CERN-THESIS-2022-398

02/12/2022

@y

K 5. 0572.22 BALTARAY: 10422
T NFF 2 2. D2017069

A
BLTFEMIEX

Thesis for Doctoral Degree

B &

WIGHEH: 7 ATLAS SLRRE S FARSHF SR
MER~ENRRETIRE T

Search for Higgs Boson production associated with single top quark
in same sign di-lepton final state at ATLAS

VE& 144 Khuram Tariq
FATR BARXMEE B R
AR RFYES R 2R

632 M DI
AR I Z=k

2022 & 12 H 2 H






B ot % B A
ANSBEEW: FTEXMFRIT RANEGITRST, M
ST ST BRI R . BT A 5 R A S, AR
TS M ABEA DA RERBES T KRR XA
R AR E B ERAA ARG, ¥ EAESCH AT A AR
A5 B VAR ST A AR

éﬁ

Q91 1L, D)

WIXAEEEA H #:

X F AR E AR ERR
AAZEETRLFEKRSEEREE. EHEMRCNE, RS
2 s (7 B B ) R SR B 1 T BRI S e U R BN A BT AR, 7T
VRS SO BRI B S NS AR K2 TT LUK AR A 38 S
A ARG FHOREHATRER, FLRARE. MEnsHmE
M?Eﬁﬁ%xﬁﬁﬁiiﬁ%io
35 B SCTE AR 5 RLE Y A E )

{ X
DI ELAL /? S, é{j?aghkuﬁn






AR R A1 A 18

ABSTRACT

Contents

Acknowledgement . . . . . ... ...

1 Introduction. . . .. .. ... ...

2 The Standard model of particle physics . . ... ... ... ...

2.1

Overview of the standard model

2.2 Quantum chromodynamics . . .

2.3 Electroweak theory . . . . . ..

231

Electroweak spontaneous symmetry breaking . . . . . ..

2.3.2  Yukawa couplings and quarks in the EW theory . . . . . .

2.4 Coupling of a top quark to Higgs boson . . . . . . .. .. .. ...
3 The ATLAS experiment at LHC
The Large Hadron Collider . .
3.2 The ATLAS Detector . . . . . .
ATLAS coordinate and Variables . . . . . ... ... ...

3.1

3.3

3.4

3.2.1
3.2.2
3.2.3
3.2.4

sTGC production quality control

3.3.1

The Inner detector . . .
The calorimeter system

The muon spectrometer

The small-strip Thin Gap chambers (sTGC) . . . . .. ..

sTGC irradiation scans with X-ray . . . .. ... ... ... ...

3.4.1
3.4.2

Experimental set-up . .

Measurement of parameters of scanner . . . . . . ... ..

3.4.3 Full Chamber Scan Result . . . . . . . . . . .. ... ...

4 Analysis strategy and selections

4.1

4.2

Introduction . . . . . .. .. ..

4.1.1

Analysis strategy . . . .

Data and Monte-Carlo simulation . . . . . . . . . .. ... ...

4.2.1
4.2.2
4.2.3

tHqLoop setup . . . . .
Data event samples . . .

Simulated event samples

O O Y W =

10
12
13
14
18
18
21
23
24
26
29
31
32
33
34
34
36
38
38
39
41
41
41
42



L AR R A A8

4.3 Objects definition and selection . . . . . ... ... ... .....
4.3.1 Triggers . . . . ..o
4.3.2 Electrons . . . .. ..o
433 Muons . . . ...
4.3.4 Jets ..o
4.3.5 Identification of b-jets . . . . . . ... ...
4.3.6 Missing transverse momentum . . . . . . .. ... ...
4.3.7 Overlap removal . . . . . .. .. ...

4.4  2LSS selection strategy . . . . . . ...
4.4.1 Eventcleaning . . . . . ... ... oL
4.4.2 Event pre-selection . . . . . .. ..o
4.4.3 Background composition . . . . ... ..o
4.4.4 Multi-variate analysis . . . . . .. ...

Background Estimation . . . ... ... ... ... ... ......

5.1 Analysis regions definition . . . . .. .. ..o L

5.1.1 MC classification scheme for the identification of prompt

and non-prompt leptons . . . . . ... ...

5.1.2  Justification of classification scheme . . . . . . . ... ..

5.2  Non-prompt lepton background . . . . . ... ... ... .....

5.2.1 Template Fit Method . . . . . ... ... ... ... ...
5.2.2  Non-prompt lepton estimation via the Matrix Method

5.2.3 Comparison of Non-prompt lepton estimation from Tem-
plate Fit Method and Matrix Method . . . . . . . . ...

5.3 Charge mis-identified (QMisID) leptons estimation . . . . . . ..
5.3.1  QMisID background estimation strategy . . . . . .. ...
5.3.2  QMisID rates estimating with the likelihood method
5.3.3 |p| and pp binning . . .. ..o
5.3.4 Uncertainties on QMisID rates . . . . . . . . . . . . . . ..
5.3.5  The variation of the rates due to Z window . . . .. ...
5.3.6  Validation of the likelihood method . . . . . . . . . . . ..
5.3.7 QMisIDevent yield . . . . . . ... ...
53.8 Closuretest . . . . . . . . ...

5.4 ttW background studies . . . . . ... .0

— 11 —



AR R A1 A 18

5.4.1 Comparison of the aM CQN LO+ Pythia8 and Sherpa2.2.10

predictions . . . . . ... 99

5.4.2  Statistical fit on aM CQN LO + Pythia8 and Sherpa2.2.10
predictions . . . . . ... 99
6 Uncertainties and Statistical analysis . . . . ... .. ... ... 102
6.1 Experimental and theoretical uncertainties . . . . . . . . . .. .. 102
6.2 Statistical analysis . . . . .. ... oo 103
6.2.1 Likelihood function . . . . . . . ... ... 104
6.2.2 Variance of the parameter estimator . . . . . ... .. .. 104
6.2.3 Binned maximum likelihood . . . . . . . .. .. ... ... 105
6.2.4 Parameter of interest and profile likelihood . . . . . . . .. 106
6.2.5 Asimovdataset . . . . ... ... 108
6.2.6 Implementation of additional uncertainties . . . . . . . . . 108
6.2.7 Pruning of systematics . . . . . ... ..o 109
6.2.8 Goodnessof fit . . . .. . ... 109
6.2.9 Blinding strategy . . . . . . . ... oL 110
6.2.10 Software implementation . . . . . . . .. ... ... ... 110
6.3 Asimov fitresults . . . . . ... 112
6.4 Backgrounds Fit . . . . ... .. oo 118
6.5 Datafit . ... .. .. 122
7 Conclusions and outlook . . . . ... ... ... ... ... ... 124
Bibliography . . . . . . .. .. 126
A Appendices . . . ... 139
A.1 List of variables included in the training of the BDT . . . .. .. 139

—1ii —



AR R A1 A 18

ABSTRACT

The study of the couplings of Higgs boson to other elementary particles, is
essential to test the Standard Model (SM) predictions. The only scalar boson in
the SM is also responsible for the mass of elementary particles. So the top quark,
the most massive particle ever discovered should have a strong coupling with the
Higgs boson. The Yukawa coupling of the Higgs boson to the Top quark g, is of
particular interest and a key parameter of the SM. It can be determined indirectly
from the gg — H production through a top-quark loop and directly from cross-
section measurements of top-quark pair production associated with a Higgs boson
(ttH). The production the t¢tH process has been recently observed, probing the
Yukawa interactions between the Higgs boson and top quarks. However, the ttH
production rate is sensitive only to the magnitude of y; and has no sensitivity to its
sign. The production of Higgs bosons in association with a single top quark (tHq
production) process is sensitive to magnitude as well as sign of Higgs-top-Yukawa
coupling, y;. In the SM hypothesis (y; = +1), the interference between these
two diagrams is maximally destructive and leads to very small production cross-
sections of about 71, 16 and 2.9 fb for the t-, tW- and s-channel, respectively,
at /s = 13 TeV. New physics effects could lead to constructive interference
between the ttH and WWH couplings and enhance the cross-sections by an order
of magnitude or more.

This thesis presents the first results for the production of a Higgs boson in
association with a single top quark with ATLAS experiment. The data collected
with the ATLAS detector at LHC at /s = 13 TeV between 2015 and 2018 cor-
responding to integrated luminosity of 139.0 fb! is used. The tHq and tWH
processes are considered as separate t H productions, while the s-channel produc-
tion is neglected. The search uses final states distinguished by the number and
flavour of leptons: two same-charge light-flavour leptons and no hadronically-
decaying 7 leptons (2LSS), targeting Higgs decay modes to WW* ZZ* and 7.
A dedicated categorization is developed and optimised to enhance the sensitiv-
ity of the search. The boosted decision tree algorithm is used to discriminate
between signal and background. The dominant background of fake leptons is es-
timated with the Template-Fit method (validated by Matrix Method) and charge

flip background is estimated with Data-driven technique.
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Assuming a positive or negative sign of the top-quark Yukawa coupling relative
to its SM value, using all the relevant Higgs boson decay modes, no significant
deviation from the background- only hypothesis is observed. The biggest contri-
bution to the u(tHgq) is given by the data statistical uncertainty. The observed
(expected) upper limit on the signal strength, p = o/osm at 95% confidence level
for the SM hypothesis is 8.3 (6.8).

Key words: ATLAS, LHC, Standard Model, New physics, Higgs bosons, Top

quark, Yukawa-coupling
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Chapter 1 Introduction

The standard model (SM) of particle physics, represents our best understand-
ing of physics phenomena at the most fundamental scales. It provides a unified
picture for all known elementary particles, the building blocks of matter and the
way they interact via three of the four fundamental forces. Over the decades, SM
has been tested extensively by a broad variety of experiments. It is able to suc-
cessfully explain almost all experimental results over a wide energy range, with a
great precision. Its great predictive power was again remarkably exemplified by
the discovery of Higgs boson in 2012 at CERN’ s Large Hadron Collider (LHC).

However, the SM is not the ultimate theory of everything, and falls short
of explaining several well-established observations: like explanation of what is
dark matter, nor incorporate the gravitational force, or how neutrinos acquire
mass. Modern high-energy physics experiments seek to probe the predictions
of SM as precise as possible, and to search for new phenomena predicted by
beyond the standard model (BSM) scenarios. The large hadron collider (LHC)
is the world” s most powerful and largest accelerator, conceived to cover a broad
physics programme. The ATLAS and CMS experiments observed the Higgs boson
in 2012 at a mass of 125 GeV.

Being the heaviest elementary particle, top quark possess some unique prop-
erties, one of those is heaving strongest coupling with the Higgs boson. For the
deeper understanding of the electroweak symmetry breaking mechanism and the
underlying physics, precise measurements of Higgs properties is essential. The
Higgs boson couplings to gauge bosons and fermions are precisely specified by
the standard model. The study of top quark Yukawa coupling y; to the Higgs
boson, predicted in the SM to be close to unity, is well motivated and any de-
viation could provide valuable insights regarding possible BSM extensions. The
recently observed [1] ttH process represents a privileged channel to probe y, di-
rectly, without making any assumption about new physics. However, the ttH
process is only sensitive to the magnitude |y;]?, not to the sign of this parameter.
On the contrary, the associated production of Higgs boson and a single top quark,
denoted tH, is the only process sensitive at leading order to the magnitudes as

well as relative sign of top-Yukawa coupling.

The tHq event topology is characterised by two heavy objects — the top quark

-3 -
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and the Higgs boson — plus a light-flavour quark (either d- or u-quark), called
spectator quark, and an extra soft b-quark (in most of the cases out of detector
acceptance). The top-quark and Higgs-boson systems are produced in the central
portion of the detector recoiling against each other: a semi-leptonic top-quark de-
cay produces high-momentum electrons and muons that can be used to trigger the
event. Higgs boson decays to vector bosons or 7 leptons (H — WW* ZZ* 77),
which subsequently decay to light leptons (I = e*, u*), lead to a multi-lepton final
state with comparatively small background contributions from other processes.
Higgs boson decays to bottom quark—antiquark pairs (H — bb) provide a larger
event rate, albeit with challenging backgrounds from t¢f + jets production. The
rare Higgs boson decays to two photons (H — 77) result in easily triggered and
relatively clean signals for both leptonic or fully hadronic top-quark decays, with
backgrounds mainly from other production modes of the Higgs boson. The pro-
duction of tWH involves three heavy objects and lacks the presence of forward
activity: it does not exhibit the defining features of tHq events, while closely

resembling the ttH topologies, having an identical final state.

There is no measurement in ATLAS yet. The CMS Collaboration searched
for tHq production with a partial Run 2 dataset (i.e. an integrated luminosity
of 35.9 fb~! [23], assuming a positive or negative sign of the top-quark Yukawa
coupling relative to its SM value, using all the relevant Higgs boson decay modes,
and set limits on the observed (expected) cross-section of this process of 1.94
(0.92153%)pb for the SM hypothesis of a Yukawa coupling y; = +1, and 0.74
(0.5319-24) pb for the inverted Yukawa coupling (ITC) hypothesis y, = —1. These
results translate in an observed (expected) upper limit on the signal strength,
p = o/asym, of 27 (13*9) for the SM hypothesis and 1 (0.75 *933) for the ITC
hypothesis. An updated version of the ttH and tHq multi-lepton results by CMS
(including hadronically decaying 7-lepton channels) and using full LHC Run 2
dataset (i.e. an integrated luminosity of 137 fb~!) [2] measures jup, = 5.7 +
2.7 (stat.) £ 3.0 (syst.).

In this thesis, I will discuss the production of Higgs boson in association with
single top quark in final state with two same-charge light-flavour leptons and
no hadronically-decaying 7 leptons (2LSS), as I was the main analyser of this
channel. My contribution starts form the very first step, analysis framework
development for mini ntuples production. Then I put my efforts on analysis

region optimization using cut-and-count method. This analysis suffers from low

— 4 —
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statistics, from a difficult distinction to irreducible backgrounds it requires a
complicated estimate of non-prompt and also charge flip backgrounds. I have
performed detailed study on background estimation, testing various methods and
techniques. I also completed the statistical analysis and fit results at the end.
The thesis is structured in the following way: Chapter 2 gives an introduction
to the theoretical basis consisting, SM mainly focuses on the top quark and SM
Higgs boson. Chapter 3 introduces the Large Hadron Collider and the ATLAS
detector. Here I will also discuss the production quality control test, I performed
to check the stability of small-strip thin gap chamber(sTGC) for the ATLAS new
small wheel muon upgrade detector for high luminosity LHC. I have performed
this work as my ATLAS qualification task. Chapter 4 contains a brief discussion
on event generation, detector simulation and also explains the object definition
and selection criterion in detail. In Chapter 5 there is detailed explanation on
background estimation. Chapter 6 explains the systematic uncertainties and fit

results. The thesis concludes with a summary and outlook in Chapter 7.
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Chapter 2 The Standard model of particle physics

The universe as we understand it is made up of fundamental particles that
interact with one another in accordance with a set of laws of nature. The stan-
dard model (SM) of particle physics, summarizes our current understanding of
fundamental particles and their interactions. The SM is incredibly effective since
its predictions agree with the results of tests conducted over many years by physi-
cists. The theory has existed in its current form since the 1970s, but it wasn’t
until 2012 that the Higgs boson, the final piece of its particle puzzle, was found
at the LHC. There are some fundamental questions which are not addressed by
current SM. Some of these are theoretical in nature, while others are experimental
findings in high energy particle physics and astronomy that appear to be incon-
sistent with the SM. The goal of the analysis presented in this thesis is to searches
for process of the production of a Higgs boson in association with a single top
quark. This process is not only relevant for the stability of the Higgs potential
but also sensitive to the presence of new physics.

In this chapter, the theoretical background necessary for the searches for tH
production at the LHC is introduced. Beginning with an overview of the standard
model, the Higgs mechanism and Yukawa couplings responsible for the masses
of SM particles are introduced in section 2.3, which then goes on to define the
theoretical framework behind the fundamental forces. Section 2.4 concentrate on
the theoretical description of top quark and Higgs boson properties in the context
of the Standard Model. Also contains a brief explanation of the production and

decay channels that were employed to study their coupling.

2.1 Overview of the standard model

Three of the four fundamental forces are successfully described by the Stan-
dard Model. After decades of study to precisely characterize interactions between
fermions and photons, the electromagnetic force was first conceptualized histori-
cally within the framework of quantum electrodynamics (QED). Later, under the
electroweak (EWK) theory, QED and the weak force were unified. The frame-
work of quantum chromodynamics(QCD) was used to describe the strong force.

Since there is currently no proper unification of the SM with the General Theory

-0 —
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of Relativity, only the gravitational force is excluded from the SM. The gravita-
tional force’s interaction strength is substantially weaker than that of the other
forces in the context of particle physics, and its possible impact is negligible.
The SM itself is a renormalizable and gauge invariant quantum field theory that

combining the EWK and QCD in a single theory with the non-abelian symmetry:
SUB)c@ SU2),@U(1)y (2.1)

The invariance under 3-dimensional special unitary group SU(3)¢ results in the
presence of massless gluons (g), mediators of the strong force described by quan-
tum chromodynamics (QCD), while the SU(2), ® U(1)y is associated to the
theory of EWK interactions.
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increasing mass —

Figure 2.1: Elementary particles of the Standard Model

Figure 2.1 provides a summary of the fundamental characteristics of the par-
ticles in the standard model. They are distinguishable as fermions and bosons.
Fermions are particles with a half-integer spin where as bosons possess integral
spin. Based on their masses, decay and couplings to the force carriers, Fermions
are divided into two main groups known as quarks and leptons. Each group con-

sists of six particles, which are related in three generations. All known stable

-7 -
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matter in the universe is made up of only first generation fermions. The sec-
ond and third generation fermions are unstable and quickly decay to more stable
lighter particles. Fermions of each subsequent generation are more massive than
the last.

The six lepton are paired in three generations, each generation contains one
charged lepton (electron, muon, or tau) and one corresponding neutrino (elec-
tron neutrino, muon neutrino, or tau neutrino). Leptons are not subject to the
strong interaction as they have no color charge. The charged leptons experience
electromagnetic and weak forces while the electrically neutral leptons (neutrinos)

interact with matter only via the weak force.

The six quarks (other group of fermions) are also paired in three generation,
each generation contains one up-type quark, with +2/3 electric charge (up, charm,
or top) and one down-type quark with —1/3 electric charge (down, strange, and
bottom). Compared to the leptons they carry the color charge and undergo both
the strong and weak nuclear interactions. Each flavor of quarks can have three
different colors: red (R), green (G), blue (B), which is analogous to the primary
colors in nature. Due to a phenomenon known as color confinement, quarks are
never found in isolation and are always bound to other quarks in composite states
called hadrons. All observable quark final states should have white color, eg.
consists of three colors (RGB) known as Baryons or consists of color-anticolor
pair known as Mesons. Bound states of four and five quarks also exist, called

tetraquarks and pentaquarks.

Bosons having integral spin are the second fundamental class of elementary
particles. There are two types of bosons in the Standard Model (SM): spin 0
bosons known as scaler boson, of which the Higgs boson is the only one known
and Spin 1 bosons known as vector (gauge) bosons. The gauge bosons are the
force carriers of fundamental interactions. The photon is the mediator of the
electromagnetic force and couples to charged particles while the gluon is the
mediator of the strong nuclear force and couples to particles with color charge.
Both photon and gluon are massless particles. The three weak bosons (W', W™,

and Z) are the mediators of the weak nuclear interaction.

The most elusive particle of the Standard Model is the Higgs Boson, the
only scalar (spin-0) boson. Its existence is a consequence of unification of the
electroweak (EWK). The fermions, W-bosons, and Z-bosons would all lack mass

if the Higgs boson had no part in this process. As a result, it can be argued that

-8 —
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the Higgs "gives mass” to the Standard Model particles. It couples to all massive

particles in the Standard Model.

2.2 Quantum chromodynamics

Quantum chromodynamics (QCD) is the theory in the SM describing strong
interactions. The QCD is a gauge theory symmetric under the 3-dimensional
special unitary group, SU(3)c. The conserved charged related to this symmetry
is the color charge, so the quark fields have a fundamental representation under
this group since only quarks have color charge. The free-field Lagrangian density

for massless spin 1/2 quarks can be written as:

£ = §(a)in () (2.2)

where 9(x) is a SU(3)¢ triplet for the quark fields. In color space the La-

grangian is invariant under SU(3)¢ transformations:

b(x) — €95 F 0@ () (2.3)

where g, is the QCD coupling strength, ’\7“ (a = 1,...,8) is the Gell-Mann
matrices that generate SU(3)¢ and 6, set of arbitrary parameters. It is important
to introduce the covariant derivative in order to maintain the Lagrangian density’s

gauge invariance under such a transformation.

u

D, =0, —ig:G}(z) 5

(2.4)
GP(z) is the the vector field of gluons that mediate the strong interaction.

a
V2

complete the Lagrangian density, where the color field tensor G, is:

The kinetic energy term of the gluon field iGg”G should also be included to
G, = 0,G, — 0.G), + gsf“chZG‘,j (2.5)

with fe¢ the SU(3)c group structure constants. The full QCD Lagrangian

can be written as:

) _ Ay 1
Loop = Y(x)iy" O (z) — gsib(x)y" gwx)Gz — G Gl (2.6)

-9 —
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The first term describes the propagation of quarks in free fields, the second
term depicts quark-gluon interactions, and the third word is the free kinetic
term for gluon fields. The gluon fields and their interactions with the quarks
were introduced by requiring the local gauge invariance. It is important to note,
however, that the introduction of an explicit mass term G, G4 in Eq. 2.6 would

break the gauge invariance of the Lagrangian.

2.3 Electroweak theory

The electroweak theory primarily arisen as a result to develop a self-consistent
gauge theory for the weak force, in analogy with quantum electrodynamics (QED).
Sheldon Lee Glashow, Abdus Salam, and Steven Weinberg [3, 4, 5] each indepen-
dently founded that they could build a gauge-invariant theory of the weak force
as long as they also took the electromagnetic force into account, that leads to
the unification of electromagnetic and weak force. The SU(2), ® U(1)y group
is associated to electroweak interactions. Since left and right-handed particles
couple differently through the EWK interaction, the projection of matter fields

to their respective chiral components is considered:

L= (W _ (¥
Y (w> (zﬂ) 20

5

v =12y (2.8)
5

Y=y (29)

Where 1) and 1" are the fermion fields, represent either up- and down-type quarks,
or a neutrino and a lepton. As for strong interactions, the electroweak theory
is introduced by imposing a local gauge invariance of a SU(2);, ® U(1)y group.
Four gauge fields are used to characterize the four electroweak theory mediators
(Z,W#* and 7). The gauge invariance under the SU(2), results in the 3 gauge
fields WZL(z = 1;2;3), acts only on the left-handed fermions. The isospin quantum
number for left-handed fermions is I3 = +1/2 (for neutrinos and up-type quarks
I3 = +1/2 and for electrons, muons, taus, and down-type quarks I3 = —1/2.
While the gauge invariance of the U(1)y group results in the single gauge field
B, that interacts with both left and right-handed fermions. The relationship

— 10 —
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between the conserved quantum numbers, isospin I and hypercharge Y, can be

determined by the Gell-Mann-Nishijima formula:
Q=L+Y (2.10)

Consequently, the Lagrangian density of the electroweak theory can be ex-

pressed as:
L =iV "D,V + itppy" Dytbr + ih /" Dby (2.11)

The covariant derivatives D, is defined as:

. z‘o-i . /Y
D, =0,— nguE —ig EB“ (2.12)

where g and ¢ are the coupling constant of the SU(2); and U(1)y that define
the strength of the interactions. The physical mass eigenstates of the W and
Z bosons, as well as photons, can be connected to the four degrees of freedom
introduced by the SU(2)L @ U(1)y local gauge symmetry:

1
Wt =_—
VR

W2\ [ cosbw  sinbw\ (Z, (2.14)
B, —sinbBy  cosBy, A, .

where A, describes the photon field of electromagnetism and 6y is the Wein-

(W, FiW2) (2.13)

berg angle which parametrize the liner superposition. The relevant strength ten-

sor is presented in order to construct the kinetic terms for the gauge field.

