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Measurement of the tt̄H Production Cross-Section in the
Non-Resonant Four Lepton Final State in pp Collisions at√

s = 13TeV with the ATLAS Detector

Abstract

This thesis presents the measurements of the associated production of a top quark pair with
a Standard Model Higgs boson in multi-lepton �nal states, focusing on the measurement
of the inclusive cross-section in the 4‘ channel. The analysis uses the full Run 2 data set,
corresponding to an integrated luminosity of 140 fb�1, collected in proton-proton collisions
at a centre-of-mass energy of

√
s = 13 TeV. The analysis covers six �nal states, de�ned

by the number and 
avour of charged-lepton candidates. Machine learning techniques are
used for all channels to improve signal sensitivity. Leading prompt background contributions
from t�tZ, t�tW , and diboson production are constrained by additional regions populated with
those backgrounds. Moreover, contributions from fake and non-prompt leptons are estimated
using data-driven methods such as the fake factor or template method. The observed signal
strength, the ratio of the measured signal yield over the Standard Model prediction, is
extracted using a pro�le likelihood �t. For the 4‘ channel, the observed signal strength is

�t�tH = 0:53+0:67
�0:53 = 0:53+0:66

�0:51 (stat.)
+0:13
�0:13 (sys.) ;

corresponding to an observed (expected) signi�cance of 0:95� (1:80�). The measured signal
strength for the combination of all six channels is

�t�tH = 0:63+0:20
�0:19 = 0:63+0:17

�0:16 (stat.)
+0:11
�0:10 (sys.) :

It corresponds to an observed (expected) signi�cance of 3:3� (5:3�). The measured inclusive

cross-section is found to be 321+102
�99 fb. The compatibility is 7:2 % with the Standard Model

prediction of 507+35
�50 fb. The signal strength is also measured in bins of the Higgs boson

transverse momentum and demonstrates a compatibility of 28 % with the Standard Model

prediction.





Messung des tt̄H Wirkungsquerschnitts im Nicht-Resonanten
Endzustand mit vier Leptonen in pp-Kollisionen bei

√
s = 13TeV

mit dem ATLAS Detektor

Zusammenfassung

Diese Arbeit beschreibt die Messung der assoziierten Produktion von einem Top-Quarkpaar
mit einem Standardmodell Higgs Boson in Multi-Leptonen Endzust�anden, mit einem Fokus
auf die Messung des inklusiven Wirkungsquerschnitts im 4‘ Kanal. Die Analyse verwendet
den Run 2 Datensatz, welcher einer integrierten Luminosit�at von 140 fb�1 entspricht und in
Proton-Proton-Kollisionen bei einer Schwerpunktsenergie von

√
s = 13 TeV aufgenommen

worden ist. Die Analyse deckt sechs Endzust�ande ab, die durch die Anzahl und Flavour der
geladenen Leptonen Kandidaten de�niert sind. Techniken des maschinellen Lernens werden
in allen Kan�alen angewendet, um die Signalsensitivit�at zu erh�ohen. Die wichtigsten Unter-
gr�unde entstehen durch die t�tZ, t�tW , und Diboson Produktion, welche durch zus�atzliche
Analyseregionen abgesch�atzt werden. Weiterhin werden Beitr�age von Fake und Non-Prompt
Leptonen mit auf Daten basierten Methoden, wie etwa der Fake Factor oder Template Me-
thode, abgesch�atzt. Die beobachtete Signalst�arke, das Verh�altnis des gemessen Beitrages von
Signal im Verh�altnis zur Vorhersage des Standardmodells, wird von einem Pro�le-Likelihood-
Fit bestimmt. F�ur den 4‘ Kanal betr�agt die beobachtete Signalst�arke:

�t�tH = 0:53+0:67
�0:53 = 0:53+0:66

�0:51 (stat.)
+0:13
�0:13 (sys.) ;

was einer beobachteten (erwarteten) Signi�kanz von 0:95� (1:80�) entspricht. Die gemessene
Signalst�arke f�ur die Kombination aller Kan�ale betr�agt:

�t�tH = 0:63+0:20
�0:19 = 0:63+0:17

�0:16 (stat.)
+0:11
�0:10 (sys.) :

Dies entsprechend einer beobachteten (erwarteten) Signi�kanz von 3:3� (5:3�). Der inklu-

sive Wirkungsquerschnitt betr�agt 321+102
�99 fb. Die Kompatibilit�at mit der Standardmodell-

Vorhersage von 507+35
�50 fb betr�agt 7:2 % Die Signalst�arke wird zus�atzlich in Werten des trans-

versalem Impulses des Higgs Bosons gemessen und zeigt eine Kompatibilit�at von 28 % mit

der Standardmodell-Vorhersage.





Contributions by the Author

The Atlas collaboration has approximately 6 000 members and 3 000 scienti�c au-
thors who work on multiple aspects of the Atlas experiment. The maintenance and
operation of the Atlas experiments involve several groups, highly specialised for
speci�c tasks. However, detector operation and quality checks of the collected data
are not the only tasks. Other groups work on optimising reconstruction methods for
physics objects, such as electrons, muons, and jets, providing recommendations for
analyses. Other work on tool and framework development for statistical analysis.
The latter requires predictions, which are realised with Monte Carlo simulations of
high-energy collisions. The production of Monte Carlo samples is done centrally.

Each analysis uses data and simulated samples by applying speci�c cuts or addi-
tional event information or variables. All of the previously mentioned �elds are so
extensive that it would be impossible for a single person to manage them. This
is also true for the analysis, which is performed by a roughly �fty-member team.
Therefore, the contributions of the author are summarised brie
y.

The author is part of the t�tH multi-lepton analysis and is the leading analyst of
the non-resonant t�tH → 4‘ channel. This work involves the production of smaller
channel-speci�c Monte Carlo samples, often called N-tuples. They include additional
variables for the training of a dense neural network for signal and background event
separation. Optimisation steps to choose the lepton de�nition in the 4‘ channel are
made by the author, together with the training and evaluation of a dense neural net-
work. The latter is used to design signal and control regions for statistical analysis.

The author designed additional control regions to estimate fake lepton backgrounds
and include them in the statistical analysis. Extensive studies of the �t model were
conducted. The work is documented in an internal Atlas note, providing more
detail1. The author participated in the main N-tuple production of the t�tH multi-
lepton analysis, improving parts of the production procedure. Furthermore, the
author included and evaluated PDF-related uncertainties for the analysis.

The analysis strategy and fake background estimation of channels other than the

1The internal note can be found on the Cern document server: https://cds.cern.ch/record/

2874777. It is not publicly accessible.
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4‘ channel are described brie
y in Section 6.3 to Section 6.6 and in Section 7.2 to
Section 7.4. The 3‘ channel was analysed by David Munoz Perez and Lorenzo Var-
riale, and the 2‘SS+0�had by Chen Jia and Jialin Li. The 2‘SS+1�had channel was
analysed by Nello Bruscino and Luca Martinelli. Wei-Ming Yao and Babar Ali mainly
contributed to the 2�had channels. Alberto Carnelli studied the CP interpretation,
while Vera Maiboroda performed the Higgs transverse momentum reconstruction for
the STXS setup. Gianna Loeschcke Centeno combined all analysis channels.

Besides the work on the t�tH multi-lepton analysis, the author contributed to the
inner detector radiation damage group by studying the impact of radiation damage
to the pixel end-caps. Other contributions were part of developing the Prompt Lep-
ton Isolation Tagger (PLIT) for Run 3. The author worked on software building for
modelling and validation studies for the PLIT application to electrons.
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CHAPTER1

Introduction

Hypothesis: All swans are white.
Initial Condition: There are swans at the lake.
Basic Statement: The swans at the lake are white.
Observation: There are black swans at the lake.

Common falsi�ability example.

The term physics originates from the Greek word ph�usis and means origin, nature,
and property. The discipline of physics has its origins in ancient Greek philosophy,
with notable achievements such as the measurement of the earth's circumference
by Eratosthenes and the formulation of the Archimedes' principle by Archimedes.
Other notable mathematical ones are Pythagoras's theorem and Thales's theorem.

The �rst formulation of modern-like epistemology as the foundation of modern
physics was established during the Renaissance with two established approaches,
rationalism and empiricism1. The most notable representative of the former idea
is Ren�e Descartes, most famous for his work inMeditationes de Prima Philosophia
marking the starting point for modern philosophy and, therefore, science. While ra-
tionalism uses reasoning to �nd truth, empiricism relies on experience or experiments.
A notable �gure arguing in favour of experiments was Francis Bacon2. The di�erent
approaches might resemble discussions on the relationship between theoretical and
experimental physics. Both approaches are necessary and have demonstrated huge
success, especially in combination. The �rst and most famous successful interplay
was achieved with the formulation of Newton's law of motion by Isaac Newton in

1There is also idealism.
2According to a legend, Francis Bacon died of pneumonia due to an experiment, attempting to

extend the shelf life of chicken using snow.

1



2 Chapter 1. Introduction

1678 using mathematical descriptions and empirical data collected from astronomi-
cal objects.

The opening quote describes an application of the method introduced by Karl Pop-
per, using the famous black swan example. Karl Popper attempted to deal with the
problem of induction3 and demarcation, unanswered by rationalism and empiricism.
In his book Die Logik der Forschung [1, 2]4 he demonstrates the inability of the
induction method to generalise from certain observation. From observing a single
white swan, one may not conclude that all swans are white. Furthermore, Popper
introduces the method of falsi�ability, e�ectively inverting the previous statement.
Therefore, scienti�c theories can be proven to be incorrect rather than con�rmed as
true. Besides avoiding the application of induction, falsi�cation provides criteria to
distinguish scienti�c methods from pseudoscienti�c or non-scienti�c, dealing with the
demarcation problem. Another crucial step is the formulation of basic statements
derived from the hypothesis and giving rise to possible observations. In the opening
quote, the hypothesis Àll swans are white.̀ is a theory which allows, under certain
initial conditions, that describes an explicit situation, to deduce a basic statement
that there is a white swan at noon at a lake. This basic statement can be tested. The
set of basic statements may contain the fact that this particular swan at the lake is
white or black. Observing the latter would immediately falsify the mentioned theory.

In the same spirit of progressively improving predictions in interplay with measure-
ments, therefore following the method of falsi�cation, the Standard Model of particle
physics is formulated. It is the state-of-the-art theoretical description of three out of
four fundamental forces and is the result of over seventy years of research. Two of
the latest additions to the Standard Model are the top quark and the Higgs boson.
The former was predicted by Makoto Kobayashi and Toshihide Maskawa in 1973 [3]
attempting to explain observed CP violation by introducing a new quark generation.
In 1995, the top quark was discovered by theCDF and D; collaborations at the
Tevatron [4, 5]. The Higgs boson was independently predicted in 1964 by Peter
Higgs and two research groups: Fran�cois Englert and Robert Brout from the Univer-
sit�e Libre de Bruxelles and Thomas Kibble, Carl Hagen, and Gerald Guralnik from
the Imperial College in London. The introduction of the Brout-Englert-Higgs mech-
anism [6{9] explains the presence of massive gauge bosons and predicts the existence
of the Higgs boson. In 2012, theAtlas and CMS collaborations discovered the
Higgs boson at theLhc [10{12]. With the discovery of new particles, the question of
their properties came up. There were multiple theoretical candidates with di�erent
properties: the Higgs boson is a spin-1 or spin-2 particle. Others are: the electro-
magnetic charge of the top quark isq0 = � 4=3. The former can be tested against
the spin-0 hypothesis with H ! ZZ � ! 4`, H ! WW � ! `�`� , and H ! 


events and their impact on kinematic observables. The spin-1 and spin-2 hypotheses

3Not to be confused with mathematical induction, in German: vollst•andige Induktion .
4There is also an English version, translated by Karl Popper in 1959.
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were excluded and therefore falsi�ed [13]. The di�erent charge scenarios for the top
quark, namely electromagnetic charge ofq = 2=3 or q0 = � 4=3, are tested with single-
lepton t �t events. The analysis strategy attempts to identify the b-jet 
avour and the
decay origin, either to be the leptonically or hadronically decaying top quark. The
q0 = � 4=3 hypothesis was falsi�ed [14].

However, it is not only the properties of the individual particles that are subject
to measurements. The Yukawa interaction between the Higgs boson and the top
quark is particularly interesting and can be tested with t �tH events. It allows fur-
ther exploration of the Higgs mechanism properties and vacuum stability. There are
several analysis strategies targeting di�erent Higgs boson decay modes. This thesis
presents thet �tH multi-lepton analysis [15] with a special focus on the non-resonant
t �tH ! 4` channel. The multi-lepton analysis predominantly targets Higgs boson de-
cay modes to heavy gauge bosons with subsequent decay to leptons and decay modes
to tau leptons with subsequent hadronic decay. The analysis is split by the number
of light leptons and hadronically decaying taus, providing unique multi-lepton �nal
states. The t�tH multi-lepton analysis includes measurements of the inclusivet �tH
production cross-section and measurements of thet �tH production cross-section in
bins of the Higgs boson transverse momentum using theSimpli�ed Template Cross
Sections (STXS) approach. Furthermore, studies on the CP properties of the Higgs-
top-top coupling are conducted.

This thesis is organised as follows. The Standard Model of particle physics is in-
troduced in Chapter 2. It provides information on the mathematical foundation
of the Standard Model with special attention on quantum chromodynamics, elec-
troweak uni�cation, and the Brout-Englert-Higgs mechanism. A description of the
Higgs boson and the top quark and their properties, production, and decay modes
follows. The last section of the chapter is dedicated to the speci�cs of thet �tH pro-
duction. The simulation of high-energy particle collisions is described in Chapter 3,
presenting the essential steps of the simulation chain. It also describes and sum-
marises the simulated samples used in thet �tH multi-lepton analysis. The Large
Hadron Collider and the Atlas detector are introduced in Chapter 4. The latter
includes information about the various subdetectors and the trigger system. The
impact of radiation damage to the pixel end-caps is discussed in the last section of
Chapter 4. The various reconstruction methods for analysis objects are addressed
in Chapter 5 with special attention given to the lepton reconstruction as they play
a signi�cant role in the t �tH multi-lepton analysis. The analysis strategy of the t �tH
multi-lepton analysis is presented in Chapter 6. It provides the analysis channel
de�nitions and information about multivariate analysis techniques and their appli-
cation for the channels. The 4̀ channel is discussed with particular attention, while
an additional summary is given for the remaining channels. The estimation of fake
backgrounds is discussed in Chapter 7. It starts with the various sources of fake lep-
tons and moves on to estimation methods. The chapter emphasises the 4` channel
and provides an overview of the remaining channels. The di�erent sources of system-
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atic uncertainties and their implementation in the statistical analysis are presented
in Chapter 8. The methods for the statistical analysis are shown in Chapter 9. It
includes studies on the �t model of the 4̀ channel and results on the measured signal
strength. Additionally, the combined result of all channels for the inclusive t �tH pro-
duction cross-section and production cross-section in STXS bins of the transverse
momentum of the Higgs boson are presented. Chapter 10 summarises the results
presented in this thesis and provides an outlook.



CHAPTER2

The Standard Model of Particle Physics
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Figure 2.1: An overview of the particle content of theSM. The mass, electromagnetic
charge, and spin values are shown for each particle. The values are taken from
Ref. [16].

The Standard Model of Particle Physics (SM) [17{28] is the leading theory describ-
ing three out of four fundamental forces and is, therefore, the foundation for every
analysis in the �eld of particle physics. The mathematical description of the SM

5



6 Chapter 2. The Standard Model of Particle Physics

is a quantum �eld theory with interactions generated by applying gauge invariance
under three gauge groups SU (3)C � SU (2)L � U (1)Y representing the three out of
four fundamental forces. Next to the mathematical description, theSM arranges the
discovered particles by their quantum numbers and subsequently by their coupling
behaviour, illustrated in Figure 2.1.

The SM is divided into fermions with half-integer spin and obeying Paulis exclusion
principle and Fermi-Dirac statistics and into bosons obeying Bose-Einstein statistics
and carrying integer spin. There are four vector bosons with spin one and subject
to three di�erent fundamental forces. The term vector boson characterises the inter-
action type. The photon is massless and mediates the electromagnetic force known
from classical electrodynamics. The bosons associated with the weak interaction,
with the charged ones mediating nuclear decays, are the massiveZ and W bosons.
Unlike Z bosons, theW bosons carry an electromagnetic charge of� 1. The eight
gluons are mediators of the strong interaction, explaining atomic nuclei binding. Like
the photons, they are massless but carry colour charge and can couple to each other
directly. The Higgs boson is the only fundamental particle with spin zero called a
scalar boson. It is a massive particle and is predicted by the Brout-Englert-Higgs
mechanism [6{9], explaining massive weak gauge boson �elds. It was discovered by
the Atlas and CMS collaborations at the Lhc in 2012 [10{12].

Fermions are called matter particles since all visible matter is composed of them. All
fermions of theSM have one-half spin and are characterised by their coupling nature
into two categories: the �rst one describes the quark-sector having six quarks and
six anti-quarks with all of them carrying colour-charge and therefore being subject
to the strong interaction. The quarks are grouped into three generations, with each
generation including one up-type quark with an electromagnetic charge ofq = 2

3
and a down-type quark with q = � 1

3 . The up-type quarks per generation are up,
charm, and top with increasing generation, and down, strange, and bottom for the
down-type quarks, respectively. As a result of the gluon self-coupling, quarks can not
be observed as bare particles but will form colourless hadrons due to quark con�ne-
ment. Hadrons are further classi�ed based on their quark and quark 
avour content:
baryons contain three (anti-) quarks, while mesons are made of a quark and anti-
quark1. The most prominent examples of baryons are protons (uud) and neutrons
(udd). These stable particles2 form ordinary matter like atomic nuclei. The lightest
mesons are pions

�
� � ; � 0

�
with quark content of the �rst generation and average

1There are tetraquarks which contain four quarks. The Zc (3900) was measured by the Belle
collaboration [29] and the X (4140) was observed by the lhc b collaboration [30]. Furthermore,
there are pentaquarks, which contain �ve quarks. Like the charmonium-pentaquark P +

c observed
by the lhc b collaboration [31] in 2015.

2Some theories predict proton decays. However, these theory predictions are not successful during
experiments or predict a lifetime in the order of the universe's age. A free neutron has an average
lifetime of some seventeen minutes. However, neutrons can decay to protons via� -decay even in
bound states like atomic nuclei.
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lifetime of � � � � 2:6 � 10� 8 s [16] and � � 0 � 8:43 � 10� 17 s [16]. From a collider
physics perspective, the charged pions can be considered stable. Mesons containing
at least one b-quark, such asB 0

d, B �
d , or B �

s , play an important role in identifying
b-jets due to their long lifetime, which turns out to be especially important in top-
quark physics. The application of b-jet tagging is described in Section 5.2.5.

Leptons are the second category of fermions and are not subject to strong inter-
actions since they do not carry a colour charge. They are divided into three gener-
ations with one charged lepton and corresponding uncharged lepton. The charged
lepton per generation is called electrone, muon � , and tau � with increasing mass
per generation. The uncharged leptons are called neutrinos and are associated with
their charged lepton. Per generation they are electron neutrino� e, muon neutrino
� � , and tau neutrino � � . The higher-generation charged leptons are unstable and
will subsequently decay into stable particles like electrons. Since the charge leptons
carry an electromagnetic charge, they can exchange photons, while neutrinos only
couple via the weak interaction. In the SM, neutrinos are considered to be massless.

Not all phenomena can be explained by theSM. Most notable is the exact na-
ture and properties of dark matter and the large discrepancy between matter and
anti-matter abundance in the universe. Further problems are the inclusion of gravity
as an additional fundamental force and the masses of the neutrinos. Other problems
are aesthetic ones, such as the hierarchy problem.

Section 2.1 introduces the local gauge invariance principle, explaining the fundamen-
tal symmetries of the SM. The theoretical description of the local gauge symmetry
leading to the mathematical description of the strong interaction is presented in Sec-
tion 2.2. The introduction to the Brout-Englert-Higgs mechanism is in Section 2.3,
providing an overview of the mathematical description of the electromagnetic uni-
�cation and necessity for the Brout-Englert-Higgs mechanism to generate massive
gauge bosons. The various properties of the top quark, together with a description
of the di�erent production and decay modes of top quark pairs, are described in
Section 2.5. The last Section 2.6 is dedicated to the signal process, top quark pair
production in association with a Higgs boson, describing motivation, properties, and
three primary analysis approaches for measurements. The multi-lepton approach is
discussed in this thesis.

2.1 Introduction to the SM

The SM Lagrange density L SM is given by the sum of the Lagrange density for
quantum chromodynamics L QCD , describing the strong interaction, and the La-
grange density L EW , describing the uni�ed electroweak interaction, together with
the Brout-Englert-Higgs mechanism:

L SM = L QCD + L EW : (2.1)
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The Lagrangian is composed of various parts which describe free �elds. The fermionic
�elds  have to satisfy the Dirac Lagrange density

L fermion = i � 
 � @�  � m �  ; (2.2)

implying that free �elds correspond to mass eigenstates. Interactions are introduced
by enforcing gauge invariance under a local gauge group, following Noether's theo-
rem [32]. These are realised by special unitary groups SU (N ) (U (1) for N = 1) with
the transformation behaviour U = exp ( ig� aTa) and generatorsTa. The generators
ful�l commutation relations [ Ta; Tb] = if c

abTc with f c
ab as the structure constants. The

Lagrangian in Equation 2.2 is only invariant under transforming the �elds  ! U 
by replacing the derivative with the covariant derivative

@� ! D � = @� + igA a
� Ta; (2.3)

with Aa
� as the newly introduced gauge �elds with an additional kinematic term.

