation (equation [2.2)) can be rewritten as

L = (" Dy — myyp = iy 8p — mapyp — gyt Ay, (2.8)
To obtain Maxwell’s equations, one can use the following Lagrangian density:
1 pv 1
L= _ZF’“’F - JIA,, (2.9)

where F* = gFAY — 0¥ A* is the electromagnetic field tensor. The first term in equation
describes the kinetic energy of the electromagnetic field. With this term added, one can
complete the Lagrangian density of the electromagnetic interaction:

- _ 1 _
Lou= G0 -  miy - PF. - @i'Ag . (210
fermion kinetic term  fermion mass term interaction term

field kinetic term

The interaction term describes the fermion-photon interaction with the electric charge ¢
of the fermion as the coupling strength. Electromagnetism is an abelian gauge field theory
and it is commutative, implying that the result of applying multiple transformations of the
type in equation does not depend on the order in which they are applied. A result of
the abelian nature of electromagnetism is that photons have no self-interactions. Thus such
kind of term would not appear in the Lagrangian density above. A mass term for the photon
of the form mQA“AM would break gauge invariance. However, photons are experimentally
observed to be massless.
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Chapter 2. The Standard Model of Particle Physics

2.2.2 Strong interaction

The strong interaction is described by QCD . Mathematically, it is a non-abelian
Yang-Mills gauge theory based on the SU(3)c symmetry group which conserves color charge.
There are three quantum numbers called colors: red (r), green (g) and blue (b). The "color"
of quarks and gluons is completely unrelated to the everyday meaning of color. It became
popular simply because of the analogy to the primary colors.

Similar to how electrons have negative electric charge while positrons have positive electric
charge, quarks have color charges and antiquarks have anticolor charges (7, g and l_)). Gluons
either have one unit of color or one unit of anticolor. Leptons and bosons (except gluons) do
not carry any color charge thus they don’t participate in the strong interaction.

In order to get the Lagrangian density for the gluon field, similarly to electromagnetic
field, one can replace the electromagnetic field strength tensor F'*” with a gluon field strength
tensor GHY = OFGY — O"G¥ — g3 farcGlYy G¥ where the index a refers to the color charge. As
q in the electromagnetic interaction, gs is the coupling constant of the strong interaction.
The coefficients fu;. are the structure constants. The Lagrangian density of the gluon field
is given as

1
»Cgluons = _ZGZLVGCLMV' (211)

The presence of trilinear and quartic terms here allows for gluon self-interactions with
vertices connecting three or four gluons. It is a consequence of the non-abelian nature of
QCD. The interaction between quarks and gluons can be introduced by the replacement of
the derivative d,, in the Dirac equation with the new covariant derivative

D/.L = a/.L + ig3TaGau7 (212)
where T, are the eight generators of the SU(3)c symmetry group which satisfy the commu-
tation [Ty, Tp] = i fapcTe- The Lagrangian for quarks is

L =pp(in" Dy — m)y = i by — g3V ToGapthy — mib iy (2.13)

where the summation is taken for the six quark flavors f € [1,6]. Thus, the Lagrangian
density of the strong interaction is constructed by the kinematic term of the gluon fields,
which includes the free propagator of gluons and their self-interaction; and the fermionic
terms, which includes the quark kinetic energy, the interaction between quark and gluon and
the quark mass term:

Estrong = Egluons + »Cquarks

1 - - -
== JGlGaw + Urin"Ouby — g5 TaGapthy —  misty (2.14)
N—_——

quark kinetic term interaction term quark mass term

———
field kinetic term

2.2.3 Weak interaction and electroweak unification

The weak interaction is described by the SU(2); symmetry group which conserves the
weak isospin third component (I3) \| L refers to the fact that the weak interaction only
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2.2. The Standard Model Lagrangian

acts on left-handed fermions. Thus, the left-handed fermions are ordered into doublets of
weak isospin

wL = ) ) ) ) ) (215)
L L L L L L

where d’, s’ and b’ are the weak eigenstates of the physical quark states of definite mass d, s
and b given by the mixing terms in the Cabibbo-Kobayashi-Maskawa (CKM) matrix

d/ Vud Vus Vub d
s | = Vea Ves Vi s (2.16)
v Via Vis Vi b

The CKM matrix element describes the probability of a transition from a specific up-type
quark to another specific down-type quark when interacting with a W= boson. The values
of these matrix elements are not predicted by the SM. However, the requirement that the
matrix be unitary allows the matrix to be parametrized by three mixing angles and a phase.

Similarly to equation for the electromagnetic interaction, the Lagrangian of the weak
interaction for a pair of massless left-handed fermions can be written as

L = Pr(iv"Omu)ipr, (2.17)

The left-handed fermionic field should have this type of transformation:

1/JL — ei%a“(z)aawL (2.18)
where 0@ are the Pauli matrices:
01 0 —i 1 0
ol = 0% = 0% = (2.19)
1 0 i 0 0 -1

and a“(x) are three arbitrary space-time dependent functions. Similar to the charge ¢ in the
electromagnetic interaction, gs is the coupling strength of the weak interaction. To preserve
the invariance of the Lagrangian under local SU(2), transformations, the covariant derivative
is introduced to replace the derivative d,, in equation m

D, =8, + i%a“Wl‘j. (2.20)

The three vector fields W,‘j(a = 1,2,3) are massless and are required to transform as

be, b
Wi — 0ua®(z) — g™’ ()W, (2.21)
where €% is the Levi-Civita tensor. Similarly to equation for the electromagnetic
interaction, the kinetic energy of these new gauge fields is given by %W““”Wﬁy, where

Wi, = 0,Wy — 0,Wji — gge“ch}jWﬁ is the field strength tensor. The complete Lagrangian
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Chapter 2. The Standard Model of Particle Physics

density of SU(2)y, is given by

_ 1 92 -
. " W 17 a H A
L= ¢LZ’Y 0u¢L - Z Qv - 9 wL’y o NwL (222)
%/_/
fermion kinetic field kinetic and self-interaction interaction

The Lagrangian density for U(1)y is almost identical to that of the electromagnetic inter-
action. Unlike SU(2)r, U(1)y couples to both the left-handed and the right-handed isospin
singlets, where the latter ones are indicated as

YR = €R, LR, TR, UR, AR, CR, SR, IR, DR. (2.23)

The local gauge transformations have the following type
W — el's 4@y, (2.24)

where ¢; is the coupling strength of the interaction and «a(z) is an arbitrary space-time
dependent function. The covariant derivative used to preserve local gauge invariance is given
by
.01
= 8u+z?Bu, (2.25)

where the new vector field B, has been introduced. The field strength tensor is then defined
as B,v = 0,B, — 0,B,. The complete Lagrangian of U(1)y is then given by

- 1.
Ly = Yitop  — iBM B, - —wfy“B#w (2.26)
———

fermion kinetic term

field kinetic term  interaction term

Electroweak unification requires SU(2)y, x U(1)y group symmetry [2H4]. The electroweak
covariant derivative combines equation and equation given by

Dy =0, + 192 cUWE + ZEB# (2.27)

Thus, the complete Lagrangian of the electroweak interaction is given by

Lelectroweak = wLi7M8qu + wRi'}’uauwR
— —
left-handed fermion kinetic term  right-handed fermion kinetic term
92 n a a gl n 0 gl T
= Yo Wik — iyt By, — 5 YRV Buir
I (2.28)
left-handed interaction terms right-handed interaction term
1 1
. I 7, 72072 7 v R > 1714
TV W, — B B

field kinetic and self-interaction terms

where oY is the 2 x 2 unit matrix

o . (2.29)
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2.2. The Standard Model Lagrangian

A basis change of the fields is needed to relate these four vector fields to the physically
gauge bosons responsible for mediating the charged and neutral currents of the electroweak
interaction. The fields Wﬁ and Wi mix to produce the charged W¥ bosons

1
Wi =—
V2

The fields Wﬁ’ and B, mix to produce the neutral Z boson and the photon

(W FiW}). (2.30)

A cos —sind w3
- v v vl (2.31)
A, sinfy  cosOy B,
which corresponds to a rotation by the Weinberg angle 6y where
cos Oy = 92 and sin Oy = - (2.32)

\V9i+ 93 Ja+ g

The presence of trilinear and quartic terms in the electroweak Lagrangian density is the
results of the non-abelian nature of the electroweak interaction. It implies for W* and Z°
self-interactions with vertices connecting three or four W+ and Z° bosons.

2.2.4 The Higgs mechanism and spontaneous symmetry breaking

Mass terms for fermions and gauge fields are not present in the Lagrangian introduced in
the previous section. The requirement of local gauge invariance requires massless particles
and would no longer be valid if mass terms were inserted into the electroweak Lagrangian
by hand. This violates the experimental observation of massive fermions and W+ and Z°
bosons. The problem is solved by introducing the spontaneous symmetry breaking where
the electroweak symmetry is broken as intrinsic feature of the fields rather than the explicit
introduction of symmetry breaking mass terms into the Lagrangian density. Electroweak
symmetry breaking in the SM is achieved by the Higgs mechanism [5H10]. It introduces a
new SU(2)r, doublet of complex scalar fields

g L[| ot (2.33)

V2 ¢3 + i

where ¢; are four real scalar fields. The corresponding Lagrangian density contains a kinetic
term and a potential term, given by

Litiges = (D'®)1(D,®) — V(®1®), (2.34)

where D,, is the electroweak covariant derivative from equation and V(®T®) is the
potential term which is selected to be

V(0T®) = 120Td 4+ A(®TD)?, (2.35)

where p? and A are real parameters. The parameter A must be positive to make sure that a
global minimum exists. When 2 has a positive value, a global minimum occurs at ®T® = 0.
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When z? (Figure } has a negative value, the global miminum is non-zero and occurs at

(®1®)min = (6 + ¢ + &3 + GDmin = — 15 (2.36)

V(o) v(®)

) \/ \_/ [0

(a) u2 > 0,A>0 (b) u2 <0,A>0

Figure 2.1: The symmetric quartic Higgs potential, V(®) = u2¢? + A\¢*, of a scalar field ¢.

It is allowed to choose any point on the four-dimensional hypersphere since the minimum
of the potential, the vacuum ground state, has infinite solutions. The chosen point is

¢%,min = ¢%,min = ¢Z,min =0, (237)

M2 2

o5 =

where v is the vacuum expectation value of the field ¢3, about 246 GeV. The choice of this
minimum leads to SU(2) symmetry spontaneously broken. The vacuum expectation value of
the complex scalar doublet is

¢§,min = (238)

1 0
(0| ®|0) = \ﬁ . (2.39)

The physical interpretation is found by expanding the kinetic term of the Lagrangian
around this minimum

g L[| (2.40)
V2 v+ H

which gives

1 1 1
(D'®) (D) = SO HOH + LW WH (v + H) + (g8 + )2, 2" (v + H, (241)

where H is a massive scalar field, the Higgs field. The first term is the kinetic energy term
of the Higgs field. The other terms which contain H are the interaction terms with the W+
and Z bosons. The mass parameters of the gauge bosons can be rebuilt from the bilinear
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terms as:

1 1
my = 51192, my = 51} g% —i—g%, ma = 0. (2.42)

The Higgs kinetic term, %8“H 0, H, indicates the existence of a new scalar particle, the
Higgs boson. The mass of the Higgs boson can be found by expansion of the potential around
the vacuum expectation value

1 1
i,ﬁ(u + H)? + o+ H)*. (2.43)

V=

The bilinear term in this expansion is %)\’UQH 2 which gives the mass of the Higgs boson
to be my = v/ Av. Although the vacuum expectation value of the Higgs field is known, the
value of the parameter A is not predicted by the theory. For this reason, the mass of the
Higgs boson is also a free parameter. In summary, the introduction of a doublet complex
scalar field, along with a symmetric potential, breaks the SU(2); x U(1)y symmetry which
leads to the existence of a massive scalar - the Higgs boson and gives masses to the weak
gauge bosons W+ and Z while keeping the photon massless.

2.2.5 The mass of fermions

As mentioned in the previous section, adding mass terms for the fermions would break
local gauge invariance, as in the case for the gauge bosons. However, additional terms can
be added to the SM Lagrangian which couple the Higgs field to the fermions, these terms are
called Yukawa couplings. After expansion around the ground state, the Lagrangian density
has the form

Af - Y -
‘C{(ukawa = _ﬁ(v + H)wLwR - ﬁ(v + H)¢R¢L
Afv - - A f - - . (2.44)
NG (YLYR + YRYL) NG (YLYR + YRVL)
fermion mass term interaction term
The first term gives mass to each of the fermions, given by
A
my = 220 (2.45)

V2

which means that mass is generated through fermions coupling to the Higgs field. The
second term corresponds to interactions between a Higgs boson and fermions with a coupling
coefficient given by

m

grpp =it (2.46)

This indicates that the strength of the coupling between fermions and the Higgs boson is

proportional to the mass of the fermion. The introduction of Yukawa couplings is required

to account for experimental observation of massive fermions but not for the theory. Because
of this, it is of particular interest to study the Higgs boson coupling to fermions.
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2.3 SM Higgs Boson Production Modes

There are four main dominant production modes of the Higgs boson at the LHC in
proton-proton collision at /s = 13 TeV:

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

e The vector boson fusion (VBF) production has a cross section an order of magnitude
smaller than the ggH production. Two high-momentum quarks are present in the final
state which will form into jets that can be observed in the detector. The kinematic
characteristics of these jets, for example their forward direction or their large invariant
mass, cause the VBF production to have a clear signature in the experiment.

e The associated production with vector boson (V H) has a production of a virtual boson
V* that splits into a real boson V and a Higgs boson H. The cross section is smaller
than VBF production. However, the presence of leptons or quarks coming from vector
boson decays can provide an extra handle for discriminating a Higgs boson V H signal
from backgrounds.

e The production in association with a pair of top quarks t#H has even a smaller cross
section than V H productions. By requiring a top quark pair, the SM background can
be significantly reduced. Although the cross section is small, this production mode has
been observed in Run-I1 .

The Feynman diagrams of the three dominant production modes of the SM scalar boson
at the LHC are shown in Figure Figure shows the cross-section values of each of
production modes as a function of the mass of the Higgs boson.

g q

g q W/Z

Figure 2.2: Dominant Feynman diagrams for the SM Higgs boson production at the LHC:
gluon-gluon fusion (left), vector boson fusion production (center) and associated production
with a vector boson (right) [17].

2.4 SM Higgs Boson Decay Modes

For the SM Higgs boson with a particular mass, it is possible to compute its partial decay
width to any combination of other SM particles. The branching ratio is obtained by dividing
the partial decay width by the sum of the partial decays widths of all possible decays:

BUH - XX) = I'(H - XX)

= . 2.47
EYESMP(H — YY) ( )
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Figure 2.3: Cross-sections of the five dominant Higgs boson production modes in proton-
proton collisions at the LHC at /s = 13 TeV center-of-mass energy .

The partial decay widths can be computed using the prescriptions in , and are shown
in Figure for scalar boson masses from 80 to 200 GeV.

2.4.1 SM Higgs boson decays to fermions

In the SM, Higgs boson couplings to fermions are directly proportional to fermion masses
(equation 2.46). The Born approximation gives the partial decay width of the scalar boson
to fermion pairs. It can be written as:

FBorn(I_I_> ff) = ji’};f:

where m is the fermion mass, N is a factor which equals to one for lepton and to three for

mHmfcﬁf’c, (2.48)
quarks, § is the velocity of the fermions in the final state and can be expressed as:

B=41-—L, (2.49)

and Gp ~ 1.17 x 107° GeV~2 is the Fermi coupling constant . As the partial decay width
is proportional to the square of the fermion mass, the branching ratio of the Higgs boson
to tau leptons is approximately two orders of magnitude larger than its branching ratio to
muons, while the branching ratio to electrons is negligible.

In the case of Higgs boson decays to quarks, QCD corrections cannot be neglected. For
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Figure 2.4: Branching ratios of the SM scalar boson for my between 80 and 200 GeV.

Higgs 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:

. 3Grp o 4gs,9 3. m?
Tnro(H ~ TE 1 4 %L 2.50
NLo(H — qq) 4\/§7rmqu[ + ™ (4 + 5 nm%[)] (2.50)

2.4.2 SM Higgs boson decays to bosons

For masses larger than the WW and ZZ kinematical thresholds, the Higgs boson decays
essentially to electroweak boson pairs. The partial decay widths to a pair of V' (W or Z
boson) is given by

3
I'(H—VV)= f6F£;f ST —4z(1 — 4z + 122) (2.51)

2
Withx:%,5wz2and(52:1.
H

Below the WW and ZZ kinematical thresholds, the two-body decay as described above is
not allowed. The Higgs 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 my = 125
GeV, the three-body decay dominates, and its partial decay width can be expressed as,
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assuming massless fermions f,

3G%ms
I'NH—-VV)= ﬁde(/RT(:U) (2.52)
with oy, =1, 8 = 1—72 - % sin? Oy + %0 sin? Oy, and
3(1 — 8z + 202?) 3r—1. 1—=z

RT(ZL') =

3
) (2—1324+472%) - S (1—-62+422) 1 2.
(dz —1)1/? arccos( 5,372 ) 57 ( 3x+47x7) 2( 6x+42°)Inx (2.53)

Even if massless particles do not couple the Higgs boson, Higgs boson decaying to gg,
Z~ and v are allowed through massive particle loops. The H~vy and HZ+v couplings are
mediated by W boson and charged fermion loops, and the Hgg couplings by quark loops.
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The discovery of a Higgs boson is a success of the SM. As the SM has a number of
shortcomings, it is not considered as the ultimate theory of elementary particles. The concept
of Supersymmetry is proposed to address these shortcoming (Section . The simplest
supersymmetry model is the minimal supersymmetry extension of SM (MSSM) which is
introduced in Section [3.2] It introduces the minimal amounts of new parameters while still
keeping compatibility with the SM. In Section we discuss the Higgs sector of the MSSM.
The two favored phenomenological benchmark scenarios are also described.

3.1 Motivations for Supersymmetry

Although the SM has been demonstrated as a successful theory by many measurements,
it has a number of shortcomings. The SM does not explain the existence of dark matter and
dark energy, unification of the forces and the large hierarchy between the Planck scale and
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the EW scale. Several models beyond the standard model (BSM) have been proposed to
solve the above issues. One of them is called Supersymmetry (SUSY) which is a set
of theories with a general assumption: every Standard Model particle has one "superpartner".
It is a symmetry that relates bosons and fermions. The SUSY operator ), an anticommuting
spinor, transforms a fermionic field F' into a bosonic field B and vice versa:

Q|B)=F and Q|F) =B (3.1)

In the SM, baryon number and lepton number are conserved. In SUSY models, processes
where baryon number and lepton number are not conserved can happen. A new quantum
number R has been introduced to maintain the baryon number and lepton number conserva-
tion:

where S, B and L are the spin, baryon and lepton numbers, respectively. The SM particles
have R = 1 while superpartners have R = —1.

The reasons why supersymmetry can solve some of the issues of the SM are discussed in
the following subsections.

3.1.1 The hierarchy problem

One of the most important questions that the SM fails to address is the huge gap between
the electroweak scale (vacuum expectation value ~ 246 GeV) and the Planck scale (Mp =
10 GeV/c?). The presence of a "desert' across 17 orders of magnitude in energy scale
introduces problems related to the naturalness of the parameters of the SM. In particular,
the radiative corrections to the Higgs boson squared mass m%{ are quadratically proportional
to the ultraviolet cutoff energy Ayy. It should be at least equal to the energy scale to which
the SM is valid without any addition of new physics. If one assumes the SM to be valid up to
the Planck energy scale Mp, the correction term to m%{ is enormously larger than m%l which
indicates that some extraordinary cancellations of terms should happen.

Figure (a) shows the correction to m3?, coming form a Dirac fermion f that couples
directly to the scalar field ¢ with a coupling A;.

- - - - . \ 7

(a) (b)

Figure 3.1: One-loop Feynman diagram of correction of Higgs squared mass m%;, due to (a)
Dirac fermion f, (b) a scalar S.

This correction term is much larger than the squared mass itself:

IAfI?

o7 Ady (3.3)

2
AmH——
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In SUSY models, when another scalar couples to the SM Higgs boson as in Figure
(b), by assuming that this additional scalar particle S with a mass mg couples to the Higgs
field with the Lagrangian density term —\g|®|?|S|?, a correction term is introduced:

As
1672
If supersymmetry provides new scalar particles at the TeV scale, they could couple to the

Am? = — A%y —2mZIn(Ayy/ms) +...] (3.4)

SM scalar boson to avoid fine-tuning and cancel the A%V divergence. The cancellation of
quadratic divergencies is achieved by introducing scalar superpartners of fermions, spin 1/2
superpartners of gauge bosons and spin 1/2 superpartners of Higgs fields.

3.1.2 The dark matter

Measurement of velocities of galaxies shows that there exists non-baryonic matter
that does not radiate light in our universe. Further experiments on measurements of the
temperature and polarization anisotropies of cosmic microwave background provide
results on the percentage of energy and matter of universe. It shows that the baryonic
matter, which can be described by the Standard Model, only contributes to 5% of the matter
in universe. Dark matter, which participates only in gravitational and weak interactions,
constitutes up to 27%. The remaining 68% is assumed to be dark energy, which is responsible
for the accelerated expansion of the universe.

The Standard Model does not describe the dark matter, even with the massive neutrinos.
It requires beyond Standard Model physics. R-parity conservation in SUSY models implies
that supersymmetric particles can only be produced in pairs and that the lightest supersym-
metric particle (LSP) is stable. This LSP could be the candidate for the composition of dark
matter.

3.1.3 Unification of the forces

In the previous chapter, the unification of electromagnetic and weak forces is shown within
the context of the SM. However, the running of the coupling constants of the electromagnetic,
weak and strong forces increases as the energy scale increases. It indicates a possibility that
these forces will unify at a high energy scale. The presence of supersymmetry can modify the
running of the coupling constants to reach a grand unification by introducing new particles,
as illustrated in Fig.

3.2 The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) adds minimal amount of
new parameters, while keeping all the current symmetries and observables of the SM. It is the
simplest way in which SUSY can be implemented while being consistent with experimental
observation. The MSSM extends particle content of the SM by introducing for each particle
a superpartner differing in spin by 1/2.

The representation of fields in supersymmetric theories are the supermultiplets. In the
scheme of the MSSM, there are two types of supermultiplets: vector supermultiplets which
describe spin-1 vector bosons in SM and spin-1/2 Weyl fermions, gauginos; and chiral super-
multiplets which describe spin-1/2 Weyl fermions in SM and spin-0 scalars. Scalar fields are
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Figure 3.2: Evolution of the electromagnetic (U(1)y), weak (SU(2)r) and strong (SU(3)¢)
couplings in the SM (dashed lines), and in the MSSM cases (solid lines). In the MSSM, the
three forces can be unified at a high energy scale.

assigned superpartners called higgsinos. The detailed chiral and gauge supermultiplets and
higgsinos of the MSSM are shown in Tables (3.1 and

Particles Supermultiplet | spin-0 spin-1/2 | SU@3)c | SU2)L | U(1)y
quarks and squarks | Q (ﬂiL,JiL) (uip,dir) | 3 2 +1/6
i T ulp 3 1 -2/3
d I diy 3 1 +1/3
lepton and slepton | L (€r,vL) | (eip,vil) |1 2 -1/2
é e eln 1 1 +1
Higgs, higgsino H, (H} HY) | (Hf H) | 1 2 +1/2
H, (HF, HY) | (Hp Hy) | 1 2 1/2
Table 3.1: The MSSM chiral supermultiplets and their quantum numbers.
In general, superpartners have a symbol "~ " above their symbols. The superpartners of

quarks are called squarks, while the superpartners of leptons are called sleptons. With similar

convention, the superpartners of gauge bosons are called gauginos, while the superpartners
of the gauge boson fields W are the winos and the superpartner of the gauge field B is
the bino. The fermionic superpartners of the Higgs fields are denoted as higgsinos. Four
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Particles spin-1/2 | spin-1 SUB)c | SUQ2)L | U(L)y
gluino, gluon g g 8 1 0
wino, W boson Wi, wo wE wo |1 3 0
bino, B boson BO B 1 1 0

Table 3.2: The MSSM vector supermultiplets and their quantum numbers.

neutralinos (Y3, X3, X3, and Y}) are formed by the mixing of the bino, the neutral wino and
the higgsinos, while four charginos (ﬁcand ﬁt) are formed by the mixing of the winos and
charged higgsinos.

3.3 The Higgs Sector of MSSM

The Higgs sector of the MSSM is a type-2 two Higgs doublets model (2HDM) [32]. The
two Higgs doublets are indicated by ¢1 and ¢2, where ¢, couples to the up-type quarks, and
¢2 couples to down-type quarks and leptons. The Higgs potential of MSSM, assuming the
CP is conserved, can be described as

A A
V =mi 9161 + m3yéhds — mis(6102 + hn) + T (6161)° + T (402)°

(3.5)
A
+ Aad] 16k + Mo d2031 + T((6102)° + (911)7),
where all the parameters are real.
The minima of the ¢; and ¢ doublets are
1 U1 1 0
(¢1) = —% and  (¢2) = — ; (3.6)

\/§ 0 \/5 V2

where v; and v are the vacuum expectation values of the ¢; and ¢ doublets.

There are eight degrees of freedom of the two Higgs doublets. Three are the physical
states of W=, Z bosons and the photon v which are the results of the Goldstone bosons mix
with the gauge field W and B. The remaining five degrees of freedom give the five physical
Higgs boson states. Two are electrically neutral and CP-even scalar: the lighter h, which
is often assumed to be the SM-like Higgs boson observed at 125 GeV, and the heavier H.
Another one is the electrically neutral and CP-odd pseudoscalar A. The last two are the
charged Higgs HT and H~.

3.3.1 The MSSM Higgs parameters

At tree level, the behavior of the Higgs bosons can be characterized by only two free
parameters, which are conventionally chosen to be the mass of the CP-even Higgs m 4 and
tan 8. The mass of the neutral Higgs and of the charged Higgs, and the angle a can be
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¢J\
2

Figure 3.3: Schematic plot of the two angle parameters in the MSSM Higgs sector. The
parameter tan g is the ratio of the vacuum expectation values of the doublets ¢1 and ¢5. The
parameter « is the mixing angle between the neutral Higgs bosons.

expressed as :

1
m,%/H =3 <m124 +m% T \/(mg1 +m%)2 — 4m?%m? cos? 25) (3.7)
m. =m?% +miy,and (3.8)
2 2
tan 2ac = tan 23 (W) with — ~ <a<0. (3.9)
AT Mz 2

These relations bring several constraints on the value of the masses, namely:

mie >miy (3.10)
mpy > max(ma,my) > min(ma,myz) cos 2 (3.11)
m¥ +mi >m?4 +my (3.12)

The mass of the lightest Higgs boson could not in principle be larger than the Z boson mass.
However, this is violated by LEP bounds and the observation of the 125 GeV Higgs boson.
If high order corrections are included, several additional parameters such as the stop mixing
parameter or the average scale of SUSY can also appear in the computations. This enables
the lightest Higgs h to be as heavy as approximately 135 GeV. In the case where m 4 is much
larger than the Z boson mass, known as decoupling limit, the relations above will give:

mpg ~mp+ ~my and a:ﬁ—g. (3.13)
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The lightest Higgs boson h takes the role of the observed 125 GeV SM-like Higgs boson and
the H and A bosons are nearly degenerate in mass. At leading order, the coupling of the H
and A bosons to down-type fermions is enhanced with respect to the SM expectation as tan 3
increases, while the coupling to vector bosons and up-type fermions is suppressed by the same
amount. As the 7 lepton is a down-type fermion, the 77 channel is of particular interest in
searches for additional heavy neutral Higgs bosons at high values of tan 5. Table shows
the MSSM modified couplings to gauge bosons and charged fermions.

h H A
WHWw-= sin(8 —a) | cos(B—a) |0
zZ7Z sin(8 —a) | cos(B—a) |0
ut(up-type quarks) cosa/sinf | sina/sinf | cot
dd(down-type quarks) | sina/cosf | cosa/cosf | tan 3
ll(charged leptons) sina/cos 5 | cosa/cosf | tan 8

Table 3.3: The MSSM modified couplings to gauge bosons and charged fermions.

3.3.2 The MSSM Higgs benchmark scenarios

The searches in the m 4 — tan 3 parameter plane can be determined for two representative
benchmark scenarios of the MSSM, the mhmOdJr and the hMSSM scenario . The
mﬁwd scenario is a modification of the m}'** scenario , which was originally defined to give
conservative exclusion bounds on tan S from the LEP searches. The modification reduces the
contribution of the stop mixing parameter to make the value of m; compatible with the mass
of the observed Higgs boson. It can be done for different signs of stop mixing parameter. The
77”Lhm°d+ scenario is established by taking the positive sign. The hMSSM scenario describes the
MSSM sector assuming the validity of the tree level parameters and setting my, as exactly the
observed value of 125 GeV. In addition to this, it also supposes that the corrections to the
masses are only affected by the leading logarithmic terms arising from top and stop loops.
Finally, it assumes that the masses of the rest of SUSY particles are high enough to escape
detection at the LHC, neglecting their effect on the Higgs sector.