B,, =0,B, - 0,5, (2.15)
W, = 0.W, — 0,W, + ge™WiW; (2.16)
Now, the final electroweak Lagrangian density can be expressed as follow:

1 1

£ =00 DV + gy Dyt + iy Dty = B By = JWI W, (2.17)

Since a mass term would connect the left- and right-handed fields and violate the
gauge symmetry, it is forbidden to include one for the gauge fields (gauge bosons)
and fermions. However, the experiment’s findings demonstrate that fermions and
gauge bosons (W*, Z) do have masses. The mechanism that creates mass for the

fields will be introduced in the section that follows.
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2.3.1 Electroweak spontaneous symmetry breaking

As discussed in previous section, any fermion or gauge field would break gauge
invariance if a mass term were added. As a result, all fermions and gauge bosons
are massless in the QCD and electroweak Lagrangians defined by Eqs. 2.6 and
2.17. However, this stands in stark contrast to the experimentally observed non-
zero fermion, W, and Z boson masses. The answer to this issue was put up by
Englert and Brout and Higgs based on introduction of new degrees of freedom
and subsequent spontaneous breaking of the SU(2), ® U(1)y symmetry.

A complex weak iso-doublet @ is used to introduce the additional degrees of

freedom. Before symmetry breaking, the Higgs Lagrangian is described as:

L= (D,®)(D'd) — V(d'D) (2.18)

where the potential V(®T®) is defined as:
V(®T®) = —p2dTd + A(DTD)2; 4%, N\ > 0 (2.19)

The hypercharge corresponding to the Higgs filed is Yo = 1/2. The covariant
derivative D, is same as in equation 2.12. The shape of Higgs potential results
in a degenerate minimum at:

2 2
H v e
Bldg= - = —; 12> 0 2.20
00 I\ 9 H ( )
where v describes the vacuum expectation value of the scaler potential. The

0
> is selected

symmetry is explicitly broken once a particular ground state \% <
v

from the set of degenerate minima, but the Lagrangian remains gauge invariant.

The field expansion around its minimum can be expressed as:

1 0
o) = (U N H(x)> (2.21)

where the field H(z) describes the field excitations around the minimum. With
the new field defined, the resulting Lagrangian for the BEH mechanism can be

written as:
1 1
L= 50HO"H - M?H? — WH? — Z)\UHA‘
- 1 ,
+ —g?W, W 4 g(g2 +g* W2, 2" (2.22)

+ =~ (20H + H*)(2¢*W, W + W, Wz, Z")

O = x| =
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The first line of Eq. 2.22 describes the Higgs field corresponds to a new physical
massive particle, the Higgs boson, with mass my = vV2)\ . The second line
introduces the mass terms of the weak interaction bosons and the third line
presents the interaction of the weak bosons W+ and Z with the Higgs boson.

The masses of the W= and Z bosons can be obtained are follow:
mwy = gv/2 (2.23)

myz =+ g%+ g%v/2 (2.24)

As the vacuum expectation value v is related to energy scale of the EWSB, it can

be measured from Fermi constant:

1
v =4/ e 246GeV (2.25)

So far it is described how the BEH mechanism can generate the gauge boson
masses. However, unless more modifications are made to the SM Lagrangian,

fermions remain to be massless.

2.3.2 Yukawa couplings and quarks in the EW theory

Fermions can obtain the mass by incorporating interaction term between
fermions and the Higgs filed. This term is know as the Yukawa coupling. For

Leptons:

Lru= Y ~uLlVulp+h.
l

~ U - (2.26)
= myll — ==IllH

2=
where, in addition to the mass terms, leptons interact with the Higgs boson,

with the Yukawa coupling which is proportional to the mass of the leptons y;, =
v2m; /v. Quarks can also be added into the EW theory:

V2

_ Yq _
L= —medq — —=qqH (2.27)
q

where ¢ represent the six flavour of quarks. In contrast to the lepton, the down-
type quarks mass eigenstates ¢ do not correspond to the weak eigenstates ¢o but
are related through the unitary matrix known as Cabbibo-Kobayashi-Maskawa
(CKM) matrix:
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dO Vud Vus Vub d
S0 = Vea Ves Va S
bo Viae Vis Vi b

The matrix can have a complex phase that leads to CP violation. Then, the weak

eigenstates appear in the interaction of quarks with the weak bosons:

Ly= Y LIGDLE+ Y qr(iDuy")or (2.28)
q=u,c,t q=u,c,t,d,s,b

The weak boson decays are primarily modified by this distinction between
mass and weak eigenstates. There would only be three possible couplings with
quarks if they were similar. All combinations of the up and down quark states
are possible as a result of the flavor mixing. The relevant element of the CKM
matrix V;; determines the coupling’s amplitude, and are free parameters of the
theory, that are to be measured experimentally. With a ratio of roughly 20 : 1,
the largest mixing is between d and s quarks while the top for example, decays

almost completely to the bottom quark.

2.4 Coupling of a top quark to Higgs boson

Over the past several decades, many studies have consistently tested the Stan-
dard Model theory. The most recent Higgs boson measurements at ATLAS and
CMS [7, 8], exhibit remarkable agreement with SM predictions, and neither col-
laboration has discovered any notable deviations from this theory. Despite the
SM'’s enormous success, many indications suggest that it is not a complete theory
that can account for everything in the universe. What exactly are dark energy
and dark matter? What precisely determines the masses of each fermion? Why
have right-handed neutrinos never been observed? Can we combine other forces
in the same way that electromagnetic and the weak force have been combined?
Most of these questions suggested Beyond the Standard Model extensions in-
clude massive fermions and bosons, additional Higgs fields, and other particles
that would interact with the Standard Model Higgs.

The discovery of the Higgs has ushered in a new era of precision measurement
in collider physics. In many situations, we may get signs of the existence of new
particles by closely investigating interactions that are particularly sensitive to

the injection of new physics. Higgs interactions are very sensitive to new physics
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because of the Higgs interact to all massive particles. As a result, they can act
as a good bellwether for phenomena beyond the standard model. Through its
decays, a Higgs boson with a mass of around 125 GeV enables experimenters
to study the Higgs boson couplings to numerous SM particles. The probability
of the Higgs boson decaying to a specific final state known as the Higgs boson
branching fraction (BR), is depicted in Fig. 2.2 (left), as a function of Higgs boson

mass.
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Figure 2.2: Left: Branching ratios of the dominant Higgs decays as a function of
the Higgs mass Mpy. Right: Main production channels of the Higgs boson as a

function of the collision energy. The figures are taken from [10]

At the LHC, the Higgs boson is produced in several production channels.
Gluon-gluon fusion (ggF’), vector boson fusion (V BF'), vector-boson associated
Higgs production (V H), and top-associated Higgs production are predominant
Higgs production modes. Their cross-section as a function of the center-of-mass
energy is displayed in figure 2.2 (right). The feynman diagrams for these produc-
tion are presented in figure 2.3.

The top quark is the heaviest particle in the Standard Model. It was observed
in 1995 at the Tevatron [9]. It has the most distinctive features among the quarks
due to its large mass, which is appropriately around 173.3 GeV. Its shorter lifetime
is caused by the fact that it is substantially heavier and can decay into a true
W boson. As a result, it is the only quark which does not form bound states.
It decays directly into the bWV final state the relevant CKM term |Vj,| ~ 1.
Additionally, the top quark’s Yukawa coupling to the Higgs boson is nearly one,

which is much higher than for any other quark. Due to its dominant role in
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g ¢ W, Z
H W, Z
g q \\H
(a) ()
9 000 ---H 9 tooooo—— ¢
t - H
9 23000 4 9 ooooo———

Figure 2.3: Main leading order Feynman diagrams contributing to the Higgs bo-
son production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung
(associated production with a gauge boson at tree level from a quark-quark inter-
action), (d) associated production with a gauge boson, (e) associated production

with a pair of top quarks, (f-g) production in association with a single top quark.

quark/fermion loops, it is crucial to understand it in order to interpret some of
the Higgs’ properties accurately. Three main avenues can be employed to analyze
any Higgs coupling: Higgs emission, Higgs decay, and top quark contribution to
loops involving the Higgs. The top quark is too massive to be a product of
Higgs decay. It can be studied from the loops. Any such measurement, however,
inevitably involves underlying theory assumptions. Other particles that the SM
does not predict may also contribute to the Higgs modes involving a loop or may
even modify how other particles are coupled to the Higgs. As a result, only Higgs
emission from a top quark can offer a direct measurement of the top Yukawa
coupling. The Higgs associated production with a pair of top quark (ttH) is

highest cross-section of such process.

Although subdominant and much more difficult to observe, the Rarer produc-
tion mode Higgs boson generation in association with a single top quark (tH),
can provide important information, particularly with reference to the top Yukawa

coupling sign. It is because of the destructive interference between two large con-

— 16 —



AR R A1 A 18

tributions, one where the Higgs boson couples to a space-like W boson (tW H)
and the other where it couples to the top quark (tHq).
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Chapter 3 The ATLAS experiment at LHC and
sTGC quality control

The analysis presented in this thesis is performed using proton-proton col-
lisions data recorded by the ATLAS detector at Large Hadron Collider (LHC)
during 2015-2018. In this chapter, I will discuss the ATLAS experiment which is
one of the four main experiment at LHC. In order to precisely study the Higgs
sector and to extend the sensitivity to new physics to the multi-TeV range, exten-
sive and massive upgrade program of the ATLAS experiment is underway. The
New Small Wheels (NSW) is a part of major muon spectrometer upgrade. NSW
use novel small-strip Thin Gap Chambers (sTGC) which are built in SDU China,
one of the construction sites. I will also discuss the production quality control
test performed to check the stability of sTGC in this chapter. It was my ATLAS

qualification task.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) at the laboratories of the European Orga-
nization for Nuclear Research (CERN) is the world” s largest and most power-
ful particle accelerator located near Geneva on the border between France and
Switzerland. About 100 meter below the ground, it consists a giant 27 kilometre
ring of superconducting magnets with a series of accelerating structures. At LHC,
both protons and heavy ions are collided, most of the following discussion focuses

on proton-proton collisions.

A schematic view of LHC in a complex chain of particle accelerators is shown
in Figure 3.1. Before the particles collides in main LHC, they have to be per-
accelerated by various smaller accelerators. The journey start from simple hy-
drogen gas cylinder. Electrons are stripped off by ionization of hydrogen atoms
and the remaining protons are first accelerated in liner accelerator LINAC-2 up
to kinetic energy of 50 MeV. Travelling at one-third the speed of light the protons
are injected in to the proton synchrotron booster (PSB). The PSB, boosts the
energy of protons to 1.4 GeV by applying pulsed electric filed each time they

reach a certain point. Gaining 91.6 % of speed of light, protons enters the proton
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synchrotron. Strong magnetic filed at right angle to the direction of motion bends
them to the circle of 628 meter in circumference. Here they gain energy about 25
GeV and speed up to 99.9 % of speed of light. Finally, injected into the Super
Proton synchrotron (SPS) where they are accelerated to 450 GeV.

LHC

North Area

T2 T
= ATLAS E
HiRadMat
I TT60
1
ELENA AD
2 [ 1999 (182 m) [P
BOOSTER
- i East Area

n-ToF 1

[ 2001 | p——
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" neutrons - [ | CTF3

reutrons LINAC 2 L
U/ e
LINAC 3 LEIR
e 2005 (78 m)
p ion b neutrons b P (antiproton) p electron - - Jantiproton conversion
LHC Large Hadron Collider SPS Super Proton Synchrotron  PS Proton Synchrotron
AD Antiproton Decelerator CTF3 Clic Test Facility AWAKE Advanced WAKefield Experiment
LEIR Low Energy lon Ring LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight HiRadMat High-Radiation to Materials

Figure 3.1: The CERN accelerator complex. The chain of proton starts from the
LINAC-2, passing through the Booster, PS; and SPS injected to the LHC. [11]

Now at this stage, the protons have got enough energy to be injected into
the main LHC. The injection is done via two transfer lines in separate beam
pipes where circulated in opposite directions, clock wise and anti clockwise. The
design energy at LHC is to accelerate each beam at 7 TeV. With this much energy
the beam completes over 11,000 circles around the 27 km ring in each second.
The protons already approaching the limiting speed of light in PS, the added
energy manifest if self as increasing mass of protons. So in LHC protons are
7000 time heavies then they are at rest. They are guided in circular path around
accelerator ring by a strong magnetic field of strength 8.3 T maintained by 1232

superconducting dipole magnets. The distribution system of liquid helium cools
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the magnets to 1.85 K -a temperature colder than outer space. Protons at the
LHC are accelerated by radio-frequency (RF) cavities (eight per beam) located
along the collider ring, operating at 400 MHz with a 5 MV/m gradient. Just
before the collision, additional 392 quadrupole magnets are used to focus the
beams of 2808 bunches, each bunch contains around 10! protons.

The beams are made to collide at four main interaction points where the four

major experiments are established.

o« ATLAS —A Toroidal LHC Apparatus
o CMS —Compact Muon Solenoid
o ALICE —A Large Ion Collider Experiment

o« LHCb —LHC beauty experiment

Both the ATLAS and CMS are multi-purpose experiments and were build to
answer open questions in the particle physics, one famously being the existence
of the theorized Higgs particle, that was confirmed in July 2012. Other research
goals of CMS and ATLAS are the search for physics beyond the Standard Model
and supersymmetric particles. Although they have the same physics goals, the
two experiments are established in a different manner, as to be able to confirm
each other’s results independently. ALICE was constructed to study the heavy
ions collision and search for evidence of the quark-gluon plasma. LHCb focuses
on studying the physics of b-quarks, particularly the CP violation in b-hadrons.

Along with the centrer of mass energy, the instantaneous luminosity is another
important parameter of colliders. For a particular process, number of events

generated per second in the LHC collisions is given by:
Nevent =L X Oevent (31)

Where L is the instantaneous luminosity and o,e,: is the cross section of the
process under study. The instantaneous luminosity can be defined in-terms of

beam parameters:
[ — frelNI?nb7r

dme, 5 (3.2)

Where f,., is the machine revolution frequency; N, is the typical number of
protons per bunch; n; is the number of colliding bunch pairs, «, is the relativistic

factor. F is a geometric luminosity reduction factor that accounts for the crossing

— 20 —



AR R A1 A 18

Table 3.1: Integrated luminosity delivered by LHC, recorded by ATLAS, and
certified to be good quality data during stable beams for pp collisions at /s =
13 TeV in 2015-2018. [12]

Integrated Luminosity (fb~*) 2015 2016 2017 2018 Cumulative

LHC Delivered 4.0 385 50.2 634 156
ATLAS Recorded 39 356 469 60.6 147
Good for Physics 3.2 33.0 444 585 139

angle at the interaction point. For head on collision the value of the factor
F is 1 and it decreases with increase in the crossing angle. The factor ¢,3*
in denominator directly related to the beam size at the interaction point. By
integrating over the data-taking time, the amount of data delivered by a collider
can be measured in terms of the total integrated luminosity: L = [ Ldt measured
in unit fb~!. Analysis presented in this thesis, uses data recorded by ATLAS
during Run-II form 2015 to 2018, which correspond to total integrated luminosity
139.0 fb~! as shown in Figure 3.2.

E ATLAS
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Figure 3.2: Cumulative luminosity versus time delivered by LHC (green),
recorded by ATLAS (yellow), and certified to be good quality data (blue) during
stable beams for pp collisions at /s = 13 TeV in 2015-2018 [13]

3.2 The ATLAS Detector

The ATLAS detector is one of the two general purpose particle detectors
placed at the LHC. It is designed to study the SM and Beyond the Standard

- 21 —



AR EE 2 1S

Model (BMS) Physics that includes flavour physics, QCD, electroweak interac-
tions and new physics processes from high precision measurements to searches for
new phenomena at TeV scale. In order to exploit these goals, it is the world’s
largest detector ever constructed for a particle collider with 25m in diameter, 44m

cylindrical length and overall weight about 7000 ton.

Symmetric around the interaction point which covers nearly 47 in solid an-
gle, it is a collection of sub-detectors, magnets and supporting infrastructure.
The sub-detectors are arranged in concentric layers around the beam pipe. A
schematic view of the detector is shown in Figure 3.3. Starting from the point
of interaction the particles emerging from the p-p collisions firsts interact with
the inner detector (ID) responsible for the precise measurement of their trans-
verse momentum and charge. Then the calorimeter system where most of the
particles deposit their energy and stop here except for muons and neutrinos. The
outermost sub-detector is the Muon Spectrometer (MS) provide tracking and

triggering of muons.

Tile calorimeters

. E LAr hadronic end-cap and
forward calorimeters
Pixel defector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker

Figure 3.3: Cut-away view of the ATLAS detector [14]. The subdetectors are
indicated and labeled.
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3.2.1 ATLAS coordinate and Variables

This subsection briefly summarised the coordinate system and nomenclature
used to describe the ATLAS detector since they are used repeatedly throughout
this thesis. The nominal interaction point in the center of detector is set as origin
of the coordinate system. Along the beam direction is the z-axis which transverse
to the x-y plane. The positive x-axis points from interaction point to the center
of LHC ring, where as the upwards from IP is positive y-axis. The transverse
momentum py = \/pchpz , the transverse energy Fr = \/]m, and the
missing transverse energy EM©s = —|Eip}i| are defined in the x-y plane. The
transverse plane is important in kinematics variables description mainly for two
reasons. First, the transverse momentum of all particles produced in the p-p
interaction has to sum up to zero. Second, the transverse momentum of charged
particles measured directly from the curvature of the track due to solenoidal
magnetic field of the inner detector.

As the ATLAS detector is cylindrical in shape so, it is also convenient to use
cylindrical coordinates. In this cylindrical system, ¢ being the azimuthal angle
defined in the transverse x-y plane around the beam axis where as polar angle
is measured between the beam axis and transverse plane. However, using 6 is not
always practical due to large dependence of the number of particles produced on
the angle. Most of the particles produced closer to the beam-line. So instead of
the polar angle 0, the pseudorapidity n is mostly used , which is defined as:

0
n = —In(tan 5) (3.3)

The small || values are referred as the central region and large values of || as
forward region. The pseudorapidity is a low mass approximation of the rapidity
y defined in equation 3.4. For p > m and 6 > 1/v (where 7 is the relativistic
factor) the pseudorapidity 7 is approximately equal to the rapidity y:

11 (E+pz
=—In
4 2 E—p,

) (3.4)

Under a Lorentz boost along z-axis, the difference in pseudorapidity An, is an
invariant quantity. This property is useful in hadron colliders, since the partons
(e.g. quarks or gluon) in protons carry fractions of the incoming proton momen-
tum and thus have unknown longitudinal momenta. Furthermore, interactions
rarely have their center-of-mass frame coincident with the detector rest frame due

to the composite nature of the colliding protons. The angular distance between
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two physics objects defined in pseudorapidity-azimuthal angle space is given by:

AR = /(An)? + (A¢)? (3.5)

Another important set of variables is defined in the context of the particle
tracks. Due to a finite resolution of the detector, the particle originating in the
collision vertex are reconstructed with some finite distance from it. This distance
is parameterized through impact parameters. In order to define these parameter,
a point of the closest approach of the track to the vertex in the transverse plane
is established. The transverse impact parameter dg, is the point of closest ap-
proach to the z-axis in the x-y plane, where as 2 referred as longitudinal impact

parameter, is the z-coordinate at the point of closest approach to the z-axis.

3.2.2 The Inner detector

Up to thousands of particles emerge from the collision point every 25 ns,
results in a very large track density in the detector. In order to achieve good mo-
mentum and vertex resolution, the inner detector being closet to the interaction
point should have good granularity along with the great resistance to radiation
damage. Pixel and silicon microstrip (SCT) trackers are characterized by high
granularity to cope with higher occupancy and the Transition Radiation Tracker
(TRT) based on gaseous drift tube technology provides additional track measure-
ments and particle identification. The tracks of charged are curved by the strong
magnetic field of 2T provided by the surrounding solenoid. The overall structure
of the ID can be seen in figure 3.4. It is about 6 m long and 2 m high and covers
In| range up to 2.5. All three sub detector are divided into the barrel and end-cap
regions. In the end-caps layers of sensors are mounted as disks or wheels perpen-
dicular to the beam axis where as the barrel is composed of cylindrical layers of

sensors arranged concentrically around the beam pipe.

Pixel detector

The fundamental unit of the pixel detector is the silicon semiconductor mod-
ule. The basic working principle is, when a charged particle pass through these
modules, electron-hole pairs are generated and the created charge is then collected
and measured via read out channels. A module is a rectangular active device of
area 16.4 x 60.8 mm?, and a thickness of 250 um. Each module consist of 47232
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Figure 3.4: (a) Schematic view of the ATLAS inner detector. (b) Drawing show-

ing the sensors and structural elements [15]

pixels of nominal size 50 x 400 pum. The whole pixel system has about 80.4 milion

readout channels, majority of the total readout channels in the ATLAS detector.

Originally, there were three cylindrical layers surrounding the beam pipe (bar-
rel) and three end-cap disks concentric with the beam at each end of the barrel.
The barrel three layers located at 50.5 mm, 88.5 mm and 122.5 mm, respectively
and the disk layers are located at z positions of 495 mm, 580 mm and 650 mm.
During the Long Shutdown 1 (L.S1), a fourth layer named as Insertable B-Layer
(IBL) was placed 33 mm from the center of the beam-pipe. It aims at providing

improvements on b-tagging and secondary vertex reconstruction.

Semiconductor Tracker

The second silicon semiconductor detector named as Semiconductor Tracker
(SCT), is placed around the pixel system. It consists of 4088 modules of silicon-
strips arranged in four layers in the barrel section and two end-caps with nine
disks on each end. Covering this area with pixels would significantly increase
the number of read-out channels, result in complicating the data collection pro-
cess. So a strip layout is used in order to maintain the number of channels to a
reasonable value without degrading the resolution.

Each layer of the SCT is covered with strip of size 80 um x 12 em. Two back-
to-back layers of silicon strips are placed together with a small stereo angle of 40
mrad to each other. This helps improving the space resolution along the longest

strip dimension. The spatial resolution is 17 um perpendicular to the strip, and
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580 pm in the parallel direction. The hits in SCT provide 30 % better precision
to reconstruct the track momentum up to pr = 500 GeV. Though larger than the
pixel, in the SCT there are only around 6 million channels, while covering the

same region of pseudorapidity |n| < 2.5.

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) is outermost part of the ID. In con-
trast to the previous two sub-detectors based on the semi conductor technology,
the TRT is a gaseous detector consists of thin-walled proportional drift tubes
(straws) 4 mm in diameter, filled with gases mixture (70% Xe, 27% CO,, and
3% Os3). In the centre of the tubes, there is a 0.03 mm diameter gold-plated
tungsten wire. A constant voltage is applied between central wire and the outer
wall. When a particle transverse through gas mixture in the tubes it ionize the
gas molecules. The free electrons drift towards the central anode wire, where
they are amplified and readout by the radiation-hard front-end electronics. The
TRT barrel region contains 52544 straws of 144 c¢m in length, oriented parallel to
the beam while two end-caps each contain 122880 straws 37 cm in length radially
aligned to the beam axis.

Along with the simple detection of a passing particle, the TRT also provides
additional information on the particle type that flew through the detector, i.e.
if it is an electron or pion. These information are provided through transition
radiation, generated in a polypropylene mixture placed between the straws. The
emission of the transition radiation depends on the relativistic factor v = E/m,
which is high for the electron due to its low mass. A very robust pattern recogni-

tion is achieved by combination of precision trackers at small radii in Pixel and
SCT, with the TRT at a larger radius.

3.2.3 The calorimeter system

The philosophy behind the calorimeters is almost opposite to that of inner
tracking detectors. Instead of letting the particles transverse through the in-
ner detector, tracking the particle trajectory with as little material as possible,
calorimeters on the other hand, force the particles to deposit all their energy and
stop in a large chunk of material. Calorimeters used in the ATLAS are sam-

pling calorimeters consist of layers of absorbing (passive) high-density material
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that stops incoming particles and layers of an active medium that measures their
energy.

Different particles behave differently in the calorimeter depending on their
properties of interaction with material, so in the ATLAS calorimeter system
is divided between two main parts, the electromagnetic (EM) calorimeter and
Hadronic calorimeter. The calorimeter system is illustrated in figure 3.5. Elec-
tromagnetic calorimeters stops and measure the energy of electrons and photons
where as Hadronic calorimeters sample the energy of hadrons. Calorimeters can
stop most of the known particles, only muons and neutrinos have the interaction

rate small enough to pass the calorimeters.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEQ)

LAr electromagnetic

LAr electromagnetic
barrel
LAr forward (FCal)

Figure 3.5: Cut-away view of the ATLAS calorimeter system [16].

Electromagnetic calorimeter

The electromagnetic (EM) calorimeter (ECal) is a high-granularity calorime-
ter to better measure photon and electron showers. ECal uses lead plates as the
passive absorber and liquid argon (LAr) as an active material. The liquid argon
was selected as active material due to its linear behaviour, stability, and radi-

ation hardness. The accordion-shaped structure of ECal facilitates fast readout
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and provides full ¢ symmetry without azimuthal cracks. It consist of a barrel
section, covering the pseudorapidity range |n| < 1.475, and two end-caps region
covering 1.375 < |n| < 3.2 in two coaxial wheels. There is a crack region between
1.375 < |n| < 1.52 because of the additional material needed to cool the inner
detector. This region is usually excluded from physics analyses requiring a precise
measurement of electrons. Analysis described in this thesis also veto the crack
region.