The number of needed gauge �elds to compensate for the additional free parameters
is equal to the number of generators of the local gauge group. The coupling strength
between the gauge and fermionic �elds is re
ected in the coupling strengthg. The
SM Lagrange densityL SM is invariant under three local gauge groups

GSM = SU (3) C � SU (2)L � U (1)Y ; (2.4)

with SU (3) C corresponding to quantum chromodynamics (QCD ) and strong inter-
action, and SU (2)L � U (1)Y to the uni�ed electromagnetic and weak forces. The lat-
ter also requires introducing the Brout-Englert-Higgs mechanism to describe massive
gauge bosons since the local gauge principle forbids mass terms associated with gauge
�elds. Furthermore, fermion masses are explained via Yukawa coupling between the
Higgs boson and fermions. The local gauge groups of theSM are renormalisable and
predict �nite cross-sections.

2.2 Quantum Chromodynamics

Quantum chromodynamics (QCD ) [33{36] is the underlying description of the strong
interaction and is based on the local gauge group SU (3)C acting on the �rst part
of the SM Lagrangian from Equation 2.1 and is given after replacing the derivative
with the covariant one by:

L QCD =
X

q

� q;a
��

i
 � @� � mq
�

| {z }
quark propagator

� ab � gS
 � � C
abG

C
�| {z }

quark gluon interaction

�
 q;b �

1
4

Gk
�� G��

k
| {z }

gluon propagator

: (2.5)

The �rst part of the Lagrangian is similar to Equation 2.2 since quarks are spin one-
half fermions with massmq. The sum runs over all quarks 
avours q = ( u; c; t; d; s; b)
and a = ( r; g; b) denotes the three colour states calledred, green, and blue and ex-
plains the subscript of the local gaugeC standing for colour. Anti-quarks carry
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corresponding anti-colours, while gluons carry both colour and anti-colour. Interac-
tion is introduced by the second part of Equation 2.5 and describes a vector coupling
structure with gluon �elds GC

� with C = (1 ; : : : ; 8) as the colour index. The coupling
term includes the generators� ab of the local gauge group SU (3)C are given by the
Gell-Mann matrices [37] and describes how interaction of gluons rotates the colour
state of quarks within the SU (3)C colour space. The interaction includes all three-
point vertices between quark, anti-quark, and gluon (q�qg) with no 
avour change for
quarks while preserving colour charge. The last term of Equation 2.5 includes the
�eld strength tensor Ga

�� for gluon �elds Ga
� de�ned as

Ga
�� = @� Ga

� � @� Ga
� � gSf abcGb

� Gc
� ; (2.6)

with indices a; b; c = (1 ; : : : ; 8) and f abc as the structure constant for the SU (3),

obtained by the commutators
h
� a; � b

i
= 2 if abc� c. Since the commutator is non-

zero, SU (3) is called a non-Abelian Lie group. Next to the description of the free
gluon �eld propagation, the term gives rise to the gluon self-interaction mediated by
three- and four-point gluon vertices. The coupling strength is given bygS =

p
4�� S

with the strong coupling constant � S. In perturbation theory calculations, self-
interaction and loop corrections may cause divergences, leading to non-�nite results
for cross-section and making any physical interpretation unreasonable. There are
two types of divergences:

ˆ infrared divergences caused by either a virtual or real particle reaching zero
momentum or if a massless particle emits another massless particle causing
collinear divergences,

ˆ ultraviolet divergences caused by large momenta in loop corrections for the
calculation of amplitudes for a speci�c process.

The former are cured by the Kinoshita-Lee-Nauenberg theorem [38, 39] and the in-
troduction of a factorisation scale � f . The factorisation scale plays an important
role in calculating processes involving initial state hadrons and will be further dis-
cussed in Chapter 3.1. The latter is resolved by introducing an energy-scale depen-
dence � r [24{26], called renormalisation scale, and evaluating the strong coupling
at this scale � S

�
� 2

r

�
and turn the coupling constant into a running coupling. It is

characterised by the renormalisation group equation [40{44] with the perturbative
expansion of the so-calledbeta function � (� S) as

� 2
r

d� S

d� 2
r

= � (� S) = �
�

b0� 2
S + b1� 3

S + b2� 4
S + : : :

�
; (2.7)

with bi determined by the i -loop � -function coe�cient. Considering only the leading
order contribution � b0� 2

S with b0 = 11nc � 2n f
12� and the number of quark 
avours nf

and number of coloursnc, Equation 2.7 can be solved, showing the dependence of
� S on the renormalisation scale� 2

r with respect to a reference scaleQ2:

� S

�
� 2

r ; Q2
�

=
12�

�
11nc � 2nf

�
ln

�
� 2

r=Q2
� : (2.8)
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Figure 2.2: A summary of various measurements [46{62] for� S as a function of the
energy scaleQ. The accuracy in perturbative QCD is given in parentheses. This
�gure is taken from Ref. [16].

The running coupling constant from Equation 2.8 decreases for large energy scales
� 2

r , making it possible to use � S as an expansion parameter for Feynman graph
calculations. This property is called asymptotic freedom[22]. For low energy scales,
the coupling increases and grows larger than unity. At those scales, the property of
con�nement is observed [45]. Multiple measurements are combined in Figure 2.2 to
show the behaviour of the running constant as a function of the energy scaleQ. The
scale marking the breakdown of perturbation theory is called �2QCD or Landau pole.
The exact value depends on the used renormalisation scheme and approximation of
the � -function from Equation 2.7.

2.3 Electroweak Uni�cation and Higgs Mechanism

The electroweak uni�cation combines the electromagnetic interaction and weak in-
teraction into a single theory based on the local gauge symmetry groups SU (2)L �
U (1)Y . The �rst part of the local gauge symmetry SU (2)L requires rearranging
fermions from the SM according to their chirality. Every fermion �eld  can be
decomposed into a left-chiral �eld  L and right-chiral �eld  R using the chirality
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operator 1
2

�
1 � 
 5

�
with 
 5 = i
 0
 1
 2
 3:

 L =
1
2

�
1 � 
 5

�
 and  R =

1
2

�
1 + 
 5

�
 : (2.9)

Using the chirality operator, fermions can be grouped into doublets of left-handed
particles with weak isospin I = 1

2 and right-handed singlets with weak isospinI = 0:
 

u
d

!

L

 
� e

e

!

L

 
c
s

!

L

 
� �

�

!

L

 
t
b

!

L

 
� �

�

!

L

(2.10)

uR ; dR ; eR cR ; sR ; � R tR ; bR ; � R :

In the SM, there are no right-handed neutrinos3. Therefore, they are not listed in
Equation 2.10. The generators of the local gauge group SU (2)L are given byT̂i = � i

2
with � i =1 ;2;3 as the three Pauli matrices. Like the local gauge group SU (3)C , the
weak interaction SU (2)L is also non-Abelian. The transformation group only acts
on the weak-isospin doublet and acts trivially on the weak-isospin singlet, explaining
the subscript of the gauge groupL subscript for left. The parity-violating nature of
the weak interaction is motivated by experiments like the Wu experiment [63] and
for neutrinos from the Goldhaber experiment [64]. The second part of the gauge
group is an Abelian local gauge U (1)Y and introduces the hyperchargeY being
connected to the electric chargeQ and third component of the weak isospinI 3 via
the Gell-Mann Nishijima formula:

Y = 2 � (Q � I 3) : (2.11)

The Glashow-Weinberg-Salam mechanism describes the electroweak uni�cation, com-
bining the electromagnetic force and weak force into a single gauge group mechanism:
gauge invariance is achieved by replacing the derivative in Equation 2.2 with the co-
variant derivative D � :

@� ! D � = @� � ig
3X

i =1

T̂i W i
� � ig0Y

2
B � ; (2.12)

with the coupling strength g and g0 for the gauge group SU (2)L and U (1)Y , respec-
tively. The gauge �elds are given by W i =1 ;2;3

� and B � . The four �elds associated
with the four vector bosons of the electroweak interactionW + , W � , Z , and 
 are
constructed as linear combinations of the gauge �elds. The formalism of gauge in-
variance forbids any mass-related terms like� m2W i

� W i;� since it would spoil local
gauge invariance. Therefore, the Glashow-Weinberg-Salam mechanism predicts the
mass of the weak gauge bosonsW and Z to be zero, in sharp contrast to experi-
mental results from the UA1 and UA2 experiments [65{68]. The most precise weak
boson masses aremW = 80:37 GeV [16] andmZ = 91:18 GeV [16].

3Furthermore, right-handed neutrinos do not interact either with photons, since they are electri-
cally neutral, or with the Z boson as the weak isospin is zero.
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Im ( � )
Re (� )

V (� )

Figure 2.3: The Higgs potential with parameters � > 0 and � 2 < 0. Due to its
distinctive shape, it is sometimes calledmexican-hat or champagne-bottlepotential.

A solution to generate massive gauge bosons is provided by the Brout-Englert-Higgs
mechanism, introducing an additional isospin doublet of complex scalar �elds called
the Higgs �eld

� =

 
� +

� 0

!

=
1

p
2

 
� 1 + i� 2

� 3 + i� 4

!

; (2.13)

and adding kinematic terms and a potential term called Higgs potential to the elec-
troweak Lagrangian. The potential is given by

V (� ) = � 2� y� + �
�

� y�
� 2

; (2.14)

the free parameters� > 0 and � 2 < 0 are chosen to get a non-zero vacuum expec-
tation value � 2 = � � 2=� resulting in a broken gauge symmetry for the electroweak
sector calledspontaneous symmetry breaking. The Higgs potential with chosen pa-
rameters and minimum is shown in Figure 2.3. Afterspontaneous symmetry breaking
occurred, the Higgs �eld in the unitary gauge is

� =
1

p
2

 
0

� + h

!

; (2.15)

with the vacuum expectation value � and the real-valued scalar �eld h as the physical
Higgs �eld, with excitations being the Higgs boson. The full Lagrangian of the
electroweak interaction after enforcing gauge symmetry andspontaneous symmetry
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breaking is given by

L EW =
X

i

� i
�
i
 � @� � mi

�
 i

| {z }
fermion kinematics

�
1
4

B �� B �� �
1
4

W k
�� W ��

k
| {z }

gauge �eld kinematics

�
X

i

qi � i 
 �  i A �| {z }
electromagnetic current

�
X

i

g

2
p

2
� i 
 �

�
1 � 
 5

� �
T+ W +

� + T � W �
�

�
 i

| {z }
weak charged current

�
X

i

g
2 cos (� W )

� i 
 �
�

gi
V � gi

A 
 5
�

 i Z �

| {z }
weak neutral current

+ jD � hj2
| {z }

Higgs kinematics

� V (h)
| {z }

Higgs potential

�
X

i

� i
mi h

�
 i

| {z }
Yukawa coupling

:

(2.16)

The individual sums run over all fermion types. The Lagrangian includes all kine-
matic terms for the fermion, gauge boson, and Higgs �eld, as well as interaction
terms, revealing possible coupling vertices and coupling types.

The electromagnetic current is a vector coupling proportional to a fermion's elec-
tromagnetic charge qi . The electroweak charged current includes the left-handed
chirality operator, characterising it as a vector axial vector coupling and ensuring
only coupling with left-chiral fermions and right-chiral anti-fermions. The coupling
includes weak isospin ladder operatorsT � connecting the weak isospin partner of
doublets during the interaction. For the lepton sector, the connection between the
isospin partners only occurs within the same doublet, which is not valid for the
quark sector. The observed mass eigenstates of quarks di�er from the 
avour eigen-
states during weak interaction. The transformation between the mass eigenstates
and 
avour eigenstates is given by a rotation matrix called the Cabibbo-Kobayashi-
Maskawa matrix (CKM matrix):

0

B
@

d0

s0

b0

1

C
A =

0

B
@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

C
A

0

B
@

d
s
b

1

C
A : (2.17)

The CKM matrix is unitary and describes the transition probability between quark
generations. Since the CKM matrix is almost diagonal, the preference is to stay in
the same generation. The weak charge current from Equation 2.16 is multiplied in
the case of quarks by the corresponding CKM matrix element from Equation 2.17.
Furthermore, in Equation 2.16, the physical �elds are used, de�ned as linear combi-
nations of the gauge �eldsW � = 1p

2

�
W 1 � W 2

�
. The weak neutral current also in-

cludes a chirality operator-like structure with vector component gV and axial-vector



14 Chapter 2. The Standard Model of Particle Physics

component gA . The axial vector component is connected to the third component
of the weak isospinI 3, while the vector component is additionally connected to the
electromagnetic charge and the weak mixing angle� W , also known as the Weinberg
angle:

gV = I 3 � 2qi sin (� W ) and gA = I 3: (2.18)

If both components are of unit value, the coupling is maximally parity violating
like for the weak charged currents. However, for the weak neutral current, the cou-
pling for right-chiral particles is purely vectorial, while for left-chiral particles, both
vector and axial-vector components contribute. The di�erent coupling behaviour
and strength can be, for instance, measured in forward-backwards asymmetry mea-
surements [69]. The physical electromagnetic currentA � and physical weak neutral
current Z � are de�ned as a mixture of the remaining gauge �elds after symmetry
breaking:

A � = B � cos (� W ) + W 3
� sin (� W ) ;

Z � = � B � sin (� W ) + W 3
� cos (� W ) :

(2.19)

The masses of the neutral gauge bosons
 and Z are obtained from the Higgs mecha-
nism by diagonalising the mass matrix by Weinberg rotation with the corresponding
eigenvalues as the masses. The photon remains massless after symmetry breaking,
and the mass of theZ boson is given to bemZ = g�

2 cos(� W ) with g as the coupling
constant of the weak interaction. The masses ofZ and W bosons are related by
cos (� W ) = mW

mZ
and therefore mW = 1

2g� .

The last parts of the Lagrangian from Equation 2.16 are related to the Higgs boson.
From the kinematic term, possible couplings to massive gauge bosons are derived.
The Higgs potential term predicts the mass of the Higgs boson to bemH = �� .
The last term describes the coupling of the Higgs boson to fermions: Fermion mass
terms � m �  = � m

� � R  L + � L  R
�

are not invariant under SU (2)L � U (1)Y lo-
cal gauge group. However, adding the Higgs �eld preserves local gauge symmetry
since � L � R and � R �� L are SU (2)L singlets. The result is a coupling between
the physical Higgs �eld and the fermions, which is proportional to the mass of the
corresponding fermion, also called Yukawa coupling.

2.4 The Higgs Boson

The Higgs boson was discovered in 2012 by theAtlas and CMS collaborations [10{
12]. The mass of the Higgs boson is a free parameter of theSM theory and needs
to be determined experimentally. Using the Run 1 and Run 2 data set with both
H ! 

 and H ! ZZ � ! 4` decay modes, the combined result for the Higgs boson
mass is measured to be [71]:

mH = 125:11� 0:09 (stat.) � 0:06 (sys.) GeV = 125:11� 0:11 GeV: (2.20)
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Figure 2.4: On the left side, the expected production rates for several Higgs produc-
tion modes are shown as a function of the Higgs mass. The centre-of-mass energy
is �xed to be

p
s = 13 TeV. The theory precision for each production mode is also

presented together with theory uncertainties. On the right side, the branching ratios
with total uncertainties for several Higgs boson decay modes are shown as a func-
tion of the Higgs boson mass. The assumed Higgs boson masses range from 120 to
130 GeV. Both �gures are taken from Ref. [70].

Several studies of the spin and CP properties were conducted to test alternative
hypotheses to theSM prediction of a spin-0 CP-even Higgs boson. The spin-1 and
spin-2 hypotheses are excluded at a con�dence level above 97:8 % using a combina-
tion of data collected at

p
s = 7 TeV and

p
s = 8 TeV and Higgs boson decay modes

with di�erent behaviour under spin and CP. The decay modes H ! ZZ � ! 4`,
H ! WW � ! `�`� , and H ! 

 are used by theAtlas collaboration [13]. The
CMS collaboration conducted similar studies with the same conclusions [72]. The
CP nature is further studied in the H ! ZZ � ! 4` decay mode using the full Run 2
data, demonstrating agreement to the CP-even prediction [73].

The production cross-section and branching ratios for the Higgs boson can be cal-
culated from theory, assuming the values of free parameters. The cross-section for
individual production modes depends on the Higgs boson mass but also on the centre-
of-mass energy during the collision, the couplings, and parton distribution functions.
In contrast, the branching ratios of Higgs boson decay modes depend on the Higgs
boson mass, the masses of decay products and their coupling parameters. In Fig-
ure 2.4, the expected production cross-section and branching ratios are presented
for Higgs boson masses from 120 to 130 GeV. The Run 2 centre-of-mass energy ofp

s = 13 TeV is used for the cross-section. The dominant Higgs production mode at
the Lhc is the gluon-gluon fusion process. Since there is no coupling between gluons
and Higgs bosons, the leading perturbative contribution is a loop of massive parti-
cles such as top quarks or bottom quarks as depicted in Figure 2.5. The predicted
cross-section for this production mode is� (pp ! H ) = 48 :52 pb, at N3LO QCD
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and NLO EW precision [74{78].

The second leading contribution to the total Higgs boson production cross-section,
and the �rst account for direct coupling to weak gauge bosons, is the vector boson
fusion (VBF). The LO Feynman diagram is shown in Figure 2.5 and can be mediated
either by W or Z bosons. The characteristic features of VBF are two hard jets in
the forward direction of the detector with large separation in rapidity. The expected
production cross-section is more than ten times smaller than the leading gluon-gluon
fusion contribution and is calculated at NNLO QCD and NLO EW precision to be
� (pp ! qqH) = 3 :779 pb [77{82].

The third leading contribution is called Higgs-Strahlung with its LO Feynman graph
shown in Figure 2.5. The production is quark initiated and mediated by a mas-
sive weak gauge boson radiating a Higgs boson, labelled asV H with V = Z; W .
The Higgs-Strahlung production mode is sensitive to the direct Higgs boson cou-
pling to massive gauge bosons. The presence of the gauge boson decaying to lep-
tons leaves a distinct signature, suppressing multi-jet background, and provides
good opportunities to measure speci�c Higgs boson decay modes such asH ! b�b.
The production cross-section forW boson associated processes is expected to be
� (pp ! WH ) = 1 :369 pb at NNLO QCD and NLO EW precision, while the Z
boson associated production is smaller with� (pp ! ZH ) = 0 :882 pb at the same
precision in QCD and EW [77{82].

The fourth leading production mode is the Higgs boson production in association
with a top quark pair and is separately discussed in Section 2.6.

g

g

H

qq

qq

V

V

H

q

q

H

V

V

Figure 2.5: The LO Feynman graphs for the three main Higgs boson production
modes at the Lhc . On the left, gluon-gluon fusion is presented, where the loop is
mediated by a massive quark like the top quark or bottom quark. In the middle, the
LO contribution of the vector boson fusion is shown, while on the right side, the LO
Feynman graph for the Higgs-Strahlung is presented.

The Higgs boson is not stable and will rapidly decay into other particles. Therefore,
measuring Higgs boson properties can only be done indirectly by measuring decay
products and reconstructing the Higgs boson. The expected branching ratios for the
most dominant decay modes as a function of the Higgs boson mass are shown in
Figure 2.4. The decay to massive fermions and gauge bosons is favoured due to the
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larger coupling strength. With the measured Higgs boson mass from Equation 2.20,
the most dominant branching ratio is the decay to bottom quarks H ! b�b, followed
by the decay to W bosons H ! WW � . The decay to pairs of particles whose
mass is larger than half of the Higgs boson is usually suppressed since one particle
is produced o�-shell. Decays to massless bosons, such as gluons and photons, are
mediated by a loop. For the decay to gluons, the loop is mediated by massive quarks,
similar to the gluon-gluon fusion production. For the decay to photons, the loop can
be additionally mediated by massive leptons and massive weak gauge bosons. A
collection of LO Feynman graphs depicting the various Higgs boson decay modes
with branching ratios is shown in Figure 2.6.







H

W + ; Z

W � ; Z

H

b; � �

b; � +

H
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�
H ! b�b

�
� 58:2 %

BR
�

H ! � + � �
�

� 6:3 %

BR (H ! W W � ) � 21:4 %

BR (H ! ZZ � ) � 2:62 %
BR (H ! 

 ) � 0:23 %

Figure 2.6: An overview of Higgs boson decay modes with a focus on the most
important ones for the t �tH measurement presented in this work. Below the LO
Feynman graphs, branching ratios for the same decay modes are shown, assuming a
Higgs boson mass of 125 GeV. The values are taken from Ref. [70].