In the MSSM, the neutral Higgs boson ® = H/A/h can be produced via two production
modes: gluon-gluon fusion (gg®) and production in association with b quarks (bb®). The
enhanced coupling to down-type fermions has also influence on the production: firstly, b-
associated production dominates over the production via gluon-gluon fusion for large values
of tan 5. Secondly, in gluon-gluon fusion production the kinematic distributions of the Higgs
boson change as a function of tan 8 due to the increasing b quark contribution to the fermion
loop. The Feynman diagrams for the h/A production processes are shown in Fig .
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Figure 3.4: Leading order diagrams for the production of Higgs bosons (left) via gluon-gluon
fusion and (center and right) in association with b quarks. In the middle figure a pair of b
quarks is produced from two gluons (leading order in the four-flavor scheme). In the right the
Higgs boson is radiated off from a b quark in the proton (leading order of five-flavor scheme).
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The physics analyses in high energy experiment heavily rely on statistical tools and meth-
ods. This chapter will document the basic concepts of statistics which will be used in the
next chapters. In Section the concept of likelihood is introduced and the way of intro-
ducing systematics uncertainties as nuisance parameters are described. In Section the
maximum likelihood fit which is used to get the value of parameter of interest, such as signal
strength of new physics, is described. The computation of the significance of the observed
signal is discussed in Section If the observation is compatible with the background ex-
pectation, limits on model parameters can be derived. For that, the widely used C'L; method
is introduced in Section The last section concerns the most commonly used multivariate

analysis method in CMS, the boosted decision tree (BDT) method.
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Chapter 4. Statistics

4.1 Likelihood

4.1.1 Basics

In a counting experiment, data events follow the Poisson distribution, which is a discrete
probability distribution that describes the probability to observe n events in a given time
period if these events occur with a known constant rate A. The Poisson distribution of
parameter A is:

—A\n

e A
f(n) = ol
For a simple counting experiment, where n events are observed while b events are expected,
the likelihood function, which describes the level of agreement between the expectation and

the observation, is given by the Poisson distribution:

(4.1)

e~ bpn

Linlp) = —

(4.2)

If data are binned in a histogram and the N bins can be considered as independent of each
other, the likelihood is defined as the product of the Poisson distributions for each bin, given
by

N e bi b:Lz

L(nb) =]

=1

, 4.3
- (4.3)
where n is the vector of the observed data events in different bins, and b is the expected
number of events in different bins. If data are not binned in a histogram but are described
by a probability density function (PDF) fi(z) of some observables x, k events are observed,
and b events are expected in the full z range, the likelihood is :

.
L(xb, fo(x)) = k' [] bfs(ai)e™ (4.4)
=1

4.1.2 Introducing nuisance parameters

Systematic uncertainties in the measurement are handled by introducing nuisance param-
eters. Nuisance parameters are not the direct parameter of interest but they influence the
likelihood model. In the analyses, there are three different sources:

e Theoretical uncertainties, for example, cross section and parton distribution function
uncertainties.

e Statistical uncertainties, such as limited number of events in the Monte Carlo (MC)
simulations or limited number of observed events in a control region used to model
some background processes.

e Experimental uncertainties, such as trigger efficiency or physics object identification
efficiency, eg. electron identification efficiency.

The nuisance parameters represented by the vector @ affect the number of expected events,
b(0). One can introduce the probability density function (PDF) p(6|6), where 0 is the assumed
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4.1. Likelihood

value of the nuisance parameter that reflects the degree of belief on what the real value of the
parameter 6 is. Supposing that there are K nuisance parameters, in the case of the binned
histogram, the likelihood becomes:

Noo—bipni K

L(n[b) = [T——— T »(6:10))- (4.5)
=1

b L
= J

According to Bayes’ theorem, the Bayesian probability p(§|9) can be expressed as a function
of the frequentist probability p(6]6).

Systematic uncertainties can be described by log-normal PDFs of parameter x which
can overcome the inconvenient side-effect of the Gaussian PDF, that causes problems for
positively defined observables. The Gaussian PDF reads:

o1 _(6-6)?

)s (4.6)

The log-normal PDF has a longer tails than the Gaussian distributions and goes to zero at
f# = 0. It avoids negative values of the observables:

L (In(6/6))*
0(9’9) - \/ﬁlﬂ(/ﬁ) exp(— 2(111&)2

For small uncertainties €, the Gaussian distribution is asymptotically identical to log-normal
distribution with k = 1+e¢. But it is invalid for large uncertainties in case of positively defined
observables. Fig. (left) illustrates log-normal distributions for different parameters. In
the analysis, systematic uncertainties affecting the normalization of predicted events are
described by the log-normal PDF.

s (4.7)

a

an

Gamma pdf
— Control Sample N=10|
4 ~  ---Control Sample N=25
fy - Gontrol Sample N
— Control Sample N

Log Normal pdf
1.10

0

-9
-4

Probability density, dp/de
[&)

Probability density, dp/de
[

Figure 4.1: Log-normal (left) distributions with various x parameters. Gamma distributions
(right) with the number of events for the control sample.

Gamma distribution can be used for the case of uncertainties coming from statistically
limited numbers of events, for two cases: Monte Carlo events in simulation or a number of
observed events in data control sample. The event rate n in the signal region can be related
to the number of events N in MC or in data control region via a simple relation n = aN. The
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uncertainties on the predicted rate n associated with the observation of IV events is described
by the Gamma distribution given by:

_ 1 (/)™

p(n) = — == exp(—n/a). (4.8)
The Gamma distributions are illustrated in Fig. |4.1 (right) for different parameter values of
N.

Systematics uncertainties that influence shape of variables used to extract the signal are
modeled with a linear extrapolation method . In an analysis, the shape uncertainty is
implemented by having one up (+1) standard deviation of nuisance parameter shape and
one down (—1) standard deviation shape. In the likelihood function, a parameter 6 is added
to interpolate smoothly between the alternative shapes with a "vertical template morph-
ing" technique. If there are N shape nuisance parameters, modeled with the parameters
0 = (01,09,...,0N), and if hg, hj and h; are, respectively, the nominal distribution, the +1
standard deviation of the jth nuisance parameter histogram and the —1 standard deviation
of the jth nuisance parameter histogram, then the histogram distribution as a function of
the shape nuisance parameter @ is given by:

= h0+z 0;)h} +b(0;)ho + c(0;)h7), (4.9)
with
0(6+1)/2 if |6 <1
a(@) =40 if <1, (4.10)
0 if 6>1
—6? if 0] <1
b(h) = ilel=t (4.11)
—(10)-1) if |6 >1
and
0(0—1)/2 if 9] <1
c(0) =40 it 0> +1. (4.12)
|6 if 6<—-1

A special type of shape uncertainty, the bin-by-bin uncertainty, is associated to the un-
certainty on the limited number of MC events or on the limited number of events from a data
control region used to estimate the background in each bin of distribution. These uncertain-
ties affect the shape of the distribution but are uncorrelated across the bins. The approach
to deal with such cases was proposed by Barlow and Beeston . A separate nuisance pa-
rameter is introduced for every bin of each process, scaling the number of expected events in
this particular bin for this given process. A large number of nuisance parameters is added to
the likelihood function, but it is possible to limit their number by setting a threshold in the
ratio of uncertainty of the bin divided by the content of the bin.
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4.2. Maximum Likelihood Fit

4.2 Maximum Likelihood Fit

One can write a model which contains the known physics and new phenomena predicted
by the new theory. The first case usually is referred to as background, and the latter as
signal. The measured variables has expected number of events E; in each bin i = 1,2...N of
a histogram. The expectation value for the number of events in a particular bin is:

E; = psi + by, (4.13)

where s; is the expected number of signal events in the bin, b; is the expected number of
background events in the bin, and pu is the signal strength modifier which is referred to as
parameter of interest. As mentioned in the previous section, the nuisance parameter 6 has
an impact on the expected events as E;(6) = us;(0) + b;(0).

One can perform a maximum likelihood fit to find the optimal values of the parameter
of interest and nuisance parameters that give the best agreement between expectation and
observation. Fit can be performed under two hypotheses:

e Background-only fit: by taking p = 0, only those nuisance parameters that affect the

expected background distribution b are varied to the optimal values € that maximize
the likelihood L£(n|b, 8).

e Signal-plus-background fit: the nuisance parameters along with the freely floating signal
strength modifier y of the expected signal distribution s are varied to the optimal values
0 and /i that maximize the likelihood L(n|us + b, ).

After the maximum likelihood fit, the variations of the nuisance parameter, the pulls
defined as

A

0 — 6
0

are checked, where 0 is the post-fit value of nuisance parameter, 0 is the pre-fit value and A6f

pull = (4.14)

is the size of uncertainty returned by the fit. The pull indicates the difference between prefit
and postfit values of nuisance in units of its postfit uncertainty. The consistency of the model
is tested by inspecting postfit values of nuisance parameters and their uncertainties. Large
pull values, for example > 20, and constrained uncertainties, for example < 1o, usually
indicate problems in the signal or background modeling or inconsistent uncertainty model.

4.3 Significance

If an excess of data is observed compared to the background expectation, the presence
of the signal is quantified by the background-only p-value which can be interpreted as the
probability for the background to fluctuate and give an excess of events as large or larger
than the observed one. The test statistic is:

n ‘C(n‘baé())
L(nlis +b,0)’

The constraint 1 > 0 is set to prevent downward fluctuations due to the fact that we are
not interested in interpreting a deficit of events, but only a positive signal. Having constructed

qo = — with > 0. (4.15)
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a distribution f(qo|b, éng) by generating pseudo data toys from sampling the MC samples
with the probability density function, the p-value corresponding to an observation is:

=Pl > a8") = [ Flaolb,0§")da. (4.16)
qy

One can also convert the p-value to the notion of significance Z for one-sided Gaussian
tail:

_ [ 1 2 1 2
Po = /Zo \/ﬁexp(—x /2)dx = §PX%(Z ). (4.17)

where Pﬁ is the survival function of y? for one degree of freedom. A 50 significance (Z=5)

corresponds to p, = 2.8 x 1077 and it is a convention to claim a discovery in high energy
physics. However, it is very CPU-consuming to evaluate such low probabilities. One can
use an asymptotic method to estimate the p-value (and corresponding significance) from the

observed value ngs without generating toy pseudo data:

Po = % {1 —erf (Wﬂ . (4.18)

If the size of the searched parameter phase space is increasing, the chance of statistically
significant observation will also increase. This phenomenon is called look-elsewhere effect .
In the case of Higgs boson search, if the Higgs boson is searched over a wide mass range, the
probability of observing an excess increases. In this case, the local significance for a single
Higgs boson mass my as previously mentioned should be modified to a global significance.
There is another factor which is also affecting the magnitude of the look-elsewhere effect:
the mass resolution. A poor mass resolution will give a rather large p-value for a given mass
range. Due to this reason, the relatively poor di-tau mass resolution makes the Higgs to a
pair of taus searches not so sensitive to look-elsewhere effect.

The global test statistic for search in a broad mass range can be written as:

go(1hur) = max qo(mp). (4.19)

For small p-values, an asymptotic procedure can be used and the p-value of the global
test statistic is:
P = P(go(inn) > Zo) < Nzo +p ™, (4.20)

where Nz, is the number of up-crossing of the likelihood ratio scan go(mg) for a significance
Zy. Nz, can be computed by counting the number of times, Nz, , the local significance
up-crossing the observed test statistic distribution with the following formula:

(4.21)

73 - 72
NZ() = NZup eXp <—O2up> .

The up-crossing is illustrated in Figure
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n

Observed ¢,

=

Higgs boson mass

Figure 4.2: An illustration of a scan of the test statistic gog vs. mg . Up-crossings at
a certain level of significance Z,;, are shown by the blue points, where in this example the
up-crossing number Nz, is three.

4.4 Exclusion Limits

4.4.1 Observed Limits

If no excess of data is observed on top of the expected backgrounds, exclusion limits can
be set on hypothetical model parameters. Many procedures have been developed over the
past few years to estimate exclusion limits. In CMS, a modified frequentist method, the CL,
method is used . To compare the compatibility of the data with the background-
only and signal+background hypotheses, the following profile likelihood ratio is constructed
as test statistic g,:

L(nlps +b,6,)
L(nlis +b,0)

Qu=— with 0 < < pu. (4.22)
The signal strength ji maximizes the likelihood. In the numerator, the signal strength and
the nuisance parameters may float to reach the maximum. In the denominator, ji and 0 give
the global maximum of likelihood. The lower constraint 0 < [ is required to impose that the
signal rate is positive. The upper constraint ji < u ensures a one-sided (not detached from
zero) confidence interval.

obs
o

strength p by using equation The values of the nuisance parameters égbs and éﬁbs that
maximize the likelihood, i.e. best describing the experimentally data, for the background-only
and signal+background hypotheses can also be determined.

The observed value of the test statistic ¢°°° can be determined for the assumed signal

The probability density functions of the test statistics f(g,|b, égbs ) and f(qu|pus+b, ézbs ),
which assume a signal strength p in the signal+background hypothesis and for background-
only hypothesis (¢ = 0) can be generated using Monte Carlo pseudo-data. These distributions
are illustrated in figure

After constructing the f(g,|b, 85") and f(q,|us+b, éﬁbs) distributions, one can define two
p-values to be associated with the observation for the signal+background and background-
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Figure 4.3: Test statistic distributions in the signal+background (red) and background-only
(blue) hypotheses. The arrow is shown for the observed values where one can integrate the
distributions to compute the p, and p,.4p probability to get C'Ls(p) value.

only hypotheses, p,s+, and py:

oo A
Pus+b = Pgu > qzbslsignal—i—background) = / ) f(qulpus + b, szs), (4.23)
g2
and 00
1—py=Plg, > qzbslbackground—only) = / \ f(qulb, ngs). (4.24)
q°

The CLg (1) value for a given signal strength p is defined as the ratio of these two probabilities:

CL,(p) = f%;bb. (4.25)

The 95% confidence level upper limit for the signal strength is p such that C'Ls(u)=0.05.

4.4.2 Expected Limits

To get the expected median upper limit and +1o and +20 bands, one can also use
the background-only hypothesis to generate a large set of background-only pseudo-data and
calculate C'Lg(p) value, as if they were real data. Figure (left) illustrates the differential
distributions for this case. Then, one can build a cumulative probability distribution based
on these results to extract the median (50% quantile), +10 (16% and 84% quantiles), and
+20 (2.5% and 97.5% quantiles) bands, as shown in Figure (right).

However, generating toys of pseudo-data for every signal strength is not always feasible
as it is very CPU-consuming. For large enough expected number of events, one can use
the asymptotic method which is an excellent approximation of "true" CLg limits. A
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Figure 4.4: Signal strength that give C Ly = 0.05 for a set of pseudo-data generated in the
background-only hypothesis (left). Cumulative probability distribution (right) of the signal
strengths, and extraction of the median and +10(68%) and +20(95%) uncertainty bands
based on the 2.5%, 16%, 50%, 84% and 97.5% quantiles (horizontal lines). [40]

distribution can be used to approximate the test statistics from pseudo data:

AY2
Flal) = —2mA(w) = L2 o). (4.26)
In the expression, u is the test signal strength, fi follows a Gaussian distribution with a mean
i/ and standard deviation o, and N represents the number of events.

The simulated set of dataset to replace pseudo-data is a single dataset called Asimov
dataset, defined as the one in which all observed quantities are set equal to their expected
values. The computation of the median expected limit and of the uncertainty band is also
possible. The test statistic distribution in the Asimov dataset is very close to the toy pseudo-
data as shown in Figure

4.5 Boosted Decision Tree

The CMS experiment adopts various kinds of multivariate analysis (MVA) methods to
perform physics analysis and object reconstruction. MVA methods allow to find a classifier
that separates the background and signal events by making use of training of a set of signal
and background samples. The most commonly used MVA method is Boosted Decision Trees
(BDT) . A typical BDT multivariate analysis include two independent steps: the
training step and application step.

In the training, the purpose is to build a single classifier to separate the signal and
background events, usually containing the following steps:

1. Divide both signal and background samples into two parts. One is used for training,
while the other is used to test the training. Choose appropriate variables that can
distinguish signals from background.

2. Determine the cut threshold for a variable which gives the best separation between the
signal and the background. Two branches with different signal purities are obtained.
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Figure 4.5: Left: Test statistic distributions for a background-only hypothesis, in a simple
counting experiment with expected background events between 2 and 20. Histograms are test
statistic distributions for toy pseudo-data. The curve is obtained by using the asymptotic
method. Good agreement starts to appear for five expected events. Right: Test statistic
distributions in background-only (blue) and signal-plus-background (red) hypotheses. The
histograms are toy pseudo data and the curves from the asymptotic method. The agreement is
shown for both hypotheses using ten signal events and ten background events. The parameter
T is a scale factor for the number of background events which is set to 1 in this example.

3. The branches of the tree are further split by repeating the steps until a certain number
of depths has been created or until all branches have reached a required purity.

These steps are illustrated in Figure The most widely used way to estimate the purity
is called "Gini". The branch purity is defined as:

Esignalwi
)
Esz'gnal w; + Ebng)i

p= (4.27)
where w; is the weight of an event ¢ in a branch of n events. One can use it to define the
Gini weight:

Gini = (i: wi> p(1 —p). (4.28)
i=1

The Gini weight of two daughter branches should be minimized in order to decide the vari-
able’s cut value to divide a branch. To consider a leaf as signal leaf, the leaf’s purity should
be greater than 0.5, otherwise it is a background leaf.

The use of only one decision tree is sensitive to fluctuations in the training samples.
A way to prevent it and enhance the performance is to use a "forest" of trees. Boosted
decision trees method can combine a set of decision trees together by putting weight to each
individual tree. The commonly used boosting algorithm is called adaptive boosting, also
known as "AdaBoost". The principle of AdaBoost is that it assumes a larger weight to those
misclassfied events so that the future trees can learn better. The AdaBoost weight o that
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Figure 4.6: Illustration of a decision tree. Branches are created from the root node. Variables
are cut by thresholds to provide the best signal and background separation power. \|

multiplies the weight w; of all misclassified events of a tree is defined as:

1. 1-—
oot 6’ (4.29)
2 €
where
¢ = ZmisclassifiedWi (4.30)

Yauw;
The final score of BDT of an event has the form:

N
Yppr(x) = Z ahp (%), (4.31)

m=1

where x are input values of the variables, m is the index of tree, N is the total number of
trees and hy, is the decision of the tree m (1 in signal leaf and 0 in background leaf). One
can check if the training is overtrained or not by looking at the agreement of BDT scores of
the training and testing samples.

After this, in application stage, the BDT weights computed will be used on observed data
and Monte Carlo simulation events not used in the training stage. The cut on the BDT score
is chosen to have the best signal and background separation power.
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One approach to study the properties of elementary particles is to use particle colliders.
In this chapter, Section introduces the CERN organization and its accelerator complex,
including the LHC machine. Section describes the LHC machine. Finally, Section
presents the technical design of the CMS experiment, one of two general purpose detectors
at the LHC.
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5.1 The CERN Organization

The European Organization for Nuclear Research, known as CERN, is an organization
that operates the largest particle physics laboratory in the world. CERN is situated on the
borders between Switzerland and France. It was founded in 1954 by 12 European countries
with the purpose of stimulating the European nuclear and atomic science. Now, CERN has
expanded and it is supported by 22 member states, additional collaboration of observer states
and institutions around the world, involving around 10000 scientists.

The fields in which CERN is involved cover a broad range of areas, not only in physics
(both theoretical and experimental), but also in engineering and computing fields. Regard-
ing physics, the main subject is particle physics, to which the state-of-the-art machine of
CERN, Large Hadron Collider (LHC), belongs. Besides, CERN has also contributed to nu-
clear physics, plasma physics and astroparticle physics. In the engineering area, the CERN
experiments have contributed to expand the knowledge of a wide range of technological ap-
plications like electronics, cryogenics, superconducting and construction techniques. In the
area of computing, a well-known contribution from CERN is the invention of World Wide
Web.

CERN currently is operating several machines. A schematic view of the accelerator com-
plex is illustrated in Figure[5.1 Currently active machines are:

e Two linear accelerators (LINAC 2 and LINAC 3) that generate low energy particles.
LINAC 2 accelerates protons to 50 MeV for injection into the Proton Synchrotron
Booster (PSB), and LINAC 3 provides heavy ions at 4.2 MeV /u for injection into the
Low Energy Ion Ring (LEIR).

e The Proton Synchrotron Booster (PSB) increases the energy of particles generated by
the proton linear accelerator before they are transferred to the other accelerators.

e The Low Energy Ion Ring (LEIR) accelerates the ions from the ion linear accelerator
LINAC 3, before transferring them to the Proton Synchrotron (PS).

e The 28 GeV Proton Synchrotron (PS), built during 1954-1959 and still operating as a
pre-accelerator to the more powerful Super Proton Synchrotron (SPS).

e The Super Proton Synchrotron (SPS), a circular accelerator with a diameter of 2 kilo-
meters, which started operation in 1976. It was designed to deliver an energy of 300
GeV and was gradually upgraded to 450 GeV. As well as having its own beam lines
for fixed-target experiments (currently COMPASS and NA62), it has been operated
as a proton-antiproton collider (the SppS collider), and for accelerating high energy
electrons and positrons which were injected into the Large Electron-Positron Collider
(LEP). Since 2008, it has been re-used to inject protons and heavy ions into the LHC.

e The Isotope Separator Online (ISOLDE), which is used to study unstable nuclei. The
radioactive ions are produced by the impact of protons at an energy of 1.0-1.4 GeV from
the PSB. Radioactive EXperiment ISOLDE (REX-ISOLDE) accelerates radioactive ion
beams and thus the full variety of beams available at ISOLDE become accessible as
accelerated beams for experiments. The High Intensity and Energy ISOLDE (HIE-
ISOLDE) project aims at several important upgrades of the present ISOLDE facility.
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The main goal is to increase the energy of the radioactive ion beams from 3 MeV /u up
to 10 MeV /u through the construction of a superconducting accelerator.

The Antiproton Decelerator (AD), which reduces the velocity of antiprotons to about
10% of the speed of light for research of antimatter.

The neutron Time-of-Flight (n-TOF) facility, which consists of a pulsed source, a flight
path of 200 m length, and a detector systems. It is designed to study neutron-nucleus
interactions for neutron kinetic energies ranging from a few MeV to several GeV.

The CERN neutrino platForm (CENF) supports generic detector, neutrino beams R&D
and large detector prototypes or demonstrators.

The Gamma Irradiation Facility (GIF++) is a new irradiation facility to test large-area
detectors for the future high luminosity LHC program. It is a unique place where high
energy charged particle beams from SPS are combined with a 14 TBq 37 Cesium source.

The Advanced WAKefield Experiment (AWAKE) is an accelerator R&D project based
at CERN. It is a proof-of-concept experiment investigating the use of plasma wakefields
driven by a proton bunch to accelerate charged particles.

The High-Radiation to Materials (HiRadMat) is a users facility at CERN, designed to
provide high-intensity pulsed beams to an irradiation area where material samples as
well as accelerator component assemblies can be tested.

The Extra Low ENergy Antiproton ring (ELENA) is a compact ring for cooling and
further deceleration of 5.3 MeV antiprotons delivered by the AD.

The Proton Irradiation Facility (IRRAD) and the Cern High energy AcceleRator Mixed
field facility (CHARM) are radiation test facilities. Most of the protons pass through
the IRRAD facility without interacting, while the mixed-field environment in CHARM
resembles that present in the vicinity of a high-energy accelerator and can be adapted
to the application conditions by selecting different test configurations. They both make
use of proton beams form the PS.

The CERN Linear Electron Accelerator for Research (CLEAR) is a facility for general
accelerator R&D and component studies. The main goals are the prototyping and
validation of accelerator components for the LHC upgrade and studies of high-gradient
acceleration methods.

Since the founding of CERN, the CERN experiments have made many discoveries in the

fields of fundamental physics. The Gargamelle bubble chamber led to the discovery of the
neutral currents in 1973 . The UA1 and UA2 experiments in SPS collider, discovered
the W+ and Z bosons in 1983 . Direct CP-violation was observed by the NA 31 and
NA48 experiments [58H60]. In 1989, the Large Electron-Positron Collider (LEP) has started.
From 1989 to 2000, LEP has performed high precision measurements on the parameters of
the Standard Model and provided hints to the search for the Higgs boson. Finally, at the
LHC, in 2012 ATLAS and CMS observed a neutral scalar particle which matched the long
sought-after standard model Higgs boson .
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Figure 5.1: Accelerator complex at CERN, some of which are used to inject particle beams
to the LHC accelerator [51].

5.2 The Large Hadron Collider

The Large Hadron Collider (LHC) [63] is a superconducting accelerator built to explore
physics at the TeV scale. It is operated by CERN, located in a 26.7 km circular underground
tunnel located near Geneva, crossing border between Switzerland and France. The tunnel was
constructed between 1984 to 1989 for the use of LEP. The layout of the LHC machine is shown
in Figure which consists of eight 528 m long straight sections and eight 2.45 km long arcs.
Each of the eight straight sections serves as site for experiments or machine utilities. They
are numbered 1-8 in the clockwise direction. The four main detectors: ATLAS, ALICE,
CMS and LHCb are located at Point 1, 2, 5 and 8, respectively. The two particle beams
are injected into the LHC at Points 2 and 8 by the SPS and are accerlerated in opposite
directions. It requires the existence of two rings with opposite magnetic dipole fields and
separate vacuum chambers. The eight arc sections contain a total of 1232 niobium-titanium
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superconducting dipole (Figure magnets providing the 8.3 T magnetic field required
to deflect the particles beam trajectory and 392 quadrupole (Figure magnets for their
collimation. The superconducting magnets are cooled to a temperature of 1.9 K by a liquid
helium cryogenic system.

Overall view of the LHC exeriments.

\/
LA

Figure 5.2: Schematic of the LHC machine layout .

[ (el

The design of LHC supports both heavy ions and proton-proton collisions. Thus, a wide
range of physics topics can be explored. In proton-proton collision mode, Higgs physics is a
the main focus along with searches for new physics beyond standard model. It also serves
as a top quark factory so that to measure precisely the properties of top quark. In addition,
it also allows the investigation of electroweak physics, heavy flavor physics and QCD. In
the heavy ions collision mode, LHC allows the study of quark-gluon plasma physics. The
following sections will describe only the proton-proton collisions as they correspond to the
data used in the next chapters.

5.2.1 Proton production and acceleration

The protons are obtained from ionized hydrogen in duoplasmatron. They are first accel-
erated to 50 MeV in the linear accelerator, the LINAC2. Then, they are injected in a circular
accelerator, the Proton Synchrotron booster, which increase the proton energy to 1.4 GeV.
After that, they enter the Proton Synchrotron (PS), which pushes their energy to 26 GeV.
From that, they are sent to the Super Proton Synchrotron (SPS). The SPS is used to acceler-
ate the proton energy to 450 GeV, ready to be transferred to the LHC. The LHC, then, starts

o7



Chapter 5. The CMS experiment at the CERN Large Hadron Collider
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Figure 5.3: Diagram of the cross-section of a dipole of LHC .

the final acceleration of the protons, it squeezes the bunches, increasing the instantaneous
luminosity, and adjust the beams position, triggering the collisions at the crossing points.
Three to four cycles of the PS synchrotron are required to fill the SPS. Twelve cycles of the
SPS are needed to fill the LHC. Totally, it takes twenty minutes to inject proton beams to
the LHC, and twenty more minutes are required to increase the proton energy from 450 GeV
to 6.5 TeV. When completed, the LHC is capable of storing 2808 proton bunches that consist
of approximately 10! protons. The distance between two successive bunches, the bunch
spacing, is 25 ns, which corresponds to a bunch crossing frequency of 40 MHz.

The large amount of bunches and the short spacing in between them lead to a huge

number of collisions taking place in a given time interval. One can quantify the interaction

dN

rate, ‘-, which has the following relation:

dN
E = ﬁO', (51)

where ¢ is the process cross section and L is the instantaneous luminosity which is a measure
of how many particles cross a given area per time interval. The nominal design instantaneous

luminosity is 1034cm™2s7!. One can use the beam parameters to determine the instantaneous
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Figure 5.4: Diagram of the cross-section of a quadrupole of LHC .

luminosity:

N2ﬂbfrev7
L=—L""""F 5.2
4de, B* ’ (5-2)

where N, is the number of protons in each bunch, n; is the number of bunches in each beam,
frev is the revolution frequency, ~ is the relativistic gamma factor of the protons, €, is the
normalized transverse beam emittance, which is a parameter to quantify the spread of the
beam, £* is a parameter to quantify how much the beam is squeezed toward the interaction
point, and finally F' is the geometric luminosity reduction factor due to the crossing angle at
the interaction point.

The integral of the instantaneous luminosity over time gives the integrated luminosity,
later simply referred to luminosity, expressed in units of inverse cross section, given by

L— /0 " Lat. (5.3)

The integrated luminosity quantify how much data are collected during a certain data taking
periods. The number of expected events of a process with cross section ¢ in certain time
period is given by:

N = Lo. (5.4)

59



Chapter 5. The CMS experiment at the CERN Large Hadron Collider

5.2.2 Experiments at the LHC

At the LHC, there are four major experiments built at each collision point and other more
specific experiments located close to the major ones. The major four experiments are:

e CMS (Compact Muon Solenoid) || is a general-purpose detector located in Point 5,
which will be described in details in Section The aim was to search for the Higgs
boson, to perform precision measurements of SM parameters and to probe new physics
beyond the SM.

e ATLAS (A Toroidal LHC ApparatuS) shared the same physics scopes as CMS
but exploits a different technical structure, including an innovative toroidal magnet,
situated at Point 1.

e ALICE (A Large Ion Collider Experiment) is dedicated to the study of heavy ion
collisions and the quark-gluon plasma, placed at Point 2.

e LHCb (Large Hadron Collider beauty) [68] is designed to study of physics of CP viola-
tion and b-mesons, located at Point 8.

e LHCI (Large Hadron Collider forward) [69] is designed to measure the neutral collision
products in the forward region (close to beam direction) as a source to simulate cosmic
rays in laboratory conditions, located near ATLAS.

e MoEDAL (Monopole and Exotics Detector At the LHC) [70] is used to search for
a hypothetical particle with magnetic charge: the magnetic monopole, located near
LHCb.

e TOTEM (TOTal, Elastic and diffractive cross-section Measurement) [71], located near
CMS, is dedicated to the precise measurements of forward protons.

5.2.3 LHC data taking schedule

The first beams have been injected in the LHC in 2008. Shortly after that, an electrical
fault occurred, causing the leakages of liquid helium in the tunnel. Up to 700 meters of
magnets were damaged and the LHC roadmap had to be reconsidered. After one year, LHC
had recovered from the incident and made first collisions at a center-of-mass energy of 450
GeV on November 2009. In March 2010, LHC Run 1 started and the first 7 TeV center-of-
mass collisions were recorded. The LHC delivered an integrated luminosity of 6.14 fb~! of 7
TeV in 2010 and 2011. In 2012, the LHC raised the collision energy to 8 TeV and delivered
23.30 fb~! before the first long shut down (LS1). In 2015, the LHC run 2 started with 13
TeV collision energy. It delivered 4.22 fb~! data in 2015.