High energy photons and electrons when enters the passive absorber, produce
electromagnetic shower containing many low energy electrons and positrons. Usu-
ally electrons emit a photon via bremsstrahlung, while on the other hand photons
converts into electron-positron pair (photon conversion), which can in turn un-
dergo bremsstrahlung. The cascade of charged particle ionise liquid argon (active
material) sandwiched between the layers, producing an electric current that is
measured by readout electrodes to induce a signal which determines the energy

measurement.

Hadronic calorimeter

As the name suggests, the hadronic calorimeter (HCal) aims to stop hadrons
(i.e. pion, proton, neutron) within its volume and measure the deposit energy.
The fragmentation and hadronization of quarks and gluons form these hadrons,
gather in a narrow cone called ”Jet”. Without loss of significant energy Jets can
pass trough the ID and ECal. The hadronic calorimeter is further divided in

three sub-detectors.

The Tile Calorimeter is placed directly outside the ECal. Its barrel region is
divided into a central section that covers |n| < 1.0 and two extended barrels cover
which range 0.8 < |n| < 1.7. The tile calorimete uses steel as absorber and plastic
scintillating tiles as active medium. Hadrons in the first step lose energy mainly
through nuclear interactions with the absorber producing a hadronic shower.
Charged particles produced in hadronic shower create fluorescence photons by
passing through the plastic scintillators (active medium). The long fibres at the
end of each tile carried the light to the photomultiplier tubes to convert them to

an electric signal whose intensity is proportional to the original particle’ s energy.

The LAr hadronic end-cap calorimeter (HEC) consists of two indepen-

dent wheels per end-cap. Located directly behind the end-cap electromagnetic
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calorimeter it covers 1.5 < |n| < 3.2, overlapping slightly with the Tile calorime-
ter. Each wheel consist of 32 wedge-shaped modules. HEC uses liquid argon as
active material similar to that of the EM calorimeter, but have copper plates as

the absorbing material.

The LAr forward calorimeter (FCal), is placed at 3.1 < |n| < 4.9 which
cover highest values of the |n|. The FCal uses LAr as the active medium has three
layers of separate modules. The first using copper as the absorber is optimized
for electromagnetic measurements while the latter two use tungsten to measure

predominantly the energy of hadronic interactions.

3.2.4 The muon spectrometer

The muon spectrometer (MS) is the outermost part of ATLAS detector, re-
sponsible for identification and measurement of muon momentum, as well as pro-
viding a muon trigger. Muons are particles that transverse undetected through
the ID and Calorimeter. The muon momentum is determined by measuring the
track curvature by a system of tracking detectors placed in magnetic field gen-
erated by three toroidal magnets. One provide the magnetic field in the barrel
region |n| < 1.4, while the other two provide in end-cap (1.6 < |n| < 2.7) at both
ends of the barrel. In (1.4 < |n| < 1.6) namely the transition region, the magnetic

field is provided by combination of barrel and end-cap magnets.

The muon spectrometer is made up of 4,000 individual muon chambers em-
ploying four different technologies for four sub-systems. Two of which are respon-
sible for high precision tracking: Monitored Drift Tubes (MDTs) and Cathode
Strip Chambers (CSCs) while the other two Resistive Plate Chambers (RPCs)
and Thin Gap Chambers (TGCs) function as triggers. The layout of the ATLAS

muon spectrometer is shown in Figure 3.6.

The MDTs chambers covering range of |n| < 2.7 is the largest part of the muon
system. The main purpose is precise measurement of momentum that is achieved
by using three to eight layers of drift tubes, leading to an average resolution of 35
pum per chamber (80 pum per tube). The drift tubes are filled with gas mixture
Ar/CO2 (93/7) at a pressure of 3 bar. Each drift tube is 30 mm in diameter with
a tungsten-rhenium wire of 50 pm diameter at the center. The electrons resulting
from ionization are collected at the central wire. The CSCs are used to cope with

higher rates in the forward region (2.0 < |n| < 2.7). The CSCs are multiwire
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Thin-gap chambers (TGC)
1 n Cathode strip chambers (CSC)
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Monitored drift tubes (MDT)

Figure 3.6: Cut-away view of the ATLAS muon spectrometer and its main com-

ponents [17].

proportional chambers with cathode planes segmented into strips in orthogonal

directions. This leads to a good spacial resolution of 40 pm in the bending plane.

The trigger system of the MS is based on the RPC and TGC chambers, provide
a fast (15-25 ns) triggering as well as  and ¢ position measurements. In the
barrel region |n| < 1.05, the triggering is provided by the RPC mounted together
with MDTs. RPCs are gaseous parallel-plate detectors. Two resistive plates are
kept parallel 2 mm apart to each other. The gap is filled with a gas mixture of
CyHyFy/Iso-CyHyy/SFs (94.7/5/0.3). High voltage between the plates creates
uniform electric field. The avalanches is form along the ionizing tracks towards
the anode. RPCs are operate in avalanche mode which offers the benefit of higher
rate capability and rate-independent time resolution. Muon trigger capability in
the endcap region is provided by the TGCs in a pseudorapidity range 1.05 < |n| <
2.4. TGCs are multiwire proportional chambers. Compared to the wire-to-wire
gap, the gap between wire and cathodes is very small. The high electric field and

the small wire-to-wire distance provide very good timing resolution.
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3.3 sTGC production quality control

The ATLAS experiment has planned extensive upgrade in two phases, to cope
with the high luminosity that will be delivered by the LHC in this decade. The
Phase-I upgrade is currently in finally stage and Phase-II upgrades is scheduled to
take place in 2025-2027 time frame during the Long-Shutdown (LS-3). These up-
grades will allow the ATLAS experiment to maintain and improve its performance
in terms of acceptable trigger rates at low-pT thresholds, pile-up mitigation and
detector occupancy for upcoming Run-3 and for the High Luminosity LHC pro-
gram (HL-LHC) expected to start in 2027. The figure 3.7 shows the time line
form LHC to High Luminosity-LHC.

In Phase-I upgrade four areas of the ATLAS detector are updated: the liquid
argon (LAr) calorimeter front-end electronics, the Barrel Inner Small layer of
muon spectrometer, the TDAQ system and the New Small Wheel detector in
MS. The largest Phase-1 upgrade project for the ATLAS Muon System was the
replacement of the forward muon-tracking region with the so-called New Small
Wheels (NSWs) which was completed and installed in November 2021.

LHC HL-LHC

[ st ] EYETS 13- 14 Tev EAD 14 Tev
13 TeV —— — energy
1l lidatl Dlodes
pl=emlinisn olimit LIU Installation .
77ev_ BTeV button collimators iieadion — HL-LHC
— R2E project regions Clvll Eng. P1-P5 radiation limit installation
T ™\ T
| eon | oz | vt | o | 206 | zote | zoi7 | 2o | 2o | 2oe0 | oot | 20 | oom | o2 | zoes | ewes | oot [l
ATLAS - CMS }_”L‘”E‘Lﬂ
experiment EEGEe el ALLLAS - %MS
beam plpes upgrade
nominal Lumi I ALICE - LHCb pxnomnalbumi
75% nominal Lumi upgrade
luminosity LIVl

Figure 3.7: Time line of the High-Luminosity LHC. Phase-I upgrade is completed
in LS-2 and LHC expected to restart in mid-2022 for Run which is extended by
one year. In LS-3, Phase-II of upgrade will be performed. HL-LHC will start
to operate in 2027 and will deliver a total integrated luminosity up to 3000 fb*
[18].

The New Small Wheel system consists of two wheels, each of radius 5 m,
located in the end-cap region (1.3 < |n| < 2.7) at both ends of the detector (side
A and C). The main objective of NSW is to reduce the muon triggers caused by
noise or accidental coincidences in the end-cap region. The old SW chambers,
which was based on monitoring drift tubes, also cannot perform bunch crossing
identification at rates up to 15 kHz/cm?. With the NSW, as shown in Figure
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(right) 3.8 only the hypothetical track A is accepted due to coincidence between
the existing detectors (the Big Wheel), and the New Small Wheel. Where as both
track B and C are rejected, the track B, producing only hits in the Big Wheel

and the track C not originating from the interaction point.

Thin-gap chambers (T&C)

o
Cathode strip chambers (CSC) ¥ - p——- Big Wheel EM

L1\

Monitored dfift tubes (MDT)

Figure 3.8: Left: Completed New Small Wheels installed in ATLAS cavern in
Nov-2021. Right: working principle of the track selection trigger of the NSW

(transverse view)[19].

3.3.1 The small-strip Thin Gap chambers (sTGC)

The NSW is based on two technologies: small-strip Thin Gap chambers
(STGC) as primary trigger and Micromegas chambers as the primary precision
tracker. The sTGC is mainly dedicated for trigger and bunch crossing identifi-
cation also provides track measurement with a precision of about 100 um per
chamber and good angular resolution (< 1 mrad). The NSW consist of total 96
sTGC and 64 Micromegas quadruplets. The sTGC quadruplets are of six types,
three for large and small sector respectively as shown in Figure 3.9. The shape
of each quadruplet is trapezoidal with dimensions between 1-2 m?2. The produc-
tion and testing took placed in member institutes of the ATLAS collaboration.
Shandong University, China was one of the production site.

The sTGC as show in Figure 3.10, is based on the technology of Multi-Wire
Proportional Chambers. It consists of a layer gold plated tungsten anode wires of
50 pum spaced by 1.8 mm. The layers of wires plane are sandwiched between two
cathode graphite-sprayed planes at a distance of 1.4 mm. The precision cathode
plane has strips with a 3.2 mm pitch for precision readout and the cathode plane

on the other side has pads for triggering .
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Figure 3.9: Schematic of the small and large sTGC sectors and corresponding

production site. [20]

3.4 sTGC irradiation scans with X-ray

sTGC detectors will work in a intense radiation environment during Run-3 and
HL-LHC and will be practically inaccessible during these run periods. So there
were very strict quality control procedures during chamber production. Before
the chambers were fully assembled at CERN, various tests were carried out at
early stages at production cites in order to be able to introduce corrections in the

production process and to eliminate any technological defects.

In Shandong, I used technique based on the X-ray scanner with direct mea-
surement of the chamber current to check any technological defects such as cath-
ode strip and gap thickness defects, dust particles inside the gap and on the wires,
gluing defects, missing wires, wires lost tension etc. Based on the intensity of the
x-ray, two kind of tests were performed , High intensity scans: To check problem
related to construction procedure and Low intensity scan: To check the unifor-
mity of the gain. Tests were performed on sTGC champers prior to the readout
electronics installation. It allowed to test the quality of the chambers, identifying

defects and fixing them at early stage.
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Figure 3.10: Schematic diagram (left) of the basics sTGC structure to Soldering
of pads to the sTGC fabrication (right)

3.4.1 Experimental set-up

The X-ray scanner [21] is Computer numerical control (CNC) machine de-
signed to scan the entire sSTGC, an area 2220x1410 mm covers the maximum
sTGC chamber size. The Amptek MINI-X, X-ray tube is used which can oper-
ate on 10-40 £V and 5-80pA. CAEN-N1471H high voltage power supply was used
to measure the current from anode wires, which is able to measure the current
with a precision up to 50 pA. The X-ray tube is mounted on X-Y scan machine
show in Figure 3.11, can operate in both directions in a step-sized movement
mode (also can be operated with continues movement). The speed can be set in
the range of 0.5 -100 mm/s or in step mode with steps 0.5 mm or larger. The
scan were performed with n-pentane + COy as working gas mixtures. Some test
were also performed with only CO,. The was gas flushed for 20 hours into the
chamber before the tests were performed. A special graphical user interface and
visualization tool [22], QScanner and QViewer respectively were used to perform

the scans and to analyze the results.

3.4.2 Measurement of parameters of scanner

Before performing the whole chamber scan, it was curial to set different scan

parameters in order to perform the test efficiently. These parameters includes:

e Measurement of the saturation current

o Hardness of the x-ray

Distance effect between x-ray and chamber

Measure the x-ray outshoot cone
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Gas Inlet

Connection
for HV

Figure 3.11: X-ray scanner: an X-Y CNC machine designed to scan the entire

sTGC area with X-ray tube and to measure the current from anode wires

In order to measure the saturation current of the chamber, the x-ray current is
increased from 5 to 30 A, as a result the chamber current should be move higher.
If the chamber is saturated, it should reach current plateau at some point. As
show in graph (left) 3.12, As we increase the x-rays current the chamber current
increases but did not reach saturation level. There must be a current saturation
value at higher voltage, but did not check above 3.2 kV extreme limit, using even

higher values are not safe for the chamber.

The effect we want to know from varying the distance of x-rays tube to the
chamber is the absorption of x-ray by the atmosphere. Except this we expect the
x-ray radiated on chamber is same, the current should be stable. In the graph
(middle) 3.12, the chamber current is measured as a function of distance of the
chamber form X-ray tube. The current remains almost stable. We use 10 cm as

nominal distance of the x-ray tube from the chamber.

To measure the hardness of the x-rays, the HV of the x-ray increased from 5

to 50 kV, keeping the x-ray current at 5 mA, measure the chamber current as
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function of HV. As shown in graph (right) 3.12, with HV increasing the X-rays
penetration power increases, higher current is observed at both 2.9 and 3.0 kV

applied to the chamber.

Chamber current vs X-rays current Chamber current vs X-rays current Chamber current vs X-rays HV
—8—3.2kvV 30kv 29kv
2100 —e—29kv —e—29kv 3.0kv
350 350
1800
300 .\‘—'//,__—o 300
. 1500
<< — 250 — 250
E— 1200 é %
5 = 200 = 200
3 T !
s 90 g 150 g 150
5 5 E
600 - 100 = 100
300 50 50
0 0 0
o 10 20 30 40 0 10 20 30 40 0 10 20 30 40 50
Ix-rays (HA) Distance X-rays HV (kV)

Figure 3.12: Left: measurement of the saturation current, Middle: measurement

of distance effect, Right: measurement of the hardness of the x-ray

3.4.3 Full Chamber Scan Result

The tests of STGC complete chambers irradiated with X-ray source was car-
ried out with CO; +n-p gas flow through chamber for 20 hours. Scans were
performed with Standby time = 3 seconds and Collimator size 40 mm (step size
20 mm) at 100 mm distance of the chamber form X-ray tube. The X-ray tube
was running at 40 kV with a current of 5.0 uA. The voltage on chamber was set
to 3.2 kV. Figure 3.13 show the full scan results for chamber GS2.C3.9. The
result shows the higher operation stability and lower sensitivity to the electric
field non-uniformity. No areas with self-sustaining discharge or hot spots were
found. Chamber current due to X-rays remain constant with scanning time (=
4 hours). The points below 200 nA are because of fall of X-rays on supporting
rods. Base current varies with the scanning time due to environmental effects.
For most of cases base current is high in beginning of scan and decrease with

time. The results are summarized in table 3.2.
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Mean Base RMS | Points Points be- | Points # of hot | Max value
Current | Current outside the | low 20%of | above points of hot
(nA) (nA) 20% limit | mean cur- | 20%of above 5 ¢ | point
rent mean
current
217.10 | 8411 | 42.06 | 9.58% 9.10% 0.58% 8 950

Table 3.2: Results for GS2.C3.9 chamber full scan. The stable current value
represents the high operation stability.

Chamber 1: measured current (nA) Chamber 1: current distribution
il
e Entries 7388
1800 Mean 2171
1400 RMS 42.08

Y coordinate (mm)

Base Current

1000

R M P e e
£ 5 ) £ 000 T200
X coordinate (mm)

250 300
Current {nA}

Figure 3.13: Left:Currents map for the chamber operating with COy +n-p gas

mixture. Right:the mean current value

In total 85 sTGC chambers have been tested at the University of Shandong,
one of the NSW sTGC construction sites. The test were performed at increased
HV, higher than then one later used in ATLAS, to artifically stress test the
chambers and so detect any weaknesses. The analysis of gas gain uniformity
shows mostly stable results with no large variations in the mean value of current
with same working parameters. The current value below the 20% threshold is

mostly due the supporting rods. The extracted statistical parameters are stored
in the NSW sTGC QA/QC database.

Mean Base RMS | Points Points be- | Points # of hot | Max value
Current | Current outside the | low 20%of | above points of hot
(nA) (nA) 20% limit | the mean | 20%of above 5 ¢ | point
current the mean
current
28291 | 7193 | 55.68 | 14.55% 11.50% | 3.06% 15.63 2331.18

Table 3.3: Summary of the 85 sTGC chamber scan results.
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Chapter 4 Analysis strategy and selections

4.1 Introduction

The production of Higgs bosons in association with a single top quark (tHq
production) at the LHC proceeds at leading order (LO) dominantly via two Feyn-
man diagrams: the Higgs boson couples either to the top quark (¢) or the W
boson, as shown in figure 4.1. In these two diagrams, a light-flavour quark q
(i.e. u- or d-quark) from one of the colliding protons interacts with a b-quark by
exchanging a virtual W boson, producing either a Higgs boson and top quark
or just a top quark (which radiates a Higgs boson) and a recoiling light-flavour
quark (i.e. d- or u-quark), called the spectator quark. The b-quark comes either
directly from another colliding proton in the five-flavour scheme (5FS) or from
a gluon splitting in the four-flavour scheme (4FS). In the 5FS the b-quarks are
treated as massless in the parton distribution functions, while in the 4FS, the
parton distribution functions only contain parton distributions for the quarks

lighter than the b-quark and b-quarks are treated as massive.

u > - d

Nl

Figure 4.1: Representative dominant Feynman diagrams for the tHq production
at LO, in the 4FS. The Higgs boson is either radiated from (a) the top quark or
(b) the W boson.

The production cross-section is sensitive to the magnitude as well as the rel-
ative sign and phase of the couplings, due to the interference between these two
diagrams. Figure 4.2 shows the dependence of the tHq inclusive cross-section
with a next-to-leading order (NLO) accuracy to the top-quark coupling y; [97] in
proton—proton (pp) collisions at a centre-of-mass energy of 13 TeV at the LHC.
In the SM hypothesis (y; = +1), the interference between these two diagrams is
maximally destructive and leads to very small production cross-sections of about
71, 16 and 2.9 fb for the ¢-, tW- and s-channel, respectively, at /s = 13 TeV
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[98]. New physics effects could lead to constructive interference between the ttH
and WW H couplings and therefore enhance the cross-sections by an order of
magnitude or more. In this analysis, the tHq and tWH processes are considered

as separate tH productions, while the s-channel production is neglected.

ttX, and t-channel tX; atthe LHC13

NLO inclusive cross section t?(o
gluon fusion @ SM rate (=1, K 4, =2/3) Xy

L=- %sz "Zt(ca'imt + 50K 4475 )thO

103 L

onio (]

10

MadGraph5_aMC@NLO

0° 30° 60° 90° 120° 150° 180°

Figure 4.2: NLO cross-sections (with scale uncertainties) for t¢X, and t-channel
t Xy productions for pp collision at /s = 13TV as a function of the CP-mixing
angle «, where kg and kay are set to reproduce the SM gluon fusion cross-

section for every value of « (figure extracted from Ref. [97]).

4.1.1 Analysis strategy

The analyses use an integrated luminosity of 139 fb~! of data collected with
the ATLAS detector at /s = 13 TeV between 2015 and 2018 at the LHC. The
search uses final state distinguished by the number and flavour of leptons. The

2LSS is one channel among the multi lepton analyses channels:
o 3L : three light-flavour leptons without any hadronically decaying 7 lepton

e 2LSS : two same-charge light-flavour leptons without any hadronically de-

caying 7 lepton

o 2L + 17p4q : two light-flavour leptons with one hadronically decaying 7

lepton
o 1L+27444 : one light-flavour lepton with two hadronically decaying 7 leptons
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Each channel is analysed separately with its own signal region (SR) and control
regions (CRs). A common lepton selection is used for all channels. Tau leptons
are included explicitly in the analyses and jets that are identified as tau leptons
are removed. In order to ensure that there is no overlap in the events selected
in each of the channels, a basic selection to separate the events into the different
channels is applied using a loose lepton selection. The object definition and

loose selection for 2L.SS channel is described in section 4.3.

The v34 [30] of the single-top ntuples [25] which serves to provide a common
definition of the basic physics objects used. The multivariate analysis techniques
(MVAs) (boosted decision trees (BDTs)) is used to improve the signal to back-
ground separation and to define CRs. Cross-section measurements or upper limits
are determined by fitting the MVA output in both SRs and CRs using trexfitter
framework [24]. Even though it is only expect to set an upper limit on the signal
strength using the LHC Run 2 dataset a blinding has been applied on the data
for MVA outputs. Systematic are pruned by applying thresholds of 1% on shape

and 0.5% on normalization.

The tHq ML channels probe the decay of the Higgs boson into a pair of vector
bosons (W or Z) or 7 leptons. The four channels are sensitive to different decays
of the Higgs boson. Table 4.1 reports the percentage of simulated tHq events
where the truth Higgs goes (H — WW* ZZ* 77). The 3L and 2LSS channels
are mostly probing tHq events where H — WW?  while the 2L + 17,4 and

2L + 27344 channels are mainly sensitive to H — 77 decays.

Channel H—->WW* H-—ZZ* H—71T
3L 69 17 14
2L5S 80 3 17
2L + 1Thad 32 5 63
2L + 2Thaa 3 1 96

Table 4.1: Percentage of tHq simulated events where the truth Higgs boson decays
into H - WW* H — ZZ* or H— 77 in each tHq ML channel. The events are
those passing the pre-selection requirement defined by the channel. The statistical

uncertainty is smaller than 0.1% for all the values in the table.
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4.2 Data and Monte-Carlo simulation

In this section the description of data and MC simulations samples used in
the analysis is presented. A slimmed and skimmed version [25] of the ATLAS sin-
gle top group ‘TOPQ1’ derivations [26] were centrally produced. These common
data-sets used in the multi-lepton analyses, were produced with the SingleTop-
Analysis package [29]. Following the recommendations of top-quark reconstruc-
tion working group [33], all the object calibrations and corrections provided by
the combined performance groups are implemented in this package. Using the
computing batch systems in different locations (BONN, NORTHGRID, IFIC,
BNL) an additional skimming is performed on these data samples. This skim-
ming was done using the thqloop framework, where variables of interest for each
the analysis channel are computed and after the computation kept only branches

required by specific analysis channel from the centrally produced ntuples.

4.2.1 +tHqLoop set up

The framework called thqloop [34] is used to create flat ntuples. It perform
the skimming on the single-top ntuples, and to compute extra variables that are
required in the multi-lepton analysis. The thqloop is an ATLAS-cmake-style
package, designed to be compiled with TopLoop in an ATLAS Analysis Release.

The algorithm was set-up to save some simple event properties:
« Save the nominal weight
» Save the leading and subleading lepton transverse momenta
 Save the pileup systematic weights (UP and DOWN)

« Save the total number of jets that have transverse momentum higher than

25 GeV and have absolute pseudorapidity inside 2.5.

4.2.2 Data samples

The data event samples used in the analysis are collected by the ATLAS de-
tector from 25 ns pp collisions delivered by the LHC from 2015 to 2018 (full
Run-1II) at /s = 13 TeV. Using unprescaled single-lepton triggers as indicated in

the references [35, 36, 37|, events were chosen from a common data stream. The
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registered data were filtered at the luminosity block level using good-runs lists
(GRLs) [38]. The GRLs required the data quality (DQ) flags for all detectors
and trigger sub-components to be green along with stable beams flag to be true.
The amount of data used corresponds to an integrated luminosity of 139 fb=1!.
Total integrated luminosity uncertainties for each data-taking year vary from 2.0
to 2.4 % [12] . These uncertainties are derived from the calibration of the lu-
minosity scale using x-y beam-separation scans, and using the LUCID-2 detector
for the baseline luminosity measurements [40]. The uncertainty in the combined
2015-2018 integrated luminosity is 1.7% [12]. The partial and total integrated lu-
minosities together with their uncertainties and some additional details are given
in table 4.2.

Year Periods Run numbers  Number of events Integrated luminosity [pb~!]

2015 D-H,J 276262-284484 220.58M 3219.56 + 2.1%

2016 A-G,ILK,L 297730-311481 1057.84M 32988.1 £+ 2.2%

2017 B-FH,LK 325713-340453 1340.80M 44307.4 + 2.4%

2018 B-D,FLK,LMO,Q 348885-364292 1716.77M 58450.1 + 2.0 %
20152018 All 276262-364292 4335.99M 138965.16 + 1.7%

Table 4.2: Integrated luminosity per year with their relative uncertainties. Ad-

ditionally, run numbers per year are shown.