2.5 The Top Quark

The last addition to the quark sector of the SM is the top quark, which was dis-
covered by the CDF and D; collaborations in 1995 at the Tevatron [4, 5]. The
top quark is sorted into the up-type quarks into the third generation, making it the
isospin partner of the bottom quark. Furthermore, as the top quark is a fermion, it is
a spin one-half particle with an electric charge ofq = 2

3 as all other up-type quarks.
The top quark is with its mass of mt = 172:57� 0:29 GeV [16] the heaviest elemen-
tary particle of the SM. The large decay width of � t = 1 :42+0 :19

� 0:15 GeV [16] results
in a short lifetime of � t � 10� 25 s which is smaller than the typical hadronisation
timescale. The majority of top quarks decay before forming bound states, preserv-
ing properties like spin information and passing them down to the decay products.
Usually, such information gets lost during hadronisation. Therefore, the top quark
allows studying bare quarks. Top quarks are produced at theLhc in abundance, ei-
ther in single-top-quark production or as pairs in top-quark pair production. There
are also three and four top quark production processes. The single-top-quark one
is mediated by electroweak production processes, while the top-quark pair one is
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Figure 2.7: The four LO Feynman graphs for top quark pair production. There is
one q�q initiated process and three gluon-gluon initiated ones.

predominately mediated by QCD interactions. The pair production is the most
common production mechanism and features oneq�q initiated and three gluon-gluon
initiated processes. The LO Feynman graphs for the production of a top quark pair
are shown in Figure 2.7. The production mode depends on the initial state particles:
at the Tevatron p�p collisions are used with the consequence that� 85 % of top
quark pairs are produced byq�q initiated processes due to the presence of valence
anti-quarks in the initial state. The Lhc collides protons. Therefore, anti-quarks
are only available as sea quarks. The gluon-gluon production modes dominate, with
� 90 % of top quark pairs produced by gluon fusion. The top quark pair production
is measured by various collaborations at a wide range of available centre-of-mass
energies withp�p and pp initial states. A summary of these measurements is given in
Figure 2.8 with centre-of-mass energies ranging from

p
s = 1 :96 TeV with p�p colli-

sions at theTevatron up to
p

s = 13:6 TeV with latest Run 3 measurements at the
Lhc using pp collisions. The measured values are compared with theory calculations
at NNLO accuracy in QCD and NNLL soft-gluon resummation using Top++
2.0 [84{89]. Theoretical uncertainties arise from the choice of the renormalisation
and factorisation scales, used parton distribution functions, and uncertainties on the
strong coupling � S.

The top quark decays only via electroweak forces mediated by aW boson. Unlike
other quark decays, due to the large mass of the top quark, it is not kinematically
suppressed sinceW bosons can be created on-shell. With the CKM matrix ele-
ment jVtbj being close to unity, the top quark almost always decays to ab-quark
and a W boson. Theb-quark will eventually form a b-jet, while the W boson decay
characterises the top quark pair decay mode further into three categories:

ˆ fully hadronic is the most dominant decay mode of top quark pairs with a
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Figure 2.8: An overview of measurements of the production cross-section of top
quark pairs performed at the Tevatron and Lhc . The cross-section is shown as
a function of the centre-of-mass energy and covers a range of

p
s = 1 :96 TeV up top

s = 13:6 TeV with the latest Run 3 results. The measurements are compared to
NNLO QCD calculations using NNLL resummation. Theory uncertainties include
choices of used renormalisation and factorisation scales and uncertainties associated
with the parton density functions and strong coupling constant. This Figure is taken
from Ref. [83].

branching ratio of BR (fully hadronic) � 46 %. Both W bosons decay to
hadrons leaving a t�t ! W + bW� �b ! q�q0bq00�q000�b signature at LO. This de-
cay mode is experimentally less often used due to the large expectedQCD
multi-jet background and huge number of jets in the �nal state.

ˆ single-lepton is the second dominant decay mode of top quark pairs with a
branching ratio of BR (single-lepton) � 45 %. OneW boson decays leptoni-
cally, while the other decays to hadrons, resulting int �t ! W + bW� �b ! q�q0b`� `

�b
signature at LO. The expected lepton contribution can help to suppress the
multi-jet background. This mode includes a neutrino, which can not be mea-
sured directly by the Atlas detector. This decay mode is also calledlep-
ton+jets .

ˆ dilepton is the decay mode with the smallest branching ratio ofBR (dilepton) �
9 % with both W bosons decaying to leptons. The decay modet�t ! W + bW� �b !
`+ � `b`0� �� `0�b at LO involves an opposite-sign lepton pair. Usually, the opposite

avour composition e� is used. The dilepton mode suppresses the multi-jet



20 Chapter 2. The Standard Model of Particle Physics

background e�ciently, but it has the disadvantage of a small branching ratio
and two undetected �nal state neutrinos, resulting in an incomplete reconstruc-
tion of the top quark pair system.

The term lepton refers to electrons, muons, and taus in the categorisation above. The
reported branching ratios assume lepton universality and include hadronic correc-
tions [16]. A �ner classi�cation of top quark pair decay modes is found in Figure 2.9.
Leptonic tau decays are usually sorted into the single-lepton or dilepton category as
the experimental signature is similar, besides multiple undetected neutrinos.

Figure 2.9: A pie chart with top quark pair decay modes split by the 
avour of
involved leptons.

2.6 The t�tH Process

The t�tH process is the fourth leading Higgs boson production mode and is one of
the heaviest �nal states accessible at theLhc at

p
s = 13 TeV, hence having a low

expected production cross-section of�
�
pp ! t �tH

�
= 0 :507 pb with NLO QCD and

NLO EW precision [77, 78, 92{94]. The �rst observations of the t �tH process were
made by the Atlas [95] and CMS collaborations [96] using a combination of the
main Higgs decay modes and Run 1 and Run 2 data. With the full Run 2 data
set, not only measurements of the inclusive cross-section but also measurements of
the di�erential cross-section and Higgs boson kinematics are possible. These allow
precise studies of the coupling nature of the Higgs boson with the top quark and
probing the CP properties of the Higgs-top-top interaction [97,98]. The generalised
form of the Yukawa coupling Lagrangian is given by

L = �
ytp

2
� t

�
� 0cos (� t ) + i� 0
 5 sin (� t )

�
 t h; (2.21)



2.6 The t�tH Process 21

Figure 2.10: On the left side, the expected production cross-sections for thet �tH ,
tHjb , and tWH processes are shown as a function of the CP mixing angle� t . The
production modes are normalised to theSM prediction. Furthermore, the relative
change in the branching ratio of theH ! 

 decay mode and the gluon-gluon fusion
production mode are presented. The coupling modi�cation is set to unity for all
processes. This Figure is taken from Ref. [90]. On the right side, the electroweak
vacuum stability is shown as a function of the Higgs self-coupling and top Yukawa
coupling, both evaluated at the Planck scale. The �gure is taken from Ref. [91].

with yt being the SM coupling strength for the interaction of top quarks with the
Higgs �eld h. The coupling depends on the CP angle� t mixing both scalar and
pseudoscalar coupling types and� 0 modifying the coupling strength. The SM ex-
pectation is given by � = 0 and � 0 = 1 with a pure scalar and CP-even coupling and
no modi�cation to the yt coupling strength, which is expected to be close to unity.
The pure pseudoscalar and CP-odd case are obtained for� = � =2. The modi�cations
of the Yukawa coupling have a large impact on the inclusive cross-section for both
t �tH and tH production. The predicted cross-section for both processes is illustrated
on the left side in Figure 2.10 as a function of the CP mixing angle� t , normalised
to the SM prediction. The coupling modi�cation � 0 is set to unity. Measurements
of the t �tH and tH production directly probe the coupling type to be either scalar,
pseudoscalar, or a mixing of both [99{105]. The presence of CP mixing also impacts
the Higgs boson production cross-section in the gluon-gluon fusion mode as well as
the H ! 

 decay mode [90], as shown on the left side of Figure 2.10.

The CP nature is not only an aspect probed by the t�tH process. Additionally,
this process is also sensitive to the Higgs boson self-coupling. The Higgs boson po-
tential from Equation 2.16 after symmetry breaking includes trilinear and quadratic
Higgs self-couplings proportional to� 3 and � 4:

V (h) =
m2

H

2
h2 + � 3�h 3 + � 4h4: (2.22)
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The Higgs boson mass is given bymH = 2 �� 2, while the self couplings are� 3 = � =
m2

H =2� 2 and � 4 = � =4 = m2
H =8� 2, and therefore connected to the vacuum expectation

value � and shape of the Higgs boson potential.

The natural candidates for Higgs boson self-coupling are di-Higgs boson events where
self-coupling is mediated at tree-level [106]. However, single Higgs boson production
and decay can provide a similar sensitivity on� 3 through NLO corrections [107,108].
Especially, in V H and t�tH production, di�erential measurements are important for
� 3 determination, since non-
at e�ects are expected [109]. The interplay between
the Higgs boson self-coupling and the top Yukawa coupling can further test the Higgs
mechanism and the electroweak vacuum stability [91,110{114], as shown on the right
side in Figure 2.10
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Figure 2.11: Three LO Feynman graphs for the Higgs boson production in association
with a top quark pair.

The t�tH production is either gluon or quark-anti-quark initiated by the production
of a top quark pair radiating a Higgs boson. An overview of the LO Feynman graphs
for the t �tH production is shown in Figure 2.11. Thet�tH process is measured with
various signatures targeting di�erent decay modes of the Higgs boson and top quark
pair described in Section 2.4 and Section 2.5, respectively. The decay mode of the
Higgs boson de�nes the general analysis category with its unique experimental and
theoretical advantages and disadvantages.

The cleanest Higgs boson decay mode is given byH ! 

 arising in a diphoton
signature with an invariant mass close to the Higgs mass. The remaining jet activity
and leptons originate from the top quark system decaying all-hadronically or lepton-
ically, including both single- and dilepton decay modes. Thet�t(H ! 

 ) analysis
features a simple background composition with most background events originating
from 

 + jets and t�t + jets events and a clean diphoton signature with little ambi-
guities. Due to the resonance nature of this process, the measurement is expected
to give precise results for the low transverse momentum regime of the Higgs bo-
son. However, the decay mode to photons has the lowest branching ratio, and the
t�t(H ! 

 ) measurement is dominated by statistical uncertainties. Measurements
for this process have been done by theAtlas and CMS collaborations, including CP
interpretations [115{118]. Another resonance channel is given byH ! ZZ � ! 4`
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t �tH t �tH t �tH
H ! b�b H ! WW ; ZZ ; � �

`multi-lepton'
H ! 

; ZZ ! 4`

low S/B (need MVA) clear peak (bump hunt)
large branching ratio small branching ratio
di�cult backgrounds simple backgrounds

ˆ large irreducible
t �t + b �b background

ˆ di�cult modelling

ˆ dominated by
systematics

ˆ unique multi-lepton
signatures

ˆ main background
from t �tW, t �tZ, VV,
and fake leptons

ˆ clear peak structure

ˆ small branching
ratio

ˆ dominated by
statistics

b

b
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Figure 2.12: Overview of varioust �tH analyses performed at theAtlas experiment.
The targeted Higgs boson decay modes are depicted together with advantages and
disadvantages for each analysis. The termfake lepton is discussed in Chapter 7.
Inspired by a �gure from Tamara Vazquez Schroeder.

with similar features. Measurements by theAtlas and CMS collaborations include
studies on EFT interpretation and the coupling nature of Higgs bosons to vector
bosons [119,120].

The Higgs boson decay mode with the largest branching ratio is to bottom quarks
H ! b�b and is targeted in the t �t(H ! b�b) analysis. The analysis is split into single-
lepton and dilepton channels4, de�ned by the decay of the top quark system. The
most challenging aspect for thet �t(H ! b�b) analysis is background estimation. The
most dominant one arises from thet�t + jets, and especially from t�tb�b production,
mimicking the same �nal state signatures. The background processes have much
larger cross-sections than the targeted signal process. At the same time, a clean res-
onance peak cannot be reconstructed, leading to the need for multivariate analysis
to de�ne pure signal regions and control regions populated with important back-
grounds to constrain them. Furthermore, the t �tb�b production is di�cult to model
due to the massive heavy 
avour quarks created by gluon splitting, thus limiting
a precise background estimation and signal extraction. Therefore, one of the most
dominant sources of uncertainties arises from systematic ones, originating from the-
oretical modelling. Unlike the t �t(H ! 

 ) process, thet �t(H ! b�b) process has a
sensitivity to the high Higgs boson transverse momentum regime, therefore enabling

4The measurement done by the CMS collaboration also included the all-hadronic decay channel.
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t �tH production cross-section measurements in bins of the Higgs boson transverse
momentum. Both measurements done by theAtlas and CMS collaborations in-
clude CP interpretations of the Higgs-top-top coupling [121{124].

The t�tH multi-lepton analysis challenges are in between, compared to the previ-
ously mentioned analyses as depicted in Figure 2.12. The statistical and systematic
uncertainties of the measurement are expected to balance each other. The best sen-
sitivity on Higgs boson transverse momentum is an intermediate regime between
the low regime covered by thet�t(H ! 

 ) and high regime accessed byt�t(H ! b�b).
The �nal states involve multiple combinations of charged light leptons, electrons and
muons, with targeted Higgs boson decay modes to massive gauge bosonsH ! ZZ �

and H ! WW � , but also to � lepton pairs, subsequently decaying to light leptons
or hadrons. In a previous analysis using data collected by theAtlas detector dur-
ing 2015� 2017, corresponding to an integrated luminosity of 80 fb� 1, the measured
cross-section was determined to be

� t �tH = 294+182
� 162 fb =294+132

� 127 (stat.) + +94
� 74 (exp.)

+ +73
� 56 (bkg. th.) + +41

� 39 (sig. th.) fb ;
(2.23)

corresponding to a signi�cance of 1:8� excess above the background-only expecta-
tions [125]. The reported production cross-section agrees with theSM prediction but
su�ers from statistical and systematic uncertainties. The analysis strategy of the 4̀
channel used signal regions de�ned by the 
avour combination of the four leptons.
In one of the regions, a boosted decision tree was trained to separatet �tH events
from other background ones. The signal strength with respect to theSM prediction
with a Higgs boson mass ofmH = 125 GeV in the 4` channel was measured during
the combination of all channels to be:

� t �tH = 0 :52+0 :93
� 0:72 = 0 :52+0 :93

� 0:72 (stat.) + +0 :52
� 0:24 (sys.): (2.24)

The 4` channel was dominated by statistical uncertainties.

The 2`SS+0� had and 3̀ channel had a large background induced byt�tW . The nor-
malisation of the t �tW process was further constraint in dedicated analysis regions.
The measured normalisation factors excess updated predictions by a factor of up to
1:7 depending on the region. Furthermore, missmodelling int �tW enriched regions is
observed. Thet�tH multi-lepton measurement presented in this work uses an updated
version of the t �tW process modelling, including corrections for missing higher-order
QCD and EW e�ects such as additional tW scattering [126] and charge asymmetric
production of t �tW + and t�tW � . The predictions are validated with inclusive and
di�erential measurements reducing the observed tension [127].



CHAPTER3

Particle Physics and Simulation

Figure 3.1: An illustration of a t �tH event generated inpp collision. The hard interac-
tion, parton showering, hadronisation, and subsequent hadron decays are shown. All
three processes occur within a few femtometers and can not be resolved by to-date
methods. This �gure is taken from Ref. [128].

Simulation of particle collisions is implementing perturbative quantum �eld theory
with additional phenomenological models, which is tested against collected data that
is measured experimentally, for instance, by theAtlas or CMS collaboration. To

25
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compare theory and data, several steps of simulation are performed. In Figure 3.1,
the creation of a t �tH event is illustrated from generation at the primary interaction
to the transition of partons to colourless hadrons. On top, not shown in Figure 3.1, a
detector simulation is run, modelling the response and acceptance of theAtlas de-
tector. The simulation has to be done in various steps, applying di�erent approaches
of perturbative and non-perturbative quantum �eld theory due to the large covered
energy scales and values of the strong interaction� S. For high energy scales, the
coupling constant is small, and perturbative calculations are assumed to provide a
good approximation of the hard interaction initiated by partons of the incoming pro-
tons. It is marked with a red circle in Figure 3.1. The hard interaction takes place
at energy scales ofO (1 TeV). A full discussion and description of the hard interac-
tion in terms of matrix element calculation is presented in Section 3.1. As shown
in purple, secondary interactions can also occur and are associated with a smaller
momentum transfer. The products of the hard interaction undergo parton showering
as the energy scale decreases1. Depending on the parton shower implementation, the
energy scale ranges fromO (100 GeV) to O (1 GeV). Approximations are needed to
deal with the corresponding limitations of perturbation theory. Parton showers act
in the soft and collinear limit and add emissions successively to initial and �nal state
partons of the matrix element generation as shown in blue in Figure 3.1. Section 3.2
discusses the di�erent assumptions and techniques. At energy scales close to the
proton's mass, perturbation theory breaks down since the coupling becomes large.
The transition of partons to colourless hadrons is described by phenomenological
hadronisation models such as the cluster or Lund string model. They are discussed
in Section 3.3. The transition is depicted in Figure 3.1 as light green ovals and re-
sulting hadrons shown in dark green. These hadrons eventually decay to more stable
particles like pions, kaons, or lambda hadrons and are the physical particles that the
Atlas detector can detect.

The entire simulation chain with chosen parameters and models de�nes a sample. A
complete list of generated samples used for the measurement of thet �tH multi-lepton
process can be found in Section 3.4.

3.1 Matrix Element Generation

In pp collisions, the constituents of the protons called partons interact. Partons are
valence quarks, (uud) in the case of a proton, but also gluons radiated from other par-
tons, together with sea quarks created in gluon splitting. The inclusive cross-section
for a processpp ! X is approximated utilising the factorisation theorem [129]:

� pp! X =
X

i;j

dx i dx j f i

�
x i ; � 2

f

�
f j

�
x j ; � 2

f

�
� ij ! X

�
x i pi ; x j pj ; � 2

r ; � 2
f

�
: (3.1)

1The parton shower can be considered as a link between hard and softQCD with the energy
scale as a model parameter.
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The evaluation of Equation 3.1 is process dependent, while the sum runs over all
con�gurations of partons which can induce the desired process, whether it is a SM or
BSM process. The parton distribution function (PDF) f i

�
x i ; � 2

f

�
[130{134] describes

the probability to �nd a parton i within a proton carrying a momentum fraction x i

of the proton at an energy scaleq2. In Equation 3.1, the energy scale is given by
the factorisation scale� 2

f , separating the hard scattering process from soft radiation,
which is resummed into the PDFs. The value of the factorisation scale� 2

f is a
free parameter. It is often chosen to be related to the kinematic properties of the
produced �nal state particles in the hard interaction. The evolution of PDFs from
a reference scale is given by the DGLAP equations, which are the renormalisation
group equations2 for the factorisation scale [135{137]:

@qi
�
x; q2

�
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�
q2

� =
� S

2�
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z

"

Pqq (z) qj

�
x
z

; q2
�

+ Pqg (z) g
�

x
z

; q2
� #

@g
�
x; q2

�

@log
�
q2

� =
� S

2�

Z 1

x

dz
z

"

Pgq (z) qj

�
x
z

; q2
�

+ Pgg (z) g
�

x
z

; q2
� #

:

(3.2)

The universal spin-averaged splitting functions for massless particlesPij (z) are
shown in Figure 3.2. In Figure 3.3, PDFs for gluons and the lightest quarks are
depicted for two di�erent scales as a function of the momentum fraction with respect
to the proton. The scale dependence of processes strongly depends on the PDFs and
not necessarily on the parton level cross-section� ij ! X

�
x i pi ; x j pj ; � 2

r ; � 2
f

�
. The par-

ton level cross-section is calculated as a perturbative series in the coupling constants,
starting from the Born con�guration referred to as leading-order (LO) followed by
higher order contributions like next-to-leading order (NLO). For high-energy scales,
the couplings tend to be smaller. Therefore, the perturbation series uses� S and the
weak coupling � EW as expansion parameters:

� ij ! X = � Born
ij ! X| {z }

LO prediction

2

6
6
41 +

� S

2�
� (1)

ij ! X
| {z }

NLO correction

+
� S

2�
� (2)

ij ! X
| {z }

NNLO correction

+ : : :

3

7
7
5 : (3.3)

The partonic cross-section depends on the factorisation scale� f and renormalisation
scale � r ; the latter is introduced to deal with ultra-violet divergences, described
in Section 2.2. The scales� r and � f are non-physical quantities, and observables
should ideally not depend on them. However, the approximate theoretical predictions
obtained from perturbative calculations do, since they are evaluated at a �xed order.
At LO, an observable is a monotonous function of� r and � f ; the dependency is
reduced by considering higher order terms, motivating calculations at NLO or even
NNLO . In the limit of considering all higher-order corrections, the observable does

2Furthermore, this is the origin of the � f dependence of PDFs.



28 Chapter 3. Particle Physics and Simulation

not depend on the scales. The renormalisation scale is often set to the same value
as the factorisation scale. The partonic cross-section is computed from �xed-order
calculations

� ij ! X =
1X

e=0

Z

e+ f
d� e+ f

�
�
�

1X

c=0

M c
e+ f

�
� e+ f

� �
�
�

with d� e+ f = SF
e+ fY

i =0

d3~pi

(2� )3
1

2E i
;

(3.4)

with f �nal state particles, e real emissions, andc virtual corrections. The physics
interaction described by Feynman rules is included in the scattering amplitudeM c

e+ f .
In contrast, the probability distributions of kinematics are described by the phase-
space factor d� e+ f with the symmetry factor S accounting for identical �nal state
processes andF as the 
ux factor. Fixed order calculations are implemented in
various automated tools, called event generators. A list of generators used for this
analysis is found in Section 3.4.

= Pqg = CF
1+(1 � z)2

z
= Pqq = CF

1+ z2

z

= Pgq = TR

�
z2 (1 � z)2

�
= Pgg = 2CA

(1� z(1� z))2
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Figure 3.2: The universal splitting functions for QCD interactions at LO. The split-
ting functions in the top row are the same since the underlying process is symmetric.
The splitting functions are spin-averaged and assume massless particles. The con-

stants are TR = 1
2 , CA = NC = 3, and CF = N 2

C � 1
2NC

= 4
3 .