During the 2016 data taking period, LHC delivered 40.82 fb~! of data. CMS recorded
37.76 b~ and 35.9 fb~! were certified as good quality to be used for physics analyses, as
those described in this thesis. In 2017, LHC delivered 49.79 fb~! and CMS recorded 44.98
fb=1. In 2018, LHC delivered 68.18 fb~! and CMS recorded 63.98 fb—1.

Now run 2 is finished. The second long shutdown (LS2) is started and will last until 2020.
The machine will be upgraded to deliver collisions at center-of-mass energy of 14 TeV. Run
3 will extend until 2023. The high-luminosity LHC (HL-LHC) should start from 2026 and
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extend to 2037. At the end of run 3, the LHC should deliver 300 fb~! integrated luminosity in
total, while by the end of 2037, 3000 fb~! should be delivered. Figure shows the roadmap
of LHC.

High
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Figure 5.5: Overview of LHC plan until 2037. The LHC run 1 to run 3 period will deliver
300 fb~! integrated luminosity. The high luminosity LHC (HL-LHC) will deliver 3000 fb !
by the end of 2037 .

5.3 The CMS Experiment

The Compact Muon Solenoid (CMS) experiment is a general purpose detector that
covers a broad range of physics scope, from the precision measurement of the SM parameters
and the Higgs boson properties to the search for the BSM physics. The name "CMS" reflects
three features of its detector: a limited size considering its complexity, an advance muon sub-
detector, and a solenoidal superconducting magnet. The CMS detector is designed to meet
the following requirements: a good muon identification and momentum resolution, a good
charged-particle momentum resolution and reconstruction efficiency, a good electromagnetic
energy resolution and good missing transverse energy and dijet mass resolution [65].

5.3.1 Overview of the CMS detector

The CMS detector is a detector covering 47 solid angle. It has a length of 21.6 m, a
diameter of 14.6 m and a total weight of 12500 ton. It has different layers that consist of
subdetectors designed to measure different properties of particles created in collisions. It is
arranged in a central cylinder, the barrel and closed by two endcaps.

The positions and dimensions of the subdetectors are given with respect to the coordinate
systems used within CMS. The cartesian right-handed coordinates are defined with respect
to the nominal interaction point of the proton beams, while the x-axis points to the LHC
ring center 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 Point 5. The radial
distance r is defined in the z-y plane. The azimuthal angle ¢ is measured in the plane defined
by the x- and y-axes, from the x-axis. The polar angle 0 is defined with respect to the z-axis,
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in a plane orthogonal to the xy-plane. In high energy physics, it is convenient to define
pseudorapidity 7 as:
0
n=— lntan(§). (5.5)

In the relativistic limit, where E' > m, this quantity equals to the rapidity y:

1 E+pz)
y—21n<Epz : (5.6)

The difference of pseudorapidity of two particles An is invariant under a Lorentz transforma-

tions in the z direction which makes it advantageous to use in the analysis.

Figure shows a schematic view of the CMS detector. The components, which will be
discussed in detail in the next sections, are, from the innermost to the outermost part of the
detector:

e A silicon based tracking system (tracker), containing both pixel and strip trackers, which
measures the trajectory of charged particles and reconstructs the secondary vertices;

e An electromagnetic calorimeter (ECAL), which measures the energy of electrons and
photons;

e A hadronic calorimeter (HCAL), which measures the energy of hadrons;

e A superconducting magnet, which provides a uniform 3.8 T magnetic field parallel to
the direction of beam and deflects the flight path of charged particles;

e A muon system, which measures the energy and the trajectory of muons.

In addition, due to the high interaction rate of the LHC, trigger and data acquisition
systems have been designed to collect only those events which are interesting for physics
studies.

5.3.2 Tracker

The tracker is the innermost subdetector layer of the CMS. Its functions are to record
the position of charged particles traversing its layers and to measure the curvature of the
trajectories bended by the magnetic field. The momentum of charged particles can then be
estimated with a great precision, the primary vertex of collision and the secondary vertices
from long-lived particle decays can be reconstructed. Because of the very high number
of particles produced in overlapping proton-proton collisions, two requirements need to be
fulfilled to ensure precision measurements:

e the tracker must have large hit redundancy. This can be accomplished by having a
great amounts of tracker layers.

e the tracker must have a high granularity and the amount of material used has to be
kept low to limit photon conversion, multiple scattering, bremsstrahlung and nuclear
interactions. This can be achieved by having high density of radiation-proof electronics.
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Figure 5.6: Schematic view of the CMS detector showing the different components .
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The tracker has a cylinder shape which has a length of 5.5 m and a diameter of 2.4 m,
covering a pseudorapidity region up to |n| < 2.5. A schematic drawing is shown in Figure
It consists of a silicon pixel detector part and a silicon strip detector part.

The pixel detector part is placed directly around the beam pipe. It is served as a starting
point for reconstruction of charged particle tracks. It is also crucial for the precise mea-
surement of impact parameter. Figure shows a schematic view of the structure of pixel
detector. It is divided into a barrel with three layers at radii of 4.4, 7.3 and 10.2 cm, and two
layers of endcap disk at |z| = 34.5 and |z| = 46.5 cm with a diameter between 12 and 30 cm.
The pixels provide a hit position spatial resolution of 10-40 um. In total, 66 million pixels
are installed on 1440 modules covering an area of approximately 1 m?.

Figure 5.8: A 3D view of the CMS pixel detector part of tracker , showing the barrel
layers (green) and endcap disks (red).

The strip detector part is placed around the pixel detector. It has 15148 modules, which
in total have 9.3 million strips covering an area of approximately 198 m?. It is located in the
radial region, 20 cm < |r| < 116 cm, and consists of four different subsystem. The Tracker
Inner Barrel (TIB) has four layers, which cover the radial region with 20 cm < |r| < 55
cm. The Tracker Inner Disks (TID) has three disks at each ends of TIB. TIB/TID provide
position measurements in 7 — ¢ plane with a resolution of 13-38 um. The Tracker Outer
Barrel (TOB) is placed outside the TIB/TID system and has six layers covering radial region
with 55 cm < |r| < 116 cm and z axis between +118 cm. The Tracker EndCaps (TEC) cover
the region with 124 cm < |z| < 282 cm and 22.5 cm < |r| < 113.5 cm. Each TEC consists
of nine disks. TOB and TEC give position measurement in r — ¢ plane with a resolution of
18-47 pm.
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5.3.3 Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) encloses the tracker and covers pseudorapidity
region up to |n| < 3.0. It is divided into barrel (EB) (|n| < 1.479) and endcap (EE) (1.479 <
In| < 3.0). Figure 5.9 illustrates a quadrant of ECAL. The task of the ECAL is to measure
the energy of electrons and photons with good resolution and identify them based on the
specific shape of their energy deposits. It makes use of scintillating lead tungstate (PbWOy)
crystals. When electrons or photons enter the crystals, electromagnetic showers are produced
and excite the crystal atoms. After the atoms de-excite, they emit scintillation light which
is collected by silicon avalanche photodiodes (APD) in the barrel or vacuum phototriodes
(VPT) in the endcaps. A preshower (ES) detector which consists of planes of silicon sensors
and lead is placed in front of endcaps.
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Figure 5.9: A schematic view of one quadrant of the ECAL. The barrel ECAL and the
endcap ECAL consist of lead tungstate crystals, silicon avalanche photodiodes or vacuum
phototriodes respectively. A preshower is placed in front of the endcap ECAL .

ECAL is composed of 75848 lead tungstate crystals in total. The crystal material has a
high density (p = 8.28g/cm?), a short radiation length (X = 0.89cm) and a small Moliere
radius (R, = 2.2cm), so that the calorimeter can be compact with fine granularity and high
spatial resolution. It also has a fast scintillation latency such that 80% of the light emitted
in 25 ns, the LHC design bunch crossing. The length of the crystals is 23 c¢cm, equals to 25
radiation lengths, allowing to measure the whole shower produced by electrons and photons.

The scintillation light is detected by APD in the barrel, two attached to every crystal.
In the endcaps, where the radiation rate is high, one VPT is attached to the back of every
crystal. APD is chosen because it is more efficient, while VPT is more radiation-resistant.
The crystal light yield and the APD gain are temperature dependent, with approximately
—2%/ °C. Therefore, special care is taken to make the temperature stable within 0.05°C in
the barrel and 0.1 °C in the endcaps.

The preshower calorimeter detector is used to identify the neutral pions, which decay to
a closely spaced pair of photons, in the region 1.653 < |n| < 2.6. It also helps discriminating
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electrons from minimum ionizing particles (MIP), i.e., muons and hadrons. It is a sampling
calorimeter with the absorber material and sensors that are interleaved. The first layer is a
lead plate which initiates electromagnetic showers from the incoming electron and photons.
The second layer is made by silicon sensors which measures the deposited energy and shower
shape. The identification of neutral pions is achieved by having three radiation lengths for
the lead layer, so that about 95% of photons from the neutral pion decay shower before they
reach the silicon sensors.

The energy resolution of the ECAL can be parameterized as:

o(E)\? S \? N)2 )
= | — — C 5.7
( E ) (ﬁs) " (E e (5:7)
where F is the energy, S is the stochastic term representing the statistical fluctuations in

the number of secondary particles produced in shower and collected, N is the noise term
coming from electronic device, and C' is a constant term arises from energy leakage, non-

uniformity of the light collection and calibration uncertainties. In electron test beam studies,
the parameters were determined as: S = 0.028v/GeV, N = 0.12 GeV and C = 0.003 in
the barrel region, S = 0.05/GeV, N = 0.5 GeV and C = 0.003 in the endcaps region .
The C term becomes dominant at high energy and it can be reduced with stable operating
conditions.

5.3.4 Hadronic calorimeter

The ECAL is enclosed by the hadronic calorimeter (HCAL). The purpose of the HCAL
is to identify the hadronic jets and to detect the imbalances in the transverse energy. It
is a sampling calorimeter with alternating layers of brass absorber and plastic scintillator,
except the forward region where steel absorbers and quartz fibers are used as they are more
radiation hard.

The architecture of the HCAL is shown in Figure The hadron barrel (HB) and
endcaps (HE) calorimeter is located inside the magnet coil, covering the |n| < 1.3 and 1.3 <
In|] < 3.0 pseudorapidity region, respectively. The HB is divided into towers with a granularity
of An x A¢ = 0.087 x 0.087. The tower granularity of HE has dimension ranging from
An x A¢ = 0.087 x 0.08 to 0.035 x 0.08. The scintillation light is detected by hybrid photo-
diodes (HPD) that can function in high axial magnetic fields. Outside the magnet, an outer
calorimeter (HO) is added to complement the HB to achieve a better sampling in the region
|n| < 1.26. It has also HPD readout. Finally, the forward hadron calorimeter (HF), which
covers the very high pseudorapidity region 3.0 < |n| < 5.0 placed 11.5 m away from the
collision point, is made of radiation-hard steel absorbers and quartz fibers as active material.
The signal is generated via Cherenkov light and collected by photo-multipliers (PMT).

The measured hadron energy resolution of the HCAL and the ECAL combined can be

described by :

o(F) _ 100% 5% (5.8)

E VE(GeV)

where the energy F is given in GeV.
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Figure 5.10: A schematic view of one quadrant of the HCAL .

5.3.5 Magnet

The CMS magnet is used to bend the tracks of the charged particles. It is the most
powerful and the biggest ever built superconducting solenoid. It encloses most of the detector
subcomponents (tracker, ECAL, HB and HE) and has a diameter of 6 m and a length of 13
m. The energy stored in the magnet can go up to 2.5 GJ when it is fully functional to provide
a 3.8 T magnetic field. The magnet is cooled by using liquid helium. In order to reduce the
effects of the intense magnetic field on the devices outside the magnet, a massive iron yoke
(10000 tons) is installed outside the magnet to return the magnetic flux.

5.3.6 Muon system

The muon system is the outermost part of the CMS detector. It is positioned outside the
magnet and integrated with the magnetic flux-return iron yoke. The coverage region is up to
In] < 2.5. The whole muon system has a total area of detection planes of 25 000 m? which
can be further divided into barrel (|n| < 1.2) and endcaps (1.2 < || < 2.4) regions.

The working principle for muon system is to use ionized gas chambers. An muon does not
interact via the strong force and is too massive to radiate via bremsstrahlung. Due to the
long life time of the muon and the relativistic time dilation in the laboratory frame, muon
travels through the detector and escapes from it. The muon leave hits when it ionizes the gas
of the detector. The path of a muon is reconstructed by using the hits in the muon chambers
and the information collected from tracker.

The muon system has a large area of detection planes, thus the technology needs to be
inexpensive, reliable and robust. Therefore, a combination of three different types of gas
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chambers are in use. Figure illustrates the architecture of the muon system.
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Figure 5.11: A schematic view of one quadrant of the muon system .

The drift tubes (DT) are installed in the barrel consisting of four layers. The basic element
of DT is the drift cell with a size of 42 x 33 mm?. The gas is composed of a mixture of 85% Ar
and 15% of COy which provides a saturated drift velocity of about 55 ym with a maximum
drift time of up to 380 ns. The downside is that this latency makes DT too slow to trigger
events in high luminosity.

The cathode strip chambers (CSC) are in the endcaps, covering the region 0.9 < |n| < 2.4.
The CSCs are arranged in four disks. They are standard multi-wire proportional chambers,
and use a gas mixture of 50% COs, 40% Ar and 10% CF4 placed in a strong electric field.
They provide a precise position measurement in the dimensions r — ¢. This detector type has
a fast response and a high radiation resistance suited for the high muon flux in the forward
region.

Finally, the resistive plate chambers (RPC), installed in both the barrel and the endcaps
region, are double-gap chambers filled with a gas mixture of 96.2% R134a (CoHaF4), 3.5% iso-
butane and 0.3% SFg and lined with resistive bakelite plates forming a high voltage capacitor.
They are operated in avalanche mode to ensure reliable operation at high rates and serve
practically as a triggering system.

68



5.3. The CMS Experiment

5.3.7 'Trigger and data acquisition system

The LHC bunch crossing frequency is 40 MHz for a bunch spacing of 25 ns. CMS events
have size of 1 MByte, leading to a rate of 40 GByte/s. It is not practical to save this amount
of data and a pre-selection of interesting events is necessary. The trigger system is introduced
to reduce the rate. In CMS, the event rate is reduced in a two-step approach: the level-1 (L1)
trigger, which is hardware-based, filters the rate to 100 kHz; the software-based high-level
trigger (HLT) further decreases the rate to 600 Hz for storage. The pre-selection is achieved
by deploying a trigger menu, which is modified according to the LHC running condition (e.g.
instantaneous luminosity) to reach maximum output. The trigger menu is updated constantly
using either tighter selections or pre-scaling, where the trigger only accepts every Nth event,
where N is being the pre-scale factor.

The L1 Trigger is mainly implemented in Field Programmable Gate Array (FPGA) tech-
nology, while Application Specific Integrated Circuits (ASIC) and programmable memory
lookup tables (LUT) are also used in special cases to satisfy the need for speed, density or
radiation resistance. The L1 trigger decision is based on information from calorimeter and
the muon system which can be organized in local, regional and global components. Fig-
ure illustrates the structure of L1 trigger system. The first step of calorimeter trigger is
to use trigger primitive generators (TPG) that are constructed from ECAL and HCAL en-
ergy deposits above given threshold as seeds. The regional calorimeter trigger then combines
the information from TPG by applying basic quality cuts and define the electron or photon
candidates, tau veto bits, transverse energy sums Ep and other interesting information for
muons. The third step, the global calorimeter trigger (GCT) determines the total trans-
verse missing energy £, the jet multiplicity and the scalar sum of energy of jets (Hr). The
muon trigger exploits the information from the three muon subdetectors DT, CSC and RPC.
Firstly, DT and CSC provide information on the track segments and hit patterns locally.
After that, complete tracks are reconstructed regionally. RPC contributes regionally because
of its better timing resolution by reconstructing its own track candidates. Finally, the global
muon trigger combines all regional information from the three subdetectors.

The software-based HLT trigger is performed by a computating farm. It receives the
event from L1 trigger and performs a fast event reconstruction exploiting the full detector
information to decide whether the events should be kept for storage.
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Figure 5.12: Architecture of the CMS level-1 (L1) trigger system .
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In experimental high energy physics, Monte Carlo simulated events are used to model
various SM and BSM processes. The generated events will go through the full CMS detector
simulation, allowing direct comparisons between data and theoretical models. In this chapter,
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how Monte Carlo events are generated is presented in the first part. The second part of this
chapter describes the reconstruction the physics objects from the signatures left inside the
detector of CMS.

6.1 Event Generation

6.1.1 Monte Carlo method

The nature of quantum mechanics is probabilistic and not deterministic. Calculations
can only provide the occurring probability of certain outcomes. High energy proton-proton
collisions at the LHC are complex processes due to the substructure of proton and the large
amount of final state particles. These characteristics cannot be fully described analytically
from first principles. Based on these two facts, a stochastic technique, referred to as Monte
Carlo (MC), where pseudo-random numbers are generated according to the probability den-
sity functions of physics models, is used for event simulation. Large numbers of events are
generated, each event being characterized by unique kinematics encapsulated into its four-
momentum of generated particles and their types.

6.1.2 Structure of an event

Based on the theory of factorization , simulation of events can be broken down into the
following steps: the hard-scattering process, parton showers, the hadronization of quark and
gluon jets, the underlying event and the decay to long lived particles. Figure illustrates
these steps. Firstly, a collision happens between two hadrons. Each hadron is a set of partons.
Then one parton from a hadron collides with another parton from the other hadron. This
collision constitutes the hard scattering process, illustrated as the big red dot in the middle of
Figure The momentum of the incoming partons are randomly selected by sampling from
the input parton distribution functions (PDFs), which provide the probability that a parton
in a proton carries a certain momentum fraction of the proton, at an energy scale (. The
hard scattering calculation can be computed using matrix element formalism in perturbative
QCD at leading order (LO) or next-to-LO (NLO) precision depending on the requirements.

Secondly, after the hard scattering process calculation, higher order QCD-effects, shown as
blue curly and straight lines in Figure are modeled. This is the so-called parton showering
process. It describes the initial state radiation (ISR) and final state radiation (FSR) from
the partons. Quarks or gluons are radiated and will be further split into gluon pairs or
quark-antiquark pairs. The process keeps going until the minimum energy threshold, the
hadronization scale about 1 GeV, has been reached, yielding to non-perturbative interactions.

Thirdly, the hadronization of the partons is simulated, illustrated as green spots in Fig-
ure The process leads to the formation of the final state particles. The perturbative
QCD calculation is not valid in this energy scale anymore. Thus, purely phenomenological
models that were tuned to previous data are used .

Finally, the decay of short-lived hadron and tau lepton is simulated. Once the whole
event is generated, it will be the input to the detector simulation with the full information of
the detector components, including the geometry, the magnetic field, the interaction of the
particles with the detector material and the electronics.
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Figure 6.1: Illustration of a proton-proton collision event simulated in a MC event generator
. The hard scattering process is shown as red spot, and the purple spot represents the
underlying event. Red curly and straight line depict the parton shower. The green spots are
the hadronization, while the final hadrons are dark green.
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6.1.3 Hard scattering

The cross section of a hard scattering process pips — n at a hadron collider, can be

written as [79]:

o= Z ///d:mdxzfpl x1,MF) (LUQ,/,LF)dO'ppo*)n(/‘LF’MR)

p1,p2

(6.1)
= 5 [ [ [ aus 1) 552 ) 5 Moo P @ i i),
p1,p2
where:
e up is the factorization energy scale. It is the cut-off value where perturbative QCD

fails, thus non-perturbative models are needed to describe the region below that bound-
ary. pp is the renormalization scale introduced to save the ultra-violet divergency of
the theory. Quite often, the same choice is made for both factorization scale and renor-
malization scale, meaning p% = ,u% = Q?, where @ stands for the energy scale of hard
scattering.

f}(a, ) are the parton distribution functions (PDFs) as a function of momentum frac-
tion z of parton p with respect to its parent hadron h, and the factorization energy scale
of hard scattering pp. The evolution of the PDF f,(z, Q?) is given by the Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) equation [80H82]:

1

Q2 Ol ;5127Q Z/ & as Py ps (2, OCS)fIﬁ(xm/z )v (6.2)
where the P, ,, (2, a) is the splitting function describing the probability that a parton
p1 radiates a quark or a gluon and become another parton py carrying a momentum
fraction z, j is the flavor index (quark or gluon) and «s is the strong coupling constant.
For the CMS Monte Carlo production in LHC run 2, the NNPDF3.0 PDF set is
used for most of the generation of the events used for the analysis in this thesis.

Opips—n is the parton level cross section for the process ab — n. It relies on the
momentum final phase space ®,,, on ur and renormalization scale up.

1/(25) is the parton flux, where 1/(28) = 1/(2z1x2s), where s is the center-of-mass
energy squared.

| Mo ps—sn|*(®Pn; 1, pr) is the matrix element squared. It could be treated as a sum over
all different Feynman diagrams. In the actual case of event simulation, the calculation
of matrix element can be achieved by Monte Carlo generator using pre-computed matrix
element hardcoded in the program or analytical computation.

d®,, is the differential phase space elements over the n final state particles,
— | I i 4 § :
0 = 5 (2m)32E; (2m)* 3 Dy, + P = D), (6.3)
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where p,, and p,, are the momentum of initial particles.

This equation is valid for all orders in perturbative theory.

6.1.4 Parton showering

Partons in the initial and final states can produce QCD and QED radiation. The so-
called parton showering is the branching of the following processes: ¢ — qg, ¢ — ¢, g — 99,
g — qq, v — qq, | = Iy and v — 1l. All these processes are generated as long as they are
energetically allowed.

The parton showering is the bridge between the hard scattering and the hadronization.
It is the higher-order correction to the matrix element calculation. The complete branching
process computation using perturbative QCD as the hard scattering is technically impossible
to achieve here. Therefore, the parton shower simulation models the probability of additional
emissions.

The parton branching in the parton shower is ordered by the evolution scale A. In
PYTHIAS, the scale is define as A = p%, where pr is the radiating parton transverse momen-
tum. The parton showering branching starts from the user-given scale Apax, which usually is
the hard scattering scale. The chance that a parton does not branch between the two scales
Amax and Aj, where Apax > Aq, is described by the Sudakov form factor. By solving the
Sudakov form factor , the scale Ay of the new branching can be found and the correspond-
ing branching is generated. The parton showering continues until the cut-off scale Acyiof is
reached. Below this scale, perturbation theory is not valid.

6.1.5 Hadronization

When the parton showering reaches the Acuiof Scale, approximately 1 GeV, the evolution
of the event enters the non-perturbative region. Hadrons start to be formed as a consequence
of color confinement. This is the hadronization process and it has to be described by non-
perturbative phenomenological model.

PyTHIA8 implements the Lund string fragmentation hadronization model . The idea
is that, in QCD, a linear confinement is expected at large distance. Thus, one can define a
linear potential between the two partons, V(r) = kr, where r is the distance between two
partons and the string constant « is 1 GeV/fm. In left plot of Figure a physical picture
is shown for the stretching of the string between a quark and an anti-quark. As the distance
between the quark and the anti-quark increases, the potential energy increases. The string
breaks and a new pair of quark and anti-quark is created, as shown in right plot of Figure
The hadron production continues as long as the string has enough energy.

Given the fact that it uses many non-perturbative assumptions, the hadronization model
needs to be tuned from the previous experiment data.

6.1.6 Underlying event

The underlying event includes the contribution of multiple parton interactions (MPI)
and beam-beam remnants (BBR). In MPI, the contribution is coming from the remaining
parts of the protons that did not take part in the hard scattering interaction, In BBR, the
contribution is emerging from the hadronization of the partonic scattering remnants. The
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&S

Figure 6.2: Left: The potential between a pair of quark and anti-quark. Right: The
evolution of the string in the coordinate of space and time. The hadrons are produced with
an increase in distance. From .

V4

existence of underlying event leads to enhancement of the jet multiplicity in the event. Thus,
the model of jet activity by the parton shower simulation could also be affected by the
underlying event modeling. The model of underlying event has many free phenomenological
parameters, therefore, it requires experimental tuning.

6.1.7 Event generators

There are many event generators developed. In the following, those event generators
employed to simulate the samples used in the analyses presented in this thesis are discussed:

e Pythia8

PyTHIAS is a leading order multi-purpose event generator, suitable to be used
for a wide range of processes, including SM and BSM physics. It can be used for the
whole event generation, including all the steps from hard scattering calculation down
to parton showering and hadronization simulation. The hard scattering calculation is
limited to leading order tree level 2 — 1 and 2 — 2 processes. Jets in final states and
higher orders are simulated with parton showering as an approximate approach. The
hadronization is based on the Lund string model . The hadronization and underly-
ing event tuning for PYTHIAS is the CUETP8M1 tune [87]. PYTHIAS also provide the
SLHA interface allowing communication with other programs.

¢ MadGraph5__aMC@NLO

MADGRAPHS is the most popular event generator in the CMS experiment. It
can calculate the matrix elements from tree-level to any given order in perturbation
theory. At the same time, generator level cuts can be introduced to constrain the phase
space needed by the experimental analysis. Differently from PYTHIAS, the additional
parton radiation in ISR and FSR is also calculated on matrix element level. A minimum
pr threshold is set to prevent divergent soft-gluon radiation. The event topology has
better modeling in MADGRAPHS, however, the cross section always shows a strong scale
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dependence. Usually, the cross section from SM processes is normalized to the higher-
order prediction from the MCFM generator. Parton showering and hadronization are
not included in MADGRAPHS and one needs to interface it with PYTHIAS.

AMCQ@NLO is served as additional package with MADGRAPH5 to combine the
NLO matrix element with the parton shower. It gives a more accurate description
with reduced uncertainties. The drawback is that there are certain amounts of events
with negative weights because of the subtraction for double counting. The MADSPIN
package can be used to interface AMCQNLO to model the decay products of
resonances and preserve the spin correlation information.

e PowHegV2

The Positive Weight Hardest Emission Generation Version 2 (POWHEGV2) can
calculate hard scattering at NLO, optimized for heavy quark production. It is used to
solve the problem of events generated with negative weight by AMC@NLO. The basic
idea in POWHEGV?2 is to generate the hardest radiation first, and then feed the event to
any shower generator for subsequent softer radiation. It uses the multiplicative scheme
to match parton shower with matrix element and only have one additional radiation is
allowed. Thus it results in nearly only positive weights.

e TAUOLA

TAUOLA is a package designed for the simulation of 7 lepton decay. It is in-
terfaced to PYTHIA8 and takes spin information and QED corrections into account.

6.1.8 Detector simulation

After modeling the different stages of an event depicted as in figure the interactions of
the stable particles with the CMS detector are simulated in a subsequent step. The detector
simulation results in the transition from generator level to detector level. A toolkit called
GEometry ANd Tracking version 4(GEANT4) [94] is used to perform the full simulation of the
interaction of particles with the detector materials, the effects of the magnetic field on the
detector response, the conditions of the real detector operation, performance of the electronic
readout and non-operating subsystems. Finally, the trigger emulation is added and the output
has the same format as the CMS data acquisition quality system, allowing direct comparison
between the simulated events and real collision events.

6.2 Object Reconstruction

Physics analyses make use of the identification of particles from hadron collisions. The
particles travel through the subdetectors of CMS and leave typical signatures. From these
signatures, particle-flow candidates are reconstructed using the particle-flow algorithm. Fur-
ther high level physics objects, such as electrons, muons, jets or hadronically decaying taus,
are reconstructed based on top of particle-flow candidates.
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6.2.1 Particle-flow Algorithm

The idea behind the particle-flow (PF) algorithm is to combine the information
collected from the different CMS subdetectors in the most efficient way to define the four
momentum and the particle types involved in each event. This algorithm is an improved
version of energy flow algorithm , which was initially used at the ALEPH experiment at
LEP.

The algorithm is divided in four major steps. The procedure starts with the reconstruction
of charged particle tracks from the set of hits observed in the inner tracker by using an iterative
tracking approach based on a Kalman filter [97]. The approach sets a very tight cuts at the
beginning and then loosen the cuts in further iterations. In the end, a high efficiency is
obtained and the misidentification rate remains on a low level.

The second step involves clustering the energy deposits in the ECAL and HCAL. This
method starts with the calorimeter cells with an energy above a threshold acted as seeds.
Topological clusters are being merged from adjacent cells also with a minimum energy thresh-
old.

The third step is taking the linking between tracks and clusters of energy in the ECAL and
HCAL into account. A linking algorithm is being processed to fully reconstruct the particle
candidates while rejecting possible double counting of the signatures in different subdetectors.
A schematic view of the linking algorithm is shown in figure An energetic 7~ is identified
by linking a short track (77) and a large energy deposits from the ECAL and HCAL (E; and
H;). Two photons from a 7y decay are reconstructed with absence of tracks and two nearby
ECAL clusters (F2 and E3) linked with a HCAL deposits (Hz). In total, most of the neutral
and charged hadrons and photons PF candidates are reconstructed by linking algorithm.

In the final fourth step, muon PF candidates are built from previously reconstructed
muons. After that, electron candidates come next, along with the possible bremsstrahlung
photons associated to them. The energy cluster of electron are then removed from the
set of total clusters. The remaining unassociated ECAL clusters are identified as photons.
Figure shows an isolated ECAL cluster FEy, signature of the decay products of Kg (Kg —
37y — photons). The remaining tracks ending in the calorimeters are assumed to be charged
hadrons. Again, figure shows that a 7 is identified from its reconstructed track T5
with the absence of ECAL and HCAL energy deposits. Finally, unassociated HCAL energy
clusters are assumed to be neutral hadrons.

To summarize, muon, electron, photon, neutral and charged hadron PF candidates are
built by th PF algorithm as shown in

6.2.2 Primary vertex

The primary vertex is defined as the position in space where the hard scattering of the
most energetic partons happen. It is of high interest in an event. However, at the LHC, due to
the large number of protons per bunch, the interested hard interaction point is surrounded by
trivial multiple interactions, referred to as pile-up (PU). In other words, we must distinguish
the primary vertex point from pile-up interactions. The number of pile-up interactions, shown
in Figure was on average 23 during the 2016 running conditions.