4.2.3 Simulated event samples

Samples of events generated using Monte Carlo (MC) simulations were pro-
duced using different event generators interfaced to various shower/hadronisation
generators. The production included three campaign MC16a/d/e [41, 42, 43] of
the ATLAS MC Production Group. With the specific ATLAS software archi-
tecture (named Athena) [44], the trigger and detector simulation is carried out
following the event generation stage, either fully utilizing the At1fast2 [44] (sim-
ply known as AFII) for fast simulation or the GEANT4 [45] framework for a
detailed physics description simulation. Detector simulation with GEANT4 is
accurate but requires significant CPU resources. The calorimeter shower sim-
ulation, the most CPU-intensive part of the simulation, has been replaced by
ATLAS with tools that use quicker simulation techniques. AtlFast3 is used to
address present and upcoming computational issues as well as the simulation

requirements of the ATLAS experiment. It blends parametric approaches with
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machine-learning techniques. In this analyses, full-simulated (F'S) event samples

are used as baseline samples unless not available.

The effect of multiple interactions in the same and neighbouring bunch cross-
ings (pileup) was modelled by overlaying the simulated hard-scattering event with
inelastic proton—proton (pp) events generated with [46] using the NNPDF2.3L0
set of parton distribution functions (PDF) [47] and the third ATLAS set of
tuned parameters for minimum-bias events (A3 tune) [48] over the original hard-
scattering event. The MC events were weighted to reproduce the distribution
of the average number of interactions per bunch crossing ((u)) observed in the
data. The () value in data was rescaled by a factor of 1.03 £ 0.04 to improve
agreement between data and simulation in the visible inelastic proton—proton
(pp) cross-section [49]. In this analyses, samples of events generated using MC
simulations were produced for tHq signal and most of the background processes,
and are used to evaluate models of efficiency and resolution, and to estimate
systematic uncertainties. The event generators and configurations for these MC

samples are summarized in table 4.3.

Process Generator ‘ Parton shower PDF MC tune

tHq (ML) MADGRAPH5 _AMC@NLO2.6.2 | PyTHIA8.230 | NNPDF3.0NLO Al4

tt(nonallhad) PowHEG PyTHIA8.230 | NNPDF3.0NLO Al4
W/Z + jets SHERPA 2.2.1 SHERPA default | NNPDF3.0NNLO | SHERPA default

ttZ(z — 1) MADGRAPHS AMC@NLO2.3.3 | PyTHIA8.210 | NNPDF3.0NLO Al4

W () MADGRAPH5 AMCQ@QNLO2.3.3 | PyTHIA8.210 | NNPDF3.0NLO Al4
WZ|ZZ + jets SHERPA 2.2.2 SHERPA default | NNPDF3.0NNLO | SHERPA default

ttH MADGRAPHS_AMC@NLO 2.6.0 | PyTHIA 8.230 NNPDF3.0nNLO Al4

tHW MADGRAPH5 _AMC@NLO 2.6.2 | PYTHIA 8.235 NNPDF3.0NLO Al4

tW PowHEG PyTHIA 8.230 NNPDF3.0NLO Al4

tZ(Z — 1) MADGRAPH5__AMC@Q@QNLO2.3.3 | PyTH1A8.230 | NNPDF3.0NNLO Al4

tWZ(Z — 1) MADGRAPH5 AMC@Q@QNLO2.3.3 | PyTHIA8.230 | NNPDF3.0NNLO Al4

HWW MADGRAPH5_AMC@NLO2.2.2 | PyTHIA 8.186 NNPDF2.3L0 Al4

H+W/Z PyTHIA 8.186 PYTHIA 8 NNPDF2.3L0 Al4
VVV(V =W/Z) SHERPA 2.2.2 SHERPA default | NNPDF3.0NNLO | SHERPA default

ttt, titt MADGRAPH5 AMCQ@NLO2.2.2 | PyTHIA8.186 NNPDF2.3L0 Al14

Higgs(ggH/VBF/VH) PyTHIA PyTHiA 8.210 CT10 AZNLO CTEQ6L1

Table 4.3: The configurations used for event generation of signal and background
processes. The samples were simulated using different generator at leading-order
with NNPDF2.3L0, next-to-leading order NNPDF3.0NLO and next-to-next
leading order NNPDF'3.0NNLO parton distribution function (PDF). ‘Tune’ refers

to the underlying-event tune of the PYTHIA/SHERPA parton shower generator.
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4.3 Objects definition and selection

In this section, description of the procedures used to calibrate, reconstruct and
selection of the physical objects (electrons, muons, tau leptons, jets, b-tagged jets
and missing transverse momentum) are discussed. These requirements need to
identify events with a tHq signature. For data gathered by the ATLAS detector
between 2015 and 2018, these approaches adhere to the most recent suggestions

made by the top-quark reconstruction working group [57].

4.3.1 Triggers

A hardware-based Level-1 (L1) trigger and a software-based high-level trig-
ger (HLT) make up the ATLAS event trigger system. Due to changing pile-up
conditions during the data collection period of Run-II [58], various single-lepton
un-prescaled triggers were employed.The table 4.4 shows list of trigger names

used in this analysis.

Year Single-electron trigger Single-muon trigger
HLT e24 lhmedium_L1EM20VH HLT mu20_iloose LIMU15
2015 HLT e60_lhmedium HLT mu50

HLT_e120_1hloose

HLT_e26_lhtight nod0_ivarloose HLT mu26_ivarmedium
2016-2018 | HLT _e60_lhmedium_nodO HLT mu50
HLT_e140_lhloose_nodO

Table 4.4: Un-prescaled single-lepton trigger selections of the ATLAS trigger
menu per lepton flavour per year. A logical OR is used to aggregate all of these

triggers.

An aligned calorimeter cluster for a track is chosen by the electron triggers.
The identification criteria for electrons must then be met utilizing a likelihood
(LH) discriminant in a multi-variate approach. In this analysis, the following

single-electron triggers were used:

« Data collected in year 2015, electrons were triggered by requiring at L1 a

transverse energy deposit Ep above 20 GeV, with a reduced calorimeter
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granularity being considered at this stage. At the HLT, the full granu-
larity of the calorimeter as well as tracking information are available and
the reconstructed calorimeter cluster was matched to a track. The trigger
electron object was then required to be isolated with medium identification
(section 4.3.2) and to have Er > 24 GeV.

e In 20162018, electrons had to satisfy a tight identification at HLT to-
gether with an isolation criteria and have Fp > 26 GeV.

e In addition to the previous trigger, during all years of Run-II, to avoid
efficiency losses due to identification and isolation at high pr, two additional
complementary triggers were used, either selecting medium electrons with
Er > 60 GeV at HLT or selecting loose electrons (i.e. without isolation
requirement) with Er > 120 GeV in 2015 and E7 > 140 GeV in 2016-2018.

Muons are triggered by matching tracks reconstructed in the muon spectrom-
eter and in the ID. In 2018, muons had to satisfy a loose isolation requirement and
have Ep > 20 GeV. In 20162018, the isolation criterion was tightened and the
threshold increased to Ep > 26 GeV. As for the electron triggers, during all these
years, in order to avoid efficiency losses due to isolation at high p; another muon
trigger without any isolation requirement was available, selecting loose muons
with Er > 50 GeV.

Data-to-MC scale factors are applied to simulated events to correct for the
different trigger efficiency observed in data with respect to the simulation [59].
The TriggerMatchingTool [60] is used to match the trigger lepton to one of the
leptons in the event. The presence of at least one trigger-matched lepton in the
event is required. Moreover, since the data-to-MC scale factors for the trigger
efficiency are derived for leptons having Er > 27 GeV, an additional selection is

applied to the trigger matched lepton to satisfy this pr cut.

Year Di-electron trigger Di-muon trigger Electron+muon trigger
HLT_2e12_lhloose_L12EM10VH HLT_2muil0 HLT_e17_lhloose_muléd
HLT mul8_mu8nolLl HLT_e7_lhmedium_mu24

2015

HLT_2e17_lhvloose_nodO HLT 2mul4 HLT el17_lhloose_nod0O_mul4d
HLT mu22 mu8noLl HLT_ e7_lhmedium_nod0O_mu24

2016-2018

Table 4.5: Un-prescaled di-lepton trigger selections of the ATLAS trigger menu

per lepton flavour per year.

— 45 —



L AR R A A8

At the earlier stage of analysis (with v30 of SingleTop ntuples) the impact of
di-lepton triggers is also studied and found to be negligible. Table 4.5 includes
the list of the di-lepton triggers used for this studies. The affect of the di-lepton
triggers in preselection regions was studied and compared to the results from us-
ing single-lepton triggers and the combination of single- and di-lepton triggers.
The preselection regions were defined using different jets and b-tagged jets mul-

tiplicity along with pr > 27 GeV and pr > 20 for leading and sub-leading leptons

respectively .

Region ‘ Trigger Signal: tHq Total Backgrounds Fakes: (ttbar) Purity: (S/B (%)) Significance: (S/vB)

nJets > 2; nbjets = 1 Single-Lepton Triggers 10.37 11419.63 7790.2 0.091 0.097

Di-Lepton Triggers 9.38 8976.35 6156.34 0.104 0.099

Single- and Di-Lepton Triggers 10.51 11542.09 7884.14 0.091 0.098

nJets > 2; nbjets = 0 Single-Lepton Triggers 6.39 27518.41 4744.07 0.023 0.039

Di-Lepton Triggers 5.79 21407.51 3700.4 0.027 0.040

Single- and Di-Lepton Triggers 6.48 27756.82 4801.01 0.023 0.039

nJets > 2; 3 > nbjets > 2 Single-Lepton Triggers 3.15 3081.84 2368.85 0.102 0.057

Di-Lepton Triggers 2.88 2493.95 1867.76 0.115 0.058

Single- and Di-Lepton Triggers 3.20 3108.85 2388.23 0.103 0.057

Table 4.6: Events yields in different preselection regions for events passing single-
lepton triggers only, di-lepton triggers only and the logical OR of single- and
di-lepton triggers. The impact of di-lepton triggers found to be negligible.

4.3.2 Electrons

Electron is one of the stable particles that interact primarily via the electro-
magnetic interaction and is a final state lepton candidate in this analysis. It is
therefore crucial to effectively reconstruct electrons originating from the prompt
decay of particles and to identify them with high efficiency, along with isolation
from misidentified hadrons, electrons from photon conversions, and non-isolated
electrons originating from heavy-flavour decays.

The likelihood-based electron identification [61, 62] is used as recommended
by the E/gamma CP group. It provides an improved background rejection with
respect to the cut-based electron identification. It is possible to support a variety
of working points (WPs), each of which corresponds to a distinct level of prompt
electron efficiency and non-prompt electron rejection. For the electron selected for
the analysis regions, a tightLH identification is used while pre-selected electrons
require a looseAndBLayerLH identification. Pre-selected electrons need to pass
pr > 10 GeV, and |n| < 2.47. Furthermore, a requirement on the electron isola-

tion, corresponding to the PLImprovedTight (‘Prompt Lepton Improved Veto’)
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isolation WP [63, 64, 65]. This isolation WP is defined by a multi-variate likeli-
hood discriminant combining shower shape and track information to distinguish
prompt electrons from electron candidates from hadronic jets, y-conversions and
heavy-flavour hadron decays (section 5.1.1). The reconstructed track associated
with the electron must pass the requirements |zosin(0)| < 0.5mm and |dy|/o(dp) <
5, where zy describes the longitudinal impact parameter (IP) relative to the re-
constructed primary vertex, dy is the transverse impact parameter relative to the
beam axis, and o(dp) is the uncertainty on dy. Electron candidates are excluded
if their calorimeter clusters lie within the transition region between the barrel
and the endcap of the electromagnetic calorimeter, 1.37 < || < 1.52. The
associated scale factors (SFs) for electron reconstruction, identification, and iso-
lation are applied in MC, to correct for the efficiency differences between data
and simulation if applying these requirements [66].

As there are two leptons of the same sign in the final state of this analysis
channel, there is significant background contribution from mis-identification of
the electrical charge of electrons. In order to reduce the contribution from elec-
tron charge mis-identification a specific selection criterion on electron (on top of
the above mentioned Identification and Isolation requirements) were applied us-
ing ‘Electron Charge ID Selector Tool” (ECIDS) [67]. This selection tool based on
a boosted decision tree developed by the Egamma Combined Performance group
of the ATLAS Collaboration. The BDT discriminator takes electrons with cor-
rectly reconstructed charges as signal events and charge-misidentified electrons as
background events. To avoid the mismodelling of charge misidentification sources
in Monte Carlo, the algorithm is trained using the datasets in z — ee decays.

Input quantities to the BDT are:

e electron pr and 7
o charged transverse parameter (product Qxdp)

o the ratio of energy measurements taken by the calorimetry and tracking

systems (E/p)

« average charge of all tracks matched to the electron weighted by their num-
ber of hits in the SCT detector

o A¢ between the cluster position in the second layer of the EMCAL and the

momentum-rescaled track, extrapolated from the perigee, times the charge

Q
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Using TightLH electron isolation, the tool provides 40% reduction for the charge-
misidentified electrons background as shown in table 5.9.

A fraction of the fake electrons are also due to photon conversions that pass the
tight electron selection. Generally, half of those conversions are internal conver-
sions, namely photons with a virtual mass larger than twice the mass of electrons,
converting to a pair of electrons at the interaction point. The other half of pho-
ton conversion caused by the interaction of photons with the detector material.
In order to identify and suppress such false electronic backgrounds, cuts on the
DFCommonAddAmbiguity and ambiguityType variables are applied, as defined by
the ‘Electron Ambiguity Tool” in the E/gamma derivation framework [69]. The
requirement ‘ambiguityType = 0’ together with ‘DFCommonAddAmbiguity < (0’
corresponds to an selected electron with a veto on internal/material v-conversion
candidates. All optional options of ambiguityType and AddAmbiguity and their

corresponding meanings are listed in table 4.7 .

selection ‘ ambiguityType ‘ AddAmbiguity
—1 - no second track
0 electron a second track but no conversion
1 | ambiguousTrackEoverPBetterThanVertexEoverP internal conversion
2 ambiguousTrackLowPt material conversion
3 ambiguousTrackLowEoverP —
4 ambiguousTrackNoPixel —
5 | ambiguousVertexEoverPBetterThanTrackEoverP —
6 photon —
7 unknown —

Table 4.7: All selection options of ambiguityType and AddAmbiguity.

The requirements for pre-selected electrons to be used in the analysis are

summarised in table 4.8 (left).

4.3.3 Muons

Pre-selected muons have to pass pr > 7 GeV, |n| < 2.5 as used for the overlap
removal. The medium identification criteria defined by the muon CP group [70]
should also be passed. This WP establishes requirements on the number of hits
in each Inner Detector and Muon Spectrometer subsystem as well as for the
significance of the charge-to-momentum ratio ¢/p [71, 72]. Following the rec-

ommendations from the muon CP group [73] (section 4.4.1), the entire event is
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Pre-selected electron Pre-selected muon

Identification looseAndBLayerLH medium
Acceptance pr >10 GeV, |t <247 | pr >10 GeV, |n| <2.5

except 1.37 < |n%t| < 1.52
Impact parameter | |do/o(dy)| <5.0 |do/o(dp)| <3.0

|z0sin(0)| <0.5mm |z0stn(0)| <0.5mm
Overlap removal section 4.3.7

Electron Muon

Identification tightLH medium
Isolation PLImprovedTight PLImprovedTight
Extra selections ECIDS, e/~ ambiguity-cuts

Table 4.8: Summary of the electron and muon object definitions. The selection re-
quirements for actual electrons/muons are applied in addition to the pre-selected

objects used for the overlap removal(section 4.3.7).

removed if a muon is flagged as ‘bad’ due to its insufficient momentum reso-
lution. As for the electrons, on top of the criteria for pre-selected muons, the
PLImprovedTight isolation is applied for muons used in the analysis regions to
suppress the contribution from fake/non-prompt muons [63, 64, 65]. The muon
selection criteria are summarised in table 4.8 (right).

The recommended cuts for the longitudinal and transverse IPs are applied.
The reconstructed track associated with the muon candidate must have |zosin(0)| <
0.5mm and |dy|/o(dy) < 3. In order to correct for the efficiency differences be-
tween data and MC, associated SFs for identification and isolation [70] are applied

as multiplicative factors to the MC event weight [71].

4.3.4 Jets

Jets are reconstructed using the anti-k; jet algorithm [74] on particle-flow
objects [75]. The radius parameter of this algorithm is set to R = 0.4, as im-
plemented in the Fastjet package [76] (denoted as AntiKt4EMPFlowJets jet
collection). The anti-k; algorithm reconstruct jets with a four-momentum recom-
bination scheme, using topo-clustersas inputs. Jet energy is calibrated to the

hadronic scale with the effect of pile-up removed.
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The jet definition and b-tagging requirements (section 4.3.5) are summarised
in table 4.9. A ‘Jet Vertex Tagger’ (JVT) [77, 78] is used to select jets, as
recommended by the Jet/FEX CP group [79].The jets are selected with py >
20 GeV and within a pseudorapidity range of || < 4.5. In addition, JVT >
0.5 is required for jets pr < 60 GeV and |n| < 2.4, corresponding to the Tight
JVT WP. For so-called ‘forward jets’ with 2.5 < |n| < 4.5 and pr < 120 GeV, a
special JVT WP (fJVT < 0.4) is applied in addition to a timing-requirement on
the jet [80]. The jet calibration is performed using the standard jet calibration
procedure recommended by the Jet/EXs CP group, which corrects the jet energy
to match on average the true jet energy at particle level and applies an in-situ

correction for data [81].

Table 4.9: Summary of the jet selection criteria and b-tagging.

Pre-selected jet

Collection AntiKt4EMPFlowJets

Acceptance pr > 20 GeV, |n| < 4.5

Jet Vertex Tagger | JVT > 0.5 if || < 2.4 and pr < 60 GeV

EIVT < 0.4 if 2.5 < || < 4.5 and prp < 120 GeV

Overlap removal | See 4.3.7

b-tagging jet

Acceptance pr > 20 GeV, |n| < 2.5
b-tagging DL1r algorithm

4.3.5 Identification of b-jets

b-tagging is the process of identifying jets that are produced when b-quarks
are hadronized (referred to as "bjets”). The purpose of b-tagging is to distinguish
b-jets from other types of jets, such as those produced by gluons or other types of
quarks (light-jets) or c-quarks (c-jets). The jet flavour identification is performed
via algorithms that exploit the decay properties of b-hadrons.

In this analysis the multi-variate b-tagging algorithm DL1r is used. The DL1r
tagger, in order to identify b-jets, combines the information from the impact pa-
rameters of displaced tracks and topological properties of secondary and tertiary

decay vertices reconstructed within the jet [82, 83, 84] . Jets are considered as
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being b-tagged if the values of the DL1r discriminant is above a certain threshold,
hereafter referred to as WPs. Four WPs are defined for the DL1r tagger, corre-
sponding to the 85% , 77% , 70% and 60% of b-jets being selected in tf simulated
events. In order to have a thorough understanding of the b-tagging performance,
the efficiency of the DL1r tagger is measured in collision data. The measurements
of the b-jets efficiency [85] and c-jets mis-tag rate [86] are performed using ¢t
events while the light-jets calibration relies on events containing a Z boson, us-
ing a procedure similar to the one presented in Ref. [87]. The correction factors

derived by the calibration analyses are applied to correct the simulated events.

4.3.6 Missing transverse momentum

The negative vector sum of the energy deposits in the calorimeter projected
onto the transverse plane is used to recreate the missing transverse momentum,
with magnitude E¥5. Using their individual energy corrections, clusters linked
to high-pr jets and electrons are further calibrated. A so-called soft term created
from tracks that are associated to the hard-scatter vertex but are not associated
to any of the reconstructed objects is also factored into the calculation, along
with contributions from the pr of the chosen muons. The soft term is included
in order to account for low-momentum particles that are not identified among
the final state objects [88]. The ER is taken as a measurement of the unde-
tectable particles, and is affected by energy losses due to detector inefficiencies

and acceptance, and by energy resolution.

4.3.7 Overlap removal

After the objects have been identified, overlaps between them are removed
to prevent counting physics objects twice. Pre-selected Loose leptons and jets
are used for this procedure. The sequence of operations that are performed
to resolve these ambiguities, as implemented in the ‘harmonised’ option in the
AssociationUtils package [89]: Any electron found with a track overlapping
with any other electron is removed;If a calorimeter muon found to share a track
with an electron is removed; If any electron found to share a track with a muon is
removed; Any jet found within a AR of 0.2 of an electron is removed; also if any
electron subsequently found within AR of 0.4 of a jet is removed; jet with fewer

than 3 tracks associated to it found within AR of 0.2 of a muon is removed; Any
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jet with fewer than 3 tracks associated to it, which has a muon inner-detector
track ghost-associated to it, is removed; and in the last if any muon subsequently

found within AR of 0.4 of a jet is removed.

4.4 2LSS selection strategy

In this section the summary of the basic selection strategy presented. It
covers the event pre-selection used in the analysis along with an introduction to
the expected main background sources. To distinguish signal from background
processes, multi-variate analysis (MVA) methods (see 4.4.4) have been employed.
The results depend on the discrimination power provided by MVA using a set of
variables. First, the generic event cleaning is covered, then the specific selections

are discussed.

4.4.1 Event cleaning

The following selection criteria are used to determine which events are taken
into account for the analysis. The cuts are applied sequentially and in the list’s
specified order. Reference [90] provides more information regarding the event

cleaning recommendations.

e« Good Run List: events must be recorded in a luminosity block that is
part of the GRLs listed in section 4.2.2. This requirement is applied only
for data events [91].

o Calorimeter cleaning: events with error-flags indicating temporary non-

functionality of the LAr or tile calorimeter are removed [92].

o Primary vertex: events are required to have at least one reconstructed
primary vertex (corresponds to xAOD: : VxType: :PriVtx) with at least two

associated tracks with pr > 400 MeV.

o Trigger: events have to be selected by at least one of the single lepton

triggers (electron or muon) described in section 4.3.1.

« Jet cleaning: events are required to pass the LooseBad set of jet cleaning
requirements recommended by the Jet/EX group [93]. The jet cleaning is

intended to remove events with significant energy deposits in the hadronic
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and electromagnetic calorimeters from instrumental effects, cosmic rays or
non-collision particles. Therefore, an event is rejected if any pre-selected

jet (|n| < 4.9, after the overlap removal) fails the jet quality criteria.

« Bad muon veto: following the recommendations from the Muon CP
group [73], events containing muons with poor momentum resolution (¢(q/p)/|q/p| >
0.2) are rejected [71].

4.4.2 Event pre-selection

A pre-selection region is defined by requiring the presence of exactly two light
leptons (electrons or muons) with a minimal pr threshold of 10 GeV. The charge of
the two leptons is required to have the same sign. The transverse momentum cut
is then tightened for the light leptons in order to maximise the signal acceptance
and minimise the background contamination. The light leptons are ordered based
on their transverse momentum, with the leading lepton having a pr >27 GeV and
the sub-leading lepton having pr > 20 GeV. Events with hadronically decaying
tau leptons are rejected. The number of jets (including both central and forward
jets, as defined in Table 4.9) is required to be between one and six. The 70%
working point of the DL1r tagger is used to select b-jets. The number of b-jets is
allowed in the range between one and three. A loose cut on the EX* is applied
with a minimal cut of 5 GeV and an upper cut of 800 GeV. The Table 4.10 shows
the event yields of the different processes contributing to the preselection region

as predicted by the MC simulation.

4.4.3 Background composition

Several background processes contribute to the 2LSS channel, they can be
either reducible or irreducible. A reducible background is most commonly the
result of an experimental inefficiency, therefore it can be reduced by improving
the experimental performance such as object identification and reconstruction.
The most important sources of reducible background are the tt, W /Z+jets and
single-top (¢-, tW- and s-channel) processes. These processes can pass the pre-
selection requirement due to the presence of fake or non-prompt leptons in the
final state. Fake or non-prompt light leptons are objects mis-identified as electrons

or muons. They can originate from different sources like electrons/muons from
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Process ‘ Yields

tHq 9.96 + 0.09
tWH 443 £ 0.14
charge-flip electrons 6962 + 8
HHF 256 £ 8
€HF 131 + 4
€Co 322 + 12
Other fakes 126 + 11
ttW 726.2 + 2.4
ttZ 164.1 £ 1.0
ttH 125.7 £ 0.4
tZq 82.4 £ 0.7
diboson 294.8 + 3.2
tWZ,Triboson,s-channel, ttt, tttt VH | 47 £ 4

Total background 9242 + 19

Table 4.10: 2LSS channel pre-selection region yields as predicted by the MC

simulation. The uncertainty is statistical only.

meson decays, electrons from ~y-conversions (ec,) or from heavy-flavour (uyp or
egr) hadron decays with associated production of a W or Z boson which decay
subsequently to leptons. More details about this background type and how it is
estimated in this analysis are given in section 5.2.1. Electrons with mis-identified
electric charge (‘charge-flip’) represent a sizeable source of reducible background.
Details about this background type and how it is addressed in this analysis are

given in section 5.3.