3.2 Parton Shower

A parton shower promotes �nal state partons from matrix element generation to
jets3 by successive emission of additional partons. An example of parton emission is
the simple case ofe+ e� ! q�qg described by the di�erential cross-section dominant
contribution

d� q�qg

d cos (� ) dz
� � q�qCF

� S

2�
2

sin2 (� )
1 + (1 � z)2

z
; (3.5)

3The term jets is used in hindsight, since jets are analysis objects de�ned by various parameters,
as described in Section 5.2.5.
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Figure 3.3: The parton distribution functions of the MMHT2014nlo set for the
lightest quarks and gluon as a function of the momentum fractionx. The PDF sets
are shown at di�erent energy scales. On the left side, they are evaluated at a scale
of 10 GeV2 and on the right side, at a scale of 104 GeV2. The Figures are taken from
Ref. [138].

with � as the angle between the quark and gluon andz as the energy fraction of the
gluon. A neat property of Equation 3.5 is the factorisation into � q�q and the emission
part. For very soft emission z ! 0 or collinear emissions� ! 0; � , the cross-section
diverges. Equation 3.5 describes the emission of a gluon from aq�q dipole and can
be generalised for gluon radiated from a single quark to

d� q�qg � � q�q

X

partons

CF
� S

2�
d� 2

� 2 dz
1 + (1 � z)2

z
; (3.6)

with sin ( � ) � � . Choosing the transverse momentum of the radiated particle with
respect to the parent particle instead of the angle� is an equivalent choice as an
evolution variable. For a generalevolution variable t the emission of a partoni from
a parent parton j is given by

d� n+1 � d� n

X

i

� S

2�
dzPij (z) : (3.7)

The universal splitting functions Pij (z) in QCD are already de�ned in Figure 3.2.
The splitting of gluons to quark pairs plays a minor role for parton showering. By
integrating out Equation 3.7 the double logstructure is revealed

d� (X + n emissions)� d� (X ) � � n
S

2

6
4ln2n

 
Q2

t

!

+ O

0

@ln2n� 1

 
Q2

t

! 1

A

3

7
5 (3.8)
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for some de�ned energy scaleQ2 and processesX with n emissions. The �rst loga-
rithmic contribution is the most dominant one, while the remaining sub-leading ones
are usually not described well by the parton shower. To deal with divergences orig-
inating from virtual and unresolved contributions, a cut-o� value is de�ned, acting
as a resolution parameter. For implementation purposes, the Sudakov form factors
� ( t1; t2) are used, describing the probability that a parton does not radiate from
scalet1 to scale t2:

� ( t1; t2) = exp

"

�
Z t1

t2

dt
t

� S

2�

Z zmax

zmin

dzPij (z)

#

: (3.9)

Starting from an initial scale t2
initial , the �rst emission of a parton occurs at scale

t2
2 calculated using Equation 3.9. If the t2

2 value is below the hadronisation scale
of t2 � 1 GeV2, the shower evolution is terminated and hadronisation starts, if the
value is above the hadronisation scale,t2

2 is replaced as the initial scale.

3.3 Hadronisation Models

The description for the transition of partons to hadrons can not be derived with per-
turbative means and relies on phenomenological models. Perturbation theory breaks
down since� S increases. At those large� S values, quark con�nement is observed.
The commonly used hadronisation models are the Lund string model [139,140] and
cluster model [141, 142]. The Lund string model uses a linear potential to describe
the e�ective QCD potential between two quarks with �eld lines forming tube-like
regions. The latter property gives the model the namestring. The fragmentation
into hadrons is then performed by repeatedly splitting the string into q�q pairs. The
fragmentation is controlled via the fragmentation function

f (z) /
(1 � z)a

z
exp

 
� bm2

T

z

!

(3.10)

with the transverse massmT and the parametera and b determined by experiments.
The Lund{Bowler shape can modify the fragmentation function to better describe
heavy quarks. The creation of di�erent quark pairs is realised by tunnelling with
probability

P / exp

 
�m 2

T

�

!

= exp

 
�p 2

T

�

!  
�m 2

�

!

; (3.11)

with � as the string tension constant, and pT as the transverse momentum and
m the mass. Equation 3.11 suppresses contributions of heavy quarks. The Lund
string model is implemented in Pythia . The cluster model is based on colour
precon�nement [143] and gluon splitting to form clusters. A cluster with a high mass
will eventually decay into smaller clusters, which will further decay to two hadrons
depending on the available phase-space and spin combination. Reconnection of three
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q�q clusters is also allowed and will form two baryons. The cluster model is used by
Herwig and Sherpa ; the latter uses a modi�ed one. A description of hadronisation
models utilised in the mc samples for this analysis is presented in Section 3.4.

3.4 Monte Carlo Samples

Process ME Generator ME order Parton shower PDF Tune

t�tH Powheg-Box NLO Pythia 8 nnpdf 3.0nlo A14
Powheg-Box NLO Pythia 7.0.4 nnpdf 3.0nlo H7-UE-MMHT
Powheg-Box NLO Pythia 8 with varied phard

T nnpdf 3.0nlo A14
t�tW Sherpa 2.2.10 meps@nlo Sherpa nnpdf 3.0nnlo Sherpa default

MadGraph5 aMC@NLO FxFx NLO Pythia 8 nnpdf 3.0nlo A14
Powheg-Box NLO Pythia 8 nnpdf 3.0nlo A14
Powheg-Box NLO Herwig 7 nnpdf 3.0nlo H7-UE-MMHT

t�tW (EW) Sherpa 2.2.10 LO Sherpa nnpdf 3.0nnlo Sherpa default
MadGraph5 aMC@NLO LO Pythia 8 nnpdf 3.0nlo A14

t�tl �l MadGraph5 aMC@NLO NLO Pythia 8 nnpdf 3.0nlo A14
MadGraph5 aMC@NLO NLO Herwig 7 nnpdf 3.0nlo H7-UE-MMHT
MadGraph5 aMC@NLO NLO Pythia 8 nnpdf 3.0nlo A14 Var3c

t �t ! W + bW� �b`+ ` � MadGraph5 aMC@NLO LO Pythia 8 nnpdf 3.0lo A14
t�tt �t MadGraph5 aMC@NLO NLO Pythia 8 nnpdf 3.1nlo A14
t�t Powheg-Box NLO Pythia 8 nnpdf 3.0nlo A14

Powheg-Box NLO Herwig 7.1.3 nnpdf 3.0nlo H7-UE-MMHT
t�tt MadGraph5 aMC@NLO LO Pythia 8 nnpdf 2.3lo A14

Single top (t-, W t-, s-channel) Powheg-Box NLO Pythia 8 nnpdf 3.0nlo A14
V V, V V jj , V V V Sherpa 2.2.2(1) meps@nlo Sherpa nnpdf 3.0nlo Sherpa default

Z ! `+ ` � Sherpa 2.2.1 meps@nlo Sherpa nnpdf 3.0nlo Sherpa default
Z ! `+ ` � (
 ! e+ e� ) Powheg-Box NLO Pythia 8 CTEQ 6L1nlo A14
Z ! `+ ` � (
 � ! e+ e� ) Powheg-Box NLO Pythia 8 CTEQ 6L1nlo A14

Table 3.1: An overview of signal and background samples. For each sample, the
con�guration in terms of matrix element generator and accuracy, PDF set, parton
shower model, and used set of tunable parameters are shown. The alternative sam-
ples to estimate systematic uncertainties are marked in blue.

This section gives an overview ofmc samples used in the analysis, describing used
ME generators and PS models and their con�guration. Most mc samples are pro-
cessed with a fullAtlas detector simulation response [144] based onGeant4 [145].
A small fraction of samples, including processes liketWH , tHqb, and t�tt �t , are pro-
cessed using fast simulation (AF2) replacing the fullGeant4 calorimeter response
by a parametrisation of shower shapes [146]. The impact on observables for this
analysis is negligible.

To model the impact of in- and out-time pileup e�ects, Pythia 8 [147] is used
to generate additional pp collisions, which are overlaid on the hard scattering pro-
cess. The A3 tune is used [148]. The simulated events are reweighted for each mc16
sub-campaign to match di�erent pileup conditions observed in data [149].

For all samples involving top quarks, the mass of the top quark is set tomt =
172:5 GeV, while the mass of b-quarks during top-quark decays is set tomb =
4:95 GeV for Powheg or MadSpin and mb = 4 :75 GeV for Sherpa . The top
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quark decays exclusively tob-quarks for all samples involving top quarks. For all
samples involving a Higgs boson, its mass is set to be 125 GeV. All samples gener-
ated with Pythia [147] for parton showering and hadronisation use the A14 set of
tunable parameters, together with the nnpdf 2.3lo PDF set with a default value of
� S = 0 :130 [150]. For samples involving top quark pairs, decay of bottom and charm
hadrons is modelled usingEvtGen 1.6.0 [151].

An overview of processes and generators is shown in Table 3.1. Alternative sam-
ples are produced to estimate systematic uncertainties associated with the parton
shower, hadronisation models, and matrix element generators and their matching.
A description is added for the relevant processes in Table 3.1. Further details on the
used samples are found in Appendix A.

3.4.1 t�tH Production

The t�tH signal process events are generated withPowheg Box v2 [152{156] at
NLO accuracy using the NNPDF3.0nlo PDF set [157]. The parton shower and
hadronisation step are performed withPythia 8.2.30 [147]. The hdamp parameter
regulating the high-pT radiation during matching of Powheg matrix elements to
the parton shower is set to 0:75 � (mt + m �t + mH ) = 352:5 GeV. The theoretically
predicted cross-section at NLOQCD and NLO EW accuracy at

p
s = 13 TeV is

evaluated to be 507+35
� 50 fb [70]. The uncertainties are obtained by varying the renor-

malisation and factorisation scales and combinedpdf + � s. The calculations are done
using MadGraph5 aMC@NLO.

Modelling uncertainties associated with initial state radiation (ISR) for the t �tH
signal process are estimated with weights during matrix element generation and par-
ton shower evaluation. Final state radiation (FSR) is evaluated by scaling theQCD
emission scale by a factor of 0:5 and 2:0. The impact of the renormalisation and fac-
torisation scales, � r and � f , are estimated by varying the central value by a factor
of 0:5 and 2:0 in the matrix element while using the Var3c up and Var3c down
variation of the A14 tune in the parton shower.

The impact of di�erent parton shower algorithms, hadronisation models, and under-
lying event modelling is evaluated by comparing the nominal con�guration Powheg
+ Pythia using the same generatedPowheg events but using Herwig 7.0.4 [158,
159] for the parton shower and hadronisation step. TheH7UE set of tunable param-
eters [158] is used along with theMMHT2014LO PDF set [138]. The NLO matching
uncertainties are estimated by varying the phard

T parameter, e�ectively chaining the
de�nition of the hardness of the Powhegemission [160].
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3.4.2 t�tW Production

The nominal t �tW sample is generated usingSherpa 2.2.10 [161,162]. The matrix el-
ement is calculated with up to one additional parton at NLO accuracy and up to two
additional partons with LO accuracy using Comix [163] andOpenLoops [164{166].
The NNPDF3.0nnlo PDF set is used in the matrix element. The generated events
are interfaced with the Sherpa parton shower [167] based on the Catani-Seymour
dipole formalism and using themeps@nlo prescription [168]. The merge scale is set
to 30 GeV. The renormalisation and factorisation scales are set to� r = � f = HT =2,

with HT as the scalar sum of transverse masses
q

p2
T + m2 of all �nal state particles

after matrix element generation. The Sherpa default tune is used.

The nominal sample is generated at NLO in the strong coupling constant� S. Addi-
tional higher-order corrections corresponding to EW contributions are dealt with in
two separate ways: First, event-by-event correction factors are derived to correct for
virtual NLO EW of order � 2

EW � 2
S contributions as described in Ref [169]. Further-

more, LO corrections of order� 3
EW are applied, reducing the expected inclusivet �tW

cross-section by 3:9 % with respect to the NLO QCD prediction [161,170]. Second,
an additional sample is generated usingSherpa 2.2.10 with LO accuracy in QED
correcting for real emissions of sub-leading EW corrections at order� 3

EW � S [171].
The resultant sample is normalised to�

�
t �tW

�
= 722+70

� 78 (scale)� 7 (PDF) fb [172]
instead of the total cross-section of�

�
t �tW

�
= 614:7 fb calculated by Sherpa taking

both NLO QCD and NLO EW e�ects into account [172].

Similar to the t �tH samples, the uncertainties on� r and � f are estimated for t �tW .
An additional sample is generated with MadGraph5 aMC@NLO interfaced with
Pythia 8 FxFx [173] to estimate ambiguities due to di�erent matrix element gen-
erator, parton shower, and parameter choices, and matching and merging schemes.
To further cover di�erences due to parton shower modelling, alternative samples are
generated with Powheg+Pythia 8 and Powheg+Herwig 7 . The uncertainty is
evaluated by comparing the predictions with the nominal prediction by Sherpa .

3.4.3 t�t
�
Z=
 �

�
Production

The production of t �tZ=
 � mc samples is performed usingMadGraph5 aMC@NLO
2.8.1 [174] at NLO accuracy inQCD and the NNPDF3.0nlo PDF set in the matrix
element. The renormalisation and factorisation scales are set to� r = � f = HT =2

with HT as the scalar sum of transverse masses
q

p2
T + m2 of all �nal state particles

after matrix element generation. The decay of top-quarks is simulated at LO with
MadSpin [175, 176] preserving all spin correlations. The shower and hadronisation
step is performed byPythia 8.244 .

The t�tZ=
 � !
�
`+ ` �

�
samples are normalised to the predicted cross-section at NLO

accuracy in both QCD and EW for an on-shellZ boson and o�-shell 
 � ! `+ ` � con-
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tributions with corrections at one-loop level in � S [70]. The resulting cross-section
for t �t` + ` � with a cut on the low mass distribution of `+ ` � > 1 GeV is 162� 21 fb.

3.4.4 Diboson Production

Diboson events are generated with theSherpa 2.2 program, matched with the
Sherpa parton shower based on the Catani-Seymour dipole formalism, and merged
with the meps@nlo prescription. Events are calculated with up to one additional
parton at NLO and up to three additional partons at LO using the OpenLoops
library. Fully-leptonic decay modes with up to four charged leptons in the �nal state
are generated withSherpa 2.2.2 , while semi-leptonic with up to two charged leptons
in the �nal state are generated with Sherpa 2.2.1 . The EW contribution V V jj with
V = W; Z in the fully-leptonic decay mode is simulated at LO with Sherpa 2.2.2
using the G� scheme for pure electroweak interactions at the electroweak scale. All
samples are generated with thennpdf 3.0nnlo PDF set and theSherpa default set
of tunable parameters.

3.4.5 Single Boson Production

The simulation of V+jets events with V = W; Z is done with Sherpa 2.2.1 at
NLO matrix-element accuracy with two additional partons and up to four additional
partons at LO accuracy usingComix and OpenLoops . The nnpdf 3.0nnlo PDF set
is used for the matrix element calculation. The matching is done with themeps@nlo
prescription while showering is done with theSherpa default parton shower. The
set of tuned parameters for the PS is used, which is provided by theSherpa authors.
All samples are normalised to the NNLO predicted cross-sections.

3.4.6 t�t and Single-Top Production

Samples for the production of t �t and single top quark events are generated with
Powheg Box v2 [152{155,177{179] at NLO accuracy inQCD . In the matrix ele-
ment, the NNPDF3.0nlo PDF set is used. To perform parton shower and hadro-
nisation, generated events are interfaced withPythia 8.2.30 . The hdamp is set to
1:5� mt [180]. To avoid overlap of generatedtW events with t �t, the diagram removal
scheme is used [181].

To further enhance contributions with additional heavy-
avour jets, like c- and b-
jets, originating from gluon splitting, samples are generated with the same settings
as the nominal t �t sample but with a �lter applied. By using the Monte-Carlo truth
record, generated events are �ltered into the categoriest �t + b�b, t �t + b with a veto on
t�t + b�b, and t�t+ � 1c with a veto on t�t+ � 1b. The generated �ltered events are com-
bined with the nominal samples by replacing the corresponding heavy-
avour events
and keeping the t�t + light events from the nominal sample. To estimate modelling
uncertainties on t�t + b�b contribution, a NLO sample is generated in the four-
avour
scheme usingPowhegBoxRes [182,183] andOpenLoops [164,165]. The nominal
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prediction of t �t events is generated in the �ve-
avour scheme, assuming massless
b-quarks described in the initial state by parton distribution functions. In contrast,
the four-
avour scheme allows massiveb-quarks generated at matrix element level,
including mass e�ects, avoiding the generation ofb-quarks through gluon splitting
g ! b�b by evolution of parton distribution functions via DGLAP equations. The
NNPDF3.1nnlonf4 PDF set [157] is used, excluding theb-quark PDF. The fac-
torisation scale and hdamp are set to 1

2

P
i = t; �t;b;�b mT ;i , the renormalisation scale is

set to 1
2

4
p mT ;t � mT ;�t � mT ;b � mT ;�b. The Powheg internal parameter hbzd controlling

the damping function is set to 5. The mass of theb-quarks is set tomb = 4 :95 GeV.
The events are interfaced withPythia 8.2 to perform parton showering and hadro-
nisation.

The t�t samples are normalised to the predicted cross-section of�
�
t �t

�
NNLO+NNLL =

832 � 51 pb with NNLO accuracy in QCD and NNLL soft-gluon resummation
using Top++ 2.0 [84{89, 184]. The three single top quark productions are nor-
malised to � (tW )NLO+NNLL = 71:7 � 3:8 pb, � (t; s-chan)NLO+NNLL = 6 :35+0 :23

� 0:20 pb,
and � (t; t-chan)NLO+NNLL = 216:97+9 :46

� 8:18 pb. All cross-section calculations are done
at NNLO accuracy in QCD and NNLL soft-gluon resummation [185] usingTop++
2.0.

3.4.7 Samples for Minor Backgrounds

There are several minor backgrounds which enter the analysis. The Higgs produc-
tion in association with electroweak bosons such asW and Z are simulated with
Pythia 8.186 using the nnpdf 2.3lo PDF set and the A14 tune. Other processes
including top-quarks such as the triple top-quark or t �tWW production are gen-
erated with MadGraph5 aMC@NLO 2.3.3 at LO accuracy and interfaced with
Pythia 8.186 using the nnpdf 2.3lo PDF set and the A14 tune of parameters.
For the four top-quark production, the matrix element is also generated with Mad-
Graph5 aMC@NLO 2.3.3 but at NLO accuracy. The �nal states are showered using
Pythia 8.230 using the nnpdf 3.1nlo PDF set and the A14 tune of parameters.
The triboson production, like ZZZ , WZZ , WWZ , and WWW , are simulated with
Sherpa 2.2.2 at NLO matrix-element accuracy with no additional partons in the
�nal state and at LO accuracy with up to three additional partons using Comix and
OpenLoops . The nnpdf 3.0nlo PDF set and theSherpa default tune are used for
all triboson samples.
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CHAPTER4

Experimental Setup

Every experiment requires a setup to collect data to measure quantities such as total
or di�erential cross-section, particle properties such as masses, or coupling param-
eters. At the Large Hadron Collider (Lhc ), data is collected in proton-proton or
heavy ion collisions by detectors suitable for the physics application. The operation
of the detectors requires multiple specialised groups for maintaining and monitoring
as well as for development and further upgrades. Other groups are tasked to check
the quality of collected data, preparing a list of data collected under stable detector
conditions.

The Lhc is located close to Geneva at the Swiss-French border and is today's
largest accelerator. It is operated by the European Organisation for Nuclear Re-
search (Cern ) with multiple large experiments located at the Lhc , one of them
being the Atlas experiment using the Atlas detector for data recording.

The following provides an overview of the Lhc and the Atlas experiment and
detector. It begins with the Lhc in Section 4.1, followed by an overview of the
Atlas experiment in Section 4.2. The various parts of the detector, together with
the trigger system, are presented in Section 4.2.1 to Section 4.2.4, with a focus on
radiation damage and its impact on the performance of the inner detector of the
Atlas detector in Section 4.3.