The primary vertex reconstruction can be divided into two stages. First, the deter-
ministic annealing algorithm [100] is used to cluster a set of selected tracks to primary vertex
candidates, where each candidate should be separated by a minimum distance from its closest
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Figure 6.3: A graphical view of an event with five particles in the 7-¢ plane. Left: View on
the ECAL surface. Right: View on the HCAL surface. Tracks (in green), energy deposits
(in red) and cells (in grey block) are shown. From .
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Figure 6.5: The mean number of interactions per bunch crossing in 2016 .

neighbor. In the second stage, a weighted least square method adaptive vertex fitting
is used to provide robust fit of the vertex position. Quality cuts are applied after the fit to
make sure the vertices are close to the detector center and beam spot, and there must be
more than four degrees of freedom in the vertex fit. Finally, the primary vertex is assumed
to be the vertex with the largest value of the p% sum of tracks.

6.2.3 Electrons

The signature of an electron in CMS consists of track in the tracker and energy clusters in
the ECAL. Due to the relative small mass, electrons suffer from large changes in the direction
and losses of energy when scattering against detector materials and radiating bremsstrahlung
photons. In particular, 35% of electrons with energy of 10 GeV lose more than 70% of
their energy because of bremsstrahlung, and in 10% of the cases the loss reaches more than
95%. In order to have a correct reconstruction of electrons, one has to combine the energy
clusters of the electron with the energy clusters of the bremsstrahlung photons in the ECAL.
Furthermore, the energy clusters in the ECAL are required to be matched with the electron
track in the tracker .

Two different algorithms, the hybrid algorithm in the barrel, and the multi-5 x 5 algorithm
in the endcaps, are used to cluster the energy in the ECAL, exploiting different advantages
from different subdetector geometries. The hybrid algorithm makes use of the geometry
of the ECAL barrel and properties of the shower shape, collecting the energy in a smaller
window in 1 and larger window in ¢. It starts from seed crystals with an energy threshold
of 1 GeV. Arrays of 5 x 1 crystals around the seed with an energy threshold of 0.1 GeV are
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added to the seed to form a crystal array in the n X ¢ plane. A supercluster is then built
from the arrays with the seed array with energy of at least 0.35 GeV. In the endcaps, the
multi-5 x 5 algorithm starts from seed crystals with an energy threshold of 0.18 GeV. Around
these seeds and beginning with the crystal with the largest energy, the energy is collected in
a cluster of 5 x 5 crystals. These clusters then form a supercluster not larger than 0.3 in the
¢-direction and 0.07 in the n-direction. The energy-weighted position of the supercluster are
then extrapolated to the planes of the preshower to find the energy deposit in the preshower
detector. This energy is further added to the supercluster.

The electron track can be reconstructed by using the Kalman filter method as any charged
particle track. However, due to the large energy loss of electron in the tracker detector, a
Gaussian Sum Filter (GSF) algorithm [102] is developed to identify the electron track. The
electron track reconstruction has two stages: seeding and tracking. The seeding step is using
a two-way approach: seeding from the energy cluster in the ECAL and seeding from hits
in the tracker. The ECAL-based seeds start from the supercluster and then extrapolate the
trajectory to the first layer of the tracker. The tracker-based seeding starts from the hits
in the tracker using Kalman filter method and then matches the tracks to the superclusters
in the ECAL. The electron seeds built using ECAL-based and tracker-based method are
combined. The tracking step make use of the electron seeds. The track building is based
on the Kalman filter method. The energy loss of electron caused by the bremsstrahlung
in the tracker is not following a Gaussian distribution assumed by the Kalman filter but a
Bethe-Heitler distribution, which has a larger tails. A GSF fitting is performed to estimate
the track parameters.

An association between ECAL supercluster and electron GSF track is performed. In order
to resolve ambiguity, further matching between the electron reconstructed using Kalman filter
method and GSF electron is required.

To separate electrons from hadrons that mimic the electron signatures, a MVA approach
based on the BDT method, as described in section is used. There is no single variable
that can separate real electrons from fake electrons. A group of variables are used to build
a single MVA classifier. They can be classified into three different sources: the observables
that measure the association between ECAL clusters and tracks, such as:

o Anout, the distance in 1 between the super cluster and the track at the ECAL surface;

o Any and Ady,, the distances in 7 and ¢ between the ECAL supercluster and the
associated track at the position of the primary vertex;

the observables related to the track reconstruction only, such as:

e The number of valid hits in the track fit, the x? of the Kalman filter fit and the y? of
the GSF fit;

e The number of GSF track hits, the number of expected missing inner hits and the result
of the conversion vertex fit;

and the observables related to the ECAL information only, such as:

e The cluster shape variables o, and 0;4;4. The two variables are defined:

Yiesxswi(n — (M)5x5)? Yiesxswi(n — (9)5x5)?
- d g 6.4
Timin \/ Yiesx5W; ane Tieig Yiesx5W; (64
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where the (n)s5x5 and (¢)s5x5 are the barycenter in n and ¢ of the supercluster in the
5 x 5 array, ¢ is the index referred to the crystals of array and the weights w; is defined
as w; = max(0,4.7 4+ In E5E;5);

e The "R9" variable which is defined as R9 = FEsx3/FEsc, where Esy3 is the energy
collected in a 3 x 3 crystal arrays, centered on the most energetic crystal, and Fgc is
the energy of the supercluster;

e The ratio of the HCAL energy deposits laying behind the ECAL cluster to the ECAL
supercluster energy;

e The ratio of the ECAL supercluster energy to the momentum of track associated with
the electron;

e The variable exploiting the loss of the electron energy loss, defined as 1/Esc — 1/ Pgsr,
where Pggp is the momentum of the electron track.

One can define the electron relative isolation variable to further separate prompt electrons
from electrons produced in jets. The isolation is based on photon, neutral and charged hadron
particle flow candidates within a cone size AR < 0.3 of the electron direction. It is defined
as:

1
Zcharged PT + max (07 Zneutral br — 3 ZCharged,PU pT)

pr
In the expression, } pargeq P 1S the scalar sum of the transverse momenta of the charged

I= (6.5)

particles originating from the primary vertex. The sum 1 pr is a similar quantity for

neutra.
neutral particles. The last term in the numerator is the 3 corrections used to subtract pileup
contamination. The neutral contributions from pileup vertices are estimated as a half of the

pr sum of charged particles from pileup vertices inside the isolation cone.

6.2.4 Muons

Muons are much heavier than electrons. Therefore, the energy loss is far smaller than
electrons. At the energy relevant to CMS, muons are minimum ionizing particles and can
travel through the whole detector. The muon deposits a relatively small amount of energy,
approximately 2 GeV , in the calorimeters.

The muon reconstruction is performed before running the PF algorithm. Muons can be
reconstructed in two ways . In the inside-out approach, reconstruction starts from a
track in the tracker. When its trajectory is extended to the outer muon systems, a matching
track is found there. In the outside-in approach, it can be reconstructed starting from a
track in the muon system and then propagate its trajectory to the inner tracker to locate a
matching track. Three types of muon candidates can be reconstructed:

e Standalone muons are built using the ionizing signal information from muon systems
only, namely DT, CSC and RPC, independently from inner tracker. In a DT cell, hit
reconstruction specifies the transverse distance between the wire and the intersection
of the muon trajectory with the plane containing the wires in the layer. In a CSC
layer, the hit reconstruction measures the position of the traversing muon by combining
information from the cathode strips and anode wires. In an RPC, the hit reconstruction
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requires clustering of hit strips. Segment can be built from hits in CSC or DT because
they are multi-layer subdetector. A standalone muon is reconstructed using a Kalman
filter method to gather all information from DT, CSC and RPC. The method starts
from the seeding of segments in CSC or DT. Standalone muons can be used in detector
studies and served as ingredient to reconstruct global muons.

e Tracker muons are built using inside-out approach. The tracker track propagates to
the muon system with loose matching to CSC or DT segment. The matching should
fulfill one of the following requirements: the absolute value of the difference between
their positions in the x coordinate is smaller than 3 cm, or the ratio of this distance to
its uncertainty is smaller than 4. The tracker muons have good purity, good momentum
resolution and are efficient for low pr muons.

e Global muons are built using outside-in approach. The standalone muon is matched
to a tracker track. The matching is done by comparing the parameters of the two tracks
propagated onto a common surface. The Kalman filter method is used with information
from the tracker track and standalone muon. The global muon reconstruction is efficient
for muons leaving hits in several muon chambers and good momentum resolution for
muons with ppr > 200 GeV.

One can define different muon identification criteria to be used in physics analyses allowing
them to tune the balance between purity and efficiency. Differently from the electron iden-
tification, the muon identification is cut-based, ie. having cuts on various related variables.
The main types of identification include:

e Loose working point, defined as a muon selected by PF algorithms, and to be either
a global or a tracker muon, aiming to identify prompt muons and muons from decays
(such as from the 7 lepton) while keeping the misidentification rate low.

e Medium working point, is the one used in the analyses presented in later chapters.
A medium muon should be a loose muon. If the muon is a tracker muon, the muon
segment compatibility probability has to be larger than 0.451. If the muon is both
reconstructed as tracker muon and global muon, the segment compatibility has to be
greater than 0.303, but the normalized y? per degree of freedom of their global fit is
less than 3, the position match between the tracker muon and standalone muon must
satisfy x? < 12, and the x? of the kink finding algorithm, which was designed to drop
muons from decays in flight, should be less than 20.

e Tight working point, having the following requirements: the muon should be a loose
muon having six hits in the tracking and at least one hit from pixel detector. The muon
should be both a global muon and a tracker muon. Segments matching should be found
in two stations for tracker muon. The x? of the global muon fit is required to be less
than 10 and have at least one hit from the muon system. The impact parameters of
the muon should satisfy |dyxy| < 0.2 ¢cm and |d,| < 0.5 cm.

The relative isolation for muons to further suppress misidentification rate is defined exactly
in the same way as for the electrons in equation [6.5
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6.2.5 Jets

Jets are bundles of collimated hadrons, and are experimental signatures of energetic
quarks and gluons produced in high energy collisions. Different jet types can be recon-
structed using subdetector information and their combination . In simulated samples,
generator level particles can be clustered to form generated jets ("GEN jets"). For recon-
structed objects, "Calo jets" make use of calorimeter information only. "Track jets" use the
information from inner tracker. "Jet-plus-track jets" are formed by combining "Calo jets" and
"Track jets". Finally, the jets with best performance in CMS, "PF jets" are clustered on the
PF candidates. The most important jet parameter is the jet energy. Phase space dependent
jet energy corrections are further required to be applied after reconstruction to take into
account of different effects, such as underlying event and pileup.

The type of jets used in analyses presented in this thesis, is the PF jet. The anti-kp
algorithm implemented by FASTJET package is a sequential clustering trying to
combine nearby PF candidate pairs. The goal of this algorithm is to be both infrared-safe
and collinear-safe, meaning the reconstruction result should not be different when trying to
add another new soft radiated parton or a new splitting of a close-by parton. The algorithm
starts the seeding from the most energetic PF candidates, searching all the PF candidates
within the cone size AR < 0.4 to calculate the following distance variables:

iy = min( -, Ly AT (6.6)
ij = min , ; .
’ p%i psz R?
1
dip = ——. 6.7
p?m (6.7)

In the above equations, d;; is the distance between the PF candidates i and j, d;p is the

distance between the i PF candidate and the beam axis, AR?; = \/(yz —y)% + (¢i — ¢5)?
where y is the rapidity, ¢ is the azimuthal angle, pr is the transverse momentum and R is the

cone size of 0.4. The algorithm then starts combining the PF candidate with the smallest d;;
or d;p variable. The energy and position of the combined product will be recalculated. The
process repeats until the smallest is the d;p variable. The combined product i is assumed
to be a final state jet and is removed from the list. The algorithm starts the next iteration
until all PF candidates are clustered into jets. An example of jet clustering is illustrated in
Figure

Jet energy correction is following the jet reconstruction [104] step. The goal of this cor-
rection is to have reconstructed jet energy matching to the energy of the generated jet. The
correction is factorized in several stages as shown in figure[6.7] The correction use the recon-
structed jet collection as input. In the first stage, denoted as the pileup offset corrections,
charged particles not from the primary vertex are removed. This method, referred to as
charged hadron subtraction (CHS), can significantly reduce the effect of pileup. The pileup
offset corrections are determined both before and after CHS, with parameterization as a func-
tion of offset energy density p, jet area A and jet pseudorapidity n and pp. Corrections for
residual differences between data and simulation as a function of n are determined using the
random cone method in zero-bias events. The jet energy from PU and electronic noise are
then removed. The second stage corrects the response as a function of 7 and pr using cor-
rection determined from simulation studies. The third and fourth stages correct the residual
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anti-k, R=1 |

Figure 6.6: A schematic view of how anti-kp algorithm perform jet clustering . Each
color region corresponds to a reconstructed jet.

differences as a function of n and pr to the data response using correction determined from
Z/v*+jets events. The final stage corrects the response for different jet flavors.

Pileup Residuals(n)  Residuals(pr)  Flavor
MC + RC dijets v/Z+jet, MJB Mc  Calibrated

- -

Applied to simulation ———

Figure 6.7: Jet energy correction procedure. Stages marked with MC are derived from
simulation studies, RC means for random cone, and MJB stands for the analysis of multijet
events. From [104].

6.2.6 B-tagging

B quark jets, as a results of the b quark hadronization, can be distinguished from the
jets originating from gluons and light quarks (u, d, s) and ¢ quark because b quark have a
relatively large mass, long lifetime (about 107! s) and high momentum decay products. The
longer lifetime results in a secondary vertex presented in a event. The high momentum decay
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products lead to wider jets compared to the jets from light quarks and gluon. B-tagging
algorithms can be built according to these two signatures.

The combined secondary vertex version 2 (CSVv2) algorithm [107] is used in the analyses
of this thesis. It starts from reconstructing a secondary vertex and a "pseudo vertex". The
reconstruction of the second vertex uses the input of displaced tracks.The following quality
requirements of tracks should be fulfilled: the pp of the track should be above 1 GeV and the
x?%/dof of the Kalman filter fit should be less than 5, the track should have at least 8 hits,
where two of them should be from the pixel detector. The most discriminating variable is the
impact parameter of the track defined as the distance from the track to the primary vertex
at the point of closest approach. Further prevent the contamination from decays from long
lifetime particles (such as K meson) and pileup, the tracks should also be displaced from the
primary vertex: the absolute transverse impact parameter of the track should be less than 0.2
cm and the longitudinal impact parameter should be less than 17 cm. All the tracks should
stays in a cone of jets with a size of AR < 0.3.

The next goal is to reconstruct secondary vertices. In CSVv2, the inclusive vertex finder
(IVF) is used. It starts from clustering tracks. The track with the largest impact parameter
will be served as seed. By using variables of distance and angle between tracks, secondary
vertex candidates are formed. An adaptive vertex fitting is then performed on these
candidates. After that, if multiple candidates share a large fraction of tracks, these candidates
will be merged together. The next step is to balance the primary vertex and secondary vertices
by performing continuously vertex fitting and merging to make sure the tracks are correctly
associated to. A secondary vertex should be a vertex sharing less than 65% of the tracks with
the primary vertex and separated from the primary vertex with a significance greater than
30. After the reconstruction of secondary vertex, the relevant variables from the secondary
vertex and tracks will be used as inputs to a neural network classifier. If no secondary
vertex is found, the IVF algorithm will reconstruct the so-called "pseudo vertex", from tracks
with a significance of the impact parameter greater than 2. The "pseudo vertex" allows us
to calculate variables that will be input to neural network as if it is a secondary vertex but
without using the vertex fit. If no "pseudo vertex" is found, lifetime variables of tracks will be
used as inputs. By setting threshold on the MVA output discriminator, a b-tagging working
point can be easily defined.

6.2.7 Missing transverse energy E(T

Neutrinos and other BSM hypothetical neutral weakly interacting particles can not decay
nor interact within any subdetector of CMS. If such particles are produced in collision, a
momentum imbalance in the transverse plane to the beam axis can be detected.

The reconstruction miss}ng transverse energy h_gavﬂ relies on other physics objects. The
most widely used type of E7 in CMS is the PF K7 , which is defined as the negative
vectorial sum of the transverse momentum of all the PF candidates. The jet energy correction
is also propagated to the calculation of Ep:

Er = YorC - Y bry (6.8)

i€jets j€others
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7.1 The 7 Lepton Properties

The 7 lepton is a third generation charged lepton, with a lifetime of 2.9 x 1073 second
and a mass of m, = 1776.86 + 0.12 MeV . It is the only lepton sufficiently heavy to
decay hadronically into hadrons and a neutrino. Approximately one third of the time, 7
leptons decay leptonically into an electron or a muon, and two neutrinos. The neutrinos are
undetectable so they are reconstructed as missing transverse energy, but the electrons and
muons are reconstructed and identified by using the common techniques available for such
lepton [102][103]. All the remaining decay final states of 7 leptons consist of hadrons, typically
with a combination of charged and neutral mesons, and a v,. The hadronically decaying 7 is
denoted as 7,. To be more specific, 11.5% of the time, 7 leptons decay to a charged hadron
h~ and a v,, denoted as h* decay mode. In 25.9% of the time, they decay to a h~, a 7
and a v;, denoted as h¥n® decay mode, via the resonance of p(770) meson. In 9.5% and
9.8%, via the resonance of a;(1260) meson, the 7 leptons decay to a h~, two 7°, and a v,
denoted as AT 7070 decay mode, and to two h~, a ht and a v,, denoted as h*hTh* decay
mode, respectively. In 4.8%, the 7 leptons decay to two h~, a h™, a 7 and a v,, denoted as
h*hTh*70 decay mode. The decays branching ratios are also valid for the charge-conjugate
processes. To summarize, the final states of 7 lepton decay is shown in table

7.2 Reconstruction and Identification of 7,

The 7y, is reconstructed using the Hadron-Plus-Strip (HPS) algorithm [110]. From neutral
hadrons, charged hadrons, electron and photon PF candidates, the HPS algorithm checks
whether the combined topology is compatible with one of the hadronic decay modes. If it
matches to a specific signatures of a 75, decay mode, the 7, candidate with the corresponding
decay mode is reconstructed. The 75, reconstruction suffers from the contamination from
quark or gluons jets, electrons and muons. 73 is required to be isolated, by cutting on the
isolation variable, to reject quark or gluons jets that might have been misidentified as 7.
Discriminators built by cut-based or MVA-based method can be further implemented to
reject electron and muon faking 7y,.

7.2.1 The hadron-plus-strip algorithm

The HPS algorithm starts from seeding the PF anti-kr jets with a cone size of AR =
0.4. Within the jets, the algorithm searches for charged hadrons, electrons and photons PF
candidates. Since many decay modes of 75, involve ¥, the next step of the algorithm is to
reconstruct 7° candidates from grouping electron and photon PF candidates within a certain
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Decay mode Resonance B (%)
Leptonic decays 35.2

T — e Uelr 17.8

T = W Uyl 174
Hadronic decays 64.8

T = hTur 11.5

7~ = h 7, p(770) 25.9

7= = h 7079, a1(1260) 9.5

T~ = h hth v, a1(1260) 9.8

7~ = h~hth 7%, 4.8

Other 3.3

Table 7.1: Decays of the 7 leptons and their branching ratios (B). For simplicity, only 7~
decays are shown. The values are also valid for the charge-conjugate processes.

region of An x A¢, with the resulting object referred to as a "strip". The size of the strip
has a fixed value of 0.05 x 0.20 in the (7, ¢) plane in the previous run 1 version of the HPS
algorithm. In run 2, the strip reconstruction was improved due to number of reasons:

e Photons from 7° decays can convert into ete™ pairs. When the remaining electrons
and photons reach ECAL after multiple scattering and bremsstrahlung, they can spread
wider in the ECAL thus end up outside a fixed strip.

e The 7 from 73, decays can produce secondary particles from scattering with the tracker
material. This leads to low-pr electrons and photons falling outside the fixed strip.

e For high py prompt 73, the decay products tend to be Lorentz boosted along the flying
direction. A smaller strip size can reduce the background contamination from quark or
gluon jets.

Based on these motivations, a dynamic strip reconstruction for HPS algorithm has been
developed in run 2: the highest pr electron or photon e/ not included in any strip is used
to seed a new strip, and the strip position is set to its position. The pr of the second highest

e/~ within
An=FT) + FOR™) 1)
Ap =g ") + 9(pF™)
of the strip position is grouped into the strip. The functions f and g are
f(pr) = 0.20 x p*°
o1 (7.2)

g(pr) = 0.35 x pp "7,

derived from simulation of single T lepton gun events, such that the strip contains 95% of
electrons and photons which are from the 73, decays. Figure shows that the 95% envelope
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of points in each bin is fitted by using the analytic fitting form a/(pr)®. The upper limits on
strip size are set to 0.3 in A¢ and 0.15 in An. The lower limits are set to 0.05 for both A¢
and An. The strip position is recomputed using the ppr weighted average of PF electrons of
photons in the strip:

1
Nstrip = W ZPET/V%/W
1T s (7.3)
¢strip = pstrip ZPT ¢e/'y-
T

The reconstruction of the strip will end if there is no other e/y PF candidates within the
An x A¢p window. Next seed will be selected and the procedure is repeated until all the strips
are formed and no more e/y PF candidates are left.

CMS simulation CMS simulation
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~
@ —fp,) T & 04 —oalp,) ©
oS 025 30 5 T 2
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0.2 o E‘ >
- < O o3 80 @
C 200 ©  F “—
— ~—" o
0.15 — o & 025 N
B 5 < 60 O
C 150 o 0.2 'g
0158 g 0.15 w 3
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- 0.1
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Figure 7.1: Distance in 7 (left) and in ¢ (right) between the 7, and e/y PF candidates from
71, decay as a function of the pr of the e/~ PF candidates. The curves (red lines), representing
the function f and ¢ given in equation are fitted for 95% envelope points \|

The next step is to reconstruct the relevant decay modes for 7,. There are four topologies,
based on the information of how many charged hadrons and strips are found and whether
the reconstructed 75, mass matches masses of the the 7%, p(770) or a1(1260) resonance:

e One prong h*: The reconstructed visible mass m., is the mass of the reconstructed
PF charged hadron. It should be set to the mass of a charged pion.

e One prong plus one strip h*7%: The charged hadron PF candidates and the strip
together should have a reconstructed visible mass falling into the window of

0.3 GeV — Am,, < mg, < 1.3 GeVy/p7:/(100GeV) + Am, . (7.4)

The mass window is enlarged to consider the resolution for high py 71, candidates. The
upper limit is fixed to lie between 1.3 and 4.2 GeV.
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e One prong plus two strips h*7%7%: The reconstructed mass is formed by adding
the mass of charged hadron and two strips together. It should fall into the window of

0.4 GeV — Am,, < mg, < 1.2 GeVy/pf:/(100GeV) + Am, (7.5)

with the upper limit constrained to lie between 1.2 and 4.0 GeV.

e Three prongs hTh*hT: Three charged hadrons are required to be present. The mass
should be in the range 0.8 < m,, < 1.5 GeV. This topology reconstructs two decay
modes, 7~ — h~"hth~ v, and 7~ — h=hth~70u;.

The variable Am., is the change in the mass of the 7;, candidates due to the additional
number of e/y PF candidates from size changes using the dynamic strip reconstruction. The
exact calculation is:

2 2
om - om -
Am _ Th strip + Th strip 76
™ J (émsmpf (p7 ") Y %tripg(pT )| (7.6)
with .
amrh _ Pi anTh - Estripp;h and (7 7)
a77strip mq,
Omy, _ — (P — Py )R + (P — PP )py P (7.8
6(lsstrip me, ’
where ﬁT}L = (ET;va;hvp;hvp;h) and ﬁstrip = (Estrip7 :SEtrip’p?thrip’ 2trip) are the four-momentum

of the 75, candidate and of the strip.

Figure shows an illustration of the 75, decay mode reconstruction process. The recon-
structed 73, visible mass should be compatible with the decay modes. Figure shows the
successful reconstructed 7, by comparing data and simulation. The left spike corresponding
to the mass of the 7*. The resonances of p(770) and a;(1260) are also shown. The good
agreement between data and simulation proves the good performance of the decay mode
reconstruction.

Hadron + Strip Three Hadrons
single !
Hadron !
.I.
n p* > it a, 2w
aleninono a19n+n‘n+

Figure 7.2: The decay mode reconstruction of HPS algorithm. It is capable to reconstruct
ht (left), h* 7% (middle), h*7'7% and hTh*hT (right) decay modes of 7,.
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10° 1,1, 2016,36.8fb"' (13 TeV)
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Figure 7.3: 7, visible mass distribution in 7, events \\

7.2.2 Discrimination between 7, and jets

Hadronically decaying taus 7, are more collimated and isolated than the quark and gluon
jets. Isolation requirement can provide handle to reject such jets faking 7,,. Two versions
of isolation are developed: cut-based AS corrected combined isolation discriminator and
MVA-based isolation discriminator.

Cut-based isolation sum discriminator

The cut-based AS corrected isolation sum discriminator is computed by scale pp sums of
the charged particles and photons reconstructed using the PF algorithm with a cone centered
around the 75, with a size AR = 0.5. The charged particle and photons should have py > 0.5
GeV. The charged particles should come from the 7, production vertex, thus fulfilling the
requirement of being d, < 0.2 cm along the beamline. The isolation is defined as the following:

I, = pg?arged(dz < 0.2 cm) + max(0, Zp% — ApB), (7.9)

where the Af is the correction term for subtracting the contribution of pileup from the
photon isolation. It is computed by summing up the ppr of the charged particles within a
cone size of AR < 0.8 around the 73, direction and the particles should not be too far from
the 73, production vertex by requiring d, < 0.2 cm. The AS is defined as follows:

AB=020x Y pP*e4(dy < 0.2 cm), (7.10)

where the factor of 0.20 is obtained from fitting Y- p-- as a function of > pgrharged(dz < 0.2 cm).

In the dynamic strip reconstruction, a photon candidate outside the signal cone can still
contribute to the 7, reconstruction. This increases the quark or gluon jet — 75, misidentifi-
cation rates because of the decrease in the value of I, for misidentified 7,. An additional
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handle can be provided to reject quark or gluon jets by exploiting the scalar ppr sum of e/~
candidates included in strips, but outside the signal cone, defined as:

e onter — §7 Y AR > Ryg). (7.11)
where R is the signal cone. Requiring p%frip’ oW < 0.1 x pi can reduce 20% of jet — 7,
misidentification rate.

The loose, medium and tight working points of cut-based isolation are obtained by having
the I, less than 2.5, 1.5 and 0.8 GeV, respectively. Figure shows the misidentification
rate as a function of 73, identification efficiency. The one with dynamic strip reconstruction,
AS optimized to 0.2 and pfﬁrip’ outer out applied has the best performance.
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Figure 7.4: The expected misidentification probabilities as a function of the 75, identification
efficiencies, estimated using simulated H — 77 (left) and Z’ (2 TeV) — 77 (right), and QCD
multijet events. In each plot, from left to right, the three points on each curve represents
tight, medium and loose working points for the cut-based isolation sum discriminator [110].

MVA-based isolation discriminator

The MVA-based isolation discriminator is built by using BDT method. The BDT is
trained with samples containing genuine 7 decays and quark-gluon jets. The input variables
have four sources: isolation-like variables, decay mode, 73, lifetime variables and variables
related to dynamic strip reconstruction. The input variables are:

e The scalar pr sum of charged particles pﬁ}h arged and of photons 3 2

e The reconstructed tau decay mode.

e The transverse impact parameter d;, of the leading track of the 75, candidate and its
value divided by its uncertainty.

e The distance between the 7 production and decay vertices and the value divided by its
uncertainty.
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e Signed transverse impact parameter (IP) of the leading track and signed 3D impact
parameter of leading track.

e The 7 flight distance for three prong decay.

e The 2 value of the fit for the leading track.

e The multiplicity of photons.

e The fraction of electromagnetic energy in the signal cone.

e The pr weighted An and A¢ of photons in the strips outside of the signal cone, pr
weighted AR of photons in signal cone, and pr weighted AR of photons in the isolation
annulus.

The BDT discriminator is trained with samples generated according to LHC run-II sce-
nario, including Z/vy* — 77, Higgs with a mass of 125 GeV decaying to 77 (including gluon-
fusion, vector boson fusion, and productions associated with vector bosons and tt), SUSY
Higgs decaying to 77 (including gluon-fusion and production associated with bb), Z' — 77
and W’ — Tv as signal events, and W+jets, QCD multijet and ¢t productions as background
events. The events cover a large pr range from 20 GeV to 2000 GeV. Figure shows the
BDT output score after training. It shows a good discriminating power between 75, and quark
or gluon jets. The six working points available are very loose, loose, medium, tight, very tight
and very very tight working points. The working points are defined based on cuts on the BDT
output scores. The cut on the BDT output is applied as a function of the pp of 7, to get flat
efficiency up to higher py. The six working points correspond to 40% to 90% efficiency with
incremental steps of 10%, respectively. Figure shows the comparisons between cut-based
isolation sum discriminator and MVA-based isolation discriminators with different training
samples. The MVA-based isolation discriminator has better expected performance than the
cut-based. The points of MVA-based discriminator between 2015 and 2016 trainings are
shifted but still lying in the same curve. This proves that the performance the MVA-based
discriminators is stable.

7.2.3 Discrimination against electron

An electron can also be misidentified as 75, mainly in h* and h*7° decay modes. The
tracks from electrons can mimic the 7% from 75, decay, while the bremsstrahlung photons
can be misidentified as 7¥ strips. There is no a single variables that can differentiate 73, from
electrons. Thus, BDT method is used to build a MVA-based discriminator against electron.