An irreducible background is a process which final state is identical to the
signal under study, hence its contribution is usually harder to reduce. The most
important irreducible backgrounds for this channel is the ttW process followed
by ttZ, ttH, and diboson production. Other and minor backgrounds are tWZ,
tri-boson production, other Higgs boson production modes such as the associated
production with a vector boson, V H, vector-boson fusion, and three and four top
quark production (ttt, tttt).

4.4.4 Multi-variate analysis

In order to exploit the relations of different variables and optimize the sig-
nal/background separation process for this channel multi-variate analysis (MVA)

methods have been employed. The response variable of the multivariate analysis
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algorithm is used to define regions enriched in either signal or background. The
XGBoost python package is used to develop several binary-classifier Boosted Deci-
sion Trees (BDTs), which target the tHq: main signal, ¢¢: as it mostly contributes
to non-prompt background, ttW: main irreducible background and Diboson: as
used for validation region. Implementation of the BDTs used in the analysis is
based on the TMVA package [95] implemented in the ROOT data analysis frame-
work [94]. The BDTs are trained using events passing the pre-selection criteria

described in section 4.4.2.

A set of discriminant variables are used as input for the BDTs training. Uti-
lizing transverse momentum, the leptons are arranged, the leading lepton #; is
the lepton with the highest pt and sub-leading lepton /5 is the lepton with the
softest pr. Leading b-jet is the jet that meets the b-tagging criteria and has the
highest transverse momentum. Spectator jet js, is the jet that fails the b-tagging
condition while maximizing the invariant mass with the leading b-jet. Any jet
with |eta| > 2.5 is referred to as a forward jet j;. If a forward jet has the highest
transverse momentum among all of the forward jets, it is said to be leading. Ev-
ery jet with |n| < 2.5 is referred to as a center jet. Numerous variables are built

using the aforementioned leptons and jet definition.

The list of variables used in each BDT is optimised with an iterative ap-
proach based on the impact they have in the BDT performance (parametrised
by the Gain and on the correlation with the other variables. The full set of
input variables used in the four BDTs are listed in table A.1, with BDT(tHq),
BDT(ttbar), BDT(ttW), and BDT(Diboson) using 28, 19, 29, and 27 variables,
respectively, for a total of 52 variables across the four BDTs. Variables are ranked
based on their Gain value, with high ranking corresponding to high Gain values.
The relevant ranking plots for the three BDTs is shown in figure 4.3. The three
input variables with the highest Gain are shown in the figure 4.4 for the four
BDTs. The plots shows data and simulation in the preselection region. A cut on
the BDT(tHq) < 0.8 on data is applied to ensure the blinding of data sensitive
to tHq process.

The ROC curve of a BDT is defined as the true positive rate as a function of
the false positive rate. The ROC curve quantifies both the separation power and
the accuracy of a BDT. In this analysis, the K-folding cross-validation method
is used to cross check the stability of the BDTs and the possible presence of

overtraining. Moreover, the K-folding cross-validation method allows to verify
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that the training performed over a sub-sample of events is representative of the
full sample. The ten ROC curves resulting from the k—fold cross-validation
steps for the four BDTs are shown in figure 4.5. All the ROC curves show a
similar behaviour, demonstrating the robustness of the BDTs. The area under
the ROC curve, ROC_AUC, and the log_loss of the BDTs are reported in table
4.11. ROC_AUC quantifies the separation power of the BDT (a perfect separation
corresponds to AUC ROC=1) while the log_loss estimates the correctness of

the labeling (a perfect labeling corresponds to log loss=0).
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Figure 4.3: Ranking of variables for each BDT. The z-axis corresponds to the

value given by the Gain.

The BDT parameters are optimized using the Genetic Algorithm (GA) [96]
method after the list of input variables is specified. The resulting BDT scores are
shown in figure 4.6. Overall a good separation between the target process and the
total background is achieved. The comparison between data and prediction for

the same distributions is shown in figure 4.7, where a good agreement between
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Figure 4.4: The three input variables with the highest Gain for BDT(tHq) (1st
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Figure 4.5: The ten ROC curves resulting from the k-fold cross-validation steps
for the four BDTs.

BDT(tHq) BDT(tf) BDT(ttW)  BDT(diboson)
ROC_AUC  0.718 +0.002 0.67340.005 0.67740.001 0.745 % 0.003
log loss 0.5650.002 0.434+0.001 0.568 40.002 0.401 & 0.001

Table 4.11: Values of the ROC_AUC and the log_loss given by each BDT. The

errors associated are given by the statistical error from the k—fold cross-validation
method.
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data and simulation can be seen.
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Figure 4.6: BDT score for each BDT in the 2LSS channel. The target process
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to the same area. In each case the background sample is defined as any sample

which is not target.
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Chapter 5 Background Estimation

The regions determined in the study for the 2LSS channel are described in
the section 5.1 of this chapter, along with a categorization method for the MC
prompt and non-prompt leptons. The selections used to define the signal region,
four control regions and one validation region of this analysis are discussed. The
‘Template Fit Method’ section 5.2.1, is used as a baseline method to estimate
the fake /non-prompt lepton background while the ‘Matrix Method’ described in
section 5.2.2, is used to cross-check the fake-lepton predictions. A data-driven
method used to estimate the charge mis-identified leptons background is described
in section 5.3. The contribution from irreducible background and its prediction

is explained in the last section of this chapter.

5.1 Analysis regions definition

In the analysis, several regions are defined in the 2LSS channel. The SR is
required to derive the signal strength p(tHgq) and is created to maximize the tHq
contribution where as the CRs target the main background processes. A mixture
of cuts on the BDT outputs (defined in 4.4.4) are used to defined the regions.
Some selections also based on a given flavour for the two leptons in the final state
or cutting on Hp. The effective ambiguity cut explained in 4.3.2, that reduce the
contribution from ~-conversion, is applied to all the electrons. The definition of
this cut is inverted for CR(el¢,) in order to have more contributions of electrons
from ~-conversion in this particular region. Statistically speaking, the regions
discussed here are orthogonal to one another. The selections applied to define the
SR, CRs and VR is summarized in table 5.1. Three CRs, CR(ugr), CR(elyr) and
CR(elc,) are defined to estimate fake/non-prompt leptons background. These
control regions for fake leptons background are chosen so that each region have
should have more contribution from specific non-prompt leptons classification
based on MC truth information. These sample classification include process tt,
tW, Zjets and Wjets. One control region 'CR(ttW)’ is defined to target the
main irreducible ttW background and one validation region VR(VV) is defined
to cross-check the data-to-mc modelling of irreducible background which targets

the diboson process. In the phase space comparable to the one investigated in
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the SR, an estimate of the ttW process is derived using the CR(ttW). Section
5.4 contains more information on the modeling of ttW in its CR. The pie charts
5.1, summarised composition of the background in each region and the table 5.2

shows the event yield of the analysis in these regions.

Region ‘ BDT score Ambiguity cut Jets [4-l flavour Other

BDT(tHq) > 0.85
SR BDT (ttbar) < 0.5 yes
BDT(#W) < 0.6 and BDT(VV) < 0.8

(tHq
(
(
DT(tHq) < 0.85
CR(pnr) | BDT(ttbar) > 0.3 yes - Hf
(
(
(
(

oy}

BDT(ttW) < 0.6 and BDT(VV) < 0.9

Ss)

DT(tHq) < 0.85
CR(elgr) | BDT (ttbar) > 0.3 yes - w/ e-e Hrp(l) < 225 (GeV)
BDT(#W) < 0.6 and BDT(VV) < 0.9

CR(elco) | BDT (ttbar) > 0.3 inverted - W/ e-e M(ll) < 150 (GeV)

BDT(#W) > 0.6
CR(ttW) | BDT(ttbar) < 0.3 yes

BDT(tHq) < 0.85
VR(VV) | BDT(ttbar) < 0.5 ves
BDT(#W) < 0.6 and BDT(VV) > 0.9

Table 5.1: The analysis regions selection cuts for 2SS channel.

5.1.1 MC classification scheme for the identification of prompt and

non-prompt leptons

In order to distinguish between fake leptons coming from various underlying
processes, prompt electrons/muons as well as non-prompt/fake leptons from var-
ious sources are identified and classified in MC. The TruthClassification [100]
tool provided by the ATLAS Isolation and Fake Forum [63], classify electrons and
muons based on their type and origin.

Lepton origin:

Describe from where lepton belongs. The (non-exhaustive) examples below each
correspond to a certain origin value:

-W,Z, t,Hor 7

— charmed or bottom hadrons, c¢ /bb mesons or J /)

— BSM particles (SUSY, lepton-quark, . . . )
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s =13 TeV
tH(2LSS) channel

SR CR M

CRe,

onv.

Figure 5.1: Background composition in the 2LSS channel SR and CRs. The minor

CR ttW VR VWV

|:|e(3hargeFIip .uHF DBHF
e, [ other mis-id W
[ 4 WitH M iZq
[[]Diboson [@minor bkgs [ tWH/Z

CRe,

background contribution includes tWZ, triboson, singletop s-channel, three and

four tops production and V H, ggH and VBFH Higgs production modes.

SR CR muHF CR eHF CR eConv CR ttW VR VV
tHq 215+ 0.04 057+£0.02 211+0.04 0.067 4+ 0.007 0.40 £ 0.01 0.197 £ 0.012
tWH 0.09 £ 0.01 0.258 £ 0.034 1.03 £0.07 0.032 £ 0.012 0.66 & 0.06 0.022 &+ 0.012
el chargeflip 2.5+ 0.6 0.00 £ 0.00 190 + 6 42.7 + 2.8 8.1+ 1.1 39+ 1.1
muHF 74+£09 62.7 + 3.0 19.7 £ 1.9 0.24 £ 0.23 11.1+ 1.2 10+£4
eHF 2.8+ 0.6 0.00 + 0.00 85.6 £ 3.3 1.3+ 04 1.7+ 0.5 1.6 £ 0.5
eConv 25+ 1.3 0.00 £ 0.00 80 £ 4 46.2 £ 2.8 69+1.1 2.5+ 28
Other 2.0 £ 0.5 14.9 + 2.1 40+ 7 3.0+ 0.7 8.5+ 1.1 3+6
ttW 6.27 £0.23 314+£05 133.8 £ 1.0 468 +£0.18 162.7+12 3.21 +£0.16
tZ 1.83 £ 0.10 7.84 +0.20 355+ 04 1.09 £+ 0.09 252+ 0.4 0.79 + 0.06
ttH 1.29 £ 0.04 6.69 +0.09 26.83 £0.19 0.774 £ 0.032 25.85 + 0.20 0.293 + 0.019
tZq 845+ 021 384 +0.14 21.56+0.34 0.66 + 0.06 2.18 £ 0.11 1.56 + 0.09
Diboson 4.05 + 0.29 9.3+04 50.0 £ 1.1 1.74 £ 0.20 13.1 £ 04 60.8 £ 1.8
minor bkgs 0.33 £ 0.05 1.06 £ 0.09 8.1+ 1.3 0.32 +£0.07 4.13 +0.05 6.5+ 2.0
Total background | 39.6 £ 1.5 138.0 £ 3.5 692 + 11 103 £ 4 270.1 + 2.6 94+ 5

Table 5.2: Yields of the analysis in SR and different control regions. The sam-

ple classified into different fake categories (el chargeflip, uyr, eHF, eConv and
other). The minor backgrounds includes tWZ, Triboson,s-channel, SM4top,ttt,

WH, and ZH precess depending on small contribution for event yield in SR. The

uncertainties are the statistical only.
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Lepton type:

Refers to broader classifications based on a certain origin combination (which was
already established by the arrangement of the list above). Leptons are divided
into three categories:

— Isolated /prompt: originating from electro-weak boson (including t, H, 7 )

— Non-isolated /non-prompt: originating from charmed or b-flavored hadrons

— Background: all the rest

The main aim of the tool is to categorize leptons into different background
classes, which are used to measure the true real/fake efficiency, the true charge
flip rates and also for investigation on lepton truth-compositions in the signal and
control regions of analysis. This tool is interfaced to the MCTruthClassifier [101]
package and uses its definitions, however it provide to only a reduced set of
categories to the user, according to the physics process leading to prompt or
non-prompt/fake leptons. The different lepton categories are defined following
the recommendations from the egamma and MCP groups, as well as studies
performed by the ATLAS Isolation and Fake Forum (IFF [104]) . The following

categories for light leptons (electrons and muons) are defined:

Prompt electrons:

An electron is referred as ‘prompt electron’, if its truth-type = 2, e.g. the
type of its e/v mother-particle belongs to an isolated electron. Also if an electron
or its mother-particle originates from an FSR photon (or bremsstrahlung) which
afterwards converted, is too referred to as an isolated electron. The E/gamma
CP recommendations for electron classification [102] contain this directive. Ad-
ditionally, electrons from prompt quarkonium decays (e.g bb/cc — eTe™) are also

falling into this category.

Prompt muons:

A muon is categorized as a ‘prompt muon’ if its truth-type (truth-type=6)
corresponds to an isolated muon and it comes from a prompt source (such as
W /Z bosons, top quarks, or the Higgs boson). The Muon CP recommendations
provide more details [103]. Same as in the case of electron, muons from prompt

quarkonium decays are considered as prompt.
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Prompt ~y-conversions:

If the truth-type relates to a background electron (= 4) and it derives from a
photon conversion or an electromagnetic process, the electrons (IFF class 5) that
result from the ‘vy-conversions’ of prompt photons are recognized. Additionally,
this category is populated if the origin is a prompt photon conversion or an
unhadronized photon and the truth type (== 14/16) relates to an isolated or
background photon. By looking at the truth-type and origin of the first non-
GEANT4 mother-particle, it also includes two-step processes like H — v~ and
v — ete”. Background electrons from 7-conversions (with this info also for
the e/~ first mother) with the last mother PDG-ID a photon or an electron are

entering in this category.

Charge-flip electrons:

It is possible to distinguish between prompt electrons with correctly assigned
and incorrectly identified charge (referred to as ‘charge-flip’). If the first non-
GEANT4 mother particle’s charge is different from the electron’s reconstruction-

level charge, the electron is said to be charge-flipped (for further information can
be found at [102]).

Electrons from muons:

If an electron’s truth-type (truth-type=3/15) corresponds to a non-isolated
electron or photon and its truth-origin is a muon, the electron is categorized as
a ‘electron from muon’ The contribution from this source should be negligibly
small if the overlap removal between electrons and muons is carried out correctly
(see Ref. [89]). Additionally, this category contains also electrons from muon

bremsstrahlung.

Electrons/muons from 7-decays:

If the truth-type of the leptons corresponds to a non-isolated muon (truth-
type=T) or a non-isolated electron/photon (truth-type=3/15) and its truth-origin
is a 7-lepton, they are classified as non-isolated electrons and muons from hadronic

T-decays (’electron from 7’). Additionally, the situation in which 7-leptons emit
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a photon that subsequently transforms into an electron-position pair ((7 — 77,
v — ete™) is also falling under this heading. To do this, it is necessary to
determine whether the lepton is the result of y-conversions and whether the first
e/ mother particle is a non-isolated electron or photon that originates from a
7-lepton. Electrons and muons from leptonic tau-decays are entering the prompt

categories in this classification scheme.

b- and c-hadron decays:

Heavy-flavour (HF) electrons and muons can come from b-hadron decays or
c-hadron decays. It is determined whether an electron’s or a muon’s truth origin
relates to a charm-meson or baryon (c-type) or a bottom-meson or baryon (b-
type). The first e/ mother-particle origin for electrons is also checked, and it
must be of the b/c type for either the e/y mother- or final-state particle.

Light-flavour decays:

It is possible to identify leptons created by light-flavour (LF) jets by determin-
ing whether their truth-type (truth-type=17) matches a hadron type. Addition-
ally, a truth-type is deemed to be of the light-flavour if it is a background electron,
muon, or photon (truth type = 4/8/16) that comes from a light-meson, a strange-
meson, or a light/strange-baryon. The scenario of an intermediary ~-conversion
for background electrons (such as 7° — vy, v — e*e™) and Dalitz-decays are

also taken into account for this category.

Unknown leptons:

If any of the aforementioned classes cannot be applied to a lepton, it will be
placed in the category ‘Unknown’. Leptons should never belong to this category,

ideally. Or, at the very least, their influence on the analysis should to be minimal.

5.1.2 Justification of classification scheme

The default classification used in the TruthClassification package differs
slightly from the lepton classification system defined in section 5.1.1. In par-

ticular, all electrons are regarded as y-conversion electrons if their truth-origin
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value is 5. These electrons can be somewhat categorized as ‘prompt’ according
to the default classification system because they can come from FSR photons.
Although the default prescription is, for a general application, recommended by
the e/gamma group (see Ref. [102]), for the particular phase-space and object
definitions of the tHq analysis, these electrons behave more like non-prompt ob-
jects.

When examining the lepton efficiencies which is defined as N (tight)/N (loose),
shown in figure 5.2, it is clear that electrons with a truth-origin of 5 that are
deemed ‘prompt’ by the TruthClassification package have significantly lower
efficiencies than other prompt lepton sources (such as those directly originat-
ing from W or Z bosons) and are, in-fact, more related to -conversions. The
same is true for electrons with either applied (Figure 5.2 (left)) or with in-
verted (5.2 (right)) e/~ ambiguity-cuts (see 4.3.2) ambiguity-cuts. As a result,
the slightly modified classification method described in the preceding section is
employed since the behavior of these efficiencies suggests that the default classi-
fication system is not entirely applicable for the particular situation in the tHq

analysis.

)
°

Nitight)/N(loose)
N(tight)/N(Ioose)
o
Iy

T

z o s
10 Leptonp, [GeVf Electron p, (GeVf

Figure 5.2: Comparison of lepton efficiencies, for different prompt- and fake-
leptons categories: (left) shows the efficiencies for prompt and non-prompt
electrons/muons with different definitions. (right) shows the efficiencies for
v-conversion electrons and electrons with truth-origin = 5 for inverted e/~

ambiguity-cuts.

5.2 Non-prompt lepton background

Lepton candidates are reconstructed from signals in the inner tracker, calorime-
ters, and muon spectrometer. Identification criteria are then applied to suppress

candidates originating from physical objects other than leptons from the hard
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scattering process of the event. Objects that are misidentified as electrons or
muons are known as fake or non-prompt leptons. They can come from a vari-
ety of sources, including light jets that mistakenly produce detector signatures
resembling light leptons, electrons/muons from meson decays and electrons from
~v-conversions. The majority of times, non-prompt leptons originate from heavy-
flavour (HF') hadron decays, with associated production of a W or Z boson that
further decays to leptons. A semi-data-driven technique known as the ‘Template
Fit Method’ is used to estimate the contributions of non-prompt/fake electrons or
muons in the analysis. In this sense, ‘semi-data-driven’ refers to methods where
the kinematic distributions (or ‘shapes‘) are simulated by MC while the overall
normalization of the fake-lepton contribution is acquired from data. ‘Fully data-
driven‘ approaches aim to completely avoid using simulation. The Template Fit
Method’s is used as nominal method for non-prompt/fake lepton background es-
timation while fully data-driven strategy known as the ‘Matrix Method’ [105], is

used as cross-check, which is explained in section 5.2.2.

5.2.1 Template Fit Method

In order to estimate fake/non-prompt light leptons, the template fit method
is used. The template fit method is a semi-data-driven approach, it uses MC
sample’s truth information to define several categories of fake leptons and their
general descriptions of fake kinematics, but it derives the normalization of each
type of fake lepton from data. These normalization factors (also called as correc-

tion factors) are utilized to correct the fakes from the MC estimates.

The normalization factors for muons from HF: kugp, electrons from HF:kel g,
and electrons from ~-conversion:kele, are extracted using three CRs. The CRs’
composition is displayed in figure 5.1. In each of these regions, the Hy variable is
employed as template, and its binning is optimized to have statistical uncertainty
at the bin level that is less than 20-25%. The misidentified lepton normalization
factors are estimated using a binned profile likelihood fit. A conservative uncer-
tainty of 50% is applied to the normalisation of the ‘other mis-identified leptons’

category.
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Figure 5.3: Fake leptons composition in signal region split by lepton origin (top
left) and physics process for electrons from HF (top right), muons from HF (mid-
dle left), electrons from v conversion (middle right) and muons other (bottom
left).

2LSS SR (muHF split per process)
2LSS CRmuHF (muHF split per process)

fake ttbar muHF

fake ttbar muHF

fake tchannel muHF

fake tchannel muHF fake tW muHF

faf@ ARk PUHF

Figure 5.4: Comparison of physics processes giving a pgr in the SR (left) and
CR(puyr) (right) in the 2LSS channel.
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2LSS SR (elHF split per process) 2LSS CRelHF (elHF split per process)

fake ttbar eHF
fake ttbar eHF

fake tchannel eHF

fake Zjets eHF
fake tw eHF

fake tchannel eHF

fake Zjets eHF

Figure 5.5: Comparison of physics processes giving an elyp in the SR (left) and
CR(elyr) (right) in the 2LSS channel.

2LSS SR (elConv split per process) 2LSS CRelConv (elConv split per process)

fake ttbar eConv
fake ttbar eConv

fake tchannel eConv
fake Zjets eConv
fake tchannel eConv

fake tW eConv
fake tw eConv

Figure 5.6: Comparison of physics processes giving a elg, in the SR (left) and
CR(el¢,) (right) in the 2LSS channel.
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Mis-identified leptons composition in SR and CRs

In the signal region of the analysis, different components of the fake lepton
background are summarized in Figure 5.3, separated by lepton origin (HF, ~
conversion, or others), and physics process (ttbar, Zjets, tW and single-top t-
channel). For all of the fake lepton origins, it turns out that ttbar is the main
physics process causing the fake lepton background. The fraction of events being
produced by ttbar, Zjets, tW and single-top t-channel processes is showed for
HF muons in their devoted CR(pugr) in figure 5.4, for HF electrons in respective
CR(elyr) figure 5.5 and for y-conversion electrons in C'R(el¢,) in figure 5.6. It
is observed that the contributions of ttbar, Zjets, tW, and single-top t-channel in
the various CRs are comparable to those in the SR. It can be said that the phase
space being explored by the CRs specified for the Template Method and the one

in the SR are similar.

Variables used for templates

The variables used to produce the template in each region are determined by
the extent to which they can distinguish between the major backgrounds and the
target fake lepton category figure 5.7 (in these regions diboson and ttW). The
binning is optimized to have a statistical uncertainty for each bin that is less than
20 to 25 percent.

CR.muHF [T e CR_elHF 045 CR_elConv

Diboson 1 Dibason Diboson

- elHF_ttbar

[ — W

W HW

045~

02— 01 02
r —— 4 0.15] . |
015 ! — 1T

L] i =+

= [EETE FETE FT I T N TS P T NPT N S v
0 01 02 03 04 05 06 07 08 09 1 % 01 02 03 04 05 06 07 08 08 1 0 01 02 08 04 05 06 07 08 08 1

HT [GeV] HT [GeV) HT [GeV]

o+

Figure 5.7: Template Method variable used in the CR(ugyr) (left), CR(elgr)
(centre) and CR(els,) (right). The red curve shows the target fake lepton cate-
gory in that particular CR, the blue curve shows diboson events while the yellow
curve shows ttW events.All histograms are normalised to unity. The uncertainty

is statistical only.
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Template Fit Method results

The agreement between data and prediction before (‘pre-fit’) and after (‘post-
fit”) the fit is shown in figures 5.8 and 5.9. The fit is performed using binned profile
likelihood fit as explained in section 6.2. Post-fit distributions represent a good
agreement, with y? probability larger than 80% for the fake control regions. The

electron charge flip background is estimated using separate data-driven technique

explained in section 5.3.
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Figure 5.8: Pre-fit plots of the CR(uyr) (left), CR(elyr) (centre) and CR(elc,)
(right) used in the Template Fit Method mis-identified lepton background esti-

mation.
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Figure 5.9: Post-fit plots of the CR(upr) (left), CR(elyr) (centre) and CR(elc,)

(right) used in the Template Fit Method mis-identified lepton background esti-

mation.