4.1 The Large Hadron Collider

The Large Hadron Collider (Lhc ) [186] is a circular collider mainly used for ac-
celerating protons for high-energy proton-proton collisions. Aside from these, the
Lhc is also used for accelerating ions like lead in lead-lead collisions or lead-proton

37
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Figure 4.1: A sketch of the di�erent accelerators and experiments atCern . The
accelerator chain of theLhc for Run 2 starts with the linear accelerator linac 2,
followed by the circular collider booster , the Proton-Synchrotron (ps), the Super
Proton Synchrotron (sps), and �nally the Lhc . © CERN

collisions. The Lhc is situated in depth between 50 m and 175 m using the former
Large Electron-Positron collider (lep ) tunnel system. It is made of concrete in a
quasi-circular shape with a circumference of 27 km ranging from Geneva to the Jura
Mountains.
The designed maximum centre-of-mass energy is

p
s = 14 TeV, which requires a set

of strong magnets for bending particles in their orbit. The dipole magnets have a
magnetic �eld strength of B = 8 T with more than 1200 magnets used for bending.
To guarantee stable and focused beams, additionally, quadrupole magnets are used
for defocusing and focusing purposes. Other higher-order multipoles, such as sex-
tupole and octupole magnets, are used for smaller corrections, which increases beam
stability. All magnets used in Lhc are made of niobium-titanium alloy, which has
superconductive properties below a temperature of 1:9 K. Therefore, magnets are
cooled down with super
uid helium.
The acceleration step requires multiple pre-accelerators. A full sketch of the accel-
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erator complex of Cern is shown in Figure 4.1, starting with the primary source of
protons, which is for Run 2 hydrogen gas from a bottle. Electrons are stripped o�
using electric �elds, leaving only protons injected into the linear-accelerator facility
named linac 2. The protons are accelerated to energies of 50 MeV using radiofre-
quency cavities. However, in Figure 4.1linac 2 is replaced with linac 4 used for
Run 3, where negative hydrogen ions are accelerated up to energies of 160 MeV. In
both cases, the protons or hydrogen ions are injected into theps booster , increas-
ing the energy to 2 GeV. For hydrogen ions, the remaining electrons are stripped o�
during injection to the ps booster .
The next part of the accelerator chain is the proton synchrotron ps, the �rst syn-
chrotron at Cern with a circumference of 628 m. The protons are accelerated up to
26 GeV using ordinary non-superconductor dipole magnets. With a circumference of
7 km, the Super Proton Synchrotron (sps) is the second largest accelerator atCern ,
further increasing the proton beam energy up to 450 GeV. It is the �nal step before
injection into the Lhc , and it splits the beam into two beams for collisions. There
have been several periods of data taking at increasingly higher centre-mass-energy.
Run 1 started in March 2010 and ended in 2012. TheLhc operated at

p
s = 7 TeV

till the end of 2011 and was increased to
p

s = 8 TeV. The beam energy during
Run 2 was 6:5 TeV with a centre-of-mass energy of

p
s = 13 TeV, while in Run 3 the

beam increases to 6:8 TeV with a centre-of-mass energy of
p

s = 13:6 TeV.
In addition to the centre-of-mass energy, the instantaneous luminosityL is an im-
portant property of a particle collider. Integrated over time, it quanti�es the size of
the data set collected by an experiment. The number of eventsN is related to the
integrated luminosity

R
Ldt via the cross-section� for an arbitrary process by:

N = �
Z

Ldt : (4.1)

To increase the number of expected events for a process, the integrated luminosity
has to be increased, as the production cross-section only changes as a function of the
centre-of-mass energy1. The instantaneous luminosity depends only on the collider
properties and is given by

L = f
N1N2nb

4�� x � y
; (4.2)

with N1 and N2 as the number of particles in the colliding bunches,nb as the total
number of bunches stored in the accelerator ring, andf as the collision frequency.
The beam has a Gaussian shape in the transverse direction and is characterised by
the Gaussian width � x and � y in the horizontal and vertical directions. The Lhc
has a designed instantaneous luminosity ofL = 1034cm� 2s� 1 [186]. The delivered
integrated luminosity values, together with the recorded ones, and the values passing
quality criteria to be used in physics analyses are summarised in Figure 4.2. Most
of the data was recorded towards the end of Run 2 in 2018. Particle beams are not

1 In practice, trying to increase the luminosity is easier than building a larger collider leading to
higher centre-of-mass energies
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continuous but consist of multiple bunches. The mean number of interactions per
bunch crossing, sometimes called pile-up, is presented in Figure 4.3 with mean values
for each period of Run 2. The average number of interactions per bunch crossing
during Run 2 is h� i = 33:7. The small peaks for 2017 and 2018 originate from low
pile-up runs for electroweak precision measurements.

There are four large experiments located at theLhc . The large multi-purpose detec-
tors are Atlas and CMS [187,188]. TheAtlas detector is located at Point 1 close
to the Cern main site in Meyrin, while CMS is located at Point 5 close to Cessy
in France. Both focus on a large range of precision measurements ofSM processes
involving top quarks and Higgs bosons. Thelhc b detector [189] is located at col-
lision point eight and focuses onB -meson physics featuring an asymmetric forward
detector. The last large experiment is located at collision point two and is called
alice [190]. It specialises in heavy ion physics and research on quark-gluon plasma.

Figure 4.2: Summary of the collected integrated luminosity during Run 2 byAtlas
in proton-proton collisions at

p
s = 13 TeV. This �gure shows a previous mea-

surement. The current size of the dataset collected during Run 2 was corrected to
� 140 fb� 1. The green part shows the delivered integrated luminosity by theLhc .
In contrast, the yellow part is the amount of integrated luminosity recorded by the
Atlas detector, and the blue is the amount of integrated luminosity passing quality
criteria for physics analyses. This �gure is taken from Ref. [191].
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Figure 4.3: Summary of the average number of interactions per bunch crossing for
each period of Run 2. This Figure is taken from Ref. [191].

4.2 The Atlas Experiment

The Atlas experiment, an acronym for A T oroidal L HC A pparatuS, is one of the
four large experiments located at theLhc . The Atlas detector is a multi-purpose
detector designed for a large range of physics applications. It has the largest volume
compared to all other main experiments at Lhc , having a total length of 44 m, a
height of 25 m, and weighs approximately 7000 t. As depicted in Figure 4.4, the de-
tector has a leek-like2 shape with an almost full 4� solid angle coverage around the
interaction point. Each layer is specialised for the detection of speci�c particle types
and their kinematic properties. The inner detector, as the name suggests, is closest
to the interaction point and measures tracks from charged particles, measuring trans-
verse momentum and reconstructing vertices. Charged particle tracks are bent using
a solenoid magnet with a magnetic �eld strength of 2 T. A detailed description of the
detector is in Section 4.2.1, while in Section 5.2.1, the track and vertex reconstruc-
tion from inner detector signals are explained. There are two calorimeter systems for
stopping both electromagnetic and hadronic particle types. The calorimeter is used
for energy measurements, and a description is found in Section 4.2.2. The outer-
most sub-detector is the muon spectrometer. It is dedicated solely to the transverse
momentum measurement of muons using a toroid magnet system with a magnetic
�eld strength of 4 T. Other particles will deposit their energy into the calorimeter
system and are less likely to reach the muon spectrometer. The muon spectrometer

2There were intense discussions during lunch breaks on the question, whether the leek-shape
or onion-shape description of the Atlas detector is more appropriate. The author is part of the
leek-shape faction, in German: Lauch-Fraktion .
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Figure 4.4: A sketch of the Atlas detector at the Lhc at Cern . The various
sub-detector parts are shown [187], together with the height and length of the full
detector. Humans are shown for scale on the left of theAtlas detector. © CERN

is explained in Section 4.2.3.

The Atlas right-handed coordinate system has its origin at the nominal interac-
tion point in the middle of the detector. The z-axis is de�ned along the beam line
with the x- and y-axis in the transverse plane. The positivex-axis points to the
centre of the Lhc , while the y-axis points upwards to the surface. Since the detector
has a cylindrical shape, instead of Cartesian coordinates, spherical coordinates are
used. The azimuthal angle� is de�ned in the transverse plane around thez axis and
� as the polar angle. The latter is commonly replaced with the pseudorapidity

� = � ln

 

tan
�

�
2

� !

=
1
2

ln
�

j~pj + pz

j~pj � pz

�
; (4.3)

with the momentum vector ~p and its z-component in Cartesian coordinates. The
pseudorapidity is closely related to the rapidity as they are equal in the relativistic
limit, where masses can be neglected. Di�erences in pseudorapidity �� are invariant
under Lorentz-boosts in z-direction. Since the di�erence in azimuthal angle � � is
Lorentz-invariant in the z-direction by construction, distances between two points

� R =
p

� � 2 + � � 2 (4.4)

in the � � � plane, which replaced thex � y plane, are also Lorentz-invariant under
boosts in the z-direction.
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4.2.1 Inner Detector

Figure 4.5: A sketch of the id sub-detector of theAtlas detector. The id is closest
to the interaction point and consists of the three sub-detectorspixel , sct , and trt .
In the central region, all components have a layer structure, while forward- and
backward regions are covered with end-caps or disks.© CERN

The innermost sub-detector part of theAtlas detector is the inner detector (id ) [192,
193]. It is a tracking detector measuring hits of charged particles in the active
material. Tracks are then reconstructed from those hits; a full description is in
Section 5.2.1. A solenoid magnet [194] is placed around theid with a magnetic
�eld of 2 T, bending charged particles and allowing measurements of the transverse
momentum due to their bending radius. The magnetic �eld, together with the
granularity and spatial resolution, are key properties for the transverse momentum
measurements and vertex identi�cation. The latter is essential for the identi�cation
of the hard scattering or primary vertex as well as for secondary vertices used forb-jet
identi�cation. This turns out to play an important role in the measurement of every
process involving top quarks, like thet �tH multi-lepton analysis. The id is relatively
compact, with a length of 6:2 m and a cylindrical shape with a diameter of 2:1 m. It
consists of three subsystems: the Pixel Detector (pixel ), the Semiconductor Tracker
(sct ), and the Transition Radiation Tracker ( trt ). A sketch of the id is shown in
Figure 4.5. The central region around the interaction point is covered with multiple
layers of the three sub-components with varying coverage in terms of pseudorapidity.
The forward- and backward regions are covered by end-caps, sometimes called disks.
The pixel detector is closest to the interaction point and is divided into four layers
in the barrel region and three pixel end-caps on each side of thepixel detector. The
barrel part has 1 736 modules covering a pseudorapidity range ofj� j < 2:5, while
each pixel disk has 288 modules. The innermost layer of the Pixel detector, namely
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the Insertable B-Layer (ibl ) [195], was added later during LS1 to improve vertex
reconstruction, including secondary vertex identi�cation, b-tagging, and to add a
redundancy layer to the pixel system in view of the expected radiation damage. In
total, there are 92 million silicon pixels with the size of 50� 400� m2. In case of ibl ,
the pixel size is 50� 250� m2.
The sct is placed around thepixel detector and features four layers of silicon-strip
sensors [196] in the barrel region, and in total, nine end-caps for the forward- and
backward region, providing additional information for tracking. The silicon-strip
sensors are arranged in pairs with a stereo angle to each other, improving spatial
resolution. The achieved spatial resolution in the transverse plane is approximately
16� m, while in z-direction it is 580 � m. The sct has 4 000 modules, 2 112 in the
barrel region and 1 976 for the end-caps, with approximately six million read-out
chips.
The last part of the id is the trt , which features approximately 300 000 straw
tube detectors divided into barrel and end-cap regions. The tubes are aligned with
the beam pipe in the barrel region, while in the forward- and backward regions,
they are orthogonal to the beam pipe. Adding further tracking information, the
transition radiation is utilised to obtain additional information on the Lorentz factor

 and, therefore, the mass of charged particles traversing the straw tubes. The mass
information is used to distinguish between electrons and hadrons like pions.
The transverse momentum resolution of theid depends on the transverse momentum
of the incoming particle. Overall, the relative momentum resolution is:

� pT =pT = 0 :05 %� pT � 1:0 %: (4.5)

4.2.2 Calorimeter System

The calorimeter system envelopes theid and measures energies of hadrons, electrons
and photons via interaction with the detector material, which is called showering. A
shower cascade is induced by an incident particle passing through the active mate-
rial of the calorimeter, where it either emits radiation or undergoes pair production.
This procedure is repeated, creating a shower cascade until critical energy is reached,
preventing further radiation or pair production and stopping the cascade process.
The energy of the incident particle is deposited into the calorimeter material and can
be determined by the length of the shower cascade. Since the underlying interaction
types for electrons or photons and hadrons are di�erent, the calorimeter system is
divided into the electromagnetic calorimeterecal [197] and the hadronic calorimeter
hcal [198] as shown in Figure 4.6. Photons and electrons mainly interact via elec-
tromagnetic interaction with the ecal , while hadrons interact via the strong force
with the hcal material.
The ecal is a Liquid Argon Calorimeter (la r) using Lead plates as absorbers and
liquid Argon as the active material. Both materials are samples, which makes thela r
a sampling calorimeter. An electron or photon starting a shower cascade will ionise
Argon atoms, and due to the applied voltage, the produced ions and electrons drift
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Figure 4.6: A sketch of the calorimeter system of theAtlas detector. The calorime-
ter system is split into an ecal for measuring the energies of electrons and photons
and into a hcal for hadronic particles [187]. The calorimeter system is spatially
split into the barrel and forward and backward regions. © CERN

towards the absorber material, which induces a signal. The thickness of theecal is
approximately 22 radiation length3, designed to stop most incoming electrons and
photons reliably. The ecal requires a �ne resolution for measuring di�erences in
shower shapes, which is a distinguishing feature between electrons and photons. The
resolution in terms of � � � � � is between 0:025� 0:025 to 0:1 � 0:1, depending on
the pseudorapidity range. The ecal is split into a barrel part covering j� j < 1:475
and two end-caps covering 1:35 < j� j < 3:2. Especially the separation between pho-
tons is highly important to identify � 0 ! 

 decays. Therefore, the �rst layer of
the barrel region is �nely segmented in the � direction. In contrast, the remaining
two layers have a coarser granularity to measure the shower cascades' main energy.
In the range j� j < 1:8, a thin pre-sampling layer is used, which corrects for energy
losses of electrons and photons interacting with the solenoid material. The achieved
energy resolution is:

� E=E = 10 %=
p

E � 0:7 %: (4.6)

The hadronic calorimeter hcal or Tile Hadronic Calorimeter is in the outer part of
the calorimeter systems around theecal and is a sampling calorimeter using steel
as the absorber material and scintillating tiles as the active material for the barrel
region. The barrel region covers the range ofj� j < 1:7 with a granularity in terms
of � � � � � of 0:1 � 0:1 and an overall energy resolution of:

� E=E = 50 %=
p

E � 2 %: (4.7)
3A radiation length is de�ned as the depth of an incident particle passing through the calorimeter

material, decreasing the particle energy to 1=e of the initial energy.
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The barrel section is split into the Long-Barrel (lb ) ranging to j� j < 1:0 and the
Extended Barrel (eb) on both sides of thehcal system covering 0:8 < j� j < 1:7. The
barrel section has a thickness of approximately 7:4 radiation lengths, stopping most
hadronic jets and preventing particle leakage into the muon spectrometer system.
The la r hadronic end-caps system is placed in the forward- and backward regions,
covering a pseudorapidity range of 1:5 < j� j < 3:2 with two disks on each detector
side. Copper is used as the absorber, with liquid Argon as the active material, giving
the calorimeter system its name. The granularity depends on the pseudorapidity
and ranges between 0:1 � 0:1 and 0:2 � 0:2 in terms of � � � � � . The calorimeter
system is completed with the forward calorimeterfcal extending the pseudorapidity,
covering 3:1 < j� j < 4:9. The fcal consists of three modules using liquid Argon as
the active material but a di�erent absorber. The �rst module uses copper, which
is mostly used for photon or electron-induced showers, while the remaining two
modules use tungsten as the absorber to measure hadronic shower activities. The
energy resolution is:

� E=E = 100 %=
p

E � 10 %: (4.8)

4.2.3 Muon Spectrometer

The outermost part of the Atlas detector is the muon spectrometer (ms) system
dedicated to identifying and measuring muons [187]. Muons are created in collisions
or as decay products with an energy of aboutO (100 MeV) up to O (100 GeV). Hav-

Figure 4.7: A sketch of the muon spectrometer system of theAtlas detector. It is
split into four components and spatially divided into the barrel and end-cap regions.
© CERN
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ing a 200 times larger mass than electrons, muons at this energy scale are minimal
ionising particles (MIP) and interact with the detector material feebly, traversing
through the id and calorimeter system. Other particles like photons, electrons, and
hadrons will be stopped earlier.
The various subsystems are enclosed with a magnetic �eld of 4 T, created by eight
25 m long air-core toroidal magnets [199] in the barrel regionj� j < 1:4 and addi-
tionally two toroidal end-caps [200] for the forward- and backward regions in the
range of 1:6 < j� j < 2:7. A sketch of the ms is presented in Figure 4.7. Fourms
subsystems are used for muon track identi�cation and transverse momentum mea-
surements from track curvatures. The main components are Monitored Drift Tubes
(mdt ) with a total number of 354 240 distributed in 1 171 chambers. Themdt has a
spatial resolution of 35� m per tube and 80� m per chamber in the longitudinal direc-
tion, allowing for precise muon candidate measurements. In the forward direction at
pseudorapidity ranges 2:0 < j� j < 2:7, Cathode-Strip Chambers (csc ) are used due
to their high time resolution compared to mdt . For the same reason, Resistive Plate
Chambers (rpc ) are placed in the barrel region, and Thin Gap Chambers (tgc ) are
placed in the end-cap regions. Therpc and tgc also provide information to the
trigger system. For a muon with pT = 1 TeV, the relative transverse momentum
resolution of the ms is:

� pT =pT = 10 %: (4.9)

4.2.4 Trigger System

The bunch crossing frequency of 40 MHz and the average number of 33:7 interac-
tions per bunch during Run 2 results in approximately 1:7 billion proton-proton
collisions per second. If stored, this would occupy 60 Tb of storage per second. From
an analysis perspective, most of the recorded events are uninteresting as they may
feature only elastic proton-proton collisions. Furthermore, from a data management
perspective, processing such an amount of data would be impossible4. To reduce
the amount of collected data, a two-level trigger system is used to �lter events that
have interesting properties. The Level-1 trigger (L1) is a hardware-based trigger
system [187,201,202] and selects events featuring muons, electrons, photons, or jets5

with high transverse momentum as they are typical features of inelastic proton-
proton collisions. Events with a large amount ofE miss

T or transverse energy will also
pass. TheL1 trigger decides on a subset of the detector response, likerpc and tgc
information for muons or reduced-granularity information from the calorimeter sys-
tem for jets, electrons, and photons. Information from the id is excluded due to the
computationally expensive track �tting. For each passing event, the L1 trigger also
de�nes one or more Regions-of-Interest (RoI) around interesting features, providing
extra information on the coordinates and type for the next trigger level. Events that
pass theL1 trigger are stored temporarily to the Read-Out Sytem. The L1 trigger
reduces the initial event rate to some 100 kHz.

4At least by today's standards.
5 Including also � had candidates.
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The second trigger is a high-level trigger (hlt ), which is a software trigger using
previous information passed by theL1 trigger together with the RoI as input. The
hlt decides to use the full detector information on object candidates and RoI. If
none of the candidates passes the criteria, the event is discarded, and the remaining
passing events are stored on disk. Thehlt reduces the rate to some 1 kHz.

4.3 Radiation Damage E�ects on the Pixel Detector

Figure 4.8: On the left side are predicted 
uence values as a function of the radial
and longitudinal components of the pixel detector. The predictions are obtained
from simulation with Pythia 8 [147] modelling inelastic proton-proton events while
Fluka [203] simulated the particle transport through the detector material. On the
right side, the accumulated 
uence values are shown for the four layers of the barrel
region of the pixel detector covering the �rst three periods of Run 2. Both �gures
are taken from Ref. [204]

The pixel detector of the id is a silicon-based tracking detector closest to the inter-
action point. The basic building blocks for the various layers of thepixel detector
are modules featuring a silicon sensor, front-end electronics, and 
ex-hybrids with
control circuits. The silicon sensor is the part sensitive to the detection of charged
particles. Signals are measured as hits and later �tted to form a track, determining
the transverse momentum and reconstructing primary and secondary vertices. The
Atlas pixel detector is separated into four layers at the barrel region, with the
IBL as the innermost layer. All sensors of the four layers are composed ofn+ -in-n
planar oxygenated silicon sensors [205,206], with a thickness of 250� m and 200� m
for the IBL 6. Two types of interaction can occur in the sensor: ionising interactions
and non-ionising ones. The former is used for signal detection and is induced by
traversing minimal-ionising particles, leading to the creation of deposited charges

6The id uses at high jzj values alson+ -in-p 3D sensors with a thickness of 230� m [207], however
this section only focus on the planar ones.
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via ionisation of the silicon bulk. The charges drift to electrodes and are digitised.
Non-ionising interactions from heavy particles and nuclei with silicon atoms cause
damage to the silicon bulk and its lattice structure. The defects can be categorised
into point defects ranging from displacement of silicon atoms, vacancies, or (non)
silicon interstitials. Several point defects form cluster defects, which change the prop-
erties of the silicon pn-junction by adding additional energy gaps. The macroscopic
e�ects are a reduced signal collection e�ciency caused by charge trapping or an in-
creasing leakage current. A change in the doping concentration especially changes
the depletion voltage and the electric �eld inside the sensor. The ID is exposed to
a large amount of radiation, which causes cumulative damage during data taking.
Furthermore, the amount of radiation damage to a sensor depends strongly on the
position of the sensor, as shown on the left side in Figure 4.8. The expected 
uence
normalised to a 1 MeV neutron radiation is simulated using inelastic proton-proton
events generated byPythia 8 [147], while the modelling of particle transport is
done by Fluka [203]. On the right side of Figure 4.8, the cumulative 
uence for all
four layers for partial Run 2 is depicted, demonstrating a radial dependence.