The chosen input variables can be grouped into four sources: the variables that quantify
the distribution in energy depositions in the ECAL, variables sensitive to the amount of
bremsstrahlung emitted, the variables to distinguish electromagnetic from hadronic shower
and photon related variables. To be more specific, they are:

e The ratio of energy deposits associated to the 75, in the ECAL to the sum of energy in
the ECAL and HCAL, EECAL/(EECAL + EHCAL)-

e The ratios of ECAL and HCAL energies relative to the momentum of the leading
charged particle track of 7, Egcar/p and Excar/p-
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Figure 7.5: The distribution of the BDT output for the MVA-based 7, isolation discriminator.
The blue indicates Z/y+ — 77 MC events and red MC W-jets events [110].
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o The pr weighted root-mean-square distances in 1 and ¢ between the photons in any

strip and the leading track, /> (An)2pr and /> (A¢)%p.

e The fraction of 73, energy carried by photons, Y E,/E;.

e The fraction of bremsstrahlung, defined by Firem = (Pin — Pout)/Pin, Where pi, and pout
is the momentum of the leading track, reconstructed by the GSF algorithm, at the
innermost and outermost position of the tracker.

e The ratio between the total ECAL energy and the inner track momentum, (F. +
> E,)/pin, where E, is the energies of the electron cluster and )7 E, represents the
energies of the bremsstrahlung photons cluster.

e The ratio of energies of the bremsstrahlung photons measured in the ECAL and in the
tracker, 3 E/(Pin — Pout)-

e The reconstructed visible mass of 7y,

o (NGSF — NKEY /(NGSF 4 NEF) where NGSF and NXE are the number of hits associated
to the track reconstructed using, respectively, the GSF and Kalman filter (KF) track
reconstruction algorithms.

e The x? divided by the degree of freedom of the GSF track.

The BDT discriminator is trained with samples generated according to LHC run-II sce-
nario, including Z/y*x — 77, W — v, Z' — 77 and W' — 7v, Higgs with a mass of 125
GeV decaying to 77 (including gluon-fusion, vector boson fusion, and productions associated
with vector bosons and tt) and SUSY Higgs decaying to 77 (including gluon-fusion and pro-
duction associated with bb) as signals, and Z/y* — ee, W — ev, Z' — ec and W' — ev
as backgrounds. Different working points are defined on the BDT output, according to the
efficiency for real 7, to pass the discriminator. In total, five working points are available:
very loose, loose, medium, tight and very tight. Figure shows the expected 73, efficiencies
as a function of transverse momentum of 7y, p7*, and expected e — 73, misidentification rates

as a function of generated electron p%.

7.2.4 Discrimination against muon

Muons have a high probability to be misidentified as 75, in the AT decay mode. A cut-
based discriminator is used to reject muons faking 7, by vetoing 7, in case muon signals are
found in the muon system subdetector near the 73, direction. Two working points are built
according to the following cuts, corresponding to different efficiencies that the 7, pass the
discriminator:

e anti-u loose: 7, fails the discriminator if track segments are found in at least two
muon stations within a cone of size AR = 0.3 around the 7, flying direction or in case
the energy in ECAL plus in HCAL to the leading charged hadron of the 7, amounts to
less than 0.2 times the momentum of the leading charged hadron.

e anti-u tight: 75, fails the discriminator in case it fails the anti-u loose discriminator
and if a hit is present in the CSC, DT or RPC chambers located in the two outermost
muon stations within a cone size AR = 0.3 around the 7, flying direction.
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Figure 7.7: The expected efficiency of 73, as a function of pr of 7, via simulated Z/~v* — 77
events (left), and the e — 7, misidentification rate as a function of generated electron pp via
simulated Z/v* — ee (right) events for the five working points of MVA-based anti-electron
discriminator [110].

7.3 Measurement of the ¢ — 75, Misidentification Rate

In this section, the e — 7, misidentification rate is measured in data via the tag-and-
probe method on Z/v* — ee events. A well-identified and isolated electron is referred to as
the "tag", and a 73, that passed loose preselection criteria corresponds to the "probe". The
events are divided into two categories, "pass" and "fail", depending on whether the 73 probe
passes or fails the anti-electron discriminator.

The number of Z/y* — ee signal events in each category is then extracted from a si-
multaneous maximum likelihood fit of the visible mass m,;s of the tag-probe pair in the two
regions, with uncertainties modeled by nuisance parameters.

7.3.1 Datasets and Monte Carlo samples

The measurement is performed on 35.9 fb~! of data at 25 ns bunch spacing at
center-of-mass energy of 13 TeV collected in 2016 during LHC run 2 by CMS detector. Only
those data certified as good proton-proton collisions are used.

The Monte Carlo samples are used to model the Z/4* — ee events as signal and the
Z/v* — 71, Wjets, tt, single top quark and diboson (WW, WZ and ZZ) as background
processes. The Z/v* — ee, Z/v* — 77 and W+jets events are modeled using LO matrix
element calculations from the MADGRAPHS__AMC@NLO event generator. Diboson events
are estimated using NLO matrix element calculations also from MADGRAPH5__AMC@NLO,
except WW — lv+2jets (¢ = e,pu,7) and ZZ — 4¢ which are modeled using the NLO
matrix element calculation from POWHEGV2. tt and single top quark events are generated
using POWHEGV2 in NLO precision. Samples with different numbers of additional jets for
W-+jets events have been generated in order to increase the sample statistics in regions of
high signal purity. PYTHIAS, with tune CUETP8M]1, is used to model the parton shower,
hadronization processes and underlying events. TAUOLA is implemented to model the 7
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lepton decay. The NNPDF3.0 parton distribution functions [113] are used.

7.3.2 Data-to-Monte Carlo corrections

The pileup reweighting is applied to all simulation samples in order to have similar pileup
distributions between data and simulation. A minimum bias cross section of 69.2 mb is used.
The range of the number of primary vertices used is 0-80. The MC distribution of the number
of primary vertices is reweighted to match the number of pileup interactions in data given
the recommended minimum bias cross section of 69.2 mb.

The events are triggered by the single electron trigger "HLT Ele25 eta2pl_ WPTight_ -
Gsf". Data-to-MC scale factors are derived from an auxiliary study on Z/y* — ee using a
tag-and-probe method selecting a well isolated and identified electron already fired by the
trigger as "tag" and another electron as "probe". A probe is defined as pass if an offline trigger
object is found within a cone of size AR < 0.5 on the probe direction. The efficiency e is
defined as

Pass
Z[v*—ee
€ = Npass + Nfai] ’ (712)
Z[v*—ee Z[v*—ee
where NP5 is the number of signal events in "pass" category and N il is the number

Z[y*—ee Z/v*—ee
of signal events in "fail" category. The numbers of signal events in data are determined from a

double gaussian fit of the simulation to the data, while the background events are determined
from a exponential fit. The observable, used for signal extraction by the fit, is the invariant
mass of the two electrons in the mass window of the Z boson mass, 75 < my; < 105 GeV.
The data-to-MC scale factors are binned in pr and 7 of the electron. Figure (left) shows
an example of the single electron trigger efficiencies both in data and in MC, with the scale
factors indicated in the lower panel.

The electrons are required to pass the MVA-based tight identification trained with 2016
MC samples, with an efficiency of 80%. The electron should be isolated by requiring the
relative isolation of electron I./p% < 0.1. A set of data-to-MC scale factors are dedicated
to correct the difference between data and simulation due to the electron identification and
isolation. The scale factors are derived also from an auxiliary study by using "tag-and-probe"
approach on Z/v* — ee events as the study to obtain trigger scale factors. The tag is defined
as a well identified and isolated reconstructed electron. The probe is a loosely selected
reconstructed electron candidate which will be further used to test if it passes or fails the
identification and isolation requirements. The efficiency is defined previously as equation[7.12]
Figure (right) shows an example of the electron identification and isolation efficiencies
and the corresponding data-to-MC scale factors.

7.3.3 Signals and background modeling

The signal, Z/v* — ee process, with a reconstructed electron matched to a generator
level electron, and a reconstructed 7; matched to a generator level electron, is estimated
from MC simulation. Other Drell-Yan events, corresponding to Z/4* — 77, are taken from
MC simulation as background events. The tt, single top quark and dibison processes are
modeled directly from the MC simulation. All the simulation events are weighted to certain
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Figure 7.8: The "HLT_Ele25_eta2pl_WPTight_Gsf" (left) single electron trigger efficien-
cies and the electron identification and isolation efficiencies (right) for data and for simulation
as a function of reconstructed electron pr. Examples shown are from the ECAL barrel region
In| < 1.48. The data-to-MC scale factors used for the analysis are shown in the lower panel.
The last bin in both plots includes the overflown bin.

values of cross section as the following equation shows:

ox L

w =

p (7.13)

where w is the weight, o is the cross section of a certain process, £ is the integrated luminosity
of the data and n is the total number of events for the MC samples. The cross section values
for each process are listed in Table

W+jets events are modeled using "stitching" technique to increase the statistic. Five MC
samples are generated with different numbers of jets: inclusive, W41 jet, W+2 jets, W43 jets
and W+4jets. The cross sections of these samples are known. The stitching procedure starts
from dividing the inclusive W+jets event into five different subsets based on the number
of generator level jets. The subsets with 1 jet, 2 jets, 3 jets and 4 jets will be combined
with the additional generated W41 jet, W+2 jets, W43 jets and W+4 jets samples and
will be weighted with the corresponding cross section values, respectively. The remaining
subset from inclusive sample with either no jet or larger than 4 jets will be weighted with
the inclusive W+jets cross section value. The new formed five subsets are then summed up
together.

While the shape of the W—+jets background is taken from MC simulation with the stitching
method, a normalization factor derived from a W-jets enriched control region is further
applied. The control region is defined by requiring events to have transverse mass between
the electron and K7, the mr(e, E7), larger than 70 GeV. The mr(e, E7) is defined by the
following equation:

mT(e,,E?T) = \/Qp%E(T(l — cos Ag), (7.14)

where the missing transverse energy FE'r used as input for the transverse mass computation
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Process Generator Cross section (pb)
Drell-Yan Z/v*(50) + Jets — ¢¢ | MADGRAPH5__AMC@NLO (LO) 1.16x4954.0
tt POWHEGV2 831.8

W +jets inclusive MADGRAPH5 AMC@NLO (LO) | 61526.7
W+1jet MADGRAPH5__AMC@NLO (LO) 1.21x9644.5
W+2jets MADGRAPH5 _AMC@NLO (LO) 1.21x3144.5
W+3jets MADGRAPH5__AMC@NLO (LO) 1.21x954.8
W +4jets MADGRAPH5__AMC@NLO (LO) 1.21x485.6
VV — 202v MADGRAPH5 _AMC@NLO (NLO) | 11.95

Z7Z — 202jets MADGRAPH5 AMC@NLO (NLO) | 3.22

Z7Z — 4 POWHEGV2 1.212

WW — (v2jets POWHEGV2 49.997

W Z — 202jets MADGRAPH5__AMCQ@NLO (NLO) | 5.595

WZ — (3v MADGRAPH5__AMC@NLO (NLO) | 3.05

WZ — lv2jets MADGRAPH5__AMC@NLO (NLO) | 10.71

single ¢t quark tW channel POWHEGV2 35.6

single ¢ quark tW channel POWHEGV2 35.6

single t quark t channel POWHEGV2 136.95
single ¢ quark t channel POWHEGV2 80.95

Table 7.2: Cross section values for all Monte Carlo simulation samples used in e — 73, misiden-
tification rate measurement. A k-factor of 1.16 is considered for the Z/v*+jets samples, and
1.21 for the W+jets samples

is evaluated using the particle flow algorithm and A¢ is the difference in azimuthal angle
between the electron momentum and 7.

The QCD multijet events as background is estimated with a fully data-driven method.
Its shape is taken from the same signed region (SS region), where "same signed" means the
electron and the 73, candidate are required to carry the same electric charge. In this region,
the signals Z/v* — ee can be neglected, and the main contribution is due to QCD multijet
and W+jets events. The contribution from other MC simulated processes are subtracted from
the data. There is no guarantee that the SS sample has the same yield as the opposite-signed
region. A normalization factor, the OS/SS ratio, is used to weight the SS shape. The ratio
reflects a charge asymmetry mostly due to the gluon splitting and low mass QCD resonances.
The measured value is 1.06 obtained as the ratio between opposite-signed and same-signed
events in inverted isolation region where the electron isolation is required to have I./pr > 0.1
and the 7, should fail the isolation discriminator.
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7.3.4 Event selection

Events are selected by requiring the presence of a well identified and isolated electron (the
tag) plus a 7, candidate (the probe) passing loose identification criteria. In particular, the
selections applied on the tag electron are the following:

o pr > 26 GeV and |n| < 2.1;
e tight identification and isolation I, < 0.1 - pp;
e the impact parameters d, < 0.2 cm, |dgy| < 0.045 cm;
e matching with the trigger object in a cone of radius AR < 0.5.
The probe, 73, is required to satisfy the following criteria:
e pr > 20 GeV and |n| < 2.3;
e be reconstructed in one of the decay modes h*, h*70, h*770 or h*hTh*;

e pass the loose working point of the cut-based discriminator against u — 75, misidenti-
fication;

e pass the tight working point of the MVA-based isolation discriminator;
e be separated from the tag electron by AR > 0.5.

The tag and probe pair is required to have opposite electric charge. If an event contains two
electrons qualifing as tag, both combinations of tag and probe are considered.

The contribution coming from W-jets and ¢t backgrounds, with one jet misidentified as
the 73, is reduced by requiring the selected events to pass a cut on the transverse mass of the
tag electron plus missing transverse energy of mr(e, E7) < 30 GeV. The motivation of this
cut is that, in W+jets, the lepton and the neutrino are supposed to be back-to-back, which
leads to a large mr(e, ET) values.

7.3.5 Measurement

Depending on whether the probe passes or fails the anti-electron discriminator under
study, the event enters the "pass' or the "fail" category, respectively. The observed e — 73,
misidentification rate is then measured with a simultaneous maximum likelihood fit of the

number of Z/~v* — ee events, N?'%¢ and N %;’Ibe, in both categories. The parameter of interest

ass

in the fit is the data-to-MC scaf)e factor for the e — 73, misidentification rate. The "pass" and

"fail" categories are anti-correlated. Supposing a constant total number of signal events Ng

and an e — 7, misidentification rate €, the number of signal events in "pass" or "fail" category
has the following relation:

Npass =€ X N(),

(7.15)
Neait = (1 —€) x Np.

After a maximum likelihood fit, the number of signal events in "pass" or "fail" category will
be changed to
N’ :E/XN():TGXN(),

pass

y , (7.16)
Neyn = (1 —€) x Nog = (1 —re) x Ny,

101



Chapter 7. Performance of 1, Reconstruction and Identification

where €’ is the post-fit misidentification rate and r = €’/e is the parameter of interest. So the
signal yield in the "pass" or "fail" category must scale as:
Nléass __Te X N() ’
Npass € X N(] ’
Nf/ail _ (1 — 7“6)
Neit  1—€

(7.17)

The visible mass m,;s of the tag and probe pair, computed using the energy and the
momentum reconstructed by the electron reconstruction algorithm for the tag and the energy
and the momentum reconstructed by the HPS algorithm for the probe, is used as discriminant
variable for the fit in the pass category. The mass distribution is fitted, in the mass range 60
GeV < myis < 120 GeV with templates of the Z/~* — ee signal and the Z/v* — 77 — emp,
Z/v* — 11 — ee, W+jets, tt, single-top, di-boson (WW, WZ, ZZ) and QCD multijet
backgrounds. The fail category is used to constrain the overall normalization of the Z/v* — ee
signal and the fit in this category is performed on the integral distribution of the events, also
between 60 GeV and 120 GeV.

7.3.6 Systematic uncertainties

Systematic uncertainties are represented by nuisance parameters in the maximum likeli-
hood fit. The normalization uncertainties following the log-normal distribution (equation|4.7)
are:

e Luminosity: the uncertainty on the integrated luminosity is taken to be 2.6%, applied
on all MC simulated processes.

e Electron identification/isolation/trigger: the combination of the three effects is
taken to be 2%, applied on all MC simulated processes.

e Tau identification: the uncertainty is taken to be 3%, applied on all MC simulated
processes.

e tt cross section: a 10% uncertainty is attributed to the t¢ sample.

e Di-boson and single-top cross sections: the uncertainty on the sum of these small
backgrounds is considered to be 10%.

e W jets normalization: a value of 20% is associated to it.
e QCD normalization: 20% is associated to it.

e DY normalization: an uncertainty of 3% is associated to the Drell-Yan process; an
additional 3% uncertainty is associated to the Z/v* — ee process only, to disentangle
possible differences between the Z/v* — ee and the Z/v* — 77 normalization.

The uncertainties affecting the observable’s shape are modeled using equation [4.9. They
have the following sources:

e The tag electron energy scale: the energy scale of tag electrons matched to a
generator level electron has an uncertainty of £1% in the barrel region, and +2.5% in
endcaps region.
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e The probe 7, energy scale: the energy scale of probe 75, matched to a generator
level 7, candidates has an uncertainty of +1.5%.

e The ¢ — 71, energy scale: the energy scale of probe 7, matched to electrons has an
uncertainty of +3%.

e The visible mass resolution scale: the visible mass resolution scale has an uncer-
tainty of £20%, applied on signal Z/y* — ee events. The up and down shapes are

defined as: . .
u ea. ea.
Mok = mipn + (1 + scale) (myis — MEEN ) (7.18)

down __ , _peak peak
myig' ' = mgpy 1 (1 — scale)(mvis — mggpy);

where m%e&lfI is the Z peak value of the generator level dielectron visible mass obtained

by performing a fit with a double Gaussian function on the visible mass distribution.
Figure shows the nominal, up and down shapes of visible mass resolution scale.
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Figure 7.9: The nominal, and the 20% up and down variation shapes of visible mass resolution
for Z/v* — ee events.

Finally, the bin-by-bin uncertainties as described in subsection accounting for the
limited number of events in every bin of the distributions, are considered for all MC simulated
processes.

7.3.7 Results

Separate fits are used for 75, in the ECAL barrel (|n| < 1.460) and in the ECAL endcaps
(In| > 1.558) region to account for the effects of different ECAL geometries. The fitted visible
mass distributions in the "pass" category, for 7, in barrel region, are shown in figure for
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Figure 7.10: The fitted distribution in myis in the pass category for the medium (left) and
very tight (right) working points of the anti-electron discriminant in the barrel region [110].
The shaped bands represent the statistic uncertainty due to limited events of MC simulation
samples and the systematic uncertainties. The vertical bars (not visible) indicate the statistic
uncertainty of data. The electroweak background contribution includes the contributions from
W +jets, diboson and single top production processes.

medium and very tight working points of the anti-electron discriminator, as examples. On
the left of figure the distribution shows two peaks. The left peak corresponding to the
Z/~v* — 77 — et background. Because hadronic decay products of 7 contain neutrinos that
do not contribute to the reconstruction of visible mass, the Z peak value is lower than the
one of Z/v* — ee process.

The e — 75, misidentification rates measured for different working points of the anti-
electron discriminator are given in table[7.3|and shown in figure The data-to-MC scale
factors are recommended to be applied on all CMS analyses using 2016 data involving 7,
reconstructed object. For the 7, in the barrel region, the measured misidentification rates
in data exceed the Monte Carlo prediction, with the difference between data and simulation
increasing for the tight and very tight working points of the discriminator. A similar trend
is observed for the 75, in the endcaps region.

7.4 Measurement of the u — 7, Misidentification Rate

In this section, the u — 75, misidentification rate is measured in data via a tag-and-
probe method on Z/v* — pu events. The events are divided into two categories, "pass" and
"fail", depending on whether the probe reconstructed 73 passes or fails the cut-based anti-u
discriminator.

The number of Z/* — pp signal events in each category is then extracted from a
simultaneous maximum likelihood fit of the invariant mass m,;s of the tag-probe pair in the
two regions, with uncertainties modeled as nuisance parameters of the fit.
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ECAL barrel (|n| < 1.460)

WP Misidentification rate (pre-fit) | Misidentification rate (post-fit) | Scale Factor
Very Loose (4.44 4 0.66) - 102 5.3970:22. 102 1.21375:658
Loose (8.19 +1.27) - 1073 1084993 . 102 132070539
Medium (2.06 + 0.32) - 103 2.721H013 . 103 1.32375 063
Tight (8.78 +£1.38) - 10~* 1.237010. 1073 1.40270145
Very Tight (4.92 +0.77) - 10~ 5.9570-87. 104 12070158

ECAL endcap (|n| > 1.558)

WP Misidentification rate (pre-fit) | Misidentification rate (post-fit) | Scale Factor
Very Loose (6.71 4+ 0.98) - 102 9.2370:32. 102 137570018
Loose (1.04 4 0.16) - 1072 1511303 . 102 1.38010 052
Medium (2.63+0.41) - 1073 4.037932 1073 152740133
Tight (1.07+£0.16) - 1073 2.03t931. 1073 1.9001) 502
Very Tight (6.36 + 1.00) - 10~ 12570271073 19681045

Table 7.3: Probability for electrons to be misidentified as 73, for the different working points
of the MVA based anti-electron discriminator, split in barrel and endcaps according to the
7, pseudorapidity |n|. For each working point, the e — 7, misidentification rate is defined as
the fraction of 7, probes passing the given discriminator with respect to the total number of
Th, probes.

7.4.1 Datasets and Monte Carlo samples

The measurement is performed on 35.9 fb~! of data collected at center-of-mass energy of
13 TeV in LHC Run-IT by CMS. The same Monte-Carlo samples are used as in the e — 7
misidentification rate measurement described in section [7.3], except in here, the signal process
is the Z/v* — pp.

7.4.2 Data-to-Monte Carlo corrections

The pileup reweighting is applied to all simulation samples, as in the e — 75, misidentifi-
cation rate measurement.

The events are triggered by the single muon trigger "HLT_IsoMu24". The data-to-MC
scale factors are derived from an auxiliary study on Z/v* — pp events using the tag-and-
probe method selecting a well isolated and identified muon already fired by the trigger as
"tag" and another muon as "probe". The definition of the trigger efficiency is the same as
equation except that the signal is Z/v* — pp events. The data-to-MC scale factors are
binned in py and 7 of the muon. Figure (left) shows an example of the single muon
trigger efficiencies both in data and in MC, with the scale factors indicated in the lower panel.
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Figure 7.11: Visualization of table The misidentification rates are split into the barrel
(left) and endcaps (right) regions [110].

The muons are required to pass the medium identification working point (described in
subsection . The muon should be isolated by requiring the relative isolation of muon
I1,,/p. < 0.15. Data-to-MC scale factors are dedicated to correct the difference between data
and simulation due to the muon identification and isolation. The scale factors are derived
also from an auxiliary study by using "tag-and-probe" approach on Z/v* — uu events as the
study to obtain the trigger scale factors. The tag is defined as a well identified and isolated
reconstructed muon. The probe is a loosely selected reconstructed muon candidate which
will be further used to test if it passes or fails the identification and isolation requirements.
The efficiency is defined previously as equation Figure (right) shows an example
of the muon identification and isolation efficiencies and the corresponding data-to-MC scale
factors.

7.4.3 Background modeling

The background modeling method used in the p — 7, misidentification rate measurement
is almost identical to the one used in the e — 75, misidentification rate measurement, except
the signal process in here is the Z~* — uu events and the transverse mass of the tag muon
plus missing transverse energy used to define the control region of W+jets is defined as:

(1, ,E(T \/2p 7(1 — cos Ag). (7.19)

7.4.4 Event selection

Events are selected by requiring the presence of a well identified and isolated muon (the
tag) plus a 7, candidate (the probe) passing loose identification criteria. In particular, the
selections applied on the tag muon are the following:

e pr > 26 GeV and |n| < 2.1;
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Figure 7.12: The "HLT IsoMu24" (left) single muon trigger efficiencies and the muon iden-
tification and isolation efficiencies (right) for data and for simulation as a function of recon-
structed muon pr. Examples shown are from region |n| < 0.9. The data-to-MC scale factors
used for the analysis are shown in the lower panel. The last bin in both plots includes the
overflown bin.

e medium identification and isolation I, < 0.15 - pr;
e the impact parameters d, < 0.2 cm, |dyy| < 0.045 cm;
e matching with the trigger object in a cone of radius AR < 0.5.
The probe, 73, is required to satisfy the following criteria:
e pr > 20 GeV and |n| < 2.3;
e be reconstructed in one of the decay modes h*, h* 70, h*7%70 or h*hTh*;
e pass the tight working point of the MVA-based isolation discriminator;

e be separated from the tag muon by AR > 0.5.

The tag and probe pair is required to have opposite electric charge. If an event contains two
muons qualifing as tag, both combinations of tag and probe are considered.

The contribution coming from W-jets and ¢t backgrounds, with one jet misidentified as
the 73, is reduced by requiring the selected events to pass a cut on the transverse mass of the
tag muon plus missing transverse energy of mr(u, E1) < 30 GeV.

7.4.5 Measurement

Depending on whether the probe passes or fails the anti-muon discriminator under study,
the event enters the "pass' or the "fail" category, respectively. The observed u — 7, misiden-
tification rate is then measured with a simultaneous maximum likelihood fit of the number of

Z/v* — pp events, Ngggge and N%Zbe, in both categories. The parameter of interest in the
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fit is the data-to-MC scale factor for the y — 75, misidentification rate. The relation between
the "pass" and "fail" categories is the same as in e — 75, misidentification rate measurement.

The visible mass m,;s of the tag and probe pair, computed using the energy and the
momentum reconstructed by the muon reconstruction algorithm for the tag and the energy
and the momentum reconstructed by the HPS algorithm for the probe, is used as discriminant
variable for the fit in the pass category. The mass distribution is fitted, in the region 70 GeV
< Myis < 120 GeV with templates of the Z/v* — uu signal and the Z/v* — 77 — ump,
Z/v* — 11 — up, Wjets, tt, single-top, di-boson (WW, WZ, ZZ) and QCD multijet
backgrounds. The fail category is used to constrain the overall normalization of the Z/v* —
pu signal and the fit in this category is performed on the integral distribution of the events,
also between 70 GeV and 120 GeV. The mass range is narrower in p — 7, misidentification
rate measurement compared to the e — 7, due to the fact that the resonance of Z/v* — upu
is narrower.

7.4.6 Systematic uncertainties

Systematic uncertainties are represented by nuisance parameters in the maximum likeli-
hood fit. The systematic uncertainties can be grouped into three categories: the uncertainties
affecting the yield, the uncertainties affecting the shape of the observable and the Monte-Carlo
statistic uncertainty.

The uncertainties affecting the yield are following the log-normal distribution (equa-
tion . The are account for the following effects:

e Luminosity: the uncertainty on the integrated luminosity is taken to be 2.6%, applied
on all MC simulated processes.

e Muon identification/isolation/trigger: the combination of the three effects is taken
to be 2%, applied on all MC simulated processes.

e Tau identification: the uncertainty is taken to be 3%, applied on all MC simulated
processes.

e it cross section: a 10% uncertainty is attributed to the #¢ sample.

e Di-boson and single-top cross sections: the uncertainty on the sum of these small
backgrounds is considered to be 10%.

e W jets normalization: a value of 20% is associated to it.
e QCD normalization: 20% is associated to it.

e DY normalization: an uncertainty of 3% is associated to the Drell-Yan process; an
additional 3% uncertainty is associated to the Z/v* — up process only, to disentangle
possible differences between the Z/v* — uu and the Z/v* — 77 normalization.

The uncertainties affecting the observable shape are modeled using equation [4.9. They
have the following sources:

e The probe 7, energy scale: the energy scale of probe 75, matched to a generator
level 75, candidates has an uncertainty of +1.5%.
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Figure 7.13: The fitted distribution in mys in the pass category for the loose (left) and
tight (right) working points of the anti-muon discriminant in the |n| < 0.4 region. [110].
The shaded bands represent the statistic uncertainty due to limited events of MC simulation
samples and the systematic uncertainties. The vertical bars (not visible) indicate the statistic
uncertainty of data. The electroweak background contribution includes the contributions from
W +jets, diboson and single top production processes.

e The i — 7, energy scale: the energy scale of probe 7, matched to muons has an
uncertainty of +3%.

e The visible mass resolution scale: the visible mass resolution scale has an uncer-
tainty of +20%, applied on signal Z/y* — pp events. The up and down shapes are

defined as equation

The bin-by-bin uncertainties as described in subsection [4.1.2] accounting for the limited
number of events in every bin of the distributions, are considered for all MC simulated

processes.

7.4.7 Results

Separate fits are used for the probe 7, in the different pseudorapidity region, |n| < 0.4,
04 < n| <08,08 <] <1.2,1.2 <|n| < 1.7 and |n| > 1.7 considering the effects from
muons system geometries. The fitted visible mass distributions in the "pass' category, for
T, in |n| < 0.4 region, are presented in figure for loose and tight working points of the
anti-muon discriminator, as examples.

The p — 7, misidentification rate is sensitive to the muon reconstruction quality. In
CMS, the "bad" reconstructed muons can be tagged by checking whether there are muon
segments that are shared between the inside-out reconstructed muon and the outside-in re-
constructed muon. If a inside-out reconstructed muon does not have a shared muon segment
with the outside-in reconstructed muon, this PF muon is considered as a "bad" muon. If
one filters out the "bad" muons, the © — 75, misidentification rate is lower. Table shows

109



Chapter 7. Performance of 1, Reconstruction and Identification

the u — 73, misidentification rates after filtering out the "bad" muons and figure illus-
trates the values. The data-to-MC scale factors are recommended to be applied on all CMS
analyses using 2016 data involving 7, reconstructed object and with the "bad" muon filter
applied. For 7, in loose working point, the measured misidentification rates in data exceed
the Monte Carlo prediction, with the difference between data and simulation increasing from
low pseudorapidity region to high pseudorapidity region. A similar trend is observed for the
probes in tight working point.

WP | Misidentification rate (prefit) | Misidentification rate (postfit) | Scale Factor
In| < 0.4
Loose (3.49 + 0.36) - 103 4.20+53139 . 1073 1.216%5:03
Tight (1.02 +0.10) - 1073 1.51+0-168 103 147415163
0.4 <n <0.8
Loose (2.85 + 0.30) - 103 3.19%9129 . 103 1.12070:643
Tight (2.77 £0.29) - 1074 4.3019828 104 154910298
0.8 < |nl <1.2
Loose (3.87 + 0.40) - 103 48670143 103 1.25570:033
Tight (2.78 +0.29) - 1073 3.6970142 . 103 13307093}
1.2<n <17
Loose (9.30 +1.20) - 1074 1.13+9136 . 103 1.2227013¢
Tight (1.70 £ 0.17) - 1074 2.9370:903 . 104 172175530
In| > 1.7
Loose (4.61+0.73) - 1074 1.10+9732 . 103 2.39470-158
Tight (1.66 +0.17) - 10~ 41774058 . 10— 2.501%0:3%7

Table 7.4: Probability for muons to be misidentified as 73, for the different working points of
the cut-based anti-y discriminator, split in probe pseudorapidity |n|, applying the "bad" muon
filter. For each working point, the u — 73, misidentification rate is defined as the fraction of
probes passing the given discriminator with respect to the total number of probes.