In order to have an estimate of the dependence of the fake lepton background
estimation from the MC shape of the Template Method variable a one-bin fit
is performed and the results are compared in Figure 5.10 (red). Additionally,
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a check on the effect of the ttW mis-modelling on the Template Method is un-
dertaken considering the significant contribution of the ttW process in the CRs
examined by the Template Method. The fit takes into account the CR(ttW) and
a normalization factor for ttW. The result are shown in figure 5.10 (blue). The
test shows stability and good closure of the results produced with the Template
Fit Method: the normalisation factors are robust against the dependency on the
shape of the fitted variables and the correction factors of the ttW process. The
resulting values of the normalisation factors are shown in figure 5.10. The nor-
malisation factors values for different control regions are found to be compatible

with unity within 20.

-6~ Nominal -©-Fake CRs & NFs —— 1bin

k() = 107708 110702 1.08°%
kel == 10675 11555 113777
K(€lcony) == 13477 13277 1327
K(ttw) . & 1115 1.00775, 1.00775
0 2 z 6 8 10

Figure 5.10: Normalisation factors for the pugr, elyr and elg, categories in the
designed CRs. The uncertainty includes statistical and systematic effects. The
black points show the results fitting over a binned distribution in all the CRs, the
red points show the same fit result but fitting only on the fakes CRs while the

blue points show the results without relying on the variables shape.

5.2.2 Non-prompt lepton estimation via the Matrix Method

As compared to the MC template method which is a semi-data drive, the
‘Matrix-Method’ [105, 106] is a fully data-driven technique, works as a suitable
cross check for the Template Fit method results. The matrix method depend on
defining two tiers of lepton selection criteria, called the baseline and tight criteria.
The leptons passing the nominal selection cuts are referred to as tight leptons.
These are the events selected with the same criteria as in the SRs. Where as
baseline criteria accept all of the tight lepton candidates as well as an additional
set of candidates with a looser selection requirements. The selection criteria is
based on identification, isolation and impact parameter requirements defined in
table 5.3. The ID WP is relaxed to looseAndBLayerLH for the looser electron
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selection. No isolation requirements are applied for electrons and muons in the

looser selection.

Loose electron Loose muon
Identification looseAndBLayerLH medium
Acceptance pr >10 GeV, [t <2.47 | pr >10 GeV, |n| <2.5
except 1.37 < |nt| < 1.52
Impact parameter | |dy/o(dp)| <5.0 |do/o(dp)| <3.0
|z05in(0)] <0.5mm |z0sin(#)| <0.5mm
Electron Muon
Identification tightLH medium
Isolation PLImprovedTight PLImprovedTight

Table 5.3: Summary of the electron and muon object definitions. The selection re-
quirements for actual electrons/muons are applied in addition to the pre-selected

objects used for the overlap removal (4.3.7).

Leptons that pass the baseline criteria but not the tight criteria are referred
as loose leptons. The fraction of real(fake) leptons in the baseline sample that
pass the tight criteria is know Real(fake) efficiency. The real and fake efficiencies
are denoted by €, and €, respectively. The real/fake efficiencies for electrons and
muons are measured in dedicated control regions enriched in fake/real leptons.
Both fake and real efficiencies are parametrised in pr and || of the respective
electron or muon. By knowing the efficiencies, a simple counting of the numbers of
lepton candidates that satisfy the baseline and tight criteria provides an estimate
for the number of fake/non-prompt leptons. The fundamental notion underlining
the matrix approach can be efficiently presented in a simplified scenario where
only one lepton is taken into account. The relationship between the numbers of
baseline and tight leptons and the composition of the sample in terms of real and

fake /non-prompt leptons is shown via a system of two equations:
N'= €N} 4 ¢;N}
N' = e¢N} + efN}

() -(2) ()

(5.1)

In matrix form:
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where €,(€f) represent the efficiency for a real (fake) lepton to pass tight
selection, and ¢« = (1 — € )(¢f = (1 — €f)) represent the probability for a real
(fake) lepton to fail tight but still pass baseline selection. N' and N! are the
numbers of events with tight and loose lepton candidates, N’ and NJIZ are the
unknown numbers of real and fake/non-prompt leptons in the baseline sample.

In matrix notation, the relationship is given by:
Ny = M.N}; (5.2)

The name of this method ‘Matrix-Method* is due to the fact that the measured
numbers (N*, N') and the values of interest (N}, N7 ) are related via the matrix
M.,. In order to determine N? , the inversion of the matrix gives:

1
(er —€5)
The quantity of interest is the number fake/non-prompt which pass the tight

N} = (e, — 1)N* + €. NY)] (5.3)

selection N}, is related to the number of such events in the baseline sample NJ'? as
in equation 5.4. Similarly, the number of real leptons in the tight sample can be
found as in equation 5.5, and we can treat these as elements of a column matrix
Nf;.
N} = efNj (5.4)
N! =€, N? (5.5)

An improved application of the Matrix Method is described in Ref. [107, 108].
It evaluates the total number of fake electrons and muons entering specific regions
via the maximisation of a likelihood function. In this method the elements of N* f
are treated as free parameters, which are varied to maximize the likelihood of
the observed Ny values. The n!; values are first transformed to N} using Eqs.
5.4 and 5.5, where the values for the entries in the matrix M, are determined

by averaging the efficiency of the prompt and fake/non-prompt leptons in the

" :< (&) (e) )
L= (o) 1= (er)

Using Eq. 5.2, the resulting Nf,’f values are utilized to determine the Ny expec-

baseline sample:

tation values. These Ny expectation values are referred to as Ny ezp. The fo
parameters are adjusted to maximize the joint Poisson likelihood, subjected to

the restriction that they must not be negative.

L(nt;) =[] P[Nuobs: | Nuveap: (nky)] (5.6)
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where the product is over the elements of Ny, and P[n|u] is the Poisson probability
for observing n events when p are expected. The primary advantages of the
Poisson likelihood approach are that the result is constrained to be non-negative
and provide better approximation of uncertainty particularly in low-statistics
samples. Therefore, this method offers a more robust fake-lepton estimation for
statistically limited regions, compared to the linear version of the method (as e.g.
described in Ref. [109]). The main drawback is that the estimated yield must be
calculated for the sample as a whole rather than from a sum of individual event
weights, which complicates the process of producing a distribution of the fake
lepton yield. In order to overcome this problem the data events that are input
to the fake/non-prompt background estimation are weighted using the scaled

Poisson distribution.

Ztl,obs Wobs;

2
Ztl,obs wobsi

The values of Ny czp, and Ny ops;, from Eq. 5.6 are scaled by sy according to the

(5.7)

Sl =

event weights wps,:

ﬁ(nfaf> = H P[Ntl,obsi/stl‘Ntl,ezpi (nfﬂf)/stl] <58)

In our analysis case, there are two lepton candidates satisfying the baseline
selection which could be fakes, the method explained as above can easily be
applied by increasing the dimensionality of M., Ny, and N, to 270 where nb is

the number of baseline lepton candidates in each event(which in our case is =2)

N* €r1€r2 €r1€f2 €f16r2 €f1€f2 N,
N* | erafr2 erafr2 €pafr2 €5f2 Ny
N" B fr1€r2 fri€r2 £r1€r2 £1€52 N})r
N* frifr2 friffe frifre £rifr2 N}y

In order to obtain the number of fakes in signal region as a function of ob-
servables, the matrix can be inverted and the final number of fakes in the signal
region N} , i.e. the total number of two tight events with at least one fake lepton,

can be obtained by:

N;: = (67«71, Ef’Q)fo + (Gf’l, ET’Q)N;T. + (nyl, Ef,2>NJl:)f (59)
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Fake and real efficiency measurement

The probability of an electron or muon passing the nominal electron/muon
requirements are known as the fake and real lepton efficiencies (fake/real rates).
They are given by the tight over loose ratio: N*/N'. A dedicated control region
defined in table 5.4 is used to measure the fake efficiencies. This CR is orthogonal
to the SR and all other CRs in the analysis by applying requirement on all
jets |n| < 2.5. A ‘tag-and-probe method’ is used to measure the fake lepton
efficiencies in data. For the ‘tag’ lepton a high py cut and very stringent isolation
requirements are applied and the remaining ‘probe’ lepton is used for the efficiency
measurement. Along with the py and isolation, the tag lepton is required to be
selected by one of the single-lepton triggers, as listed in section 4.3.1. The strict
criteria are applied to the tag lepton to make it more likely to be a prompt lepton

and, as a result, make the probe lepton more likely to be a fake.

Region Ny Tag lepton ]Vjets Nbfjets |77 ‘jets

CR(fake-e) | =2 (ep) p, pr > 40 GeV , max(p§e20, Eeone20) /pr < 0.01 >1  >1 <25

CR(fake-p) | =2 (ep) e, pr > 40 GeV, pse30 /pr < 0.01 >1 >1 <25

Table 5.4: Definition of the fake-lepton control regions used for the elec-

tron CR(fake-e) and muon CR(fake-u) fake efficiency measurements.

To get an unbiased efficiency measurement, prompt background contributions
entering these CRs are evaluated in MC and subtracted from the data. Addition-
ally, based on the MC estimation, the contribution from charge-flip electrons in
the eu(SS) region is subtracted. Studies on the truth composition of the fake /non-
prompt leptons showed that the main source of fake/non-prompt leptons in the
SRs arises from HF events, which are also the dominant source in the regions
used for the measurements (after subtracting prompt lepton contributions and
the charge-flip contribution for electrons). The e/gamma and Muon CP groups’
recommendations [111, 112] are used to determine the real efficiency. The effi-
ciencies are measured at truth-level and multiplied with the ratio of the SFs for

tight and loose leptons:

SF (tight)

8 ata
£ = Eunun X Gpe SF = -t (5.10)

loose)’ EMC

The real efficiencies at truth-level (& ¢ ) are obtained from Z — ee/pp. The only

events used where the electrons/muons classified as ‘prompt’ by the TruthClassification [100]
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package. The fake and real efficiency are measured binned in |n| and pr of the
respective probe electron/muon. The bin ranges are shown in table 5.5. A finer
binning can be used for the real efficiencies than for the fake efficiencies measure-

ment because of the high statistics in the MC simulation.

Bin ranges Lepton pr [GeV] Lepton |n|

Real eff. () [0,7,12,20,35,50,00] | [0,0.7,1.37,1.52, 2, 2.47]
Real eff. (1) [0,7,12,20,35,50,00] | [0,0.5,1,1.5,2,2.5]
Fake eff. (e/p) [10,15, 20, 30, c0] (0,1.0,2.0,2.5]

Table 5.5: The pr and |n| bin ranges chosen for the fake and real efficiency
measurements. The ‘oo’ stands for an inclusive last bin. The binning for the fake
efficiencies is chosen to be the same for electrons and muons whereas, for the real
efficiencies, a slightly different |n| binning has been chosen due to the transition
region ([1.37,1.52]).

Figures 5.11 shows the fake efficiencies for electrons (left) and muons (right),
where as the electron/muon real efficiencies are shown in figure 5.12. The one-
dimensional distributions shown in these figures are projections of the two-dimensional
distributions and provide a better illustration of the py and || dependencies of
the efficiencies. The fake efficiencies lie in most bins between 1 and 2%, and
mostly stable against the lepton pr and |n|. There is a slight increase of the val-
ues for electrons with high p,. MC-based fake efficiencies (blue) are also computed
for validation purposes, that is mostly compatible which the values obtained from
data (black). The real efficiencies starting at around 50% (30%) for muons (elec-
trons) with < 10 GeV, but increase for larger transverse momenta of the leptons.
For leptons with pr larger than 50 GeV, the real efficiencies reach between 90
and 95%. There is a slight decrease of the electron efficiencies for higher |n| val-
ues, which is an expected behaviour for the isolation WP used in this analysis.
The one-dimensional real efficiency distributions for different b-jet multiplicities
demonstrate the stability of the truth-level real efficiencies against the number

and type of extra jets in the events.

— 78 —



AR R A1 A 18

g o3 T ! - g o3~ T -
2 - | —— Rates MC - 2 - | —— Rates MC =
S o5 | —— Rates Data (139 b)) ] & o5 | Muons —— Rates Data (139 b)) ]
E o j B E o j B
02— | | | — 02— | | —
osb- E osbe E
coo | E e | E
E | E E | E
o1 — o1 | —
£ | B = | B
005 3 005~ 3
U — DT —
o o
el 1 8if T ;
5 5 -
1—4—‘%"—%**************** 1—_,_—‘—;——;———————————J»——
osp . osfE ]
10 102 10° 10 102 10°
Electron Py [GeV] Muon Py [GeV]
g 03[~ i T T T | 5 03[ T T T T —
.g C —— Rates MC 1 .g C —— Rates MC 1
= E 8 4 H E 8 4
& 025 Electrons —— Rates Data (139 fb)] o 0.25— Muons —— Rates Data (139 fb)]
E | I 4 E | I 4
02— i i —] 02— i i —]
0.15 [~ | | — 0.15 — | | —
C I I 1 C I I 7
s | | i s | | i
= | | E = | | E
005 — ! ! — 0.05 — ! ! —
= _ J E N ! N E—
+ T T 1 | T 1 T I T |
o o
2 2F J ! — 2 2F T T -
& 151 | | B & 15 | | N
—_—t -
05 ! ! | 05 - 1 ‘
0 0.5 1 15 2 25 0 0.5 1 1.5 2 25
Electron |n| Muon |n|
Electron fake efficiencies (Data) Muon fake efficiencies (Data)
= 25 = = 25 =
= = = S
3 z s 3
5 2 2
3 o = °
w 2 &
i) i
1.5 &
0.5

10 10°

10°
Electron P, [GeV]

10°

10°
Muon Py [GeV]

Figure 5.11: Fake efficiencies for electrons (left) and muons (right), binned in
the lepton pr (top row), |n| (middle row) and in both parameters (bottom row).
The one-dimensional parameterisations show the fake efficiencies measured in
data (black) and for validation purposes, the MC-based fake efficiencies (blue).

The errors include only the statistical uncertainties of the measurements.
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Figure 5.12: Real efficiencies for electrons (left) and muons (right), binned in the
lepton pr (top row), |n| (middle row) and in both parameters (bottom row). The

errors include only the statistical uncertainties of the measurement.
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Validation of the method

A set of regions is defined to validate the fake estimates obtained from this
method. These regions include 2LSS pre-selection (section 4.4.2) region, the
dedicated CR(unr), CR(elyr) for 2LSS analysis (as defined in table 5.1) and
two set of validation region based on number of jets/b-jets. The definitions of

these regions are shown in table 5.6.

Region Definition Fake lepton fraction

9SS, pl. (Ist/2nd) = 27/20 GeV
2LSS pre-selection r (1st/2nd) / _ ~ 20%
Niets € [1,6], Npjets € [1, 3], EF** € [5,800] GeV

CR(pur) )

As defined in table 5.1 60-65%
CR(G[HF)
CR(fake-e/pu) As defined in table 5.4 ~ 25%
VR(]-b?’j) ]Vjcts =3, Nb—jcts =1 ~ 20%
VR(1b3j-no Z) ]Vjets = 3, Nb—jets = ]., \mOSSF — mZ| > 10 GeV ~ 40%

Table 5.6: Definition of the validation regions to test the Matrix-Method predic-

tions.

The total expected event yields (i.e. prompt MC plus Matrix-Method fakes)
can be compared to data in these regions as shown in table 5.7. In this table, the
fake leptons produced by MC (section 5.1.1) are replaced with the fakes estimated
from the Matrix Method. The estimation coming from the Matrix Method do
not include charge-flip, as the charge-flip contributions is subtracted before the
fake rate measurement. In the majority of regions, there is an agreement level of

roughly 10% between the data and the overall SM prediction.
Comparisons of the results obtained with the Matrix Method to the the MC-

based fake-lepton prediction is also performed. The results as presented for some
simple kinematic variables (Hp, Nijets, pr of the second lepton) are shown figures
5.13 and 5.14. No severe mis-modelling of these distributions with the fake es-
timation from the Matrix Method is observed. Systematic uncertainties of the
fake lepton predictions from the Matrix Method lie between 15 and 40%. The
differences between data and the estimates shown in table 5.7 are covered by the

uncertainties assigned to the method.
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Figure 5.13: Figures (left) show the fake leptons estimated from MC (mainly
ttbar, Zjets and Wjets), whereas (right) shows the same distribution with the

fake lepton estimation obtained from the Matrix Method. The shaded error-

bands include only the statistical uncertainties of the SM predictions. The top

row shows Hrp in the pre-selection region. Middle plots shows jet-multiplicity in
CR(puyr) and the bottom Hp in CR(elyr).
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Figure 5.14: Figures (left) show the fake leptons estimated from MC (mainly
ttbar, Zjets and Wjets), whereas (right) shows the same distribution with the

fake lepton estimation obtained from the Matrix Method. The shaded error-

bands include only the statistical uncertainties of the SM predictions. The top

row shows the jet multiplicity in CR(fake-e/p). The middle row shows py of the

sub-leading lepton in VR(163j), while the bottom shows pr of the sub-leading
lepton in VR(163j-no Z).
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2LSS pre-sel. CR(upmr) CR(elgr)  CR(fake-e/u) VR(163j5)  VR(1b3j-no Z)

WZ|ZZ+jets 279 £2 9.01 £ 040 495+04 181%1 68.1 £ 0.5 585+04
tZ (Z — 1) 158 £ 1 779 4+£020 353+04 969 +0.7 13.0£02 11.3+£0.2
ttW 702 £ 2 314+04 134+£1 479 £ 2 845+ 05 73.5+0.5
tZq (Z — 1) 76.8 £ 0.1 3.82+014 207+03 262+04 181 +£0.1 155 £0.1
ttH 122 £ 1 6.60 £0.09 266+02 83.2%0.3 7.69 £ 0.10 6.50 &= 0.08
tWH/tWZ 221 +0.2 0.£ 0.03 487+ 0.07 13.8+0.1 3.48 £ 0.02  3.03 £ 0.02
tHq 9.70 £0.02  0.58 £0.01 2.11 £0.04 3.58 £ 0.05 1.91 £0.04 1.62 £ 0.03
ttbar /single-top | 602 + 4 0.46 £ 0.26 196 £ 4 372 £ 5 109 £ 4 102 £ 4
W/ Z+jets 289 £ 3 0.00 £0.00 18.7+£0.8 206 + 3 480+ 1.0 9.63 £0.51
Other 242 £ 0.2 0.12+0.02 3.81+0.06 179+ 0.2 3.72+£0.21 3.25 £ 0.15
Fake leptons 981 £5 964 +12 380+£3 618 £ 3 243 £ 2 198 £+ 2
SM total ‘ 3266 £ 8 157 £ 2 871 £ 6 2098 £ 7 601 £5 483 £5
Data ‘ 3212 143 761 2026 549 436

Table 5.7:  The numbers of observed data and expected background
events (prompt MC process and the fake leptons estimated from the Matrix
Method) for the validation regions in the 2LSS channel. Only statistical un-

certainties of the MC samples are shown here.

Lepton truth-composition in fake lepton control region

The truth-origin for various types of fake /non-prompt electrons and muons en-
tering the SRs can be compared to the types of fake/non-prompt leptons present
in the regions used for the fake efficiency measurements. The truth-classification
is based in the classification scheme from the TruthClassification [100] tool
and explained in detail in section 5.1.1. Figure 5.15 shows the truth-compositions
of fake electrons (left) and muons (right) in the CR used for the fake efficiency
measurement. Only the fake leptons passing the nominal selection criteria de-
scribed in table 4.8 are shown. The truth-compositions are shown inclusively (a,b)
(The ‘Electron/muon |n|” in the z-axis title is not relevant, as only one, inclusive
In| bin is used for these plots) and parametrised in the pr of the leptons using the
binning from table 5.5. The dominant fake source for muons is HF fakes, whereas
for electrons it is a mixture of fakes coming from HF and ~-conversions (with an

increasing 7y-conversion-fraction for higher electron pr).

Uncertainties associated with Matrix Method

A systematic uncertainty can be assigned to account for the differences be-

tween the fake lepton truth-compositions in the region used for the fake efficiency

— &4 —



AR R A1 A 18

@ SR T — T T T T T T @ e T — T T T T T T
§ Al Prompt ] § N Prompt N
o 10" I Light flavor = o 10 E W Light flavor El
£ Heavy flavor 3 £ Heavy flavor 3
L Electrons I Tau elec. 4 . Muons [ Tau muon ]
; 3l Unclassified _
10° & Charge flip . 10° E J
E E E I Al fakes 3
E Conversion 3 E 3
r Unclassified B r b
Al fak
107 b I A fakes . 102 2
10 &= 10 -
1e 1e =
107 107
0.5 1 1.5 2 25 25
Electron |n| Muon ||
@ T T g @ T T g
€ E £ 3
o Prompt E 3 Prompt ]
o I Light flavor b [T I Light flavor H
10 Heavy flavor = Heavy flavor E
Electrons I Tau elec. 3 [ Tau muon 3
Charge flip ] . Unclassified ,
10° Conversion - 10 M Al fakes -
Unclassified E E|
I Al fakes ] 7
102 E 10 E
10 - 10 -
1 - 1 -
10 . 107 .
10 10? 10 10 10? 10
Electron P, [GeV] Muon P, [GeV]

Figure 5.15: Truth composition for fake electrons and fake muons, shown inclu-
sively (top row) and binned in the fake lepton py (bottom row) in the region used
for the fake efficiency measurement. The contributions from leptons classified
as ‘prompt’ and ‘charge-flip’ are subtracted prior the efficiency calculation. The

entry ‘all fakes’ refers to the sum of all different fake/non-prompt lepton sources.
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measurement and the SRs of the 2LSS channels. The definitions of the SRs can be
found in section 5.1. Figures 5.16 shows the pp-binned truth-composition of the
fake leptons in the SRs. Compared to the composition observed in the CR (shown
in figure 5.15), the dominant fake lepton sources are very similar: for muons, the
dominant contributions in both the CR and the SRs is arising from HF muons,
whereas for electrons, it is a mixture of HF electrons and ~y-conversions (with an
increasing «y-conversion fraction for higher electron pr). The uncertainty account
for the residual differences in the electron/muon truth-composition is quantified
by computing the fake efficiencies at truth-level(The truth-level fake efficiencies
are computed by deriving the fake efficiencies in MC, but only considering leptons
classified as fake or non-prompt (applying the classification scheme described in
section 5.1.1).) in the CR, as well as the SRs and using the relative differences
between them as uncertainties. It should be noted that with this approach, not
just the differences in the lepton truth-composition, but also any other SR/CR

differences (e.g. differences in E7%. Hp or Niets, Npiets) are taken into account.
T jetsy LVb-j

Events
Events

Electrons Muons

o N W A e N o ©
LI I B
I I I I I I

.
10? 10° 10 10? 10°
Electron P, [GeV] Muon P, [GeV]

o

Figure 5.16: Truth-compositions of fake leptons in the SRs. The compositions

are shown for electrons (left) and muons (right) binned in the respective lepton

pr-

The plots in figure 5.17 shows the truth-level fake efficiencies for electrons and
muons (binned in lepton pr) for the CR (blue) and SR (red). Figure 5.18 shows
the same plots without any binning applied. The relative differences between the
efficiency-values (in percent) are shown on the ratio plots below. The differences
between the CR and the SRs lies between 5 and 35%, but depend on the lepton
flavour (electron/muon) the pr of the leptons and the SR. As the pr-binned
values have typically large statistical uncertainties for themselves, it was decided
to use the inclusive (non pr-binned) values to finally quantify an uncertainty. As

it is shown in figure 5.18, the inclusive values imply an uncertainty of around
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25% (electrons) and 30% (muons) which has to be applied to the nominal fake

efficiencies measured in data to account for CR/SR differences.
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Figure 5.17: Truth-level fake efficiencies (binned in lepton pr) for electrons (left)
and muons (right) derived in the CR (blue) and the 2LSS SR (red). The ratio
plots at the bottom show the relative differences between the efficiency-values in

percent.

5.2.3 Comparison of Non-prompt lepton estimation from Template
Fit Method and Matrix Method

The estimated contributions of fake/non-prompt leptons in the CR(ugr) and
CR(elgyr), as well as in the SR given by the (nominal) Template Fit Method can
be compared to the alternative estimations given by the Matrix Method (section
5.2.2). This comparison is shown in table 5.8. A good agreement is found in
CR(pgr) between the estimation provided by the two methods while a small
tension is observed in CR(elyp) where the TFM provides a smaller estimate
than the MM. The uncertainties of the estimates include both, statistical and
systematic uncertainties (section 5.2.2 for more details on the MM uncertainties).
Within their uncertainties both methods deliver compatible results, with the
uncertainties of the MM predictions being slightly larger than those from the
TFM.
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Figure 5.18: Truth-level fake efficiencies (inclusive) for electrons (left) and
muons (right) derived in the CR (blue) and the 2LSS SR (red). The ratio plots at

the bottom show the relative differences between the efficiency-values in percent.