The spatial dependence is further studied for the end-cap part of thepixel de-
tector, called pixel disks. To quantify the impact of radiation damage on the pixel
disks, the corrected7 cluster charge is used. In Figure 4.9, the change in the shape
of the corrected cluster charge distribution from the start of Run 2 till the end of
Run 2 is compared. The upper row shows the impact on the individual pixel disk,
neglecting the di�erent sides of the detector. The lower row compares three di�erent
radius values, ignoring any disk dependence and thereforez-dependence, splitting
the pixel disk uniformly into: 90 mm < R 1 � 110 mm, 110 mm< R 2 � 130 mm,
and 130 mm < R 3 � 150 mm. The cluster charge distribution follows a Landau
function convoluted with a Gaussian. The Landau parameterLP , sometimes called
the location parameter, provides a satisfactory estimation of the cluster charge. The
trend of LP during Run 2 as a function of the integrated luminosity, and therefore
to the amount of radiation damage, is shown in Figure 4.10. The threepixel disks
are compared on the left side, e�ectively testing thez-dependence of the radiation
damage distribution. Only minor di�erences between the pixel disks are observed,
indicating a small z-dependence. On the right side, the estimated Landau parame-
ters of the radius regions are compared, demonstrating more signi�cant di�erences
and indicating R-dependence.

The modelling of radiation damage e�ects [204] on theid is part of the mc simulation
chain during detector simulations. The mc simulation for the radiation damage
digitisation is done in several steps. Figure 4.11 shows the trajectory of a particle
passing through the detector material. It demonstrates the impact on the sensor
and visualises the several steps for digitisation, from charge creation to detection

7The cluster charge is corrected by the incident angle.
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Figure 4.9: Comparison of the corrected cluster charge distribution for data taken
from the start and end of Run 2. The top row compares the threepixel disks, ne-
glecting any side dependence of the detector. The bottom row compares three radii,
de�ned by a uniform splitting of the pixel disks and neglecting anyz-dependence.

and conversion into digital signals. As the minimal-ionising particles pass through
the detector, charge carriers are released. The electric �eld inside the sensor will
drift them to the collecting electrodes. The electric �eld changes depending on the
accumulated damage in terms of 
uence, type of radiation, and temperature. The
electric �eld is calculated using the Technology Computer Aided Design(TCAD)
simulations [209] based on the Chiochia model [210]. However, the calculation is
computationally expensive. Therefore, an interpolator is used: Electric �elds are
interpolated from generated TCAD maps with �xed 
uence values accumulated by
the sensor and the applied voltage. A summary of 
uence values and detector settings
are shown in Table 4.1 for each run period. In contrast, in Figure 4.12, a collection of
interpolated electric �elds is shown, demonstrating the impact of radiation damage in
the barrel layers of the pixel detector. The path of the charge carriers is in
uenced
by the electric �eld E (z) with the sensor depth z and the applied magnetic �eld B .
It is quanti�ed by the Lorentz-angle � L

tan ( � L ) =
rB

jzf � zi j

Z zf

zi

�
�
E (z)

�
dz; (4.10)

with zi and zf as the initial and �nal position of the path, r as the Hall scattering
factor, and � as the charge mobility. The spatial resolution also depends on the
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Figure 4.10: Trend of the Landau parameter as the estimator for the corrected
cluster charge. On the left side, thez-dependence is studied by comparing the three
pixel disks with each other, while on the right side, the di�erent radius values are
compared, studying R-dependencies.

Sub-Part Year Fluence
�
1014 neq.

�
HV [V ] Temp. [� C] Dig. Thres. [ToT] Ana. Thres. [ e]

IBL 2015 1:70 80 � 3 0 2550
2016 3:20 80 15 0 2550
2017 6:74 350 � 20 0 2550
2018 10:3 400 � 20 0 2000

B-Layer 2015 1:16 250 � 2 3 3500
2016 2:19 350 � 10 5 5000
2017 4:60 350 � 20 5 5000
2018 7:03 400 � 20 3 5000

Layer 1 2015 0:48 150 � 2 3 3500
2016 0:90 200 � 10 5 3500
2017 1:90 200 � 20 5 3500
2018 2:90 250 � 20 5 3500

Layer 2 2015 0:32 150 � 2 3 3500
2016 0:61 150 � 10 5 3500
2017 1:28 150 � 20 5 3500
2018 1:96 200 � 20 5 3500

Disks 2015 0:32 300 � 13:8 5 3500
2016 0:61 150 � 13 5 3500
2017 1:29 150 � 20 5 4500
2018 1:97 250 � 20 5 3500

Table 4.1: An overview of the main pixel detector settings for each period of data
taking during Run 2. The values of radiation exposure in terms of 
uence are shown
for the pixel detector parts by the end of the data-taking period [208].

Lorentz angle. For thepixel disks, � L = 0 is applied, as the electric �eld is parallel to
the magnetic �eld. In addition to the magnetic �eld, thermal drift and di�usion also
in
uence the charge trajectory. Due to cluster defects caused by radiation damage,
charges can be trapped, inducing or screening a fraction of their charge. This is
modelled with the Ramo potential, described by the Ramo-Shockley theorem [211,
212]. The last step is the digitisation of signals.
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Figure 4.11: A sketch of a minimal ionising particle, creating charges in the silicon
bulk. Charges drift through di�usion as well as electric and magnetic �elds. Due to
radiation damage, charges can be trapped. This �gure is taken from Ref. [204]

Figure 4.12: The electric �eld maps for the four layers of the barrel region of the
pixel detector. The change of the electric �eld is driven by the changed detector
setting summarised in Table 4.1 and radiation damage dealt to the layers during
Run 2. The large o�set for IBL is caused by di�erent voltages applied. The used

uence values are taken from the end of each period.



CHAPTER5

De�nition and Reconstruction of Physics Objects

Can you tell me what an
electron is? It depends on your
de�nition.

Elizaveta Shabalina

The Atlas detector does not directly measure physics objects, like electrons, jets,
or muons. Particles, decay products of created mother particles or directly produced
during hard scattering, will leave characteristic signals in the parts of the Atlas
detector. These signals are used to reconstruct physics objects used during the anal-
ysis, involving multiple steps and choices on used working points, de�ning thequality
of an object. Tight selections have the advantage of high-quality cuts and, therefore,
high purity but at the cost of a small expected yield. For looseobjects, the opposite
holds. Another crucial aspect is the calibration of physics objects, usually done with
known reference objects. The object reconstruction, selection, and calibration are
performed on data and each MC sample, described in Section 3.4.

This chapter presents the trigger selection and de�nition of physics objects used
in the t �tH multi-lepton analysis. The �rst Section 5.1 describes the trigger selec-
tions strategy, while in Section 5.2, the various physics object reconstructions are
discussed. Starting from de�nitions of tracks and vertices in Section 5.2.1, followed
by lepton reconstruction techniques in Section 5.2.2, with a special focus on non-
prompt lepton rejection in Section 5.2.3. A complete overview of the used leptons
is presented in Section 5.2.4. Other important physics objects, like jets,b-jets, � had,
and E miss

T , are introduced in Section 5.2.5 to Section 5.2.7. The overlap removal
procedure is shown in Section 5.3.

53
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5.1 Event Quality and Trigger Strategy

Only events with at least one reconstructed vertex with � 2 associated tracks with a
minimal transverse momentum ofpT > 500 MeV and a reconstructed primary vertex
are considered. Events from thegood-run-list passing data quality criteria are se-
lected, and events containing signi�cant noise, data corruption, or unstable detector
conditions are discarded.

Events are further selected by combining single lepton (SL) and dilepton (DL) trig-
gers. A summary of the trigger selection for each analysis channel, de�ned in Chap-
ter 6, is presented in Table 5.1. The logicalor is used. A list of trigger settings for
each period of data taking for single lepton triggers is summarised in Table 5.2 and
for dilepton triggers in Table 5.3. The dimuon trigger pT thresholds are asymmetric,
while for dielectron triggers, they are symmetric. They are almost symmetric fore�
and �e combinations.

Channel Trigger Selection

2`SS+0� had SL jj DL
3`+0 � had SL jj DL

4` SL jj DL
2`SS+1� had SL jj DL
1`+2 � had SL

2`OS+2� had SL jj DL

Table 5.1: An overview of the trigger selection for each analysis channel is de�ned in
Chapter 6. The logical OR is used for the combination of SL and DL for all analysis
channels except for the 1̀+2 � had channel, which uses naturally only SL.

single lepton triggers (2015)

� HLTmu20iloose L1MU15jj HLTmu50
e HLTe24 lhmedium L1EM20VHjj HLTe60 lhmedium jj HLTe120 lhloose

single lepton triggers (2016, 2017 and 2018)

� HLTmu26ivarmedium jj HLTmu50
e HLTe26 lhtight nod0 ivarloose jj HLTe60 lhmedium nod0 jj HLTe140 lhloose nod0

Table 5.2: List of lowest pT -threshold, un-prescaled single lepton triggers used for
the Run 2 data taking periods.
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Dilepton triggers (2015)

�� (asymm.) HLTmu18mu8noL1
ee (symm.) HLT2e12 lhloose L12EM10VH

e�; �e (� symm.) HLTe17 lhloose mu14

Dilepton triggers (2016)

�� (asymm.) HLTmu22mu8noL1
ee (symm.) HLT2e17 lhvloose nod0

e�; �e (� symm.) HLTe17 lhloose nod0 mu14

Dilepton triggers (2017 and 2018)

�� (asymm.) HLTmu22mu8noL1
ee (symm.) HLT2e24 lhvloose nod0

e�; �e (� symm.) HLTe17 lhloose nod0 mu14

Table 5.3: List of lowest pT -threshold, un-prescaled dilepton triggers used for the
Run 2 data taking periods.

5.2 Object Reconstruction and De�nition

This section presents the di�erent reconstruction and calibration techniques for
physics objects. Most interactions in pp are elastic. Triggers select more inter-
esting inelastic ones, like at �tH event. Created particles decay rapidly during the
collision and cannot be detected directly. However, some particles have su�ciently
long lifetime or decay length �c > 500� m to travel the distance between the in-
teraction point and the detector. Elementary particles reaching the detector are
electrons, muons, and photons, with the former two playing an essential role in the
t �tH multi-lepton analysis. Other detectable particles are pions, kaons, protons, or
neutrons, primarily found in jets as they are created due toQCD colour con�nement
or as decay products of other unstable hadrons.

5.2.1 Track and Primary Vertex Reconstruction

Particles carrying electric charge will leave hits in the di�erent layers of the inner
detector (id ). These hits are the starting point for further track reconstruction. The
three-dimensional measured hits are grouped with a connected component analy-
sis [213] into clusters called space-points [214]. The track reconstruction is performed
with a tracking algorithm [215] using track seeds formed from three space points as
input. The reconstruction is divided into three steps: pattern recognition, ambiguity
resolution, and trt extension. The pattern recognition �ts various combinations for
track candidates using the Atlas Global � 2 Track Fitter [216] using the pion hy-
pothesis for modelling the energy loss due to interaction with the detector material.
Ambiguities between tracks sharing the same hits are removed during �tting. The
�nal set of tracks is de�ned by adding information from the trt and checking their



56 Chapter 5. De�nition and Reconstruction of Physics Objects

compatibility. Track candidates are parametrised by

� =
�
d0; z0; �; �; q=j~pj

�
; (5.1)

with d0 and z0 as the transversal and longitudinal impact parameters,� as the az-
imuthal angle, � as the polar angle, and the charge over momentum ratioq=j~pj. For
the electron reconstruction, tracks are re�tted using a Gaussian-sum �lter (GSF).It
enhances the modeling of radiation loss and accounts for nonlinear e�ects caused by
bremsstrahlung [217,218]. The GSF method is a generalisation of the Kalman �lter
method [219].

The primary vertex (PV) is de�ned by vertex reconstruction algorithm [220, 221]
as the vertex with the largest

P
p2

T of associated reconstructed tracks. Tracks are
further used and matched with energy deposits of the electromagnetic calorimeter to
de�ne electron, muon, or � had candidates or to be matched with hadronic calorimeter
energy deposits to de�ne jet candidates.

5.2.2 Lepton Reconstruction and De�nition

An extensive set of lepton de�nitions is used in the t �tH multi-lepton analysis. All
de�nitions are based on di�erent quality cuts imposed on reconstructed lepton can-
didates. The reconstruction of electron and muon candidates is described in the
following section. An overview of the used lepton de�nitions in the analysis is given
in Section 5.2.4.

Electron Reconstruction and Identi�cation

Electrons are charged particles, leave tracks in theid , and deposit their energy in
the electromagnetic calorimeter, creating a shower cascade through bremsstrahlung
and pair production. Figure 5.1 presents a sketch of this process. Electron candi-
dates are reconstructed from topological energy clusters matched with reconstructed
tracks from the id [222]. The electromagnetic calorimeter is divided into a grid
of 200� 256 elements with the size of �� � � � = 0 :025 � 0:025. Each element
de�nes a tower with a depth of three layers. If available, the pre-sampler is in-
cluded. Local cluster candidates are seeded using a sliding window algorithm [223].
The resultant local clusters have a size of 3� 5 towers with their sum of transverse
energy larger than 2:5 GeV. The sliding window avoids double-counting of neigh-
bouring cluster candidates. Finally, electron candidates are constructed by matching
information from the electromagnetic calorimeter with track information from the
id . Track and cluster are considered to be matched ifj� cluster � � track j < 0:05 and
� 0:10 < q � (� cluster � � track ) < 0:05 with q as the reconstructed charge of the track.

Electron candidates entering the central region of theAtlas detector with j� j < 2:47,
excluding the barrel-endcap transition region 1:37 < j� j < 1:52, are classi�ed as
prompt leptons if they are properly reconstructed and associated with the hard
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Figure 5.1: An example of an electron passing various detector parts. The electron
is marked in red and leaves hits in the layers of theid . Behind the id , the electron is
absorbed in the electromagnetic calorimeter. The dashed red line indicates a photon
created by the interaction of the electron with the tracking detector material. This
�gure is taken from Ref. [222].

collision. In contrast, a fake lepton originates from the misreconstruction of other
physics objects, like jets, mimicking electron signatures. In contrast, non-prompt
leptons arereal leptons not associated with the primary collision. They are created
in semi-leptonic hadron decays, embedded in jets. Those leptons may pass isolation
criteria. A discussion on non-prompt and fake lepton backgrounds and their estima-
tion with further discrimination tools is presented in Chapter 7 and Section 5.2.3.
Prompt, non-prompt, and fake leptons have di�erent signatures a�ecting quantities
associated with the tracking, like the number of hits in the id , or the calorimeter
system, like the depth of the electromagnetic shower cascade. A likelihood-based
(LH) discriminator dL utilises di�erences in these quantities to reduce non-prompt
and fake contributions and is de�ned as:

dL =
L S

L S + L B
; L S(B) (x) =

nY

i =1

PS(B) ;i (x i ) : (5.2)

The likelihood function for prompt electrons is L S and for non-prompt or fake elec-
trons L B . The likelihood functions are products of probability density functions for
a quantity x i of the full vector of quantities x [222,224]. The LH identi�cation was
also used during Run 1 [225] and was adapted for Run 2 conditions. There are
three de�ned working points with a �xed value of the LH discriminant. The working
points are calledLoose, Medium, and Tight . The measured e�ciencies for the three
working points as a function of transverse energyET and pseudorapidity are shown
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in Figure 5.2. Additionally, the LooseAndBLayer working point is introduced with
the same LH discriminant cut asLoose but requires at least one hit in the innermost
pixel layer.

Isolation criteria on electron candidates are used to reduce non-prompt lepton contri-
butions further. Isolation variables quantify the activity around electron candidates
and can be based on calorimeter or track information. There are the following iso-
lation variables:

ˆ ET TopoCone20
�
E cone20

T

�
: is a calorimeter based isolation variable, summing

up the transverse energy of topological clusters around the electron candidate in

a �xed cone with radius � R =
q

(� � )2 + (� � )2 = 0 :2. The deposited electron
transverse energy is excluded. Contributions from pile-up are removed by the
ambient energy-density technique on an event-by-event basis [226]. The radius
parameter can be set to � R = 0 :3, the variable is then calledET TopoCone30�
E cone30

T

�
.

ˆ pT VarCone30
�
pvarcone30

T

�
: is a track based isolation variable and is de�ned as

the scalar sum of the transverse momentum ofid tracks associated with the
primary vertex in a variable cone size with � R = min

�
10 GeV=pT ; Rmax

�
and

Rmax = 0 :3. The electron candidate track is excluded from this calculation,
and only tracks with a pT > 1 GeV are considered. The maximal radius value
Rmax is often between 0:2 and 0:4. The value of 10 GeV is obtained from
simulated t �t events and maximises non-prompt electron rejection.

ˆ pT VarCone30TightTTVA
�

pvarcone30
T, tightTTVA

�
: is a track based isolation variable

and it is similarly de�ned as pT VarCone30. Tracks need to ful�l track-to-
vertex-association (TTVA) jz0 sin (� ) j < 3 mm and are not associated with
another vertex.

Further discussion on electron and lepton isolation can be found in Section 5.2.3.
E�ciencies for electron reconstruction are derived by comparing simulated Z ! ee
and J= ! ee events with measured events in data.

Muon Reconstruction and Identi�cation

Muons carry charge and leave tracks in theid and outermost layer of Atlas muon
spectrometer (ms). Due to their heavier mass compared to electrons, muons fee-
bly interact with the electromagnetic and hadronic calorimeter system, depositing a
characteristic tiny amount of energy. The reconstruction of muons relies onid and,
most importantly, mstracks, but also on calorimeter information. There are multiple
strategies for the reconstruction of muons: segment-tagged (ST), calorimeter-tagged
(CT), muon spectrometer extrapolated (ME), and combined (CB). The latter is used
for the t �tH multi-lepton analysis. For combined muons, the reconstruction of tracks
is done independently in theid and ms. With a global �t, tracks are reconstructed,
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Figure 5.2: The measured LH electron-identi�cation e�ciencies for the three de�ned
working point Loose, Medium, and Tight as a function of the transverse EnergyET

on the left and as a function of the pseudorapidity � on the right. The e�ciencies
are obtained from mc events of Z ! ee and J= ! ee with respect to measured
events. This �gure is taken from Ref. [222].

accounting also for the energy loss in the calorimeter. Most muon candidates are
reconstructed following the outside-in pattern recognition by reconstructing tracks
in the ms and extrapolating them inwards to match them with id tracks. There is
a complementary approach called inside-out pattern recognition, reconstructingid
tracks �rst and extrapolating them to match them to the muon system. To sup-
press non-prompt and fake muon contributions, additional quality cuts are applied.
Depending on the applied cuts, three working points are de�ned, which are called
Loose, Medium, and Tight . Medium-quality combined muons require at least three
hits in at least two layers of the monitored drift tube chambers (mdt ). For muon
candidates in the range ofj� j < 0:1, only tracks with at least one hit in the mdt layer
are allowed, requiring not more than onemdt hole layer. Medium muon candidates
require a loose cut in the charge momentum compatibility. The charge momentum
compatibility is a powerful variable that can discriminate between prompt and non-
prompt or fake muons. Muons from hadron decays often showkinks in reconstructed
tracks, resulting in poor �t quality during reconstruction, but also in incompatibili-
ties in measured charge and momentum [227]. The muon isolation is done similarly
for electrons, using either track or calorimeter-based variables; further discussion on
muon and lepton isolation can be found in Section 5.2.3. The e�ciencies are derived
by comparing simulated Z ! �� and J= ! �� events with measured events in
data.
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5.2.3 MVA-based Non-Prompt and Fake Lepton Rejection

Standard cut-based lepton selections using impact parameter, isolation, and identi-
�cation discriminant can reject most non-prompt or fake contributions from prompt
leptons. Prompt leptons originate from decays of bosons. Due to the short boson
lifetime, decay products like leptons are associated with the primary vertex. In con-
trast, non-prompt leptons originate from heavy- or light-
avour hadron decays and
are embedded in jets. These leptons can pass isolation criteria due to highpT or
improper reconstruction of the jet candidate. Fake leptons describe the misidenti-
�cation of other physics objects like jets as leptons. A detailed discussion on the
various sources and characteristics of non-prompt and fakes is found in Section 7.
The PromptLeptonImprovedVeto (PLIV) tagger [228] exploits information of lepton
candidates to suppress contributions of non-prompt and fake leptons further. It
outperforms standard lepton quality cuts. Due to the long lifetime of heavy-
avour
hadrons, secondary vertices can be reconstructed. Since non-prompt leptons origi-
nate from these hadrons, they are associated with a secondary vertex. A boosted
decision tree (BDT) is trained using secondary vertex information, lepton isolation
variables, and information between the lepton candidates and track jets. Addition-
ally, a recurrent neural network (RNN) score is fed to the BDT. The RNN uses
hit information from the id and impact parameter information. The BDT aims to
separate prompt from non-prompt and fake leptons.

PLIV outperforms the standard working points regarding non-prompt and fake lep-
ton rejection. The signal e�ciency for t �tH (t �tW ) events is 0:60 (0:75) to 0:75 (0:86)
depending on the chosen working point. There are two working points for PLIV,
optimised for the t �tW and t�tH multi-lepton measurements [127]. They are called
tight and verytight. They come with scale factors correcting e�ciencies with respect
to data derived from Z ! `` events. A BDT tool called ElectronChargeFlipTagger-
Tool (ECIDS) is used to reject electrons with misidenti�ed charge. The tool utilises
kinematic, charge and impact parameter information. An optimised cut on the BDT
score was used for thet �tW multi-lepton analysis [127] and is similarly applied for
barrel and end-cap region electrons.

5.2.4 Lepton De�nitions

This analysis uses various de�nitions for light leptons` = e; � to achieve the optimal
signal over background ratio for each analysis channel. A tighter de�nition generally
leads to higher purity but reduces the expected statistics for a channel. The base-
line and loosest lepton de�nition for electrons and muons is calledloose (L). This
de�nition is used within the overlap removal sequence described in Section 5.3. It is
also used to associate events to one of the analysis channels described in Section 6.