The p — 7, misidentification rates and scale factors are also listed in Table for the
case without using the "bad" muon filter. Compared with the measurement with "bad" muon
filter applied, the misidentification rates are higher for all n regions and working points and
the data-to-MC scale factors are lower.
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Figure 7.14: Visualization of table 7.4, The misidentification rates are shown for the loose
working point (left) and the tight working point (right) [110].

7.5 Measurement of the Efficiencies of Discriminators against
Electron and Muons

The measurements of the efficiencies of the anti-electron discriminator and the anti-muon
are described in this section. The tag-and-probe method is used on the Z/4* — 77 — ump,
events, where the events are divided into "pass' and "fail" categories, depending on whether
the probe, reconstructed 75, candidates pass or fail the discriminator under study.

The number of Z/v* — 77 — ury, signal events in each category is then extracted from a
simultaneous maximum likelihood fit of the invariant mass m,;s of the tag-probe pair in the
two regions, with uncertainties modeled as nuisance parameters of the fit.

7.5.1 Strategies

The datasets and MC samples, data-to-MC corrections, the background modeling tech-
niques, event selections and uncertainties modeling are the same as the u — 73 misidentifi-
cation rate measurement, except that the signals are Z/v* — 77 — 7y, events, the "bad"
muon filter is used, the cut-based anti-muon discriminator tight working point is applied as
well as the corresponding data-to-MC scale factors and the mass range 40 — 80 GeV is chosen
because of the high signal purity.

7.5.2 Results

The results are given in tables for the anti-electron and anti-muon discriminator,
respectively. The efficiencies measured in data are in good agreement with the MC prediction
within the uncertainties of the measurements. The fitted my;s distributions in the "pass" and
"fail" categories are presented in figures[7.15] [7.16], [7.17
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WP | Misidentification rate (prefit) | Misidentification rate (postfit) | Scale Factor
In| < 0.4
Loose (3.82+£0.54) - 1073 3.871091 . 1073 1.01279:9%
Tight (1.12 + 0.16) - 103 1.427908 . 1073 1.263700%
0.4 < || <0.8
Loose (3.03+0.43) - 1073 3.059:992 . 1073 1.00713:930
Tight (2.90 +0.41) - 1074 3.9670765 . 104 1.36479-262
0.8 <|n| < 1.2
Loose (5.02+0.72) - 1073 4.36+99%6 . 1073 0.87019:9%%
Tight (3.80 4+ 0.54) - 1073 3.2510-168 1103 0.85470:034
1.2 < |n| < 1.7
Loose (9.60 + 1.38) - 10~ 11075121 . 103 115475138
Tight (1.69 +0.24) - 1074 2.909-877 . 10~ 171275546
In| > 1.7
Loose (4.76 + 0.68) - 104 1.08+9118 . 103 228170248
Tight (1.66 +0.23) - 1074 3.8670:825 . 1074 2.32470:308

Table 7.5: Probability for muons to be misidentified as 73, for the different working points of
the cut-based anti-p discriminator, split in probe pseudorapidity |n|, without applying the
"bad" muon filter. For each working point, the ;1 — 73, misidentification rate is defined as the
fraction of probes passing the given discriminator with respect to the total number of probes.

All 7 regions

WP Misidentification rate (pre-fit) | Misidentification rate (post-fit) | Scale Factor
Very Loose 0.914 + 0.006 0.93270-003 102050001
Loose 0.892 = 0.006 0.90670:004 1.01610-05
Medium 0.857 = 0.009 0.89170:004 1.01970-05
Tight 0.814 + 0.011 0.83270-004 102370008
Very Tight 0.771 £ 0.013 0.78870:004 102370500

Table 7.6: Probability for 7, to pass the different working points of the MVA based anti-
electron discriminator. For each working point, the efficiency is defined as the fraction of 73,
probes passing the given discriminator with respect to the total number of 73, probes.
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All n regions

WP | Misidentification rate (pre-fit) | Misidentification rate (post-fit) | Scale Factor
Loose 0.9942 + 0.0005 0.952+0-077 0.95800%%
Tight 0.9921 + 0.0008 0.95379:97 0.9619-978

Table 7.7: Probability for 7, to pass the different working points of the cut-based anti-muon
discriminator. For each working point, the efficiency is defined as the fraction of 7 probes

passing the given discriminator with respect to the total number of 7, probes.
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Figure 7.15: The fitted distribution in m.;s in the pass category for the loose (left) and tight

(right) working points of the anti-muon discriminant.
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Figure 7.16: Distribution of m,;s observed in the pass (left) and fail (right) samples com-
pared to the Monte Carlo expectation, for the very loose (top), loose (middle) and medium
(bottom) working points of the MVA-based anti-electron discriminator. The expected M5

distribution is shown for the postfit value to nuisance parameters.
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Figure 7.17: Distribution of m,;s observed in the pass (left) and fail (right) samples com-
pared to the Monte Carlo expectation, for the tight (top) and very tight (bottom) working
points of the MVA-based anti-electron discriminator. The expected m,;s distribution is shown

for the postfit value to nuisance parameters.
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8.1 Analysis Overview

The Higgs boson decaying to a 7 lepton pair is the most promising channel to study the
mass generation mechanism for the fermions, because of the large signal event rate expected in
the SM compared to the pp decay channel, and of the smaller contribution from background
events compared to the bb decay channel.

The searches for a Higgs boson decaying to a 7 lepton pair have been performed at
the LEP , Tevatron and LHC colliders. At run 1, the CMS experiment
reported an evidence for this process with an observed (expected) significance of 3.2 (3.7)
o for a Higgs boson mass of 125 GeV. The ATLAS experiment declared an evidence
for the same process with an observed (expected) significance of 4.5 (3.4) o [120]. The
combination of run 1 from both experiments showed an observed (expected) significance of
5.5 (5.0) o [121].

The 77 pair has six decay channels, eu, 7,7, 173, €mh, pp and ee channels. The branching
ratios of them are shown in figure This thesis is focused on the study of the ey channel
of the H — 77 decay. The smaller branching ratio in the case of the eu channels can
be counterbalanced by the high efficiency of electron and muon reconstruction, the smaller
QCD backgrounds contribution with respect to 7,7, channel and absence of the very large
Z/v* — ee and Z/v* — up background compared to the ee and pp channels.

The analysis targets both the gluon fusion and the vector boson fusion (VBF) production
modes. The results of ey channel will be further combined with the results from 7,7, um
and et channels, covering 94% of all possible 77 decay.

8.2 Datasets and Monte Carlo Samples

The analyzed datasets correspond to an integrated luminosity of 35.9 fb~!, collected in
2016 at a center-of-mass energy of 13 TeV by the CMS detector. Only fully certified data is
used.

The MC simulations used to model the significant SM backgrounds in the analysis are
listed in table[8.1l The Drell-Yan Z+jets and W+jets samples are generated by MADGRAPHS
in LO accuracy. The single top and tt samples are generated by POWHGEV2. The di-
boson samples are generated either with MADGRAPH5  AMCQ@QNLO or POWHGEV2 in
NLO accuracy. The PYTHIAS8, with tune CUETP8M1 is used to model the parton shower,
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Figure 8.1: The branching ratios of the a pair of 7 lepton decay.

hadronization processes and underlying events. The NNPDF3.0 parton distribution functions
are used.

MC samples of signals are listed in table The signal samples are produced using
POWHGEV2. The gluon fusion, vector boson fusion, and W /Z boson associated production
modes are considered.

8.3 Data-to-Monte Carlo Corrections

8.3.1 Pileup

Pileup reweighting is applied to the MC simulations in order to bring into consistency
distribution in data and in MC, as in e/ — 75, misidentification rate measurements in the
previous chapter.

8.3.2 Triggers

The events are required to fire one of the e + u cross triggers "HLT _Mu23_ TrkIsoVVL_ -
Ele12 CaloldL TrackIdL IsoVL*"and "HLT Mu8 TrkIsoVVL_Ele23 CaloldL TrackIdL -
IsoVL*". Each cross trigger contains one electron and one muon leg. The efficiencies of the
legs are determined separately in data and MC using the tag-and-probe technique. The elec-
tron legs are estimated from Z/v* — ee events, with the help of a double electron ("HLT_ -
Ele23_Elel2_CaloldL_ TrackIdL_IsoVL") monitoring trigger, sharing the same legs of the
trigger used in the analysis. The muon legs are determined from Z/~v* — uu events, with the
help of double muon trigger ("HLT _Mul7_TrkIsoVVL_Mu8_ TrkIsoVVL"). The exception
is the Mu23 leg, whose efficiency is measured from the Mul7 leg placing an additional cut of
pr > 23 GeV on the online reconstructed probe muon. The efficiencies are measured in bins
of electron or muon pr and [7].

The selections of the tag-and-probe pairs are described as follows. The tag lepton should
have the same kinematic, identification and isolation requirements as the analysis itself. It
should be matched to a trigger object within a cone of size AR = 0.5. The probe lepton
should pass the kinematic cuts, identification and isolation requirements. The tag-and-probe
pair should be opposite charge and share the same flavor and the invariant mass my should
be greater than 50 GeV. The matching between the probe and the trigger object, defined
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Process Generator Cross section (pb)
Drell-Yan Z/v*(50) + Jets MADGRAPH5_AMC@NLO (LO) | 5765.4
Drell-Yan Z/v*(50) + 1Jet MADGRAPH5 AMC@NLO (LO) | 1.16x1012.5
Drell-Yan Z/7*(50) + 2Jets MADGRAPH5_ AMC@NLO (LO) | 1.16x332.8
Drell-Yan Z/7*(50) + 3.Jets MADGRAPH5_AMC@NLO (LO) | 1.16x101.8
Drell-Yan Z/7*(50) + 4.Jets MADGRAPH5_ AMC@NLO (LO) | 1.16x54.8
Drell-Yan Z/7*(10t050) + Jets MADGRAPH5_AMC@NLO (LO) | 1.16x18610
Drell-Yan Z/v*(150) + Jets MADGRAPH5__ AMC@NLO (LO) 1.16x6.657
tt POWHEGV2 831.8

W +jets inclusive MADGRAPHS5__ AMC@NLO (LO) 61526.7
WH1jet MADGRAPHS AMC@NLO (LO) 1.221x9644.5
W+2jets MaDGRAPHS5__ AMC@NLO (LO) 1.221x3144.5
W+3jets MaDGRAPH5__ AMC@NLO (LO) 1.221x954.8
W +4jets MabpGrAPH5__ AMC@NLO (LO) 1.221x485.6
VV — 202v MADGRAPHS__AMC@NLO (NLO) | 11.95

Z 7 — 202jets MADGRAPHS _AMC@NLO (NLO) | 3.22

77 — 4l POWHEGV2 1.212

WW — fv2jets POWHEGV2 49.997

W Z — 202jets MADGRAPH5__AMC@NLO (NLO) | 5.595

WZ — l3v MADGRAPH5__ AMC@QNLO (NLO) | 3.05

WZ — lv2jets MADGRAPH5__AMCQ@NLO (NLO) | 10.71

W ZJets — 30v2jets MADGRAPH5__ AMC@NLO (NLO) | 4.708

single ¢ quark tW channel POWHEGV2 35.6

single ¢ quark tW channel POWHEGV2 35.6

single ¢ quark t channel POWHEGV2 136.95
single ¢ quark t channel POWHEGV2 80.95
electroweak W~ +2Jets MADGRAPHS5 AMC@NLO (LO) 20.25
electroweak Wt+2Jets MADGRAPHS5__AMC@NLO (LO) | 25.62
electroweak Z+2Jets, Z — 00 MADGRAPH5__ AMC@NLO (LO) 3.987
electroweak Z+2Jets, Z — vv MADGRAPHS _AMC@NLO (LO) 10.01

gluon fusion H(125) —» WW — 202v POWHEGV2 1.001

vector boson fusion H(125) - WW — 2(2v | POWHEGV2 0.0858

W+ production, W decays to fv MabpGrAPH5__ AMC@NLO (NLO) | 489.0

W/v* = bvup MabpGRrRAPH5__ AMC@NLO (LO) 2.793

W/~v* — bvee MADGRAPH5__AMC@NLO (LO) 3.526

Table 8.1: Monte Carlo background samples included in the analysis. A k-factor of 1.16 is
considered for the Z/~v*+jets samples, and 1.21 for the Wjets samples.
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Process Generator Production cross section (pb) | H — 77 branching ratio
gluon fusion H(110) — 77 POWHEGV2 | 57.90 0.0791
gluon fusion H(120) — 77 POWHEGV2 | 52.22 0.0698
gluon fusion H(125) — 77 POWHEGV2 | 48.58 0.0627
gluon fusion H(130) — 77 POWHEGV2 | 45.31 0.0541
gluon fusion H(140) — 77 POWHEGV2 | 36.00 0.0360
vector boson fusion H(110) — 77 | POWHEGV2 | 4.434 0.0791
vector boson fusion H(120) — 77 | POWHEGV2 | 4.434 0.0698
vector boson fusion H(125) — 77 | POWHEGV2 | 4.434 0.0627
vector boson fusion H(130) — 77 | POWHEGV2 | 4.434 0.0541
vector boson fusion H(140) — 77 | POWHEGV2 | 4.434 0.0360
ZH(110) — 77 POWHEGV2 | 1.309 0.0791
ZH(120) = 77 POWHEGV2 | 0.994 0.0698
ZH(125) = 77 POWHEGV2 | 0.884 0.0627
ZH(130) = 17 POWHEGV2 | 0.790 0.0541
ZH(140) — 77 POWHEGV2 | 0.651 0.0360
WYH(110) — 77 POWHEGV2 | 1.335 0.0791
WTH(120) — 771 POWHEGV2 | 0.9558 0.0698
WTH(125) — 771 POWHEGV2 | 0.8400 0.0627
W+H(130) — 77 POWHEGV2 | 0.7414 0.0541
WTH(140) — 77 POWHEGV2 | 0.6308 0.0360
W~H(110) = 77 POWHEGV2 | 0.8587 0.0791
W~H(120) = 77 POWHEGV2 | 0.6092 0.0698
W~H(125) — 77 POWHEGV2 | 0.5328 0.0627
W~H(130) — 77 POWHEGV2 | 0.4676 0.0541
W~H(140) — 77 POWHEGV2 | 0.3940 0.0360

Table 8.2: List of the Monte Carlo signal samples included in the analysis.

by finding a trigger object within a AR = 0.5 cone of the probe, is then tested on the
probe leptons, that can either pass or fail. The efficiencies are extracted from a fit with
an asymmetric gaussian function, modeling the signal, plus an exponential fit, modeling
the background, to the invariant mass of the two leptons in the mass window around the
Z boson mass, 75 < my < 105 GeV. The same procedure is repeated in bins of pr =
[10, 15, 20, 25, 30, 40, 60, > 60] and |n| of the probe lepton. For muons, the binning in ||
is [0.0,0.9,1.2,2.1,2.4] considering the geometries of muon system subdetector, while for
electrons the binning is [0.0,1.48, 2.1, 2.5] exploiting the structures of ECAL.

The scale factor applied to correct the MC samples is €gata/€rrc. In the ep channel, the
efficiency e is defined by the following combination of efficiencies of the trigger legs:

e = e(Mu23)e(Elel2) + ¢(Mu8)e(Ele23) — e(Mu23)e(Ele23). (8.1)
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8.3.3 Electrons and muon identification and isolation scale factors

Electron and muon identification and isolation efficiencies are measured in data and MC
using the tag-and-probe method. The scale factor egata/€rrc is applied on an event-by-
event basis to correct the simulation. Efficiencies are measured in Z/4* — ee and Z/~* —
wit events, in bins of lepton ppr and |n|. The efficiency measurement proceeds in a similar
way as for the trigger efficiency described in subsection the main difference is the
requirements on the tag and probe leptons. In this case, the tag lepton must satisfy the
kinematic, identification and isolation requirements used in the analysis. The probe lepton
are only required to pass the kinematic cuts. The requirements on the tag-and-probe pair
are unchanged compared to the ones described in subsection [8.3.2. The Identification and
isolation requirements used in the analysis are tested on the probe leptons, that can either
pass or fail.

8.3.4 Recoil corrections

Recoil corrections are applied to correct for mismodeling of E/T in the MC samples of the
Drell-Yan Z-+jets, W+jets and Higgs signals. The corrections are performed on the variable
defined as the vectorial difference of the reconstructed ET and total transverse momentum
of neutrinos originating from the decay of Z, W or Higgs boson:

U=FEr - DT, (8.2)

In the case of leptonically decaying boson, this variable can be expressed as:

U = —prp — Hr. (8.3)

where ﬁT is the transverse momentum of hadronic recoil and pr g is the transverse momen-
tum of leptonically decaying Z, W or Higgs boson (leptonic recoil).

The vector U is projected onto the axes parallel (U;) and orthogonal (Uz) to the boson
pr and it is measured in Z/v* — pup events for which the leptonic recoil dose not have
neutrinos and the momentum of the Z boson can be measured in good precision. From the
measurement, the mean values of the U; projection, (Uy), and the resolutions of the U; and
Uy projections, o(U;) and o(Us), are determined for data and MC events as a function of Z
pr and jet multiplicity.

The corrections to the U; and U, variables are:

U1 = (Ut)data + (U1 — <U1>Mc)m, (8.4)
’r U(U2)data
U = Uy g, (8.5)

The corrections are transferred to ET by equation and applied to the MC samples of
Drell-Yan Z+jets, W+jets and Higgs boson production. Figure demonstrates the effect
of recoil correction.
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Figure 8.2: The K7 distributions in the Z — puu selection. The one applying the recoil
correction (left) shows a better data-to-MC agreement than the one without (right).

8.3.5 Reweighting of LO Madgraph Drell-Yan Z+jets events

The Drell-Yan Z+jets is estimated with MC simulation. It is the main irreducible back-
ground. A reweighting is applied to Drell-Yan Z+jets samples to correct the generator level
pr and generator level invariant mass my, distributions in LO MADGRAPH samples. The
correction is derived from Z/~4* — pup events, as a function of Z ppr and generator myy.
The generator level Z pr is defined by summing momentum of generator level muons from
Z/v* — pp, electrons and neutrinos either from hard process or from prompt 7 lepton decays.

To derive the weights, events are selected in a dimuon control region. In this region, the
two opposite sign muons should satisfy the medium muon ID and with a relative isolation less
than 0.15. The leading muon is required to have pr greater than 26 GeV and second leading
muon should have Pr greater than 15 GeV. Events with extra identified and isolated electrons
and muons are vetoed. The background contributions to the Z/v* — uu events include tt,
diboson production, single top, W+jets and QCD multijet events. These background events
are subtracted from the data. The remaining data events and Z/v* — puu MC are then
normalized and divided in bins of the generator level dimuon invariant mass and generator
level pr to obtain the weights. The weights are further applied in the analysis as a function
of generator level Z boson mass and pr.

8.3.6 Top pr reweighting

By reweighting the pr spectrum of the top and anti-top quark, the modeling of the top
pair production background is improved in the MC samples. The reweighting method was
developed in [122]. Every MC events is assigned a weight:

Wy = /Wt * W, (86)
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where
wy = exp(a + bpr(t)), (8.7)

w; = exp(a + bpr(t)), (8.8)

and pp(t) (pr(t)) is the transverse momentum of generator level top (anti-top) quarks. The
parameter a and b are measured with run 1 data and they are:

a = 0.156, (8.9)

b= —0.00137/GeV. (8.10)

8.4 FEvent Selection

Particle reconstruction is performed using the particle-flow (PF) algorithm described in
subsection and further high level physics objects are built on top of that. For a given
analysis, quality cuts should be placed on relevant physics objects in order to have high yield
and purity of signal.

8.4.1 Baseline selection

Electron candidates are reconstructed by the particle flow algorithm. The electron can-
didates should satisfies the following criteria:

e The electron should pass the tight working point of MVA-based electron identification
discussed in subsection [6.2.3| It is defined corresponding to an efficiency of 80%.

e The electron is not from photon conversion.
e The number of missing hits in inner tracker should be less than 1.

e The transverse and longitudinal impact parameters d,, and d. should be less than 0.45
mm and 2 mm, respectively.

e The Ap corrected relative isolation I, defined as equation 6.5/ should be less than 0.15.

e Electron must have pr > 13 GeV and |n| < 2.5 and matched to the offline electron leg
of one of the cross triggers within a cone of AR < 0.4.

The muons are reconstructed by the particle flow algorithm. The muon should satisfies
the following criteria;

e The muon should pass the medium identification criteria of muon described in subsec-

tion

e The transverse and longitudinal impact parameters d,, and d. should be less than 0.45
mm and 2 mm, respectively.

e The Af corrected relative isolation I, defined as equation but with a isolation cone
size AR < 0.4, should be less than 0.2.
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e Muon must have pr > 10 GeV and |n| < 2.4 and matched to the offline muon leg of
one of the cross triggers within a cone of AR < 0.4.

The electron should be separated from the muon by requiring AR(e, ) > 0.3. If more
than one ey pairs are satisfying the above criteria, the most isolated pair, i.e. with minimum
sum of relative isolation variables, min(/e 4 1,,), is selected. The electron and muon in the
pair should have opposite sign (OS).

The top pair production background events can be further suppressed by vetoing events
with at least one b-tagged jet. A b-tagged jet is defined by requiring a jet passing the medium
working point of CSVv2 b-tagging algorithm. Figure shows the multiplicity of b-tagged
jet distributions.
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Figure 8.3: The multiplicity of b-tagged jet.

8.4.2 The D, variable to suppress top pair production background

To further suppress the backgrounds from the top pair production and the W+jets events,
the D¢ variable is used. It is calculated as the difference of the projections of visible transverse
momentum of 7 decay plus ET, ﬁ‘:’ﬁsl + }5}152 + ]3‘7915, and visible transverse momentum of 7 decay
products on the bisector ¢ axis. The bisector between the direction of the electron and that
of the muon can be written as .

¢ = ¢ _pitp
Il o+ Pl
where py = pr1/|pr1| and po = pra/|pre2| are the directions of the electron and muon
momentum in the transverse plane of the laboratory frame. The D, variable is defined as

(8.11)

D¢ = Pr — 1.85PY (8.12)
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with )
P = (B + P + ﬁ%‘)é' (5.13)
and .
Vi —vi —vi C
Fr * = (P +pT,82)ﬁ~ (8.14)

The reconstruction of P variable is shown in figure The D¢ variable quantifies the
compatibility of event with the topology, whether the direction of missing neutrinos from 7
decays are aligned with the direction of the visible 7 decay products. The parameter 1.85 is
the optimized value obtained, which gives the best separating power between Higgs signals
and top pair production.

Figure 8.4: The reconstruction of P, variable, from [123].

Figure 8.5/ shows the D, variable distributions.

8.4.3 77 mass reconstruction

The decay of 77 leads to a pair of charged leptons and four neutrinos. The pp of the
four neutrinos cannot be measured individually. Only the sum of pp of the four neutrinos,
the transverse missing energy E/T, is accessible. Although the loss of information on each of
the 7 decay is unrecoverable, it is still possible to find the parent boson of 77 system from
a probabilistic approach. The reconstructed mass using such method, denoted as m,,, can
provide a better power than the visible mass my;s to separate the peak of the Z/v* — 77 from
that of the 125 GeV Higgs — 77. In CMS, the SVfit algorithm is used to reconstruct the
TT mass.

The algorithm makes use of a likelihood model that combines the information of visible
leptons four-momentum, the components of the ET and their covariance matrix, in each 7
decays. The free parameters for the two 7 lepton decays are written as @1 = (21, ¢1, Muu,1)
and do = (x2, P2, My 2), where x is the fraction of 7 lepton energy carried by the visible
lepton, ¢ refers to the azimuthal angle of the 7 lepton and m,, represents the invariant
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Figure 8.5: The D, variable distributions.

mass of the neutrinos. The visible leptons four-momentum are 7 = (5}, p5*) and the vector

corresponding to the components and the covariance matrix of ET is 7= (K, ( y» V). The
probability for a given invariant mass hypothesis on the 77 system m’_ is

TT|y7 /5 - mTT(?j? 617 62)) ! f(57 _’7 6:1, 62>d61d62 (815)

In the above equation, f(Z, ¥, d1, dz2) is the product of three likelihood functions. Two of them
are corresponded to the two 7 leptons decay, and relies only on 7 mass m, and m,,:

dr’ ~ Myy
dedmy,dé — 4m2

L, = [(m2 +m?2,)(m2 —m2,)]. (8.16)

The third likelihood function combines the information of E7 and its covariance ma-
trix, the momentum of the visible leptons and the free parameter @, ds, which affects the
expression from the sums of neutrino momentum »_p; and 3_ py:

T

B N I R a (8.17)

1
= ————¢€xp
21/ V] 2\ B, -vw Ey,— > p

Figure shows the normalized distributions of myis and m,, for simulated Z/v* — 77
and H — 77, where the mass of the Higgs boson is assumed to be 125 GeV. The mass
reconstruction using the SVfit algorithm provides a better separation between signal and
background than my;s alone.
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Figure 8.6: Normalized distribution for the invariant mass of the visible decay products of the
two 7 leptons, myis (left), and the SVFit reconstructed mass, m.,. The distribution from
simulated Z/v* — 77 events (yellow histogram) is used to compare the distribution from
simulated signal events with a SM Higgs boson with a mass of 125 GeV (open histogram).

8.4.4 Event categorization

The events are split into three mutually exclusive categories. In each category the two
variables that maximize the H — 77 sensitivity are chosen to build a two dimensional (2D)
distribution.

The three categories are defined as:

e 0-jet: This category targets the events produced via gluon fusion production. The
gluon fusion has the largest cross section for the SM Higgs boson at the LHC, but
this category contains a large amount of background, including a large contribution
of irreducible Drell-Yan Z+jets events. This category is important to constrain the
different backgrounds with large statistics. The two variables used to extract the signals
are myis and the pp of the muon. The myis variable is used as discriminant in the fit
instead of m . because it separates the signals from the Z — ¢¢ (¢ = e, ) background,
which peaks around the Z boson mass. Signal events typically have leptons with higher
pr than other backgrounds, especially Drell-Yan events, which is why the transverse
momentum of the muon are used as second dimension in the fit. The D, variable is
required to be greater than —35 GeV to suppress the top pair production background.

e VBEF': This category focuses the events produced via vector boson fusion production.
Events are selected with exactly two jets with pr > 30 GeV. The two leading jets are
required to have an invariant mass, m;;, greater than 300 GeV. The D¢ variable should
be greater than —10 GeV. The selection together can suppress the background from SM
events composed of QCD multijet events. The two discriminants in the VBF category
used for signal extraction are m,, and m;;.

e Boosted: This category has all the events that do not fall into the previous categories,
namely events with one jet and events with several jets that fail the requirements of
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VBF category. It also contains gluon fusion events produced in association with one
or more jets, VBF events where one of the jets has escaped detection or with low
m;j, as well as Higgs bosons produced in association with a W or a Z boson decaying
hadronically. m.- is selected as one of the dimensions for signal extraction. p7", defined
as the magnitude of the vectorial sum of the pr of the visible decay products of the 7
leptons and ET, is used as the second dimension to target Higgs boson events produced
in gluon fusion, with a Lorentz-boosted boson recoiling against jets. To be more precise,
in this category, events should have D > —35 GeV, the number of jets should be either
greater than two, or equals to one or equals to two but failing the m;; cut in the VBF
category.

The categories and the variables used for 2D signal extraction are summarized in Table[8.3|

0-jet VBF Boosted

Selection

No jet and D¢ > —35 GeV | 2 jets, mj; > 300 GeV and D¢ > —10 GeV | Others

Observables used in 2D signal extraction

(pljlw mvis) (mjja mTT) (p?, mTT)

Table 8.3: Categorization and observables used to build 2D kinematic distributions for signal
selection. The events neither selected in the 0-jet nor in the VBF categories are included in
the boosted category, indicated as "Others".

8.5 Background Modeling

8.5.1 Drell-Yan Z+jets

The Drell-Yan Z+jets background is modeled by the MC simulated samples. A shape
correction related to the generator level Z mass and pr as discussed in is applied.

Scale factors are applied in order to better model the Drell-Yan background events. The
scale factors are obtained from Z/~* — pp enriched control region. The purity is very high
by requiring the visible mass of the muons to be between 70 and 110 GeV. A threshold of
50 GeV on both muons are required. The events are split into the same categorization as
signal region. The data-to-MC ratio in these categories are derived as the scale factors. They
are inclusively for the 0-jet category, and binned in m;; or p77 for VBF or boosted category,
respectively.

8.5.2 tt events

The top pair production is estimated from MC simulated samples. Top pr reweighting
is applied to improve the modeling of top pair kinematics as described in subsection [8.3.6!
The correction can be validated in the top pair production enriched control region, defined
as D¢ < —35 GeV and FE71 > 80 GeV. The distribution of m.;s before and after applying the
top pr reweighting is shown in figure The correction flattens the data-to-MC ratio as
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a function of myis, proving the improvement in estimating the shape of top pair production
background.
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Figure 8.7: Effects of the top quark pp reweighting on the distribution of my;s in the top pair
production enriched region. The reweighting (right) shows an improved agreement in the
shape of the distribution between data and MC.