WHF 67 + 18 21 +6 8.0 + 3.1
elyp 0+0 90 £+ 50 3.0 £ 2.1
elco 0£0 106 + 28 3.4+ 1.7
Fakes (other) 14 £ 11 39 + 25 1.9+ 1.7

TFM Fake leptons | 81.0 4+ 21.1 256.0 £ 65.9 16.3 £ 4.4

MM Fake leptons | 96.4 £ 28.9 380 + 95 246 £ 7.3

MC Fake leptons 78 £ 134 225.7 £ 30.1 14.7 £ 3.6

Table 5.8: Comparison of fake lepton estimates with the MM and TFM methods
in CR(upr) and CR(elgr), as well as in the SR. The uncertainties of the estimates
include statistics, as well as systematic uncertainties. The two methods are also

compared with the prediction provided by the MC.
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5.3 Charge mis-identified (QMisID) leptons estimation

Charge-flip events are present in the 2LLSS channel and originate mainly from
the ttbar process. There are two different ways by which these charge flip events

contaminate ee and ey regions:

o hard bremsstrahlung plus asymmetric conversion (e* — e*n* — efete);

o mis-measurement of the electron track-curvature.

For the pr range relevant to this analysis muon charge-flip is negligible. The
dedicated ECIDS tool is used which leads to an improved rejection of electrons
with mis-identified electrical charge. Table 5.9 shows the impact of using PLIV,
ECIDS and ambiguity cuts on leptons in the 2LSS pre-selection region defined
by requiring Njer > 1 and Npjer > 1.

Change in signal (tHq) | Background reduction
PLV to PLIV | 9.8 | 10.3 Hadron decay 10%
ECIDS 10.3 | 10.1 Charge flip 40%
Ambiguity flag | 10.1 | 9.9 Charge flip 8%, v conversion 2%

Table 5.9: The tight lepton working points and their effect on signal and back-

grounds.

The charge flip events remaining after applying ECIDS cuts are estimated by
a data-driven method. This approach relies on measuring the probability that an
electron can have its charge wrongly assigned. These rates are measured using
a data sample selecting Z events where Z — eTe™ (eTe™,e"e™ in case of charge

flip). A likelihood-based method is used to obtain the charge-flip rates.

5.3.1 QMisID background estimation strategy

Final states with a true opposite-sign lepton pair e.g. (tf — bW W~ —

bbete~vi) can be reconstructed in three possible ways:
o ete™ + X without any charge mis-identification, with probability (1 — €)?;
e eTe™ + X with two electrons having charge flip, with a probability of €?;
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« eTe? when only one of the two electrons is mis-identified, with a probability

of 2¢(1 —¢).

€ is the rate of QMisID for a single electron. For N true opposite-sign events, the

number of reconstructed events will be:

Nos = (1 —2¢ +2€)N

NSS = 26(1 - G)N (511)

In this way, by knowing the QMisID rate ¢, the estimated number of same-sign
events Ngg can be computed from the measured number of opposite-sign events

Nos. For the ee, where €; and ¢€; are the QMisID rates for each of the two electrons:

Ngg = — Nos (5.12)

and for ey channels:

—Nos (5.13)

5.3.2 QMislID rates estimating with the likelihood method

Electrons from the leptonic decay of the Z boson (Z — ee) are used to measure
the charge mis-identification. These rates are derived from the data events in the
mee region around the reconstructed Z-boson peak. The expected number of
same-sign events NQJS with electron pairs falling in the bin combination i, j can

be written as a function of the number of events N% as follows:
N;'JS = Nij(éi + Ej — 262'6]') (514)

If all the same-sign events in the Z peak are products of electron charge mis-

identification, then qujs is described by a Poisson distribution:

[NEs]5se s

F(Ngs| Nss(eie;) = 7 (5.15)
which is integrated into a likelihood:
L(8)|Nss = | [ f(N3s|Nss(eie;)) (5.16)

1,
that can be maximised (minimisation of —21In L) to obtain the rates that best

describe the data.
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Table 5.10: Binning scheme for the calculation of the QMisID rates.

7 bin 0 1 2 3

|n| range [0,1.37] [1.37,1.52] [1.52,2.0] [2.0,2.5]
pr bin 0 1 2

pr range 20, 90]  [00,130]  [130, 1000]

5.3.3 |n| and pr binning

The QMisID rates derived from the data with the likelihood method for tight
electron definitions and parametrised as a function of || and pr. The binning
must be optimised to best describe the dependence of the rates. Different n and
pr binning combinations are studied for QMisID rates starting form finner bin
selection to the inclusive binning as in figure 5.19. The estimated number of
same-sign events (QMisID x OS) remains almost the same for QMisID derived
with different  and pr binning combinations but we observed large uncertainty
evaluated form MIGRAD [114] on QMisID rates derived with small 1 and pr
binning combinations. On the other hand, for QMisID rates derived with more
inclusive n and pr bins, the shape agreement for different variables is degraded.

Therefore, four different regions have been identified in 1 and three in pp.
These regions have been used to define the n and py binning shown in table 5.10.
The rates are presented as a function of |n| and parametrised in py can be shown
in figure 5.20. As a function of |n| the rates are related to the material distribution
of the pixel in the inner detector. In the central region of the detector where the
material budget is smaller, the rates are also smaller. The track resolution also
has the best performance in this region. Moving to the outer part of the inner de-
tector (higher |n| values), the amount of material the electrons transverse through
increases which result in increase the number of trident electrons, and therefore
the mis-measurement of the charge. The QMisID rate increases with electron pr,

since at high pr a slightly curved track can induce a charge-measurement error.

5.3.4 Uncertainties on QMisID rates

Three sources of systematic uncertainties have been taken into account in the
QMisID rates. The final uncertainty on the rates is the quadratic sum of these

contributions:
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Figure 5.19: Left: The QMisID rates derived with different n and py binning

combinations. Right: The data closure performed with QMisID rates using the

cross-ponding 77 and pr binning combinations.
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Figure 5.20: Electron QMisID rates derived from the data with the likelihood
method. The rates are presented as a function of |n| and parametrised in pr.
(a) QMisID rates computed with the ambiguity flag applied, used to estimate
QMisID background in all 2LSS region except CR(elConv) (b) QMisID rates
computed with the inverted ambiguity flag, used to estimate QMisID background
in CR(elConv)

o Uncertainty from the likelihood method which depend on the statistical size

of the control region of the data in which the rates are estimated.

e The variation of the rates due to the variation of the my; window, detailed

explanation in section 5.3.5.

e The difference between QMisID rates derived from likelihood method to the
rates based on the MC truth information with simulated Z — ete™ + jets

events, more detail explanation in section 5.3.6.

5.3.5 The variation of the rates due to Z window

The likelihood method uses only Z signal events in the m, window. Therefore,
background coming from other processes (e.g. fake electrons) where the di-lepton
invariant mass corresponds to the one of the Z boson needs to be subtracted.
This background can be estimated from the side-bands of the Z-mass window.
In this side-band method we divide invariant mass of Z boson in three regions,
A, B and C. The central region B corresponds to the Z peak. The upper A and
lower C' sidebands are defined with widths equal to the m; window so that we
can obtain the background from the average yield, the number of events in the

A region, n and the number of events in the C' region n¢, and remove this from
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total number of events in the peak region B, ng. This way Z signal events:

na—+ ne

. (5.17)

Nz =np —

x10°

+ Same-Sign + Opposite-Sign
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Figure 5.21: Comparison of the invariant mass m.. between (a) same-sign and
(b) opposite-sign data events around the Z-peak for tight selection. The peak for

same-sign electrons is shifted with respect to opposite-sign electrons.

The likelihood method uses measured same-sign and opposite-sign 7 signal
events in order to compute the QMisID rates. No selection other then inverting
the sign requirement for opposite-sign is used. For same-sign electrons the Z-
peak is shifted to lower values with respect to opposite-sign electrons (Figure
5.21). That may introduce in some mis-measurement of the rates. Therefore,
regions used by the side-band method are defined separately in the same-sign
and opposite-sign distributions. These regions are determined by the fit results
using the mean value k£ and the standard deviation o. The Z-signal region B
is defined as k + 30, where the regions A and C' are defined so that they have
the same width as the central region, i.e. 6. The variation of the rates due to
the variation of the Z-peak region by lo, as shown in figure 5.22, is taken into

account as a systematic uncertainty.

5.3.6 Validation of the likelihood method

The likelihood method is used as a baseline to compute the QMisID rates
which needs to be validated. This validation is performed by comparing the
QMisID rates derived from likelihood method to the rates based on the MC truth

information (truth-matching) methods. The simulated Z — ete™ + jets events
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Figure 5.22: (a) Electron QMisID rates derived from the data with the likelihood
method for different m; window (b) Ralitive uncertanity on rates due to variation

of mz window by 1 o: ( |€45 — €30]/€30)

are used for the validation. The comparison is shown in figure 5.23, as a function
of || and parametrised in pr. There is no significant disagreement between both
of the approaches. Differences between the rates extracted from both methods

are considered as a source of systematic uncertainty.

= T T T
H E
\js’ L Systematic uncertainty (Truth closure)
102 V=13 TeV, 139 fb™ |
E Simulation Z+jets #
L . ]
e L i
107 ; ,,,,,,,,,,,,,,,,, L E
r C Tikelihood b
= —e— p_[0[20, 90] GeV B
7777777777777777777 —— —e— p! 0[90, 130] GeV/
10 E A —e— p! [[130, 1000] Ge{| =
E MC truth B
= --6-- p, 0[20,90] GeV B
r - p. 0[90, 130] GeV/ 7
r --e-- pl 0[130, 1000) GeV|
) NS S [ T T S [ S S AN I S
10 0 0.5 1 15 2 25

l

Figure 5.23: (a) Comparing MC QMisID rates derived from likelihood method to

the rates based on the MC truth information (b) Relative uncertainty (|ensciruin —

€ Likelihood | /GLikelihood)

5.3.7 QMisID event yield

The event yields with charge-flip electrons are obtained by weighting the op-
posite sign event with QMisID weights (Wguisp). The opposite sign events are
obtained by the same 2LSS pre-selection (just inverting the sign requirement).
Table 5.11 shows charge-flip electron event yield predictions in the 2LSS pre-

selection region split in flavour compositions. Figure 5.24 compares the invariant
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mass distribution for (a) MC predictions and the (b) data-driven estimates of
charge-flip electron. A fair agreement between the Monte Carlo and data-driven
predictions is observed. The comparison is also shown in figure 5.25 for fake CRs
used in 2LSS channel.
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Figure 5.24: Invariant mass distribution for (a) MC predictions and the (b) data-

driven estimates of charge-flip electrons.

Predictions Pre-selection ee e

Monte Carlo (MC) | 1260 + 27 801 £26 461 £ 8
Data-driven (DD) | 1380 & 190 920 + 120 460 £ 70

MC/DD 0.91 0.87 1.00

Table 5.11: Data-driven charge-flip electron event yields in the pre-selection re-
gion, which is further split according to the lepton flavour composition. As a
comparison, MC predictions and the ratio between data-driven estimates and

MC predictions are given.

5.3.8 Closure test

The closure test is performed by comparing the estimated number of same-sign

ee events to the measured number of same-sign events. The estimated number
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Figure 5.25: Pre-fit plots of the CRs used in the 2LSS channel, comparing the
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first row with MC QMisID to the bottom row with DD QMisID .

are obtained by using the QMisID weights ‘Wguisp’ on opposite-sign events. Fig-
ure 5.26 (a) shows a comparison between the expected distribution of m.. in
the data with the observation (the latter also contains contributions from non-
prompt electrons). After subtracting the non-prompt electron background using
the sidebands, the measured number of same-sign events in the my; window is
found to be 463, while the expectation from the likelihood method is 491 + 57.
The closure test is also performed using simulated Z — eTe™ + jets as shown
in figure 5.26 (b). For MC closure the measured number of SS events founds to

be 404£27 while the expectation by using the Woy;s1p on opposite-sign events is

417£57.

5.4 ttW background studies

The ttW irreducible background contributes 17% to the SR predicted yields.
The nominal prediction used is aM CQN LO + Pythia8.. The prediction provided

by the available simulation was found not be in agreement with data in previous
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Figure 5.26: The closure test performed using Data (a), and MC (b), comparing

the measured number of same-sign events to the re-weighted opposite-sign events.

measurements, such as Ref. [115]. A similar observation is found in this analysis
in the regions enriched with ttW events. For this reason an in-suit estimation
is performed where a normalisation factor for ttW is derived from data. The
distribution of the number of jets and b-tagged jets in the CR(ttW) is shown in
figure 5.27. In CR(ttW) a disagreement between data and prediction is observed
in both the multiplicity of jets and the distribution of number of b-tagged jets.
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Figure 5.27: Distribution of number of jets and number of b-tagged jets for data
and prediction in the CR(ttW). The uncertainty is statistical only. The ttW
prediction is derived using aM CQN LO + Pythia8.
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5.4.1 Comparison of the a M CQNLO + Pythia8 and Sherpa2.2.10

predictions

The prediction given by the nominal aM CQN LO + Pythia8 simulation and
the Sherpa2.2.10 simulation for the the ttW multiplicity of the jets and b-tagged
jets and Hr is shown in figure 5.28. In CR(ttW) the Sherpa2.2.10 simulation
predicts 6% fewer events than aM CQN LO + Pythia8 .

[ ATLASIntemal — 1w aMC@NLO_Pythia 8 + EWK | [ ATLASInternal — tw aMC@NLO_Pythia 8 + EWK | 140 E ATLASIntemal— 1w aMC@NLO_Pythia 8 + EWK ]
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Figure 5.28: Distribution of number of jets, number of b-tagged jets and Hr in the
CR(ttW). Comparison of aM CQN LO+ Pythia8 (blue) and the SHERP A2.2.10

(orange) simulations. The uncertainty is statistical only.

The distribution of the number of jets and b-tagged jets in the CR(ttW) is
shown in figure 5.29. Here the data and total prediction are compared, where the
ttW prediction is derived using the Sherpa2.2.10+ EW K simulation. No signifi-
cant difference between the data-to-simulation modelling is observed with respect
to figure 5.27. Finally, the BDT(tHq) distribution for the two ttW predictions
in the 2LSS SRs is shown in figure 5.30.

5.4.2 Statistical fit on aMCQNLO + Pythia8 and Sherpa2.2.10

predictions

A statistical only fit is run over the CRs data to compare the ttW correction
factor derived using the aM CQN LO+ Pythia8 and Sherpa2.2.10 prediction. All
the CRs are included in the fit and the k(ttWW) together with the mis-identified
leptons correction factors are estimate from data. The fit results are shown
in figure 5.31. The normalisation factors derived are compatible within their
uncertainties for the aM CQN LO + Pythia8 and Sherpa2.2.10 cases.
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Figure 5.29: Distribution of number of jets and number of b-tagged jets for data
and prediction in the CR(ttW). The uncertainty is statistical only. The ttW
prediction is derived using aMCQN LO + Pythia8 .
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Figure 5.30: BDT(tHq) distribution in SR.The uncertainty is statistical only. The
ttW prediction from a M CQN LO + Pythia8 and Sherpa2.2.10 are compared.
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Figure 5.31: Normalisation factors derived from statistical only fit in the

CRs data. The results derived using aMCQNLO + Pythia8 (red) and the
Sherpa2.2.10 (black) for the ttW prediction are compared.
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Chapter 6 Uncertainties and Statistical analysis

A profile likelihood fit is used in this analysis to extract the signal strength
from the data. Various studies are performed to validate the input distributions
and the performance of the fit. This chapter opens with discussion on sets of
uncertainties which are related to the analysis mainly experimental systematics,
signal and background modelling theoretical systematics. Then a theoretical
description of the profile likelihood fit method. Some of the studies performed to
test the nominal model of the signal and the background, are presented. Finally,

results of a fit to the data are shown and compared to expectations.

6.1 Experimental and theoretical uncertainties

The signal and background predictions in both signal and control regions
are affected by a number of different sources of uncertainty. These are related
to the reconstruction of physics objects in the detector, the techniques used to
determine the expected size of the backgrounds and modelling of the signal and
background process. Experimental (detector-related) uncertainties can arise from
the reconstruction of physics objects in the detector. These uncertainties are ap-
plied as recommended by the different CP groups. Modelling uncertainties are
evaluated in three ways: comparing the nominal prediction to an alternative pre-
diction; varying the internal parameters of the nominal simulation; or varying the
predicted cross-section within the theoretical uncertainty. All systematic uncer-
tainties are summarized in table 6.1, which lists the main systematic categories
and the number of their components. Furthermore, whether the systematic un-

certainty affects only the normalization or also the shape is specified.

The systematic variations included are: the theoretical uncertainties on the
cross-sections of the background processes, the modelling uncertainties of the
main background processes (¢, ttW and ttH), the variations of the flavour tag-
ging performance, the pile-up variation, the JVT efficiency variation, the muon
and electron isolation and identification uncertainties the jet energy scale and
resolution uncertainties and the luminosity uncertainty. Finally, the uncertainty

from the data-driven estimation of the charge flip electron background is included.
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Systematic uncertainty Type Comp. Systematic uncertainty Type Comp.
Experimental uncertainties Signal and background modeling

Luminosity N 1 Signal

Pileup modeling SN 1 tH cross-section N

Physics Objects tH modeling SN 4
Electrons SN 7 Background

Muons SN 15 tt modelling SN 6
Jet energy scale SN 30 ttH modelling SN 6
Jet energy resolution SN 13 ttH cross-section N 2
Jet vertex tagger SN 1 Single top modelling SN 15
Forward Jet vertex tagger efficiency ~ SN 1 ttW and ttZ modelling SN

s SN 3 ttW and ttZ cross-section N 4
b-tagging Other Backgrounds

Efficiency SN 45 cross-section N 18
Mis-tag rate (c) SN 20 Template fit uncertainties SN 1
Mis-tag rate (light) SN 20 Electron charge misassignment SN 1

Table 6.1: List of systematic uncertainties included in the analysis. An ‘N’ means
that the uncertainty is taken as normalisation-only for all processes and channels
affected, whereas ‘SN’ means that the uncertainty is taken on both the shapes
and the normalisation. Some of the systematic uncertainties are split into several
components for a more accurate treatment: the number of such components is

indicated in the column labeled as ‘Comp.

6.2 Statistical analysis

The analysis’s objective is to quantify the tHq process. This is accomplished
by taking the signal strength—defined as the ratio between the observed cross-
section: p(tHq) = o(tHq)* /o(tHq)"™ and the SM prediction—and extracting
it from the data. The tHq signal strength is extracted by means of binned profile
likelihood fits performed using the TRExFitter [24] package. All the regions
defined as in section 5.1 are included in the fit. Together with the POI p(tHq) four
normalisation factors are derived from the fit on data for the main backgrounds:
three for the mis-identified leptons background, as described in section 5.2.1,
k(pur), k(eluyr), k(elco), and one for the irreducible background ttW. Systematic
uncertainties are included in the fit in the form of Gaussian nuisance parameters
(NPs). The sections that follow provide an introduction to the main ideas behind

the parameter estimation approach.
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6.2.1 Likelihood function

Any type of data analysis involves the use of a data set or sample = of observed
attributes, which one attempts to relate to some theoretical quantities 0 (usually
parameters of a model). For specific values of its parameters P(z|0), scientific
models must provide a probability to witness some data. This probability is then

expressed as a likelihood function for the specified observed data z°%:

— —

L(6) = P(a™"|d) (6.1)

One can estimate a parameter by using the likelihood. It can be demonstrated
that the resulting values of the parameters 6AT are good approximations of their
true values §ue [116] after finding its global maximum over all parameters. Al-
though there may be bias in the estimated parameters, this bias vanishes in the
large sample limit. The Maximum Likelihood method is the name given to this
parameter estimate technique. Being invariant under a variable transformation
is one of its characteristics. As a result of searching for the function’s extreme,

the derivation at that point over all parameters produces zero:

=0 (6.2)

The estimator 5 from equation 6.2 cannot typically be expressed directly, thus
computational methods are employed to scan the parameter phase space and iden-
tify the maximum value of the likelihood. In actual applications, a log-likelihood
(or log-likelihood, LL) is utilized in its place. Given that the logarithm is a mono-
tonic function, it has no impact on parameter estimation, and equation 6.2 still
holds if the likelihood is changed to the log-likelihood.

6.2.2 Variance of the parameter estimator

Without understanding of an estimator’s uncertainty, its value is useless.
There are various methods for figuring it out. One method relies on the like-
lihood’s second derivative, which yields an estimator of variance V;; [117], where
¢; and 6; are two parameters:

9?log L

Vij = 1/(_W)
iV
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. 5 0%log L
Al =\ Vi = UV_W)

This can be used to calculate the uncertainty of a parameter #; as in equa-

6, (6.4)

tion 6.4. This method uses a quadratic approximation in the maximum of the
log-likelihood and only involves computing the second derivative at one point, but
it produces strictly symmetrical uncertainty. Only in the large sample limit does
this approximation hold exactly, and neither generally does for a small number
of events. A graphical method as shown in figure 6.1 is a more accurate way to

estimate the error and can provide distinct values for the upper Aéiw and lower

~ down
Ab; o uncertainty using the following relation.
A AU A ~ down N
log L(6; + A0;"") = log L(6; + AG; ) = log L(A) — 1/2 (6.5)
T 625 . : .
~
o
L i-M1 i T+ at,
53 log Lmax 7
535 log Lo — 12
-54 1 1 1
0.8 1 1.2 14 1.6

T

Figure 6.1: The log-likelihood as function of its parameter [116]

6.2.3 Binned maximum likelihood

The measured data are frequently analyzed using histograms, which are binned
distributions. Each bin ¢ has a specific number of data events n;, and the theoret-
ical prediction provides a mean number of events in each bin Ui(g), which again
depends on some fundamental model parameters 0. As a result, the data in each
bin have a Poisson distribution Ppgisson(n,v;), and multiplying the probabilities
in each bin yields the overall probability of observing the given data. This results

in the following log-likelihood:
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Nbins
—

log L(6) o Z [—vi(0) 4+ n;logv;(6) + ...] (6.6)
where Ny;,s is the distribution’s bin count, and the terms that don’t depend on
0 are eliminated. As the likelihood’s absolute value holds no information and

only the derivation or relative difference with respect to the maximum has to be

known, this is done to make the computation simpler.

6.2.4 Parameter of interest and profile likelihood

In this analysis, there are several parameters, the signal strength pg, is the
most essential parameter in the tHg model since it determines the amount of
measured signal. Typically, this parameter is known as an interest parameter
(POI). Due to the fact that the remaining parameters’ values are not always
significant, they are referred to as nuisance parameters (NPs). The value of the
POI is determined using the maximum likelihood method. However, because the
POI interferes with other factors, it cannot be directly utilized to make conclusive
assertions about, for example, the significance or the limits of the measurement.
Through profiling, which eliminates the dependence on the nuisance parameters
in the large sample limit, this dependence on the other factors can be reduced to
a minimum.

The likelihood is initially specified as L(u,g), where 6 and i denotes the
NPs and the POI respectively. The following definition applies to the profile
likelihood [118], which is solely dependent on the parameter of interest.

50y, OL(p, 0)
Lp(p) = Lp, 0(1)); T'&m =0 (6.7)
Through the calculation of POI u(tHgq), we are unable to obtain information
on the degree of agreement between the data and the background-only or signal-
plus-background hypothesis. As a result, the analysis’s hypothesis testing [117]

is based on the profiled likelihood ratio A(x), which is defined as

Ap) = (6.8)

The denominator is the unconditionally maximized likelihood when p > 0,

and the numerator maximizes the likelihood for a particular value of pu. The
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1 < 0 is refer to avoiding complications in the computations in the case of deficit
of signal-like events. Depending on the tested hypothesis, different test statistics
t, are defined to test a particular of . The test statistics for the observed data

is referred to as The probability of an outcome that is equal to or more

tobs
o
extreme than the observed is known as the p-value for a given observation, under

a specific hypothesis:

o0 ~

o (69

tobs
where f(t,|u, 0(y)) is the sampling distribution of the test statistics. Small p—
values provide evidence against the test hypothesis, and they are frequently trans-
lated into the normal significance Z value. In case of any excess in data, the test

statistics qg is defined as follows:

o (6.10)

To determine whether the data are consistent with the background only hypoth-
esis p = 0:

Po = / f(_Io|0é )dQO (6'11)

where pg is the probability that a test statistic equal to or greater than the ob-
served results from the background-only (or in the absence of a signal) hypothesis.
In the ATLAS experiment, discovery is declared if the background only hypothe-
sis is rejected at the 5o level, which corresponds to a probability of a false positive
of approximately 3 x 107",

For purposes of establishing an upper limit on the single strength u, a test

statistics ¢, is used.