Loose electron candidates require a minimum transverse momentum ofpT > 10 GeV
and must satisfy j� j < 2:47, excluding the barrel-endcap transition region 1:37 <
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j� j < 1:52, which is the transition region between the barrel and end cap calorimeter
components. TheLooseAndBLayerLH electron ID working point is used with the
LooseVar Rad WP for lepton isolation. The LooseVar Rad WP for electrons requires
E cone20

T =pT < 0:2 and pvarcone30
T, tightTTVA =pT < 0:15 with the electron candidates transverse mo-

mentum pT . Standard requirements on the transverse impact parameter signi�cance
jd0j=� d0 < 5 and longitudinal impact parameter jz0 sin (� ) j < 0:5 mm are applied.
They reduce contributions from charge misidenti�cation, non-prompt electrons, and
pile-up. For muon candidates in the range ofj� j < 0:1 with reduced ms coverage,
reconstruction is done using tracks from theid matched to isolated energy deposits
in the calorimeters consistent with minimum-ionising particles. Muon candidates
must satisfy j� j < 2:5 and minimal transverse momentumpT > 10 GeV. While the
LooseVar Rad WP for muon isolation is applied with the same cut on the track isola-
tion pvarcone30

T, tightTTVA , a looser cut for the calorimeter isolation ofE cone20
T =pT < 0:3 is used.

The requirement on the transverse impact parameter signi�cance isjd0j=� d0 < 3, and
for the longitudinal impact parameters, it is the same as for loose electron candidates.

After applying the loose lepton de�nition, overlap removal sequence, and analysis
channel selection, a tighter optimised lepton de�nition is chosen to enhance signal
sensitivity in signal regions or increase the purity of background processes in their
respective control regions. The tighter de�nitions are calledloose tight (L'), medium
inclusive (M), medium exclusive(M ex), and tight (T). All tighter electron de�ni-
tions use the TightLH working point for identi�cation. Further cuts are applied
for all tighter electron candidates to reduce contributions from conversions:external
conversions are suppressed by rejecting electrons having a conversion vertex (CV)
within a radius of r = 20 mm and an associated invariant massmtrk-trk of tracks
associated to the electron candidate and closest track, originating from the CV, with
up to 100 MeV. Internal conversions are reduced by vetoing any electron which
passes the external criteria and has amtrk-trk calculated at the primary vertex up

Lepton Type e �
Lepton De�nition L L' M M ex T L M M ex T
LooseVar Rad isolation Yes Yes
Non-prompt lepton BDT

No Tight
Tight-not-

VeryTight No Tight
Tight-not-

VeryTight
(PLIV) VeryTight VeryTight
Identi�cation Loose Tight Loose Medium
Charge misassignment veto

No Yes None
(ECIDS)
Conversion rejection No Yes None
Transverse impact parameter

< 5 < 3
signi�cance jd0j=� d0

Longitudinal impact parameter
< 0:5 mm

jz0 sin � j

Table 5.4: An overview of lepton de�nitions used for electrons and muons. Five
(four) di�erent lepton de�nitions for electrons (muons) are de�ned by isolation and
identi�cation variables and used working points for non-prompt lepton identi�cation,
charge misidenti�cation, and conversions.
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Channel Fake and Non-Prompt Control Regions Signal and MVA-based Control regions
2`SS TM ex,MexT, M exMex TT
3` L'MM/LMM (L' for � and L for e) LTT
4` LLL LLLL

2`SS+1� had L'L' and MM (for fake � had CR) MM
1`+2 � had and 1̀ +2 � had L

Table 5.5: Summary of the light lepton de�nitions used in the six analysis channels.
The de�nition used for each lepton selected in a given channel is indicated with labels
de�ned in Table 5.4. Leptons are ordered in transverse momentum.

to 100 MeV. The Electron-ChargeFlipTaggerTool (ECIDS) is applied to all tighter
electron de�nitions using the tight working point to reject electrons with misiden-
ti�ed charge. A short description of the ECIDS tool is presented in Section 5.2.3.
Tighter muons useMedium identi�cation, but neither conversion cuts nor the ECIDS
tool is applied. The tighter lepton de�nitions mainly di�er in their chosen cuts on
the PromptLeptonImprovedVeto (PLIV) score. A description of the PLIV tool is
presented in Section 5.2.3. The PLIV working point tight is associated with the M
lepton de�nition, while the Tight-not-veryTight working points with the M ex leptons,
and VeryTight corresponds to T lepton de�nition. For the 2 `SS+1� had channel, a
looser tight electron de�nition (L') is de�ned by applying the exact requirements as
for tight electrons, but excluding any requirement on PLIV.

A complete overview of the lepton de�nitions and their requirements and cuts is
shown in Table 5.4. Table 5.5 presents an overview of used lepton de�nitions for ev-
ery analysis channel. The leptons are ordered in transverse momentum. The regions
are split into signal and control regions de�ned by multivariate analysis techniques
(MVA) or fake and non-prompt control regions.

5.2.5 Jets

Quarks and gluons cannot be observed as free particles due toQCD con�nement. Af-
ter the hard scattering process, �nal state partons undergo parton showering, adding
soft and collinear emissions resulting from hadronisation in a stream of highly col-
limated hadrons traversing the detector. They can be detected as tracks in theid
and energy deposits in the electromagnetic and hadronic calorimeter. A jet recon-
struction algorithm is used to combine information to a single physics analysis object
called jet, giving rise to the initial parton originating from the primary collision or
secondary vertices.

Jets are reconstructed fromparticle 
ow objects [229], de�ned by track and calorime-
ter information, and using the anti- kt algorithm [230] with a single1 radius parameter

1The anti- kt algorithm is called anti due to the negative sign in the exponent of pT ;i and pT ;j .
If the exponent is set to be +1, it is called the kt algorithm, while setting it to zero refers to the
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R = 0 :4 and the distances

dij = min
�

p� 2
T ;i ; p� 2

T ;j

� � R2
ij

R2 and diB = p� 2
T ;i : (5.3)

The indices i and j run over all clusters, and � R2
ij is the distance between two

clusters in the � � � plane. The algorithm calculates for each pair the distances if
dij < d iB the pair ij is combined if diB < d ij i is called a jet and is removed from
the list [231]. The procedure is terminated if no cluster is left. The anti-kt algorithm
prefers to combine harder clusters �rst. It results in cone-like structures around the
hardest cluster, re
ecting the structure of jets. An example of the di�erent jet shapes
in the � � � plane is given in Figure 5.3. Two clustering results are shown using the
same seed. On the left side, the anti-kt algorithm is shown, while on the right, the
kt one. In sharp contrast to cone-based algorithms, the anti-kt algorithm is collinear
and infrared safe. Therefore, jet properties do not change due to collinear and soft,
also called infrared, emissions.

Figure 5.3: An example of two di�erent results originating from the same seed. On
the left side, the anti-kt algorithm is used, while the kt algorithm is used on the
right. The �gures are taken from Ref. [231].

The resultant reconstructed four momenta of jets need to be calibrated to account
for imperfections of detector response, reconstruction algorithm, jet fragmentation,
and pile-up. The calibration is done in several steps to correct each previously men-
tioned source. A full description is found in Ref. [232]. The �rst step is the origin
correction: the jet four momentum is corrected while keeping its energy constant to
point to the primary vertex rather than the centre of the detector. The � resolution
of jets improves signi�cantly, comparing reconstructed jets with corresponding truth
jets obtained from mc simulation.

The second step subtracts energy contributions from in-time and out-of-time pile-up
using an area-basedpT density subtraction [226, 233] and residual correction. The

Cambridge-Aachen algorithm, taking only distances into account.
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corrected pT for each jet is given by

pcorr.
T = pT � � � A � � � (NPV � 1) � � � �; (5.4)

with the energy density � and A as the area of individual jets. The number of
primary vertices is NPV , and � is the mean number ofpp interactions per bunch
crossing. The areaA of a jet is de�ned via ghost association, uniformly adding ghost
particles of in�nitesimal momentum to an event before jet reconstruction. The area
is estimated from the relative number of ghost particles associated with a jet. The
residual pT dependence for in-time pile-up� and out-of-time � are obtained from
linear �ts in bins of pT and j� j. Afterwards, reconstructed jets are compared with
truth jets, which do not su�er from pile-up e�ects.

The reconstructed jet four momentum is corrected to the particle-level energy scale
with the absolutejet energy scale calibration. The procedure compensates biases in
the jet � reconstruction caused by di�erent calorimeter technologies and granular-
ity. Truth jets generated from mc simulations with previously mentioned correction
steps are used as reference objects.

To further improve jet calibration, a Global Sequential Algorithm is used [234]. It
accounts for di�erent residual dependencies in longitudinal and transverse features
of the jet, as well as di�erent jet-initiating particles. The most signi�cant di�erences
are observed between gluon- and quark-initiated jets. Gluon jets tend to have seeds
with soft 2 particles with low calorimeter response and a wider transverse pro�le. In
contrast, quark-initiated jets tend to contain hadrons with a notable fraction of the
jet pT . This causes a larger calorimeter response. The algorithm exploits chosen
observables to correct the jet four momentum further.

Finally, an in-situ calibration is performed to correct for di�erences between data
and mc simulations and detector response. The balance between jets and well-
measured reference objects likeZ bosons or photons inZ +jets or 
 +jets events is
used. However, the calibration in terms of accessiblepT range is statistically limited
by the production mechanism ofZ bosons and photons. For highpT ranges, multijet
systems are used [232].

To reduce contamination of in-time and out-of-time pile-up mimicking jet signa-
tures, a multivariate tagging tool called jet-vertex-tagger (JVT) is used [235]. The
tool uses track information of jets and tests their compatibility with the primary
vertex. The JVT is used for central jets with a pseudorapidity of j� j < 2:5. For
forward jets with a pseudorapidity larger than central jets and up to j� j < 4:5, the
Forward Jet Vertex Tagger (fJVT) is used.

2The term soft often refers to a particle with low energy or momentum. It depends strongly on
the context. For parton showers, soft particles tend to have energies of some 10 GeV, while soft
particles have some 10 MeV for the calorimeter response. The opposite is calledhard particles.
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In this analysis, jets are reconstructed with an anti-kt algorithm with a radius param-
eter of R = 0 :4, implemented in the fastjet package [236], using the jet collection
AntiKt4EMPFlowJets [229]. Jets need to have a minimum transverse momentum of
pT > 25 GeV and j� j < 2:5. If explicitly mentioned, forward jets are also considered
to satisfy the same transverse momentum requirement and up toj� j < 4:5. The
Tight working point for JVT and fJVT are applied on jets with j� j < 2:5 and jets
with 2:5 < j� j < 4:5, respectively, to reduce contamination from pile-up jets.

b-jets

Identifying jets, including b-hadrons, calledb-jets, is crucial for every analysis mea-
suring a process, including top quarks. Top quarks almost always decay to aW
boson and ab-quark. For this analysis, the DL1 r b-tagging algorithm [237] is used
to identify b-jets against the signi�cant background of jets containing c-hadrons or
light hadrons. The former are calledc-jets if they do not contain any b-hadrons, the
latter are referred to as light jets if they do not contain any heavy-
avour hadron 3.
Hadrons containing b-quarks have unique properties, like a relatively long lifetime4

in the order of 1:5 ps (c� � 450� m) and an average mean 
ight length of 3 mm,
large mass, large decay multiplicity, and di�erent fragmentation properties. These
properties can be utilised for identi�cation.

The algorithms IP2D and IP3D attempt to identify b-jets due to larger expected im-
pact parameters of the decay products ofb-hadrons. TheRNNIP algorithm exploits
correlations between large impact parameter tracks. Another way is to reconstruct
the secondary vertex caused by the long lifetime ofb-hadrons, done by theSV1 and
JetFitter algorithms.

The DL1 r algorithm combines all previously mentioned algorithms into a fully con-
nected multi-layer feed-forward neural network (NN). It is trained on a hybrid train-
ing set of jets from t�t and Z ! q�q events. The three output probabilities for b-jets
pb, c-jets pc, and light jets pight of DL1 r are combined into a b-tagging score:

DDL1 r = ln

 
pb

f c � pc + (1 � f c) � plight

!

: (5.5)

The e�ective c-jet fraction of the training set is called f c. In Figure 5.4, the three out-
put probabilities and the resulting DL1 r score are presented for simulatedt �t events
with a fraction of c-jets of f c = 0 :018. Working points (WP) of 60 %, 70 %, 77 %,
and 85 % are de�ned by selecting a correspondingb-tagging e�ciency on simulated t �t
events [238,239]. The imposed cuts divide theDL1 r score into �ve pseudo-continuous

3Gluon initiated jets are also called light jets in this context.
4The long lifetime is caused by the kinematic suppression of b ! tW and the CKM suppression

of b ! uW and b ! cW.
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Figure 5.4: The three output scores of theDL1 r algorithm for the b-jet, c-jet, and
light jet probabilities, together with the DL1 r score for simulated t �t events with a
fraction of c-jets of f c = 0 :018. The �gures are taken from Ref. [237].

bins, bounded by the selections of 100 % and 0 %. This analysis chooses a WP of
85 %. The 2� had channels use a WP of 77 % instead.

5.2.6 Hadronically decaying taus � had

The dominant decay mode of hadronically decaying� leptons, called � had, is to one
or three charged pions, up to two neutral pions, and a� -neutrino. The hadronic
decay products can be reconstructed from topocluster seeds as jets using the anti-kt

algorithm with a radius parameter of R = 0 :4. Tracks within the seed can be further
classi�ed as core or isolated tracks based on a trained boosted decision tree. Based on
the number of core tracks,� had are classi�ed as 1-prong (3-prong) if they contain one
(three) core tracks with a total charge of � 1. A Recurrent Neural Network (RNN)
is trained on � had candidates with a pT > 20 GeV and j� j < 2:5, excluding the
transition region between the barrel and endcap calorimeters 1:37 < j� j < 1:52 [240].
The set of input variables for the RNN is based on combinations of track and cluster
information of � had candidates. For this analysis, theMediumID working point is
chosen, having a signal e�ciency of 75 % (60 %) for 1-prong (3-prong)� had decays.
To further enhance the rejection of electrons misidenti�ed as� had candidates with
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one associated track, a boosted decision tree is trained with a 95 % e�ciency for
� had. It has a rejection factor of � 30 up to � 100 depending onpT and � .

5.2.7 Missing Transverse Energy

During e+ e� collisions, the centre-of-mass energy is constant since fundamental par-
ticles with sharp energy and momentum distribution interact. In contrast, in pp
collisions, not the protons interact, but their constituents called partons, namely
quarks and gluons. The centre-of-mass energy is not constant but probabilistic.
In any case, the transverse momentum of all partons is exactly zero, and due to
energy-momentum conservation, the transverse momentum of all collision products
must add up to zero. Various sources may cause an imbalance. Neutrinos are a
source since they do not interact with the detector material. Another is the limited
detector coverage since theAtlas detector does not cover the full solid angle and
has regions with low acceptance. For instance, the transition region between the
barrel and forward calorimeters. Other sources are the loss of objects in the beam
pipe or due to object reconstruction ine�ciencies. The imbalance is characterised
by the missing transverse momentumE miss

T de�ned as the magnitude of the x- and
y-vector components in the transverse planexy and with its azimuthal angle � miss as:

E miss
T =

r
�
E miss

x

� 2 +
�

E miss
y

� 2
and � miss = arctan

 
E miss

x

E miss
y

!

: (5.6)

The vector components are the negative sum of all hard objects, reconstructed and
calibrated physics objects, and soft signals. The soft signal term consists of tracks
with pT > 400 MeV, matched to the primary collision vertex within jd0j < 0:5 mm
and jz0 sin(� )j < 1:5 mm, and not associated with any physics object:

E miss
x(y) = �

X

hard objects

px(y) �
X

soft signal

px(y) : (5.7)

The E miss
T is calibrated with Z ! �� events having no genuineE miss

T source. Con-
tributions are only expected due to limited detector acceptance and resolution and
from object reconstruction. The calibration with expected contributions originating
from undetected neutrinos is tested with W ! e� e and W ! �� � events [241].

5.3 Overlap Removal

Detector signatures can be ambiguous and cause overlap with each other. Anoverlap
removal procedure is applied to avoid double-counting of objects. It selects one of
the overlapping objects while rejecting the remaining ones. The following overlap
removal sequence is applied:

ˆ If two electron candidates share a track or have an overlapping cluster within
� R < 0:1, the lower pT is removed.
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ˆ Any � had within � R < 0:2 of an electron or muon is removed.

ˆ If a loose electron overlaps with a loose muon within �R < 0:1, the muon is
removed if it is reconstructed from a track or calorimeter deposit consistent
with a minimum ionising particle, else the electron is removed.

ˆ If a loose electron overlaps within � R < 0:2 with a jet candidate and the jet
candidate is not a b-tagged or haspT > 200 GeV, the jet candidate is removed
and the object is kept as an electron.

ˆ If a loose muon is ghost-matched to a jet candidate within � R < 0:4 and the
jet candidate is not b-tagged, the object is interpreted as a muon if the jet
candidate has less than three tracks withpT > 500 MeV.

ˆ If a loose� had candidate is found to be within � R < 0:2 of a jet candidate, the
jet candidate is removed and the� had candidate is kept.

ˆ If a jet candidate satis�es the previous overlap removal steps and overlaps with
a loose lepton in a cone with radiusR = 0 :04+10 GeV=pT,lep , with a maximum
radius of 0:4, the jet candidate is kept, while the lepton candidate is removed.



CHAPTER6

Analysis Strategy for thet�tH Multi-Lepton Process

Figure 6.1: Overview of the t �tH multi-lepton analysis channels.

Six analysis channels are de�ned depending on the Higgs boson decay mode and sub-
sequent decay mode of decay products, together with the top quark decay mode. The
channels are split by the number of light leptons` = e; � and hadronically decaying�
candidates, called� had, after applying the overlap removal sequence from Section 5.3.
An overview is presented in Figure 6.1: there are two zero� had channels called
2`SS+0� had and 3̀ +0 � had, one channel with exactly one� had called 2̀ SS+1� had, and
two channels with two � had referred to as 1̀+2 � had and 2̀ OS+2� had. The four-
lepton channel 4̀ requires four light leptons and is inclusive for � had candidates.
The individual channel preselection targeted Higgs boson decay modes and domi-
nant background sources are described in the following sections, while an overview
is presented in Table 6.1. Machine learning techniques are used to separatet �tH

69
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events from background ones in all analysis channels; however, in some, an attempt
is made to separatetH events additionally. The machine learning scores de�ne
signal-enriched regions called signal regions (SR) and background-enriched control
regions (CR), constraining respective backgrounds.

There are two categories of backgrounds: the �rst is calledirreducible backgrounds,
which cannot be suppressed by di�erent object de�nitions due to their inherent simi-
lar signature. For the t �tH (b�b) analysis, thet �t+ b�bprocess is anirreducible background
due to the same �nal state signature with the main di�erence in the origin of the b�b
pair. Similar for the t �tH ! 4` process with main irreducible background beingt �tZ ,
if the top quark pair and Z boson decay to leptons. The �nal state has the same
number of expectedb-jets originating from the top quark pair and the number of ex-
pected light leptons with only kinematic di�erences. However, the ZZ background,
especiallyZZ + � 1c and ZZ + light contribution, is mostly suppressed by b-tagging
requirements and enters the 4̀ regions due to the high expected production cross-
section. Those backgrounds are usually referred to asreducible backgrounds. For
the t �tH (b�b) analysis, contributions of the t �t + jets background, namely t �t + c�c and
t�t + light, are reducible, since they can be similarly suppressed by tighter require-
ments on b-tagging.

Another main category of reducible backgrounds originates from non-prompt and
fake leptons, which are suppressed by tighter requirements on lepton selection and
isolation. Estimating non-prompt and fake lepton backgrounds is di�cult due to
their signi�cant dependencies on those requirements and the chosen analysis region.
A detailed discussion on the estimation is found in Chapter 7.

A complete overview of regions for thet �tH multi-lepton analysis is presented in
Figure 6.2, combining individual channel preselection with machine learning scores,
de�ning SRs and CRs. Non-prompt and fake backgrounds are estimated in designed
regions enriched in these backgrounds and orthogonal to the channel preselection.