8.5.3 QCD multijet events

The contribution of the QCD multijet background in the signal region (SR), where the
electron and the muon are required to be of opposite signed (OS) electric charge, is estimated
using a data driven technique from a control region, where the electron and the muon are of
the same signed (SS) electric charge. The ratio of events number of ey pair with OS to the
events number of ey with SS is measured in sideband (SB) region where the events fail the
nominal lepton relative isolation I, < 0.15 and [, < 0.2. This ratio is the so-called OS/SS
ratio and found to be varied as a function of the isolation criteria that are applied in the
isolation sideband (SB). The SB region is defined by requiring that both leptons satisfy a
relaxed isolation criterion of I., < 0.5 and at least one lepton fails the nominal isolation
requirement, i.e, I > 0.15 or I, > 0.2, to prevent overlapping with the signal region. The
ratio measurement is performed in the event sample of selected ey pairs with requirements of
D¢ > —35 GeV and the presence of no b-tagged jet to reject a large amount of background
contamination from top pair production, W+jets and diboson. The data yields in both OS
region and SS region have to be subtracted from the simulated non-QCD contribution. The
OS/SS ratio is computed as:

0S _ Niia = Niz&(Non-QCD)
SS  NiS, — Nt (Non-QCD)’

(8.18)

The OS/SS ratios from the SB region determined with data and with simulation are listed
in table The OS/SS ratio from the SR region determined with simulation are also listed.
The measurement is performed in the SB individually for each event category presented
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8.5. Background Modeling

Region | Data MC
SB 2.414+0.02 | 2.70+0.19
SR - 2.49 +0.30

Table 8.4: The OS/SS ratio measured in isolation sideband (SB) region determined from
data and from simulation. The OS/SS ratio measured in signal region (SR) determined from
simulation is also presented.

in table The ratios measured in SB are extrapolated to SR using extrapolation factors
determined from simulation for the inclusive selection:

(08598
(0S/SS)3ie
where (0S/SS)3R, and (OS/SS)3E, are the corresponding OS/SS ratio obtained from SB and

SR, determined from the simulated sample of QCD multijet events as listed in table Due
to the limited statistics of QCD MC sample, it is not possible to determine the extrapolation

(8.19)

factor Fis, in the boosted and VBF categories.
The OS/SS ratio in SR for each event category is determined by the following equation:

(0S/S8) 3™ = Fiso - (08/88) 505, (8.20)

where the (OS/ SS)(Sji’;at is the OS/SS ratio obtained from data in SB according to equa-
tion [8.18]

The OS/SS ratio for each category in SB and SR are shown in table . The yield of
QCD events in SR are determined by the following equation:

NQep, cat = (NS5, — NESEP) - (0S/8S) data, cat- (8.21)

Event category | (OS/SSgqp) | (OS/SSqR)

0-jet 2.46 +0.02 | 2.26 +0.31
boosted 245 +0.04 | 2.25+0.31
VBF 3.08+£0.47 | 2.83 £0.58

Table 8.5: The OS/SS ratio measured in the isolation sideband (SB) region determined from
data and the OS/SS ratio in the SR computed as equation for different event cate-
gories. The uncertainties include the statistic uncertainties in the SB and the extrapolation
uncertainty which also has a statistic source.

The SS signal regions with isolated electron and muons have a large amount of non-QCD
events. The backgrounds contamination are from Drell-Yan, W+jets, top pair production
and diboson events ranging from 40% in the 0-jet category up to 70% in boosted category.
A dedicated control sample is used to model the shape of QCD multijet. By doing this,
the contribution of the non-QCD processes can be reduced and the statistics in the QCD
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template used in signal extraction can be increased. The control sample is defined by having
a relaxed isolation requirements on leptons: 0.2 < I, < 0.5 and I, < 0.5 in the VBF category
and 0.1 < I, < 0.3 and I, < 0.3 in the 0-jet and boosted categories. The purity of QCD
multijet events in these regions ranges from 10% in the 0-jet category to 20% in the boosted
category.

The QCD shape templates derived in the control sample in each category, are normalized
to the yields computed according to equation To prove the shape templates derived
from relaxed isolation region are compatible with the shape templates in nominal isolation
region, the important variable distributions in the three events categories are check, as shown

in figure

8.5.4 Other backgrounds

W +jets, diboson and single top background processes are fully modeled from MC simu-
lation.

8.6 Control Plots

The data-to-MC agreement is checked with a set of control plots. Some representative
distributions obtained after cutting D > —35 GeV are shown in figure . The visible
mass pre-fit distributions are illustrated in figure for all three categories. A good pre-fit
agreement is achieved. For all the plots, only statistical uncertainty is shown and indicated
as the grey shaded area.

8.7 Signal Extraction

Results are extracted by a simultaneous maximum likelihood fit of the three categories.
The systematic uncertainties, discussed in the next section, are treated as nuisance parameters
in the fit.

Along with the signal regions, a control region is included in the fit as well. The control
region is designed to have enriched top pair production events. The control region is defined
with the same baseline selection, except that the cut on D¢ variable is inverted: D¢ < —35
GeV. To reduce the Drell-Yan background in this region, the visible mass of the electron
and the muon is required to be greater than 90 GeV. The diboson background is reduced by
having a least one jet in the final state. The purity of top pair production events in this region
is 85%. Only one bin is used for the control region distribution. No additional uncertainty is
appointed to the extrapolation from this single control region to the three categories, because
the top pr reweighting uncertainty has already covered the uncertainties in this region.

8.8 Systematic Uncertainties

8.8.1 Uncertainties related to object reconstruction and identification

A full description can be found in [126]. A list of these uncertainties in ey channel is
summarized. The uncertainties related to the physics object reconstruction and identification
have the following sources:
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Figure 8.10: Pre-fit visible mass distributions for all three categories.

e Muon/Electron isolation and identification: The uncertainty related to the iso-
lation and identification of muons amounts to 2%. It is applied to all MC simulated
samples. The same 2% uncertainty goes to the electron isolation and identification
efficiency.

e Electron energy scale: The electron energy scale is propagated through the SVFit
mass calculation. 1% in the barrel and 2.5% in the endcaps are considered.

e Jet energy scale: The uncertainties in the jet energy scale depend on the py and n
of the jet [104]. They are propagated to the computation of the jet multiplicity and to
the computation of m;.

e Missing transverse energy scale: The ET plays an important role via the D¢

variable in the ey channel. The effect of the ET unclustered energy uncertainty on the
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Chapter 8. Analysis of SM Higgs to 7 7 in the ey final state

yields of the different processes is evaluated by shifting the ET within its uncertainties
and recomputing the acceptance. The total effect is of the order of 1% for all processes
and categories. The uncertainty is considered as flat.

B-tagging uncertainty: A b-tagged jet veto is applied in the ey channel. The b-
tagging uncertainty for top pair production events in the 0-jet, boosted, VBF categories
and top pair production control region, is respectively 3.5, 5, 5 and 5%. The mistagging
uncertainty for the diboson background is 1.5% in the boosted and VBF categories. The
uncertainty for other processes, including signal, is negligible.

8.8.2 Background estimation uncertainties

The uncertainties related to the background estimation methods have the following sources:

Wjets estimation: The W+jets background is small and it is estimated purely from
MC samples. An uncertainty of 4% is assigned to the cross section of the process.

QCD estimation: The uncertainty comes from the OS/SS ratio scale factor, which is
between 10 and 20% depending on the category.

Top pr reweighting: A shape uncertainty, between no and twice the correction on
the reweighting, applied to top pair production events.

Single top and diboson cross section: An uncertainty of 5% is assigned to the
cross section of single top and diboson background processes, based on the CMS mea-

surements .

Z pr reweighting: A shape uncertainty of Drell-Yan events is computed by applying
0.9 or 1.1 time the correction.

Drell-Yan estimation: Yield uncertainties for Drell-Yan MC sample, based on the
data-to-MC agreement observed in the Z/v* — pu events, and on the variations of
the data-to-MC ratio by changing the muon pr threshold used for the selection in pu
region. It ranges from 7 to 20%, depending on the category.

8.8.3 Signal prediction uncertainties

The rate and acceptance uncertainties for the signal processes related to the theoretical
calculations are due to the uncertainties from PDFs, from QCD renormalization and factor-
ization scales, and from parton showering modeling. The following sources of uncertainties

are considered:

Signal cross section from PDF and a,: PDF and «; uncertainties on signal cross
section are 3.2% for gluon fusion production, 2.1% for VBF production, 1.9% for W H
production and 1.6% for ZH production.

Signal acceptance: The acceptance uncertainties related to the selection criteria used
are less than 1% for the gluon fusion and VBF production modes for the PDF uncer-
tainties. The acceptance uncertainties for the VBF production in the renormalization
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and factorization scale uncertainties are also less than 1%. The acceptance uncertain-
ties for gluon fusion production mode from renormalization and factorization scale are
treated as shape uncertainties, with a dependence on the p}7 and m;;.

e Parton shower uncertainty: The changes with variation of the parton shower tune
are considered as additional uncertainties, and reach up to 7% in the boosted category.

e H — 77 branching ratio: The theoretical uncertainty in the branching ratio of the
Higgs boson to 77 is equal to 2.1%.

8.8.4 Other uncertainties

The uncertainty in the integrated luminosity is 2.5% \| The uncertainty is applied to
the signal samples and backgrounds that are estimated using MC simulation.

Uncertainties related to the limited number of simulated events, or to the finite number
of events in data control regions, are taken into account. They are considered as bin-by-bin
uncertainty which allows each bin to vary within its statistical uncertainty.

8.9 Results of eu Final State

The search for an excess of SM Higgs boson events over the expected background makes
use of a global maximum likelihood fit based on 2D distributions. The post-fit 2D distri-
butions are shown for all three categories in the figures and The choice
of the binning is driven by the statistical precision of the background and data templates,
resulting in wider bins in the relatively poor-populated VBF category. The signal prediction
for a Higgs boson with my = 125 GeV is normalized to its best fit signal strength. The
backgrounds are also adjusted to the results of the maximum likelihood fit.

The systematic uncertainties are modeled as nuisance parameters that are varied in the
fit according to their probability density functions (detailed in . A log-normal probability
density function is assumed for systematics affecting the event yields. The systematic un-
certainties that affect the shape of the distribution are modeled with a linear extrapolation
method. In total, the statistical uncertainty in the data is the dominant source of uncertainty.

8.10 Combination with er;, um, and 7,7, Final States

The results from ey final states are further combined with other 77 final states, namely
eth, utp, and 7,7y final states, together with the control regions for top pair production,
W+jets and QCD multijet backgrounds.

8.10.1 Brief description of er,, 7, and 7,7, final states

The kinematic selection criteria for ery, p7r, and 73,7, final states are summarized in
table In the et and pr, channels, the large W+jets background is significantly reduced
by placing a cut on the transverse mass myp, to satisfy mp < 50 GeV.

The event categorization used to perform the 2D fit are summarized in table
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Figure 8.11: Observed and predicted 2D distribution in the 0-jet category of the ep final
states. The normalization of the predicted background distributions corresponds to the result
of the maximum likelihood fit. The signal distribution is scaled to its best fit signal strength

value [126].
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Figure 8.13: Observed and predicted 2D distribution in the VBF category of the eu final

states .

Final states Trigger requirement Lepton selection

pr (GeV) n Isolation
ThTh Th(35)& 11, (35) pp > 50&40  |n|™ < 2.1 MVA 73, tight ID
UTh w(22) ph > 23 n* <21 1,<0.15

ppr > 30 In|™ < 2.3 MVA 73, tight ID

1(19)&7,,(21) 20<phf <23 In*<21 1,<0.15

pr > 30 In|™ < 2.3 MVA 73, tight ID
et e(25) pT > 26 nfl <21 I.<0.1

pr > 30 In|™ < 2.3 MVA 73, tight ID

Table 8.6: Trigger requirements and kinematic selections for ery, ur, and 7,7, final states.
The trigger requirement is defined by a combination of trigger candidates with pr over a
given threshold (in GeV), indicated inside the parentheses. The kinematic selections have
been optimized to increase the significance of the analysis.
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0-jet VBF Boosted
Selection
o7 No jet > 2 jets, pi7 > 100 GeV, An;; > 2.5 Others
uty,  No jet > 2 jets, mj; > 300 GeV, p77 > 50 GeV, pi* > 40 GeV  Others
etp,  No jet > 2 jets, mj;; > 300 GeV, pi7 > 50 GeV Others

Observables used in 2D signal extraction

ThTh Merr (mj]7 mTT) (p’}Ta m’TT)
puty  (7h decay mode, myis)  (mjj, mqr) (7", mrr)
ey, (1, decay mode, myis) (mjj, Mrr) (7", marr)

Table 8.7: Categorization and observables used to build 2D kinematic distributions for signal
selection for 7,73, u7y and ety final states. The events neither selected in the 0-jet nor in the
VBF categories are included in the boosted category, indicated as "Others".

The background estimation of Drell-Yan Z+jets event in ety,, ut, and 7,7, channel is the
same as in ey channel as well as applying scale factors from Z — pp control region and Z pr
mass reweighting.

The W+jets production are estimated using MC simulation in er;, and p7y, final states,
while their yields are normalized in a data-driven way by using W-+jets enriched control
regions. The control regions are defined in the same way as the signal regions, except that
the b-tagged jets are vetoed to reduce top pair production and the transverse mass cut mr is
required to be greater than 80 GeV. The control regions are categorized to 0-jet and boosted
category. The constraints obtained in the boosted categories are propagated to the VBF
categories. Only one bin per distribution is considered, as shown in figure [8.14, The control
regions are fitted simultaneously with the signal regions. In the 7,7, final state, the W+jets
background is small compared to other backgrounds, so its contribution is estimated from
MC simulations.

The QCD multijet background estimation in the ey, and p7y, final states shares the same
idea as the ey final state. Shapes are taken from a same sign relaxed lepton isolation region,
normalization factors come from same sign reverted lepton isolation region and extrapolation
factors are taking into account for the extrapolation from nominal isolation region to relaxed
isolation region. The difference is that control regions are added in the fit to better constrain
the normalization. The control regions are defined in the same way as the signal regions,
except that the muon or electron isolations is inverted. One control region for 0-jet category
and one for boosted category per final state. The constraints of boosted categories are
propagated to the VBF categories. The QCD control regions are shown in figure for the
ety and p7p final states.
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Figure 8.14: W+jets background enriched control regions used in the maximum likelihood
fit, together with the signal regions and other control regions, to extract the results. The
control regions, defined with mr > 80 GeV, control the yields of the W-jets background.
The constraints obtained in the boosted categories are propagated to the VBF categories of
the corresponding channels .
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8.10.2 Results

The 2D distributions of the final observables for each category and each final state in
the signal regions, together with the control regions, are fed into the global simultaneously
maximum likelihood fit. The expected number of signal events is the predicted SM Higgs
boson of mass myg = 125.09 GeV decaying into 77, scaled by the best fit signal strength p.

A way to visualize an excess for the observed events with respect to the background
expectation is to fill events in the signal region by the decimal logarithm of the ratio of the
signal (S) to signal-plus-background (S+B) to a binned histogram as shown in figure
An excess of observed events compared to the SM backgrounds is clearly visible in the most
sensitive bins. The expected background and signal contributions, as well as the observed
number of events, are listed per final state in table 8.8 for the bins with log;,(S/(S + B)) >
—0.9.

Another way to visualize the excess of observed events relative to the background expec-
tation is shown in figure where the mass distribution is a sum of all mass distributions
from all categories and all final states, except that those categories that use myis are not
included. These mass distributions have a weight of S/(S 4+ B) to increase the contribution
of the most sensitive distributions.

The excess can be further quantified by calculating the local p-value using a profile like-
lihood ratio test statistic, as discussed in chapter Figure shows the local p-value
and the corresponding significance for a SM Higgs boson with a mass of 125.09 GeV. For
this particular mass of Higgs boson, the observed significance is 4.9 standard deviations (o),
while the expected significance is 4.7 standard deviations.

The best fit value of signal strength p is 1.09f8% at mpy = 125.09 GeV. The uncertainty
of the best fit signal strength can be decomposed into four sources: the theoretical uncertain-
ties, bin-by-bin Monte Carlo statistic uncertainties, other systematic uncertainties, and the
statistical uncertainty:

= L.09T G55 (theo) *533 (bin-by-bin) F§118 (syst) T 13 (stat). (8.22)

The best fit signal strengths for each final states and for each category is shown in figure
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Figure 8.15: QCD control regions used in the maximum likelihood fit, along with other
signal regions, to extract the results. The normalization of the background prediction are
The control region are defined by selecting events with inverted
isolation of lepton. The yields of QCD are controlled by the fit. The constraints obtained in

determined by the fit.

the boosted categories are propagated to the VBF categories \|
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Figure 8.17: The combined observed and predicted m,, distribution. The left plot includes
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to S/(S+ B), where S is the signal contribution and B is the background contribution in the
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Process e eTh UTh ThTh

Z/v" =TT 5.8+22 21.2+33 3464+49 89.1+6.9
Z/v* — ee/up 0.0+£0.0 2940.2 3.7£0.2 5.0£0.2
top pair production 1.94+0.1 104+03 222418 13.94+0.5
W +jets 0.8£0.02 4.0%£0.3 6.6 +1.3 7.6 £0.8
QCD multijet 21£03 33+£25 5.0£1.3 35.5£21
Other background 14+01 5240.2 6.1 +£0.2 7.3+£0.2

gluon fusion, H - 77 0.6+0.1 5.0+£0.6 6.0 0.6 274421
VBF, H —» 77 28+03 51£05 1255£1.0 175+1.0
WH/ZH, H — 77 0.0£0.0 0.3£0.0 0.2£0.0 1.3+0.1

Total backgrounds 121422 46.5+£41 77.7+£55 156.2+7.3
Total signal 34+04 109+08 192414 483426
Observed 11 54 91 207

Table 8.8: Background and signal expectation, along with the number of observed events,
for the bins in the signal region for which log;o(S/(S + B)) > —0.9, where S and B are,
respectively, the number of expected signal events for a Higgs boson with a mass of 125.09
GeV and of expected background events, in those bins.

These signal strengths make use of the constraints obtained from the global simultaneously
fit.

A likelihood scan in the (ky, x¢) parameter space is performed for mg = 125.09 GeV, as
shown in figure where Ky is the ratio of the measured value for the coupling of the Higgs
boson to vector bosons to the SM prediction of that value and x is the ratio of the measured
value for coupling of the Higgs boson to fermions to the SM prediction of that value. The
method is described in . A compatibility is shown between the observed likelihood contour
and the SM expectation value. The best fit value is close to the unity as SM predicted.

The results are combined with the results of the search for Higgs boson decaying to 77
with data collected with the CMS at center-of-mass energies of 7 and 8 TeV during Run
1 . This results in a 5.9 standard deviations observed and expected significance. The
uncertainties are treated as uncorrelated between the different center-of-mass energies. The
best fit signal strength p is 0.98 £ 0.18 for a Higgs boson with a mass of my = 125.09 GeV.
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Figure 8.18: Local p-value and the corresponding significance as a function of the SM Higgs
boson mass assumption. The red curve represents the observation, while the blue curve is

for expectation [126].
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Chapter 9. Analysis of MSSM Higgs to 7 7 in the eu final state

9.1 Analysis Overview

After the discovery of a SM-like Higgs boson, the most natural question to ask is whether
there are more Higgs bosons. The MSSM introduces two Higgs doublets which can leads to
five physical Higgs bosons, as detailed in chaper (3. Three of them are neutral bosons the light
(h) and heavy (H) scalar Higgs, and the pseudoscalar A. Possible extensions to the SM must
include the lately discovered 125 GeV boson and its measured properties. Dependencies on
additional parameters of the SUSY breaking mechanism enter via higher order corrections
in perturbation theory. These parameters can be fixed in benchmark scenarios allowing only
the tree level parameters tan 5 and m4 to freely float. The h takes the role of the observed
SM-like Higgs boson at 125 GeV and the H and A are nearly degenerate in mass because, for
values of m4 > 300 GeV, the MSSM is close to the decoupling limit. The symbol ¢ is used
to denote H and A together.

At leading order, the H and A coupling to down-type fermions is enhanced by tan 8. Due
to the relative large mass of the 7 lepton, the 77 channel is a promising final state to probe
the coupling of neutral Higgs boson to fermions. Though the coupling to bb is larger, the
b-quark identification is comparably less efficient than the case of 7 lepton.

Searches for additional heavy neutral Higgs bosons H/A to 77 final states have been per-
formed at LEP and Tevatron . At the LHC, the CMS and ATLAS experiments
has performed such searches as well. So far, no discovery of heavy neutral Higgs
boson is observed.

The 77 pair has six decay final states as described in the previous chapter. This thesis
is focused on the eu channel of the 77 decay and targeted gluon fusion (gg¢) production
and production in association with b-quarks (bb¢). The result from this channel is further
combined with the results from 7,7, u7, and et channels. As no evidence of signal is found,
exclusion upper limits are set on the product of the cross section and the branching ratio for
the decay into 7 leptons. Exclusion contours in tree level parameters my — tan 5 plane for
selected MSSM benchmark scenarios are also presented.

9.2 Datasets and Monte Carlo Samples

The analyzed datasets correspond to an integrated luminosity of 35.9 fb~!, collected in
2016 at a center-of-mass energy of 13 TeV by the CMS detector. Only fully certified data is
used.

The MC samples used for modeling SM backgrounds and the SM Higgs boson are the
same as the analysis in the previous chapter, listed in tables 8.1 and

Additional signal samples have been generated for gg¢ and bbg, as listed in table The
samples are generated for ¢ with various mass hypothesis. In total there are 29 mass points
corresponding to 80, 90, 100, 110, 120, 130, 140, 160, 180, 200, 250, 300, 350, 400, 450, 600,
700, 800, 900, 1200, 1400, 1500, 1600, 1800, 2000, 2300, 2600, 2900 and 3200 GeV ¢. The
samples of gg¢ production mode are generated by PYTHIAS8 at LO precision, while samples
of bb¢ production mode are generated using MADGRAPHS5__AMCQ@NLO at NLO precision.
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Process Generator

gg —> ¢ = 1T PyTHIAS

g9 — bbp — 77 | MADGRAPHS5__AMCQ@NLO (NLO)

Table 9.1: List of the Monte Carlo signal samples included in the analysis. The signals are
generated for 29 mass points of the neutral scalar ¢ = H/A.

9.3 Data-to-Monte Carlo Corrections

Several corrections are derived to account for the disagreement between data and MC
simulation. Most of the corrections are the same described in section including pileup
reweighting, electron and muon identification and isolation scale factors, recoil correction,
top pr reweighting and LO Madgraph Z pr reweighting. Some differences are the different
trigger scale factors, because the triggers used in this analysis are different from those used in
the SM analysis and b-tagging scale factors are added to the MSSM analysis to better model
the multiplicity of b-tagged jets.

9.3.1 Triggers

The 2016 LHC proton-proton collision runs are divided into several periods, denoted as
A, B, C,D, E, F, G and H periods. The full 35.9 fb~! data used in this thesis covers the
periods from B to G. From B to F, the trigger path used for data are the same cross triggers
described in the previous chapter. The data collected from the last two run periods, G and
H, exploits the same trigger but added a DZ filter in the sequence to cope with the increased
instantaneous luminosity. The DZ filter only trigger the events that have the lepton fulfilling
the requirement of longitudinal impact parameter d, < 2 mm. The data from G and H is
required to fire one of the e + p cross triggers "HLT Mu8_TrklsoVVL_ Ele23 CaloldL_ -
TrackIldL. IsoVL DZ" and "HLT Mu23 TrkIsoVVL Elel2 CaloldL TrackIdL IsoVL -
DZ". The DZ filter efficiency for run G to H is measured in data from top pair production
events to be eg’ZH = 0.953 + 0.006(stat) £ 0.016(syst). As the filter is only applied in run
G and H, it can be treated as efficient as the other runs. The DZ filter efficiency for the
full 2016 data can be obtained as the luminosity weighted average and estimated to be
epz = 0.979£0.003(stat) £ 0.008(syst). The trigger scale factors to be applied in the analysis
are:

SF == Cdata * €ED7Z- (91)
EMC

where €qata and eyrc are the trigger efficiencies for data and for MC, respectively, determined

by equation

9.3.2 B-tagging

The b-tagging data-to-MC scale factors are measured by using "promote-demote"” method.
Firstly, the b-tagging efficiencies € is measured in top pair production events passing the
baseline selection, and combined with the efficiencies measured in Drell-Yan events to get a
more accurate modeling at high jet pr, in bins of jet n and pp. The scale factors are achieved
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by dividing the efficiency measured in data by the efficiency measured in MC, SF = €gata/€eMC-
The scale factors are applied to update the b-tagging status on a jet-by-jet basis, as follows:
if SF < 1, a fraction of 1 — SF' of b-tagged jets is demoted to untagged status. If SF > 1,
a fraction of 1 — SF/(1 — 1/epmc) of untagged jets is promoted to tagged status. The main
advantage of this method is that after the b-tagging status has been updated, there is no
need to apply any event weights on the simulated events.

9.4 Event Selection

The baseline selection criteria for the ey channel are the same as in the previous chapter.
The differences with respect to the analysis presented in chapter 8 are: the bad muon filter
detailed in subsection is applied, the D, variable cut is further optimized to D¢ > —50
GeV, and events are discarded if they have additional muons or electrons, satisfying the
following requirements:

e Extra muon veto: no additional muons with pr > 10 GeV, |n| < 2.4 and I, < 0.3
passing the medium identification.

e Extra electron veto: no additional electrons with pr > 10 GeV, |n| < 2.5 and I. < 0.3
passing the 90% efficiency working point of the electron MVA ID.
9.4.1 Categorization

The events passing the baseline selection are split into two mutually exclusive categories
based on the number of b-tagged jets in an event:

e No b-tag: this category contains events with no b-tagged jet with pr > 20 GeV and
In| < 2.4. It is designed to target the gg¢ production mode.

e b-tag: this category contains events with at least one b-tagged jet with pr > 20 GeV
and |n| < 2.4. Tt is designed to target the bb¢ production mode.

Because the signal-to-background ratio has a strong dependence of the D, variable, in
each category, three subcategories are introduced to improve the search sensitivity based on
the value of the D, variable. Three ranges of D are taken into account:

e low D¢ —50 < D¢y < —10 GeV.

e medium D;: —10 < D¢ < 30 GeV.

e high D¢: D¢ > 30 GeV.

The distributions of b-tagged jet multiplicity and D, variable are shown in figure

9.5 Background Modeling

9.5.1 Drell-Yan Z+jets

The Drell-Yan Z+jets background is modeled by the MC simulated samples. A shape
correction for the generator level Z boson mass and pr is applied as in the previous SM
analysis chapter.
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Figure 9.1: Distributions of the b-tagged jet multiplicity (left) and the D, variables
(right) (132,

9.5.2 Refined modeling of QCD multijet events

The same idea is adopted for the search for MSSM Higgs analysis compared to the estima-
tion method in SM Higgs analysis. The contribution of the QCD multijet background in the
signal region (SR), where the electric charges of the electron and the muon pair are required
to be of opposite sign (OS), is estimated using a data driven technique from a control region,
where the electric charges are required to be same signed (SS). The ratio of events number of
ep pair with OS to the events number of ey with SS is measured in a sideband (SB) region
where the events fail the nominal lepton relative isolation I, < 0.15 and I, < 0.2. The OS/SS
ratio is obtained from a relaxed isolation region I., < 0.4 and at least one lepton fails the
nominal isolation requirement, i.e, I, > 0.15 or I, > 0.2 to avoid overlapping with the SR.
The ratio measurement is performed in the events with selected ey pair passing the baseline
selection and with requirement of D > —50 GeV. The inclusive OS/SS ratios from the SB
region determined with data and with simulation are listed in table

Region | Data MC
SB 2.33+0.05 | 2.44 £ 0.16
SR - 2.20 £0.32

Table 9.2: The inclusive OS/SS ratio measured in isolation sideband (SB) region determined
from data and from simulation. The OS/SS ratio measured in signal region (SR) determined
from simulation is also presented.

The OS/SS ratio in the SB region can be measured as a function of pp of the leading
lepton, plfad, of the subleading lepton, p%‘blead, and as a function of separation AR(e, )
between the leptons in the n — ¢ plane. Other non-QCD MC background in the SB region

are subtracted from data. The OS/SS ratios obtained as a function of lepton kinematics are
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listed in table

piead [GeV] | piblead [GeV] | AR(e, ) | OS/SS ratio
24, 30) [10,17) <2 2.72 £ 0.07
> 30 [10,17) <2 2.60 + 0.28
24, 30) [17,24) <2 2.73 4+ 0.09
> 30 [17,24) <2 2.91 +0.71
24, 30) (24, 30) <2 2.56 £ 0.18
> 30 24, 30) <2 2.46 + 0.37
> 30 > 30 <2 2.44 + 0.50
24, 30) [10,17) [2,4) 2.31 +0.04
> 30 [10,17) 2,4) 1.97 £ 0.20
24, 30) [17,24) 2,4) 2.32 + 0.04
> 30 [17,24) [2,4) 2.00 +0.15
24, 30) (24, 30) 2,4) 2.38 4+ 0.06
> 30 (24, 30) 2,4) 1.95+0.11
> 30 > 30 2,4) 1.75 4 0.29
24, 30) [10,17) >4 1.87 +0.12
> 30 [10,17) >4 1.37 +0.47
24, 30) [17,24) >4 1.96 + 0.10
> 30 [17,24) >4 1.77 £ 0.68
24, 30) (24, 30) >4 2.02 + 0.22
> 30 [24, 30) >4 1.57 4 0.33
> 30 > 30 >4 1.47 +0.55

Table 9.3: The OS/SS ratio measured in isolation sideband (SB) region as a function of the
lepton kinematics.