—2 IHA(/L), ﬂ > I
Q= (6.12)
0, < p

The Confidence Level of signal C'L, is employed to set these limits.

o0

o= [ Fauli6(u))dgu py = / £(40/0, 6(0))dgo (6.13)

qzbs

The 95% CL upper limits on u:

CLy(p) = 121—"% < 5% (6.14)
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6.2.5 Asimov dataset

An Asimov dataset can be used to calculate the expected significance and
other attributes based on the nominal model’s prediction: A pseudodata reflect-
ing the statistics of the real data that is produced so that all estimators match
their true value. Its creation is simple in the case of a histogram-based analysis,
such as in the case of this analysis. The predicted distribution is simply taken,
and each bin is given an uncertainty based on its yield (corresponding to the
Poisson distribution). The likelihood is built similarly to other types of data.
The true values for all parameters will then be provided by the profile likelihood
fit that is done to such a dataset. Additionally, it offers a rough estimate of
the degree to which the data ought to be able to constrain different nuisance

parameters.

6.2.6 Implementation of additional uncertainties

The strategy outlined in the preceding sections simply accounts for statistical
variations in the data and presumes an accurate forecast. The yield in each
bin is actually affected by systematic uncertainty as well. Typically, systematic
uncertainties are calculated for every Monte Carlo sample separately. To keep
the conversation straightforward, the following assumes that the prediction v
represents a single sample and that the uncertainties are calculated relative. The
modified predictions for each sample must then be added together in order to
generalize to numerous samples.

In this analysis, the source of each uncertainty is assumed to follow a Gaussian
distribution. The theoretical prediction v; is then transformed into a new version
v by the systematic variations. For each systematic j, a nuisance parameter
«; is defined, which has a Gaussian distribution with a mean of 0 and a width
of 1. This nuisance parameter is used to execute the systematic variations. The

predicted value shifts by v;(, G)Sf a; assuming that Sij is the relative magnitude

of uncertainty for each bin.

Nsyst
—

VI (1, 0, &) = vi(p, 0) (1L + > Slay) (6.15)

J
Ny stands for the overall count of systematic uncertainty (see section 6.1).

The likelihood is then extended with additional Gaussian factors, oc exp (—aZ/2)
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that represent a penalty on the possible values of the «;. This results in the

following expansion of the log-likelihood in equation 6.6:

Nbine Nsyst

log L(y1,0, ) = Y [~ (1. 6. @) + nilog(vy (11,0, @) Z oj/2  (6.16)

i
where, excluding constants, the last component is just a logamthm of the Gaussian
terms. The post-fit value of «; indicates the amount by which the systematic was
pulled or shifted from its initial value. The uncertainty on the a; value, where
1 is the pre-fit value, gives the information about the the size of the systematic
(smaller or larger) after the fit. Typically, the fit either has no impact on the

uncertainties or reduces (constricts) them.

6.2.7 Pruning of systematics

Over 200 systematic uncertainties are taken into account in the analysis, as
is summarized in section 6.1. Some of these significantly affect the fit’s outcome,
but the majority have little to no effect. The minimization process would take a
long time if all of them were incorporated into the fit. To prevent this, systematics
that might have a tiny impact are excluded.

First, the normalization and shape components of systematic variations are
separated. The normalization component describes the impact on the yield in a
certain area. The shape component is systematically modified, so that it has no
impact on the normalization in the specified region. If the difference in normal-
ization with regard to the nominal distribution is less than 0.5%, the former is
dropped. Similar to this, a shape of a systematic is eliminated if there isn’t a
relative difference of more than 1.0% between any bins of the shape component

in the provided region.

6.2.8 Goodness of fit

In this analysis, a saturated model is used to evaluate the goodness of fit.
The saturated model can fully fit the data since it contains an additional free
parameter for each bin in the distribution. The resulting x? probability is con-
sidered as a measure of the goodness of fit. The ratio between the likelihood
of the nominal model and the saturated model then asymptotically follows a x?
distribution [119].
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6.2.9 Blinding strategy

A bias, whether conscious or unconscious, could occur from just conducting
the nominal fit to the data without eliminating the signal and optimizing the
model based on its results. A blinding approach is used to prevent this from
happening: bins with a significant predicted signal contribution are excluded
from the fit, and the data are not shown in the graphs. To validate the nominal
model, this is a necessary intermediary step. In this thesis most of the results
prior to the unblinding will be with a 0.33% blinding threshold on the signal over

background ratio.

6.2.10 Software implementation

Data from Monte-Carlo simulation are stored in specific files with tree-like
structure called ROOT n-tuples. N-tuples are created with the help of ROOT
framework that extends classical C++ programming language. If we extend our
idea about tree-like structure of an n-tuple, branches correspond to properties
called variable or features for classification purposes. Every feature is represented
by a histogram that contains values for every event with respect to the feature
we are about to examine.

The study makes use of the TRExFitter [24] internal ATLAS fitting frame-
work, which creates histograms from the input data and feeds them to the statis-
tical analysis tools. TRExFitter needs data in root n-tuple format and a config-
uration file for its functionality. The framework is directed by the configuration

file. a basic text file in plain syntax blocks with blank lines separating them.

o Job block defines general options
o Fit block specifies details of the fit model

e Region block define the distributions taken into account by the fit, also

specify variables and cuts.

o Sample blocks define the samples considered

Systematic blocks specify systematic uncertainties

The TRExFitter program run within a specialized Docker container. A root

n-tuple contains required data. A config file contains all the sections mentioned
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above. The value of some parameters in the config file are too long and compli-
cated, placing them explicitly in the file would complicate readability, therefore
a replacement file is used to store these more complicated parts. The values are

then referenced from the config file.

The HistFactory package [120], a tool created expressly for profile likelihood
fits in the form of histograms, is used to do the actual fit. Statistical mod-
els described using HistFactory center around the simultaneous measurement of
disjoint binned distributions (channels) observed as event counts n. For each
channel, the overall expected event rate is the sum over a number of physics pro-
cesses (samples). The sample rates may be subject to parametrised variations,
both to express the effect of free parameters and to account for systematic uncer-
tainties as a function of constrained parameters. In a frequentist framework these
constraint terms can be viewed as auxiliary measurements with additional global
observable data. A different partition is helpful in the context of hypothesis test-
ing, where a subset of the parameters are declared parameters of interest (POI)
and the remaining ones as nuisance parameters, in addition to the partition of the
whole parameter set into free and constrained parameters. The signal strength of
a process, the ratio of its cross section to a particular reference cross section such
as that expected from the Standard Model, is part of the parameters of interest
and the set of unconstrained, free parameters. Thus, the overall structure of a
HistFactory probability model is a product of the analysis-specific model term
describing the measurements of the channels and the analysis-independent set of
constraint terms. Given the likelihood equation 6.7, constructed from observed
data in all channels and the implied auxiliary data, measurements in the form of
point and interval estimates can be defined. The majority of the parameters are
nuisance parameters which are not the main target of the measurement but are
necessary to correctly model the data. The unconstrained parameters declared
as parameters of interest for which measurement hypothesis tests are performed,

e.g. profile likelihood methods.

The RooFit [121] and RooStats [122] packages, which offer the tools required
for the fit’s execution, are the foundation upon which HistFactory is based.
RooFit provides classes for facilitating the declaration of models and a way to
re-use them in multiple statistical methods, since it has no statistical notion of
parameters and observables. Therefore, it can work naturally with both fre-

quentist and bayesian techniques. RooStats is considered as providing high-level
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statistical tools, while RooFit provides the core data modeling infrastructure.
ProfileLikelihood calculator implements a likelihood-based method to estimate a

confidence level and to perform hypothesis test for a given parameter value.

The Minuit algorithm [114] is used to minimize the likelihood and is imple-
mented in ROOT, a C++-based data analysis framework [94]. Minuit is conceived
as a tool to find the minimum value of a multi-parameter function and analyze
the shape of the function around the minimum. To compute the best-fit pa-
rameter values and uncertainties, including correlations between the parameters,
statistical analysis using log-likelihood functions is the main application. The
‘best” values of a set of parameters are typically found using Minuit, where ‘best’
is defined as the values that minimise a specified function, FCN. The parame-
ter errors, which are frequently referred as the width of the function minimum
or, more generally, the shape of the function in some vicinity of the minimum,
provide information on the uncertainty in the optimal parameter values. Mi-
nuit includes a number of tools to investigate the parameter error, which is a
key feature. Uncertainties on the parameters are by default described using the
quadratic approximation, while for more interesting parameters the more precise
graphical method is used. Both methods were described previously in section
6.2.2.

6.3 Asimov fit results

A fit to the Asimov dataset is performed as the initial test. This is done to
calculate the significance and determine how the fit will constrain the expectation.
It also identifies which systematics will significantly impact the sensitivity. Figure

6.2 shows the data over simulation agreement for the variables used in the fit.

The fit results in a signal strength p(tHq) = 1.00 & 3.12, derived as described
in section 6.2.4. The expected median significance of the 2L.SS channel is 0.32
while the expected upper limit at 95% CL is 6.8. The resulting normalisation
factors are shown in Fig. 6.3. Statistical uncertainty from limited number of
events used to build the histograms for the predicted signal and background
result in independent uncertainties in each bin, referred to as ‘MC stat’ It is
implemented in HistFactory /RooStats as additional NPs and assigned as gamma
to the total prediction in each bin. Figure 6.3(right) shows the reasonable gamma

uncertainties for each bins of signal and control regions used in the ASIMOV fit.
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Figure 6.2: Pre-fit plots of the SR and CRs. The SR is fully blinded while the

CRs show the real data events. The uncertainty band includes the statistical and

systematic uncertainties.
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The Nuisance parameters pull plots are shown in figure 6.4. No significant pull
is observed demonstrating the stability of the fit model. Based on the variance
indicated in formula 6.3, the likelihood fit also offers correlations between the
various model parameters. Large correlations may indicate unnecessary degrees
of freedom that are covered by other parameters or highly correlated variables
that reduce the sensitivity of the analysis. To determine whether their impact
may be lessened, those parameters can be further examined. The correlation
matrix is shown in figure 6.5: the biggest anti-correlation (=~ 66%) is the one
between the k(elc,) normalisation factor and the uncertainty on the charge flip
electron background estimation.

In order to determine the true impact of the systematics on pu(tHgq), a ranking
plot is created, which ranks nuisance parameters according to their impact on the
signal. This impact can be derived by fixing the nuisance parameter «; of the

given systematic to:
o +1 (the pre-fit value) for the pre-fit impact
« its post-fit value for the post-fit impact

and by performing the fit again. The difference in u(tHgq) between the nominal
fit and the variation is then the displayed impact. Figure 6.6 shows the ranking
plot for the Asimov fit. The nuisance parameters are ranked according to how
much of an impact they have on u(tHq) after fitting. The first 10 are displayed,
although only a small number have a significant influence on the outcome. Similar
to the plots in figure 6.4, the plot likewise depicts the pulls and constraints of the
systematic variations.

As shown in table 6.2 in this statistical model the biggest contribution to the
wu(tHq) is given by the data statistical uncertainty followed by the the JES and
JER uncertainty.
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Figure 6.5: Correlation matrix for the Asimov fit.
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on the parameter of interest u(tHgq). It is shown for the pre-fit uncertainty by the
empty box and post-fit by the filled box. The post-fit shifts and constraints of the

systematics is displayed by the black markers and the horizontal line respectively.

Uncertainty source Grouped impact
Gammas 0.5
JES/JER 0.9
Normalisation Factors 0.6
Theory 0.4
Instrumental 0.3
Theory tt 0.1
Other fakes 0.1
Full Systematics 1.7
Data Statical 2.6
Total 3.1

Table 6.2: The grouped impact of uncertainties on the tHq signal strenght.
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6.4 Backgrounds Fit

In order to test the background model and to get a better idea about its ex-
pected performance, the Background-only fits, or fits omitting the ¢t Hq signal and
its modeling uncertainties in the likelihood, are performed in the revealed (not
blinded) bins. There are various limitations to this. For example, the model’s
distributions can be comparable in the revealed bins but different in the blinded
bins, resulting in different correlation and, thus, different post-fit values. For this
fit the SR is fully blinded together with p(¢tHgq). The resulting normalisation fac-
tors are the free-floating factors only and their post-fit values are shown in figure
6.7. The normalisation factors for the mis-identified leptons background are well
in agreement with the results as shown in section 5.2.1. The ¢t/ normalisation

factor is 1.347032 and it is in agreement with one.

T
I
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o .
: 11155, k (ttw)
|
I
|
0.32
e
‘ 1.07 5 k(,uHF)
|
I
| + y CR ttW 2LSS bin 0002
—_— 1.06 %% k(el ) - y CR ttW 2LSS bin 0001
! . -0.65 HF —— y CR ttW 2LSS bin 0000
i — v CR BDT ttbar muHF 2LSS bin 0002
I —— Y CR BDT ttbar muHF 2L'SS bin 0001
| — y CR BDT ttbar muHF 2LSS bin 0000
| 035 —— Y CR BDT ttbar elHF 2LSS bin 0002
& 1.34 kel...) - y CR BDT ttbar elHF 2LSS bin 0001
' -0.35 Conv . y CR BDT ttbar elHF 2LSS bin 0000
, A , \ \ \ — Y CR BDT ttbar elConv 2LSS bin 0001
— CR BDT ttbar elConv 2LSS bin 0000
0 0.5 1 1.5 2 25 3 v ar elconv n

0.8 0.9 1 11 12

Figure 6.7: Left: Normalisation factors derived from fit to CRs data. The uncer-
tainty includes statistical and systematic effects. Right: The gamma uncertain-

ties.

The nuisance parameters are now shifted with respect to their nominal value,
as can be seen in figure 6.8. No significant pull or constraint is observed. They
are compatible with the nominal value 0 within one standard deviation. The
correlation matrix in Fig. 6.9 shows a similar picture as for the Asimov fit results.
Post-fit distributions of the analysis regions can be found in figure 6.10. They
show good agreement, with x? probability larger than 80% for the fake control

regions.
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Figure 6.10: Post-fit plots CRs from fit on CRs data. The uncertainty band

includes the statistical and systematic uncertainties.

121



L AR R A A8

6.5 Data fit results

After unblinding the fit has been performed to the data in one signal region.
This section details the data fit results. A binned likelihood fit under the signal-
plus-background hypothesis is performed on the BDT discriminant distribution.
The unconstrained parameter of the fit is the signal strength. The resulting value

of the signal strength is:
p(tHgq) = 1.98 + 3.07 (Syst+Stat) = 1.98 £+ 2.83 (StatOnly)

corresponding to a expected median significance 0.32 0. The figures 6.11 show the
BDT output distributions before and after the signal-plus-background fit to the
data for the tHq searches. Within the large statistical uncertainties the observed
distributions are compatible with the background shapes. There is no indication
of the excess of data from background. The exclusion limits are set on u(tHgq)
with at least 95% confidence, derived by using test statistic ¢, in the CLs method
which is computed using the asymptotic approximation. The table 6.3 shows the

upper limit on p(tHq) for SM-like hypothesis.

Expected Upper Limit

Coupling hypothesis Channel
png avp -20 | -10 | Median | +1o0 | +20

ki = k, = 1.0 (SM-like) | eTe* pFpu* efp® | 3.62 | 4.86 | 6.75 9.68 | 13.71

Table 6.3: Median value of expected upper limit of signal strength and the cor-

responding confidence intervals of +£1 and +2 o.

The observed and predicted yields after fit to the data are summarized in
table 6.4. No significant pulls or constraints are obtained for the fitted nuisance
parameters resulting in post-fit background predication in each analysis region
that is very close to the pre-fit prediction albeit with reduced uncertainties re-
sulting from the fit. The quoted uncertainties are the sum in quadrature of the

statistical and systematic uncertainties of the yields.
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*: normalised to total BKg.

*: normalised to total Bkg.
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Figure 6.11: Pre(left) and post (right) plots obtained from signal-plus-background

fit to data. The plots show the BDT output distribution in signal region. The

error band shows total statistical and systematic uncertainties.

SR CRmullF | CReHF | CReConv | CRttW VR VV
tHq 426 £0.22 | 115+ 0.09 | 4.17 + 0.18 | 0.132 £ 0.013 | 0.79 £ 0.08 | 0.39 £ 0.07
tWH 0.086 £ 0.026 | 0.26 + 0.05 | 1.04 % 0.08 | 0.033 £ 0.009 | 0.66 + 0.07 | 0.024 £ 0.017
el chargeflip 85+ 1.3 |0.00=+0.00]| 220+ 40 37 + 10 82+16 | 67+1.1
muHF 71427 65 + 19 046 | 0254008 | 11+4 10+ 6
eHF 24+ 18 |0.00=£000]| 8050 12409 | 15+12 | 16=+13
eConv 30+14 |0.00=£000]| 108+ 29 62 + 15 93+28 | 34+28
Other 1.8+ 15 4+12 | 42427 2.0+ 2.7 9+6 344
£W 6.8+ 1.1 34+ 4 U7+£18 | 52407 | 179+£20 | 35+06
£ 1814032 | 78+12 | 3545 1094019 | 2544 | 0.75+0.28
£t 12404 | 67+08 | 268+£33 | 0.79+£0.12 | 259+3.0 | 0.20+0.14
tZq 84+08 | 38404 | 21.5+1.9 | 0.66+0.07 |220+026| 157+ 026
Diboson 3.7+ 2.0 845 46 + 24 1.6 +08 1246 57 + 30
minor bkgs 0324017 | 1.0+06 8+4 033 +£018 | 41+21 7T+4
Total background | 454 | 141+£12 | 755428 | 113+£11 | 288417 | 95+32
Data 47 143 761 112 290 129

Table 6.4: Post-fit yield of the analysis. Both statistical and systematic uncer-

tainties are included.
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Chapter 7 Conclusions and outlook

The work presented in this dissertation describes the search for the Higgs
boson production in association with single top quark in two leptons (same-sign)
final state. The data collected by ATLAS experiment at the center-of-mass energy
of v/s = 13 TeV during Run-II of Large Hardron Collider were considered, which
correspond to integrated luminosity of 139 fb~!. The coupling of Higgs boson to
the top quark y; is one of the fundamental properties of the Higgs boson. As the
top quark is the heaviest particle in the Standard Model, y; is expected to be large
in the SM. Hence the measurement of y; is important to prove the compatibility of
the Higgs boson observed at the LHC and the properties predicted by the SM. Due
to a destructive interference in tH production, this process provides sensitivity to
the negative value of the coupling strength modifier k; = y,/y?. A measurement
of SM-like tH production is challenging due to its small cross section. However,

devation from y®™ would result in an enhanced tH cross section.

This measurement makes use of a strict electron and muon isolation re-
quirement named as PromptLeptonlmprovedVeto(PLIV) to distinguish between
prompt and fake leptons. The use of PLIV provide very good rejection effi-
ciency against the non-prompt leptons. Furthermore, analysis take advantage of
the newest jets reconstruction techniques using the anti — k; jet algorithm on
particle-flow objects and multi-variate b-tagging algorithm DL1r is used to im-
prove the description of b-jets. In order to maximize the separation of the signal
from the background, a multi-variate algorithm is employed in the signal enriched
region which provide good discriminating power between signal and background.
In addition, various control regions are used to better constrain modeling of the

backgrounds.

One of the main backgrounds, fake leptons, the Template fit method is used
to estimate its contribution and matrix method was used as a cross check. As
this channel requires two leptons of same sign, there is a significant contribution
from charge misidentify (QMisID) background. A separate data driven estimation
was used to estimate QMisID background. Generally, good modelling of the fake
backgrounds are achieved and results were verified by performing different closure

tests .

To extract the signal strength from the data a binned profile likelihood fit
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is performed. Uncertainties in the signal and background predictions are incor-
porated by means of nuisance parameters. For standard model - like Yukawa
coupling (y; = 1) there’s no significant deviation from the background-only hy-
pothesis. Therefore, the final measurement result of this thesis is the Asymptotic
limit of signal strength while the signal strength is the ratio of observed cross
section to one predicted by SM. The observed upper limit of signal strength at
95% CL is found to be 8.3, while Expected Upper Limit is: Medium Value: 6.75,
+10 confidence interval: [4.86; 9.68], +2¢ confidence interval: [3.62; 13.71]. The
dominating uncertainty on the measurement is the data statistical uncertainty.
A larger datasets and the study of additional Higgs boson decay channels will
be necessary to be able to measure tH production. In general, the new concepts
which are presented in this thesis represent a basis of future measurement of the
rare tH processes.

LHC has finished the Phase-I upgrade operation and next data taking oper-
ation for Run-3 has already started in 2022. I was involve to check the stability
of small-strip thin gap chamber(sTGC) for the ATLAS new small wheel muon
upgrade. My task was to perform production quality control test for the sTGC.
The LHC will upgrade to High-Luminosity (HL-LHC) in 2026 for collecting pp
collision data with total integrated luminosity up-to 3000 f6=1. This will allow
a precise determination of both the magnitude and the sign of the top quark

Yukawa coupling.
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Misk A Appendices

A.1 List of variables included in the training of the BDT

Variable name tt VV ttW tHq Description

DT min X - X X pr of softest lepton

ERiss | o - X - - Ratio between ER and Hry

n(No-b-jet) max - - X - Maximum 7 value among non-
b-tagged jets.

Episs X X X X s,

Y;charge(;) X X X X Sum of lepton charges.

E_pt X X X X Yi(E7 +p7y,)

myg(WW) X - X X Mass of a candidate Higgs Bo-
son when decays to a pair of W
bosons.

Am(Z,00) X X X - Difference between the invariant
mass of /¢ and the mass of the Z
boson.

AG(PHs o) - - X - A¢ between @15 and lo

N (non-b-jet) - X - X Number of non b-tagged jets.

N (central-jet) X X X Number of central jets.

N (b-jet) X X X - Number of b-tagged jets.

m(Jjs) - - - X Mass of the spectator jet.

E(js) - - - X Energy of the spectator jet.

pr(Js) - - - X pr of the spectator jet.

X2 (m(€i, €5 top ) min X X X - Minimum x? value between the
masses of top candidates given by
the combination of leptons.

m(?, £)top X X X - Invariant mass between two lep-
tons giving best top visible mass

Hry - X - X Hrp.
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Table A.1: List of variables included in the training of the BDTs. The x indicates
in which BDTs the variable is used

Variable name tt VV ttW tHq Description

Hr(00) X - X X Sum of the transverse momentum
of the two leptons.

Hr(jets) X - X - Sum of the transverse momentum
of the jets.

m(jet, jet)w - X X X Mass of the best two jet candi-
dates for the W boson.

m(jet, jet)top X X X X Mass of the best top quark candi-
date from jets.

m(la, jets) X X X X Invariant mass of ¢y and jet,.

m(l, jet,) X X - X Invariant mass of /5 and jet;..

m(ly, jety) - - - X Invariant mass of ¢; and jet,.

m(ly + lo, jety) - - X - Invariant mass of both leptons
and jet,.

m(ly + lo,jet, +jety) - - X X Invariant mass of both leptons,
the leading jet and the second jet.

m(ly + lo, jet;) X - - - Invariant mass of both lepton and
the jet;.

m(jet, + jetsy) - X X X Invariant mass of the leading jet
and the second jet.

m(ly + o) X X X X Invariant mass of both leptons.

Prw4 X X - - Fourth Fox—Wolfram moment.

Prwi - - X - First Fox—Wolfram moment.

Lepton flavours X - - - Identification of the flavour of the
leptons.

ep-events X X - - Identification of the events epu.

ee-events - X X X Identification of the events ee.

AR(non-b-jet, () - - - X AR between the ¢, and its closest
non b-jet.

A R(non-b-jet, {5) - - - X AR between the /5 and its closest
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Table A.1: List of variables included in the training of the BDTs. The x indicates
in which BDTs the variable is used

Variable name tt VV ttW Description

AR(ly, b-jet) X X - AR and An between £y
An(ly, b-jet) X X - and the its closest b-jet.
m(b-jet, js) - - X Invariant mass, AR, An
AR(b-jet, js) - - X between the spectator jet
An(b-jet, js) X - - and the leading b-jet.
AR(ly,b-jet) X X - AR and An between

An(ly, b-jet) X X - ¢, and its closest b-jet.
AR, 5¢) X - - AR and An between the leading.
An(l, jr) - - - jr and its closest lepton.
Ap(L,0) - - X A¢p, AR, An.

AR((,0) X - X AR between the two leptons.
An(L, £) - - - An

b-scorey X X DLI1r score of leading b-jet
b-scorey X X X DL1r score of second b-jet
b-scores X X DL1r score of third b-jet
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