The integrated OS/SS ratios measured for different event categories in SB are shown in
table The OS/SS ratios in the no btag categories are not so different from the OS/SS
ratio in the inclusive category, while, for the btag categories, the OS/SS ratio is much lower
than the inclusive. Extrapolation factors are introduced to correct the differences between
inclusive category and individual event categories, also shown in table

The OS/SS ratios from table dependent on the lepton kinematic and the extrapolation
factor from table are used together as weight applied on an event-by-event basis to the
same sign ey events. A closure test is performed in the SB region. Figure shows the
distributions of the m!{2* variable in SB between the SS and OS selected e pairs. The OS/SS
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Category OS/SS ratio | Extrapolation factor Fiay
inclusive 2.33+0.05 | -

no btag inclusive 2.39 + 0.06 1.026 4+ 0.027

no btag low D¢ 2.39 + 0.09 1.026 £ 0.039

no btag medium D¢ | 2.38 +0.07 | 1.021 £ 0.030

no btag high D, 2.65+0.14 | 1.137 £ 0.060

btag inclusive 1.39£0.11 | 0.596 + 0.047

btag low D¢ 1.37£0.14 | 0.588 £ 0.060

btag medium D 1.40 £0.12 | 0.600 £ 0.051

btag high D, 1.60 £ 0.46 | 0.686 + 0.197

Table 9.4: The OS/SS ratio measured in isolation sideband (SB) region determined from data
for various categories. Also shown are the extrapolation factors from the inclusive category
to different event categories.

ratios (listed in table and extrapolation factors (listed in table are applied on the SS
samples. The shapes between OS and SS samples are in good agreement both in btag and
no btag categories.
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Figure 9.2: A closure test in the SB region is performed. The m!?® distributions of the SS
selected ey pairs events (blue) show good agreement to the OS selected (red) both in no btag
(left) and btag (right) categories. The OS/SS ratios and the extrapolation factors are applied
on the SS selected ey pair events.
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Chapter 9. Analysis of MSSM Higgs to 7 7 in the eu final state

To account for the difference in the OS/SS ratio between the signal region and the SB
region, another extrapolation scale factor is applied to the yield of QCD events. This scale
factor, denoted as Figo, is obtained from the MC simulated QCD multijet events as the OS/SS
ratio in the signal region divided by that in the sideband:

(OS/SS)3hy  2.20+£0.32
(OS/SS)SE,  2.44+0.16

Fio = = 0.90 + 0.14, (9.2)

In order to have QCD multijet templates populated with enough events, the shape tem-
plates are obtained from the same sign ey events selected with relaxed isolation requirements
I. < 0.5 and 0.2 < I, < 0.5. As figure shows, the templates are not biased due to
the change of isolation requirements. The normalized scale factor applied to the template is
calculated by the this formula:

wQCcp = (OS/SS)kinetic - Feat - Fiso, (93)
where (OS/SS)kinetic are the OS/SS values listed in table
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Figure 9.3: The m!f variable distributions from relaxed isolation region (blue) and from
nominal isolation region (red). Good agreements are shown for both no btag (left) and btag
(right) categories.

9.5.3 Modeling of jet — e/u events

The non-QCD background can be split into two contributions: the contribution with
genuine reconstructed leptons and the contribution from jets misidentified as leptons. The
contribution with genuine reconstructed leptons is modeled with pure MC simulation, while
the contribution with jets misidentified as leptons is modeled with MC simulation plus a pp
dependence correction.
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9.5. Background Modeling

The correction is accounted for the jet — e/u fake rate difference between the data and
MC simulation. The jet — e/u fake rate is measured with Z — pu+ jets events. The
events are triggered by the "HLT IsoMu24" trigger and selected by requiring two isolated
opposite sign muons with invariant mass in the window 70 to 112 GeV. The two muons should
have pr > 15 GeV and |n| < 2.4 with one muon matched to the offline trigger object having
pr > 25 GeV. The event is required to have at least one jet separated from the selected muons
by AR(jet, ) > 0.6. In the case in which more than one jet is found, the probe jet is selected
by requiring the largest azimuthal angle with respect to the dimension of the dimuon system.
The pass or fail criteria is defined as whether the jet matches within a cone size AR = 0.5 to
an electron or a muon satisfying the ey channel selection criteria. The misidentification rate
is measured as function of probe jet pr. The pr dependence of data-to-MC scale factors is
fitted with a linear function. Figure shows the results of the fake rates and the fits of the
data-to-MC scale factors. For electrons, the scale factors and the relevant shape systematics
corresponding to +1 (up) and -1 (down) standard deviation are:

Fiet—se = 0.0015 - p5-(GeV 1) 4 0.794,

Fib . = 0.0030 - p7-(GeV ™) + 0.883, (9.4)
Fovn = 0.702.

For muons, they are
Fiet—sy = 0.0025 - ply.(GeV™1) + 0.902,

Figb ., = 0.00350 - p.(GeV ™) +0.992, (9.5)
down __
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Figure 9.4: The misidentification probabilities of jet — pu (left) and jet — e (right) as a
function of jet pr. The lower pads show the fitted function of the data-to-MC scale factors.
The function are applied to the corresponding jet — eu contribution in the MSSM analysis.
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Chapter 9. Analysis of MSSM Higgs to 7 7 in the eu final state

These scale factors are applied to simulated W+jets and diboson events, where a jet is
misidentified as electron or muon. The flavor composition in the Z — pu+jets events, where
the measurement of jet — lepton misidentification rate is performed, is similar to W+jets
and diboson events. The scale factors are not applied to ¢t and single top events, where the
flavor composition of jets is much different from the Z — pu+jets events.

9.6 Signal Extraction

To extract the signal, the total transverse mass variable is used as the final discriminant:

my = \/mTCE(% )2 + my (B, 75%)? + mp (1), 757%)2, (9-6)

vis

where mp = \/ 2pkp3.(1 — cos Ag) is the transverse mass, 7% is the leading 7 visible decay

product, 75 is the second leading 7 visible decay product and A¢ is the azimuthal angle
between the different 7 decay visible products. Figure shows the pre-fit distributions of
the mf* variable in the six categories. The medium D, categories have the largest signal-to-
background ratio.

By using a maximum likelihood fit of the mf®* distribution, the upper limits on the
MSSM Higgs boson production cross section times the branching ratio for the decay to 77
are determined. The systematic uncertainties are treated as nuisance parameter in the fit
and they are discussed in the next section.

In order to constrain background normalization in the maximum likelihood fit, a tt en-
riched control region is added to the fit as well, together with the signal region. The event
sample in this region contains the same ey events baseline selection, except the additional
selection criteria, Dy < —50 GeV and F'r > 80 GeV, to enhance the yield of ¢t events. The
purity of the top pair events equals to 85% in this region, while the remaining 15% originate
from the single top and diboson production events. One bin is used for this control region.
The tt normalization uncertainty and the top pr reweighting shape uncertainty in this region
are correlated to the same uncertainties in the signal region.

A Z — pp control region dedicated to control the normalization of the Z — 77 back-
ground is included in the simultaneous fit along with the signal regions. A pu pair formed
by the most isolated muons is selected. The leading muon should have pr > 23 GeV and
In| < 2.1. The subleading muon shoud have pyr > 10 GeV and |n| < 2.1. Additionally, the
invariant mass of the dimuon system m,,, is required to be between 70 and 110 GeV. Events
with extra electrons or extra muons passing the extra lepton veto criteria are rejected. The
control region is divided into no-btag and btag categories in order to have a phase space for
the Z — pp and the Z — 77 processes as similar as possible. Only one bin is used for this
control region.

9.7 Systematic Uncertainties

9.7.1 Uncertainties related to object reconstruction and identification

A full description can be found in [132]. A list of these uncertainties in the ey channel is
summarized. The uncertainties related to the physics object reconstruction and identification
have the following sources:
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Figure 9.5: Pre-fit distributions of the m!?" variable in each event category of ey channel.
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Chapter 9. Analysis of MSSM Higgs to 7 7 in the eu final state

Muon/Electron isolation and identification: The uncertainty related to the iso-
lation and identification of muon/electron amounts to 2%. They are applied to all
simulated processes.

Electron energy scale: The uncertainties affecting the shape in energy of electron is
1% in the barrel and 2.5% in the endcaps. It is applied to all simulated processes.

Jet energy scale: The uncertainties in the jet energy scale depend on the pr and n of
the jet [104], ranging from 1 to 6%. They are applied to all simulated processes. The
jet energy scale affects the number of events entering each category.

B-tagging uncertainty: The uncertainties in the rate with which both light-flavor jets
and true b-jets pass the b-tagging discriminator selection are applied to all processes
estimated from simulation, ranging from 1 to 5% as a function of jet py and |n|.

Missing transverse energy: The uncertainties in the resolution and response of the
missing transverse energy K7 are derived during the computation of the recoil correc-
tions. This results in uncertainties ranging from 1 to 5% to all processes with recoil
correction applied, including all signal processes, Drell-Yan and W+jets events. For
those processes without recoil correction applied, the jet energy scale and unclustered
energy scale variation are propagated to the 7, also resulting in uncertainties ranging
from 1 to 5%.

9.7.2 Background estimation uncertainties

The uncertainties related to the background estimation methods have the following sources:

W+jets estimation: An uncertainty of 4% is assigned to the cross section of the
W +jets process.

Jet — e/u: Shape uncertainties are applied to all processes with jets misidentified as
electrons or muons to account for the Jet — e/u misidentification rate, as equations

and [9.5]

QCD estimation: The QCD background is estimated by a data-driven method. The
uncertainties should cover the statistical uncertainty of the data and subtracted back-
grounds, plus the uncertainties associated with the extrapolation from lepton anti-
isolated region, where the estimate is made, to the signal region. A total 30% uncer-
tainty is accounted for the extrapolation method, in addition to category-dependent
uncertainties ranging from 4 to 29%, in the measurement of the OS/SS ratios.

Top pr reweighting: A shape uncertainty to be considered as the uncertainty in
the top quark pr reweighting method is applied to top pair production events. The
uncertainty is the difference between not applying the reweighting and applying the
nominal reweighting twice.

Single top and diboson cross section: The uncertainties in the cross sections of
single top and diboson production amount to 5%, obtained from the CMS measure-

ments .
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9.7. Systematic Uncertainties

o 7Z pr reweighting: Five shape uncertainties related to the Z pr reweighting method
which is used to improve the modeling of Drell-Yan events. Two of them are including
the 0.2% muon energy scale uncertainty and 6% top pair production cross section
uncertainty. The remaining three uncertainties are statistical uncertainties related to
the limited statistics in three high mass bins which are found to be non-negligible.

e MC acceptance extrapolation from Z — pp and top pair production control
regions: These uncertainties are related to the inclusion of the Z — pp and top pair
production control regions. Uncertainties in the extrapolation from Z — up ranges from
1 to 7%, applied to the Z — 77 events, depending on the categories. The extrapolation
uncertainties applied to the Z — ¢/ events is 4%. The extrapolation uncertainties from
the top pair production control region to signal region is smaller than 1%, applied to
the top pair production events in signal region. An additional uncertainty of 1% is
applied in the control region to account for the fluctuations in the variables used to
select the control region events.

9.7.3 Signal prediction uncertainties

The uncertainties related to the signal processes have the following sources:

e Signal cross section from PDFs: The MSTW 2008 PDFs are used for the
calculation of the signal production cross sections. The uncertainties in the choices for
the PDFs are estimated following the recommended procedure given in references
134]. The uncertainties are evaluated for every m4 — tan § point individually. Their
uncertainties ranges from 15 to 25%.

e Signal acceptance: The theoretical uncertainties in the signal events acceptance in
the associated production with b quark are derived from the variations of the renor-
malization (ug) and factorization (up) scales and of the generator matching scale Qg
related to the parton shower. The scales ur and pp are varied by factors of 0.5 and
2 and the scale uncertainty contains six variations of pp and pp in total. The scale
Qs is varied by factors of 1/ V2 and v/2. These are recommended prescription from

reference )

e SM Higgs boson production: The SM Higgs boson production is taken into account
in the likelihood ratio as one of the backgrounds. Uncertainties in the choices for PDF
and a uncertainties on signal cross section are 3.2% for the gluon fusion production,
2.1% for the VBF production, 1.9% for the W H production and 1.6% for the ZH pro-
duction. Uncertainties due to the choices for renormalization and factorization scales
for calculating the SM Higgs boson cross section are 3.9% for the gluon fusion produc-
tion, 0.4% for the VBF production, 0.5% for the W H production and 2.8% for the ZH
production.

9.7.4 Other uncertainties

The uncertainty in the integrated luminosity amounts to 2.5% [112]. The uncertainty is
applied to the signal samples and backgrounds that are estimated using MC simulation.
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Chapter 9. Analysis of MSSM Higgs to 7 7 in the eu final state

In addition, uncertainties related to the limited number of simulated events are taken
into account by allowing each bin of each background template to vary within its statistical
uncertainty (bin-by-bin uncertainty).

9.8 Results of eu Final State

Figure shows the distribution of m{* for the no-btag and btag categories in the ep
channel after the global maximum likelihood fit. The fit is performed for a signal-plus-
background model. The expected mi{?* distribution for a signal of three neutral Higgs bosons
from gluon fusion and the production in association with b quarks in the MSSM m}?(’de+
scenario for my4 = 700 GeV and tan § = 20 is also shown. The signal distribution has two
peaking structures: one related to the signal from the h at about 130 GeV, and the almost

mass degenerate H and A at 700 GeV.

9.9 Combination with er,, u7;, and 7,7, Final States

The results from the ey final states are further combined with three other 77 final states:
eTn, Ut and 7,7 final states, together with the control regions for Z — pu and top pair
production backgrounds.

9.9.1 Brief description of e, um, and 7,7, final states

The trigger requirement and kinematic selection for ery,, ur, and 7,7, final states are
summarized in table Data-to-MC scale factors for triggers, electron id and isolation,
muon id and isolation and 7, isolation scale factors are applied. In the er;,(u7,) final
state, apart from the kinematic selection listed in the table, the 75, should pass the tight (very
loose) working point of the discriminator to suppress electrons and the loose (tight) working
point of the discriminator to suppress muons, the relevant data-to-MC scale factors for these

discriminators (listed tables [7.3}[7.14)) are applied.

Final states Trigger requirement Lepton selection

pr (GeV) 7 Isolation
ThTh Th(35)& 71, (35) pp>40  |n|™ <2.1 MVA 75, medium ID
UTh w(22) ph>23 gt <21 1I,<0.15

pp>30 |n|™ <23 MVA 7, tight ID
eTh e(25) p5>26 |n°l<21 I.<0.1

P >30  |n™ <23 MVA 7, tight ID

Table 9.5: Trigger requirement and kinematic selection of the 7,7, u1y and ety final states.
The trigger requirement is defined by a combination of trigger candidates with pr over a
given threshold (in GeV), indicated inside the parentheses.
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Chapter 9. Analysis of MSSM Higgs to 7 7 in the ey final state

To increase the sensitivity of the analysis, selected events in e7y,, u7p, and 7,75 final states
are split into b-tag and no b-tag categories using the same definition as in ey final state.

In the et (u7y) final state, each global event category is further split into two subcat-
egories based on the transverse mass of the electron (muon) and K, mp, which is used
to discriminate between the signal and the backgrounds from W-+jets. The subcategories
are defined as tight-mp (mp < 40 GeV) and loose-mp (40 < mp < 70 GeV). Tight-mp
subcategory is the most sensitive for signal events, especially for the low-mass hypotheses.
The loose-m7p subcategory is added to increase the signal acceptance for mass hypotheses
of mg > 700 GeV. In figure the mr distribution is shown for the u7, final state before
dividing into two subcategories.

M, 35.9 b (13 TeV)
> LA L L EL A B B B
%) CMS ¢ Daa
9 25000 CJzow ]
o [ JJetor,
§ Tight-m, Loose-m; [[]Z—up ]
i}

20000 5 I Electroweak
(R
15000 [~ Background uncertainty _|

10000 “ﬂ‘%f B

_‘_‘_,_:—‘_
L L
5000 B
) mrr—— ——— P R Y TS A S o
o
LTJ< 1.1 o
3 0 0o ® Y O 0o e . 0.,
8 1o 60 ¢ 000000 stog oy
5 +
o o9 | | | | I I
0 20 40 60 80 100 120 140
n
m; (GeV)

Figure 9.7: The transverse mass m7 distribution in pu7, final state. The dashed vertical lines
represent the definition of the subcategories ||

In total, sixteen signal categories and three background control regions enter the simul-
taneous fit to extract the signal. A schematic view of the event categorization is show in
figure

The background estimation in ery,, u7, and 7,7, channel is split into two parts. The first
part contains backgrounds with genuine 7 and with ¢ misidentified as 7. These contribution
are estimated with MC simulation as in the ey channel. The second part deals with jet
misidentified as 7,. The "fake factor" method is used to estimate this part of contribution.
A certain background i due to the jet — 75, misidentification is estimated from a relaxed
71, isolation region. This region is denoted as application region (AR) and requires the 7,
isolation discriminator to satisfy the very loose but not the tight (medium) working point
in the ery,/uty, (mh,7) final state. This region is dominated by jet— 73, events, with a few
percent of events with genuine 7 lepton decays. To estimate the yield for background i due
to jet— 7, misidentification in the signal region, the number in the AR is multiplied by the

ratio N,
¢ __ *Vpass
Fp

— Dpass 9.7
Nfail ( )
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Figure 9.8: Overview of all event categories entering the signal extraction fit. There are
sixteen signal categories and three background control regions \\

where Npags represents the number of events satisfying the tight/medium working point and
Nt represents the number of events satisfying the very loose but not the tight/medium
working point of the 73, isolation discriminator. The number of events appearing in the
above equation are determined from a determination region (DR;), which is not exclusive to
the AR and signal region, and enriched by background i. When estimating the number of
events, the contributions from backgrounds other than ¢ are subtracted from the numerator
and denominator of equation The FY is different for different background processes. A
weight w; is applied on the individually determined F} in order to obtain a weighted factor
Fr on an event-by-event basis:

_ M
Zj N, /JxR

where N}IXR represents the number of events for background 7 in AR. The factor Fr will be

the factor applied to all events in the AR as the estimation of yield and shape of the sum of

QCD multijet, W+jets and ¢t events due to jet — 75, misidentification. The idea of the fake
factor method is shown in figure

In the erj, and p7y, final states, the DRqcp is defined by the same selection as for the

Fp=> wiFf, w; , 4,7 € {QCD, W + jets, tt}, (9.8)
7

signal region, but the electric charge of the 77 pair decay products are required to be same
signed. In addition, the transverse mass is required to be mp < 40 GeV to suppress W+jets
events, and the isolation of electron (muon) is relaxed to 0.05 < I¢(®) < 0.15. The definition
of DRy 4jets has the same selection as for signal region, except that the transverse mass is
changed to mp > 70 GeV to have enriched W+jets events and no b-tagged jet is presented
to suppress the tt events. As for the DR,;, because there is no sufficiently pure region for ¢t
events, the F# are estimated from simulation after the event selection but before the event
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Figure 9.9: Overview of fake factor method used to estimate jet — 75, background contribution
in ety, ump, and 7,7, final states [132].

categorization.

In the 7,7, final state, only DRqcp is defined from the requirement that electric charges
of the 77 decay products should be same signed. The FFQCD is also used to estimate the
W +jets and tt backgrounds since they are far more subdominant. A weight of 0.5 is assumed,
accounting for the combinatorial effect arising from the determination of FFQCD from the fact
that each event can enter the AR in one of two mutually exclusive ways, either the leading 7
candidate satisfying the requirement of nominal 73, isolation and the subleading 7, candidate
inverted requirement or vice versa. For the backgrounds from W-jets and tt events, these
events have a weight of 1 since the fraction of events with two misidentified jets is very small
at a few percent.

9.9.2 Results

To extract the signal, a likelihood function given by equation is used. The mie*
distribution from e, ut, and 7,7, final states are shown in figures They are fitted by
using MSSM mzn°d+ signal-plus-background hypothesis, for m4 = 700 GeV and tan g = 20.
No signal is found in the mass region between 90 GeV to 3.2 TeV.

Upper limits on the presence of signal are set for two interpretations of data: background-
only and some signal-plus-background hypotheses. The SM Higgs boson contribution is
treated as one of the background processes. The upper limit setting is done following the
modified frequentist approach as described in subsection [4.4.1]
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Figure 9.10: Distributions of m!{2" in the no b-tag (left) and b-tag (right) categories for ey,
(top), uty (middle) and 75,7, (bottom) final states. A signal-plus-background hypothesis
is used for the fit, corresponding to m4 = 700 GeV and tan 8 = 20 [132].
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Exclusion limits of the first interpretation are model-independent. The 95% CL upper
limits on the product of cross section times branching ratio for gg¢ and bb¢ production are
set. The limits are derived assuming a single narrow resonance, ¢. The signal is searched for
in both production at the same time. Two freely floating parameters of interest, which are
the signal strengths for the two production modes, are used in the fit. Expected and observed
95% CL upper limits are shown in figure For gg¢ production, expected exclusion limits
are shown for the cases where only the b quark and only the t quark are taken into account
in the loop contribution, respectively. Figure shows the expected 95% CL upper limits
divided into four different final states. For gg¢ production, the 7y, final state is the most
sensitive below 300 GeV. ey and ety final states are roughly the same in this mass range.
Above 300 GeV, 1,7, and 7y, have roughly the same sensitivity. For bb¢ production, below
200 GeV, utp is the most sensitive final state, while 7,7, is the most sensitive for masses
mg > 200 GeV.
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Figure 9.11: Expected and observed 95% CL upper limits for the production of a single
narrow resonance ¢ with a mass between 90 GeV and 3.2 TeV in the 77 final state . The
SM Higgs boson has been included in the background. Limits are shown for gg¢ (left) and
bbo (right) production modes.

A likelihood scan is also performed in the gg¢ — bb¢ plane that is spanned for every mass
point by the product of cross section time branching ratio (o - B) of gg¢ and bb¢ production.
The fit is performed by assuming the SM Higgs boson as one of the backgrounds. The
representative results are shown for six mass points in figure

The second interpretation is model dependent. The exclusion contours are shown in
the m4 — tan § plane, for two MSSM benchmark scenarios: the mhmocl+ and the hMSSM are
considered. These scenarios were introduced in section [3.3.2] For each value of m 4 and tan 3,
a maximum likelihood fit to the data is performed. The test statistics is slightly different
than the one used to obtain model independent limit (equation[4.22). The numerator remains
the same, with a fixed value of u = 1, corresponding to the signal prediction for the given
value of my and tan 3. But the denominator is changed to p = 0, corresponding to the
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Figure 9.12: Expected 95% CL upper limits by four final states and their combination for
g99¢ (left) and bbp (right) production modes [132].

background-only prediction. The SM Higgs is added to the background contribution in the
likelihood ratio. In figure the observed and expected 95% CL exclusion contours are
shown for the MSSM mﬁ“‘“” and the hMSSM scenarios. The exclusion contours reach up to
1.6 TeV, two times broadening the CMS run 1 excluded mass range in m4 . For values
ma < 250 GeV, the excluded region in both scenarios extend down to values of tan 5 = 6.
The observed exclusion limits show good agreement with the expected limits for the whole
mass range. In the low mass region, the exclusion contour is similar to the previous CMS
results . This is due to three main factors: the observable m!?" used to extract the signal
is built to have more sensitivity for the high mass region, but suffers reduced sensitivity for
the low mass; the improved signal prediction at NLO precision shows a softer pr spectrum,
which dominates at low tan 8 region; the choice of single lepton triggers in the e, and um,
final states with higher instantaneous luminosity brings the py threshold higher and therefore
reduce the signal acceptance.

Figure shows the selected CMS results of the MSSM neutral Higgs to 77 searches
including the one presented in this thesis and the comparison to the ATLAS run 2

results )

167



Chapter 9. Analysis of MSSM Higgs to 7 7 in the eu final state

35.9 b7 (13 TeV) 35.9 b7 (13 TeV)

g2 lecMs | m=10Gv | § |ecms @ m=125Gev
= I [168% CL 1 = ¢ [168% CL ]
e I [195% CL et [95% CL
é ol oJ Bestft - \L_’ £ ok Bestft
@ @
= g ]
o) Ko)
=3 =
[5) © E
25 30 35
6(99%)-B(¢9—17) (pb) 6(990)-B(9—17) (pb)
35.9 b7 (13 TeV) 35.9 b7 (13 TeV)

_ [rrrrrrrrrr T T T T T T T T T T T T T ] _ L L L L L L I DL I
| [ CMS m=140Gev | & | CMS m, = 180 GeV
E 4sp [ 68% CL E E 16 [I168% CL .
e []95% CL 1 e f []95% CL ]
é i o Best fit ] é 1-4:* o Best fit ]
@ ER ]
= =
Keo) — Keo)
o L .
© ] ©

P
3.5

6(9g9¢)-B(¢p—11) (pb) 6(9g9¢)-B(¢p—11) (pb)
35.9fb" (13 TeV) 35.9 b7 (13 TeV)
B LT e e s e LA B o s —~0.016 T AR e RRRS SR
S f CcMS m, = 350 GeV S [ CMS m, =700 GeV
E 007l [ 68% CL 50_014 B [ 68% CL
e L [195% CL [ []95% CL
N o Best it Lol & Best it
@ | @ |
g' - _8‘ 0o1f -
2 2
b — b 0.008 —
. o.ooe: -

n 0.004

. 0.002

L Ny 1 L
0.08 0.1 0.12 0.14 X X 002 0025 003 0035 004 0045

6(9g6)-B(0—717) (pb) 6(9g¢)B(6—17) (pb)

0.05

Figure 9.13: Scan of the likelihood function for the search in the 77 final state for a single
narrow resonance ¢ produced via gg¢ or bb¢ production mode [132]. A representative subset
of the mass points is shown.
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CHAPTER

10
SUMMARY AND CONCLUSIONS

In the Standard Model (SM), the Higgs boson decays approximately in 6% of the cases to
a pair of tau leptons if it has a mass of 125 GeV. In the Minimal Supersymmetric Standard
Model (MSSM), the heavy neutral Higgs boson can decay to a pair of tau leptons as well. To
probe the fermionic coupling of the SM and MSSM Higgs boson, the 77 final state is more
promising than the bb final state, due to less background contamination, and the pu final
state, due to the larger branching ratio.

In this thesis, the use of tau lepton as a tool to discover the SM Higgs boson and to
search for neutral MSSM Higgs boson has been described in detail. These analyses make use
of the proton-proton collision data collected by the CMS detector in 2016, corresponding to
an integrated luminosity of 35.9 fb~1.

The tau lepton is the only lepton heavy enough to decay hadronically, with a branching
ratio of 65%. The reconstruction of hadronic decay taus (73,) is achieved in CMS by the
Hadron-Plus-Strips (HPS) algorithm. The principle is to relate the 73, candidates to one of
the possible tau hadronic decay modes by counting the number of tracks and deposits in
1 — ¢ strips of the electromagnetic calorimeter. Discriminators to reject quark-gluon jets,
electron and muons have also been applied. The e — 75, misidentification rates are kept at
percent level or below and g — 75, misidentification rates at permille level or below. The
performance of 7 identification algorithms is studied with data. It is compatible with the
prediction in simulations, but some data-to-Monte Carlo scale factors not equal to unity are
derived. These scale factors which were derived in this thesis, are recommended to be used
for all CMS analyses involving e/u — 7, misidentification. The uncertainties in the e — 73
misidentification rates in data ranges from a few percent for very loose selection criteria in the
barrel region to 45% for very tight selection criteria in the endcap region. The uncertainties
on the p — 7, misidentification rates in data range from a few percent for loose selection
criteria in the central region (|n| < 0.4) to 60% for very tight selection criteria in forward
region (|n| > 1.7). The selection efficiencies for rejecting electrons and muons in data are
verified and they are compatible with the simulation.
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The decay of the Higgs boson with a mass of 125 GeV compatible with the SM prediction
to 77 is discovered with an observed significance of 4.9 standard deviations, to be compared
with an expected significance of 4.7 standard deviations. The best-fit signal strength p is
1.09J_r8:%. The results are obtained by combining four channels: eu, 7,7, purp and ery.
The thesis described the analysis strategies, targeting gluon fusion and vector boson fusion
production modes, in detail, with an emphasis on the ey channel. The missing transverse
energy is highly correlated to the sum of momentum of the eu pair in the Higgs to 77 decay,
while the correlation is weak in the main background ¢t. The D, variable is designed to make
use of this property and served as one of the variables to categorize events for further signal
extraction. The QCD multijet production, as one of the main background in the ey channel,
is modeled by using a data-driven technique. The shape of QCD is taken from a sideband
relaxed lepton isolation region, while the yield is normalized with the ratio of the number of
opposite signed e pair events to the number of same signed ep pair events (OS/SS ratio)
obtained from the lepton reversed isolation sideband region and with the signal region to
sideband region extrapolation factor.

In the search for neutral MSSM Higgs boson ¢ = H/A, a mass range between 90 GeV and
3.2 TeV is probed, making use of four decay channels of 77: eu, 1,7, un and er,. Model
independent upper limits are set on the cross sections of ¢ for the gluon fusion production
(gg¢) and b quark associated production (bb¢) times the branching ratio of ¢ — 77 decay.
No evidence of a neutral MSSM Higgs boson is observed. Likelihood scans in the gg¢ — bbg
plane have been performed, showing compatibility with the background-only hypothesis. The
results are further interpreted in two MSSM benchmark scenarios: mf0d+ and hMSSM. The
2D Exclusion contours are provided for each scenario, as a function of two MSSM parameters:
the ratio of the vacuum expectation values of the two Higgs doublets, tan 8 and the mass
of pseudoscalar boson, m 4. Both scenarios exclude a heavy neutral MSSM Higgs boson of
ma < 250 GeV for tan 8 greater than 6. For values of tan 3 < 60, the exclusion contours
reach up to 1.6 GeV for m4. The analysis strategies are described in the thesis, in particular
for the ey channel. A refined QCD multijet background estimation method is introduced to
the MSSM analysis. The OS/SS ratio used to normalize the yield is dependent on the lepton
kinematics. The jet faking prompt e/p contribution is one of the backgrounds. To better
estimate this contribution, data-to-Monte Carlo scale factors, derived from Z — pu+jets
events, are applied.

The LHC has collected proton-proton collision data for an integrated luminosity of 150
fb~! so far. No evidence for physics beyond SM (BSM) has been observed. Future operation
of the LHC will gather more and more data with an increased center-of-mass energy, which
will allow us to explore more regions in the searches for BSM physics with smaller cross
sections or heavier particles and to perform more precise measurements of the properties of
the observed 125 GeV Higgs boson. Meanwhile, machine learning techniques are becoming
more and more widely used in the physics object reconstruction and in physics analyses
by providing more discriminating power to separate signals from backgrounds. With new
methods and more data, we have reasons to believe that many exciting discoveries most
likely lie in front of us.
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