In the following, the machine learning techniques are discussed with a focus on dense
neural networks in Section 6.1.1 and boosted decision trees in Section 6.1.2 since they
are used in other analysis channels. The preselection description and application of
the neural network for the 4` channel is presented in Section 6.2, including a discus-
sion of the training and evaluation. The construction of SR and CRs for the 4̀ is
also presented. An overview of the other analysis channels and their strategy is given
in Section 6.3 to Section 6.6. In the last Section 6.7 the reconstruction strategy for
the Higgs boson transverse momentum is discussed.
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Channel 2̀ SS + 0 � had 3` + 0 � had 4`

Target t �tH decay t ! b`� ` ; t ! bqq0 and
H ! WW ! `� `qq0

t ! b`� ` ; t ! b`� ` and
H ! WW ! `� `qq0

t ! b`� ` ; t ! bqq0 and
H ! WW ! `� ` `� `

t ! b`� ` ; t ! bqq0 and
H ! ZZ ! `� `qq0 or ``��

t ! b`� ` ; t ! b`� ` and
H ! WW ! `� ` `� `

t ! b`� ` ; t ! b`� ` and
H ! ZZ ! `� `qq0 or ``��

Trigger Single- and Dilepton
� had candidates 0 0 �
Lepton counting == 2 T: pT > 15 GeV == 3 T,T,L: pT > 15; 15; 10 GeV == 4 L: pT > 10 GeV
Lepton details SS OS to others: LpT > 10 GeV

SS pair: T pT > 15 GeV
OS pair: jm (`` ) � mZ j > 10 GeV

and m (`` ) > 12 GeV

P
i qi = 0

m (llll ) =2 [115 GeV; 130 GeV]
OS: m (`` ) > 12 GeV

Central jets � 3 � 2 � 2
b-jets � 1 (@85 %WP) � 1 (@85 %WP) � 1 (@85 %WP)

Channel 2̀ SS + 1 � had 2`OS + 2 � had 1` + 2 � had

Target t �tH decay t ! b`� ` ; t ! bqq0 and
H ! � � ! `� ` � ` � had � `

t ! b`� ` ; t ! b`� ` and
H ! � + � � ! � had � ` � had � `

t ! b`� ` ; t ! bqq0 and
H ! � + � � ! � had � ` � had � `

Trigger Single- and Dilepton Singlelepton
� had candidates == 1 M: pT > 20 GeV == 2 OS M: pT > 20 GeV == 2 OS M: pT > 20 GeV
Lepton counting == 2 M: pT > 15 GeV == 2 OS L: pT > 10 GeV == 1 L: pT > 27 GeV
Lepton details SS pair: jm (`` ) � mZ j > 10 GeV OS pair: jm (`` ) � mZ j > 10 GeV

and m (`` ) > 12 GeV
Central jets � 3 � 2 � 2

b-jets � 1 (@85 %WP) � 1 (@77 %WP) > 0 (@77 %WP)

Table 6.1: An overview of applied selection criteria to de�ne the six analysis channels.
The object de�nitions relevant analysis objects are de�ned in Chapter 5.
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Figure 6.2: Overview of the t �tH multi-lepton analysis regions per analysis channel
split by the number of loose light leptons and � had candidates. The regions are
further divided by either MVA de�ned after applying the channel preselection or
regions targeting speci�c backgrounds. These regions are designed to be orthogonal
to other analysis regions.
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6.1 Machine Learning Introduction and Application

Separating signal events from background events is crucial for each analysis to en-
hance sensitivity to the signal process and constrain backgrounds. Some analyses
featuring resonances likeH ! ZZ � ! 4` or H ! 

 can achieve a good separation
between signal and background by simple cuts on the invariant mass of the four lep-
tons or on the diphoton invariant mass1 and rely on the extrapolation of background
estimate outside the invariant mass cuts to the signal enriched region. However,
most analyses have di�cult background processes with inherently similar �nal state
signatures and kinematics and no clear or golden variable for separation. A set of
cuts can be applied to increase signal sensitivity further. Still, with an increasing
number of input variables, this task gets more complex and underlying correlations
between variables are often hidden. Therefore, machine learning algorithms are used
to increase the performance.

Machine learning algorithms use a given dataset to maximise a performance measure
or learn from experience to ful�l a de�ned task. There are several training strategies
with di�erent applications:

ˆ Supervised Learningis used for classi�cation tasks with labelled training data.
This strategy is commonly used in particle physics analyses to classify events
from simulation. The inputs are usually low-level kinematic variables2, or high-
level features built from them by imposing physical constraints and knowledge
about the target process3. True labels are provided to evaluate the performance
and improve the classi�cation. Satisfactory modelling of kinematic distribu-
tions is crucial for the training to avoid biases. After the training procedure,
the algorithm can classify data events with no true label.

ˆ Unsupervised Learninguses no prior information of the training dataset, forcing
the algorithm to identify common patterns in the dataset. The strategy is
usually used for incomplete datasets with unknown properties, such as anomaly
detection or pattern recognition tasks.

ˆ Reinforcement Learning is based on real-time decision making. The algorithm
learns through trial and error by getting feedback by a binary or continuous
succession score. The most prominent applications are self-driving cars or
robotic manipulation tasks.

There are several machine learning models based on the aforementioned learning
strategies. For the t �tH multi-lepton analysis and especially for the 4̀ channel, a

1However, machine learning models such as BDTs are also used for the reconstruction of the
top quark system [115] or further event classi�cation after applying a cut on the diphoton invariant
mass [117] increasing separation.

2Low-level variables are the kinematic properties of physics objects, like the transverse momen-
tum or pseudorapidity of jets or leptons.

3Most common candidates for the t �tH multi-lepton analysis are invariant masses of lepton pairs
or the distance between them.
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dense neural network (DNN) is used for signal and background separation utilising
the supervised learning approach. Graph neural networks (GNN) and boosted de-
cision trees (BDT) are used to reconstruct the Higgs boson transverse momentum.
The remaining analysis channels use BDTs for signal and background separation
tasks. In the following, a brief overview of dense neural networks and boosted deci-
sion trees is given, followed by the application of the former one for the 4̀channel
and overviews on the application of the latter ones for the remaining channels of the
t �tH multi-lepton analysis.

6.1.1 Dense Neural Networks

input
layer

hidden layers output
layer

Figure 6.3: An example of a fully connected neural network. A feed-forward network
is shown; information 
ows only in one direction from the input layer to the output
one. This type of neural network is used for the 4̀ channel.

Neural networks are motivated by the structure of human brains with neurons and
connections between them. However, there are conceptual di�erences between bio-
logical and arti�cial neural networks. A dense neural network is organised in three
parts, as shown in Figure 6.3, having an input layer, an output layer, and several
hidden layers. The number of neurons in the input layer re
ects the number of input
features, such as kinematic variables of an event, fed into the network. In contrast,
the output layer indicates the number of classes the classi�cation task de�nes. The
number of hidden layers with the number of neurons for each layer can be arbitrarily
chosen. However, the performance of the neural network may change. In Figure 6.3,
neurons are connected to each neuron of the next layer, allowing information only
to 
ow in one direction from the input to the output layer. Therefore, such net-
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works are called fully connected and feed-forward4. Neurons are used to process
signals, while chemical reactions trigger biological neurons; arti�cial neurons use ac-
tivation functions to process information to the next one. The activation functions
are continuously di�erentiable and feature non-linear behaviour, resulting in non-
trivial solutions. The most commonly used activation functions are recti�ed linear
unit (ReLU) 5, exponential linear unit (ELU) , scaled exponential linear unit (SELU),
or leaky recti�ed linear unit (Leaky ReLU) , with de�nitions found in Appendix B.
Some activation functions have special properties for score interpretations: for a
multiclass neural network, the softmax function

a (x i ) =
exp (x i )P
j exp

�
x j

� ; (6.1)

for a neuron i , while j runs over all neurons in the output layer, can be used for
probabilistic interpretation as it de�nes a probability distribution with

P
i a (x i ) = 1.

For binary scores, saturated functions like the sigmoid are used, ful�lling a similar
purpose. The calculation of the output for a neuron is given by

y0 = a

0

@
X

i

x i � wi + b

1

A (6.2)

with x i as input from the previous layer and weight wi and bias b from the current
layer, evaluated with the activation function a. During training, sometimes referred
to as learning, weightswi are adjusted using the back-propagation method [242] to
improve the performance on the training data. The performance is evaluated using
a loss function L

�
y0; y

�
, measuring the distance between the true valuey and the

value y0 predicted by the model. The weights are updated according to the gradient
of the loss function. The back-propagation is computationally expensive and is done
by successively applying the chain rule. There are several algorithms used for the
back-propagation, such as thestochastic gradient descent (SGD)or NAdam algo-
rithm [243]. The PyTorch library is used for model building and training [244].

The training procedure involves several techniques to increase a model's performance
and avoid over�tting , which refers to models being sensitive to noise in the training
dataset, resulting in poor performance on unseen data and, therefore, small gener-
alisation ability. Over�tting can be prevented by adding penalty terms to the loss
function, favouring smaller weights [245, 246], or by setting a percentage of input
values for neurons of a given layer to be zero. The latter is calleddropout [247]. It
reduces the number of model parameters and avoids the model relying on speci�c

4Biological neural networks are neither fully connected nor feed-forward; they also feature leaky
behaviour.

5Negative input values are always mapped to be zero, resulting in a loss of information for those
values and, in extreme cases, to the inactivity of neurons. Nevertheless, this function is commonly
used due to its simplicity. The Leaky ReLU function is an alternative since it corrects the loss of
information.
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nodes. The early stopping mechanism is a method to monitor over�tting by evalu-
ating the model on a validation set. The training is terminated once the validation
loss function does not improve.

6.1.2 Boosted Decision Trees

NJets > 3

B � R (`0; jet) > 2:0

pT, 1st jet < 130 GeV B

B S

no yes

no yes

no yes

Figure 6.4: An example of a decision tree with a depth of three. The variables are
chosen from the list of input features from the 2̀ SS+0� had channel.

Boosted decision trees (BDT) are a multivariate analysis tool used in high-energy
particle physics. Decision trees are a set of decisions which binary split input data
based on selected input features [248{250]. A sketch of a decision tree is shown in
Figure 6.4 for a simpli�ed analysis, splitting the dataset by a given value and with a
depth of three. The terminal nodes are called leaves and represent a class label, or
if the output score is a continuous variable, it can be interpreted in a probabilistic
manner. The latter is called a regression tree. A learning process can be induced by
maximising a metric for information gain or minimising entropy for each node split,
improving the tree structure. The learning process is terminated if some criteria are
matched, like the depth of trees, or no improvement is observed. Multiple decision
trees can be combined into a single, much stronger classi�er [251] by boosting method
forming a forest. Each created decision tree will be assigned a weight corresponding
to its accuracy. The �nal combined classi�er is the weighted sum of the individ-
ual tree output classi�er. There are three commonly used boosting algorithms: the
adaptive boost algorithm (AdaBoost) algorithm [252], the eXtreme Gradient Boost-
ing (XGBoost) algorithm [253], and the Gradient Boosting algorithm [254]. The
former was commonly used in early Run 2 analyses. However, all mentioned BDTs
used for t �tH multi-lepton analysis use the latter algorithm based on the gradient
descent method. BDTs are characterised by a set of tunable parameters, like the
maximal depth of a tree, sometimes also de�ned by the number of terminal nodes
or leaves. Another characteristic is the maximal number of used input features per
tree, with features randomly selected from the full set of features. In the context
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of the AdaBoost algorithm, trees including input features with no separation power
will be disfavoured, and a small weight will be applied. Other parameters are the
used loss function, learning rate, or number of total trained trees.

6.2 The 4` Channel

Figure 6.5: An overview of Higgs boson and top quark pair decay modes covered by
the 4` channel. The values are based on truth information obtained from simulation
after applying preselection criteria. On the left side, the various Higgs boson decay
modes are presented, while on the right, the most dominant decay modeH ! WW �

is further classi�ed by the individual decay modes of the W bosons. Below, the
decay modes of the top quark pair are shown, with the dileptonic decay being the
most dominant.

The 4` channel preselection requires four light leptons with a minimal transverse
momentum of pT > 10 GeV using both single- and dilepton triggers. Theloose lep-
ton de�nition presented in Section 5.2.4 is used for all four leptons. In Appendix C,
an optimisation of the used lepton de�nition is presented, disfavouring tighter def-
initions. The sum of charges of four leptons needs to add up to zero. Each event
requires at least two central jets with at least oneb-jet passing the 85 %DL1 r work-
ing point.

There are some requirements on lepton combinations. For each same-
avour opposite



78 Chapter 6. Analysis Strategy for the t�tH Multi-Lepton Process

sign (SFOS) lepton pair, the invariant mass needs to bem
�
`+ ` �

�
> 12 GeV, to re-

duce contributions of low-mass resonance quarkonia decays. Events with an invariant
mass of the four leptons close to the Higgs boson mass,m (4`) =2 [115 GeV; 130GeV],
are vetoed. It ensures statistical orthogonality to other H ! ZZ � ! 4` analyses,
like Ref. [73]. In the previoust �tH multi-lepton analysis, an additional requirement is
applied by vetoing every SFOS pair with jm (`` ) � mZ j < 10 GeV. This cut e�ciently
reduces most backgrounds but would remove� 30 % of signal events. Since statis-
tical uncertainties are expected to dominate, such signal reduction is to be avoided.
Therefore, the Z-veto is dropped. Instead, the channel strategy uses neural networks
to perform similarly regarding background suppression while keeping the signalt �tH
events.

The veto on the four lepton invariant mass close to the Higgs boson mass has a
signi�cant impact on the 4 ` �nal state, e�ectively suppressing the H ! ZZ � decay
mode, and results inH ! WW � ! `� ` `� ` decay mode being the most dominant one.
A pie chart based on truth information from simulation demonstrates the di�erent
fractions of Higgs boson decay modes covered by the 4` channel in Figure 6.5. It
also provides a �ner categorisation of the dominantH ! WW � decay mode. Addi-
tionally, the top quark decay modes are presented, showing that the top quark pair
almost always decays dileptonically.

The dominant prompt backgrounds for the t �tH ! 4` process arise fromt�tZ pro-
duction with dileptonic decaying top quark pair and Z ! `` , and from diboson ZZ
production with both bosons decaying to leptons. Other minor prompt backgrounds
originate from tWZ and t�tt �t . The most dominant non-prompt background arises
from t�t production with two additional non-prompt leptons. The estimation of the
non-prompt backgrounds is described in Section 7.1. Table 6.4 shows the expected
yields after applying preselection criteria. The preselected events are utilised to train
a dense neural network (DNN). In Figure 6.6, various distributions of kinematic vari-
ables like transverse momentum of leptons are presented, but also high-level variables
like invariant masses of lepton pairs or scalar sum of transverse momentum for jets
HT, jets . Particularly, variables such as the missing transverse energy or jet and
b-jet multiplicities demonstrate a satisfactory level of modelling. In Appendix D, a
collection of kinematic variables for the preselection is presented, including post-�t
distributions.

6.2.1 Neural Network Approach for the 4` Channel

In the following, the various aspects of applying a three-class dense neural network
for the 4` channel are presented, aiming to separatet �tH signal events from t�tZ
and ZZ background ones and starting from the selection of used input features,
followed by the treatment of negative event weights and splitting of the dataset into
training, testing, and validation sets. Afterwards, the neural network architecture
and training are explained, and then the performance is evaluated.
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Figure 6.6: Pre-�t data mc comparison for lepton- and jet-related variables. The
blue hashed bands represent each bin'smc-statistical and systematic uncertainties.
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Input Features for the Neural Network

Object Variable Symbol(s) # Variables: 22

Leptons Distances between Lepton Pairs �Rij (`` ) 6
Invariant Masses of Lepton Pairs mij (`` ) 6
Scalar Sum ofpT HT;lep 1
Four Lepton Invariant Mass m (4`) 1
Number of SFOS Pairs nSFOS 1

Jets Number of (b-) Jets nJets, nb-Jets 1 + 1
Scalar Sum ofpT HT;jets 1

E miss
T Magnitude E miss.

T 1

Other Stransverse Masses M T 2;Top (`` ), M T 2;Boson (`` ) 1 + 1
E�ective Invariant Mass m`2 `3E miss

T
1

Table 6.2: A list of twenty-two input variables for the DNN for the 4 ` channel.

The neural network uses twenty-two high-level variables as input features, with an
overview presented in Table 6.2. In particular, the invariant masses of all six lepton
pair combinations mij (`` ) are fed into the neural network since they give rise to
the presence of potentialZ boson candidates. Appendix E presents shape compar-
isons between the three processes for all input features. The invariant masses of
lepton pairs for t �tZ and ZZ tend to have a peak around the mass of theZ boson,
while no such trend is observed fort �tH , as shown in Figure E.1. Together with
the charge and 
avour information of all four leptons, combined into the number
of SFOS lepton pairs, similar features are provided to the network used for the
previously applied Z -veto. To further pronounce the relationship between leptons,
distances between lepton pairs �Rij (`` ) are used, targeting di�erent spatial separa-
tions, adding further information about the leptons and their origin. Furthermore,
the scalar sum of transverse momentumHT, lep and invariant mass of all four lep-
tons m (4`) are added as lepton-related features. Jet-related variables are used to
improve further separation between processes involving a top quark pair,t �tH and
t�tZ , from diboson ones. Signi�cantly, the number ofb-jets and jets demonstrate good
separation, as the top quark pair results in a more signi�cant amount of hadronic
activity. This is further pronounced by the scalar sum of the transverse momentum
of jets HT, jets , as additional jets generated by gluon splitting in ZZ events tend
to be softer, compared to jets induced by the heavier �nal state oft �tH and t�tZ 6.
The missing transverse momentumE miss

T provides the best separation betweenZZ
and the remaining processes, as no genuine contribution is expected from the former
one. Only the magnitude E miss

T is fed into the network. Additionally, variables are
constructed to explore further the di�erent decay signatures of the boson decays,
Z ! `` and H ! WW � ! `�`� , or the top quark pair system. In the following, the
e�ective invariant mass and stransverse mass are introduced.

6This trend is observed for the individual transverse momentum distributions for each jet. How-
ever, this information is passed down to the scalar sum of transverse momentum for jets H T, jets .
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E�ective Invariant Mass

The spatial information of E miss
T is used for the construction of the e�ective invariant

massm`2 `3E miss.
T

. It focuses on the separation oft �tH and t�tZ events by exploiting the
di�erent decay modest�tZ ! 4`2� and t�t (H ! WW � ) ! 4`4� , utilising the presence
of more neutrinos in the �nal state of t �tH and its impact on the magnitude and
spatial components ofE miss

T . The e�ective invariant mass was used in the previous
analysis and is constructed as follows: �nd the closest lepton to the hardestb-jet
and the lepton with opposite charge closest to another jet orb-jet. These leptons are
likely to originate from the top quark system, while the remaining opposite charge
leptons originate from either a Higgs boson orZ boson. The e�ective invariant mass
m`2 `3E miss.

T
is then de�ned as the invariant mass of these leptons together withE miss

T .
Since the dileptonic top quark decay also involves neutrinos, the e�ective invariant
massm`2 `3E miss.

T
does not feature a peak around the Higgs boson mass fort �tH events,

but is slightly smeared as shown in Figure 6.7.

Figure 6.7: Shape comparison of the e�ective invariant mass and the two stransverse
masses for all three target processest �tH , t �tZ , and ZZ . All distributions are nor-
malised to unity.

Stransverse Mass

The stransverse mass is commonly used in beyondSM searches and is closely related
to the transverse massm2

T . The latter assumes that the undetected particle, cre-
ated during the collision, is massless, being an appropriate assumption forW boson
decays. However, the stransverse mass does not require such an assumption. For
a pp collision induced process, creating a particle pair, which each is subsequently
decaying into an observed particle with transverse momentump` �

T and unobserved
particle with transverse momentum pmiss;i

T , the stransverse mass [255] is de�ned as:

M T 2 = min pmiss
T

"

max
�

m2
T

�
p`+

T ; pmiss;1
T

�
; m2

T

�
p` �

T ; pmiss;2
T

� � #

: (6.3)
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Since the exact splitting is unknown, Equation 6.3 requires a minimisation over all
possible momenta,pmiss;1

T and pmiss;2
T under the constraint that their sum is equal to

the amount of observed missing transverse momentumpmiss
T . Two variables are intro-

duced to adapt the stransverse mass to the 4̀�nal state, focusing on the top quark
pair system while the other explores the bosonic part. Using the same labelling of
leptons as for the e�ective invariant mass, the stransverse mass of the top quark pair
M T 2;Top (`` ) is constructed using the leptons likely originating from the top quark
pair and E miss

T . Figure 6.7 compares the shape between the three targeted processes.
The stransverse mass of the top quark pairM T 2;Top (`` ) for t �tH and t�tZ are similar
due to the presence of the top quark pair and may be utilised for better separation
of the ZZ process. The stransverse masses for the boson candidateM T 2;Boson (`` ) is
constructed similarly. However, it uses the remaining leptons, which are also used for
the e�ective invariant mass. For t �tZ , the transverse masses for the boson candidate
tend to be harder, compared tot �tH as shown in Figure 6.7. The stransverse masses
for the boson candidate and top quark pair are similar forZZ .

Dataset and Negative Weight Treatment

The number of usedmc events for each target process is shown on the left in Fig-
ure 6.8 and de�nes the size of the dataset. The dataset is split into two statistically
independent folds using the k-folding method for training, validation, and testing.
The �rst fold uses 50 % of the dataset for training while remaining 37:5 % for valida-
tion and 12:5 % for testing. The second fold combines testing and validation sets as
training and splits the previously used training set into validation and testing with
the same fractions. The data sets oft �tH and t�tZ are supplemented by adding alter-
native systematic samples, mentioned in Section 3.4. Next to the increase in training
data, the alternative samples may provide robustness against systematic e�ects. On
the right side of Figure 6.8, the relative fraction of mc statistics for each sample
with respect to the full dataset is shown in blue. Furthermore, in red, the fraction
of negativemc weights is shown for all three processes with respect to the full dataset.

During event generation, negative event weights occur to avoid double-counting dur-
ing matching NLO matrix element contributions to the parton shower. They impact
both the normalisation and shape of input distributions. The largest fraction cor-
responds to the t �tZ process caused by the MC@NLO method. Thet�tH sample is
generated with Powheg matched with Pythia using the Powheg method, result-
ing in a tiny fraction of negative mc weights. Negative weights will cause problems
when calculating the gradient and loss, as the loss for each event is scaled with the
event weight and may become negative7. There are several strategies to deal with
negative weights: remove the negative ones and only use positive ones, set every

7This issue occurs if the calculated loss across a batch becomes negative. Using higher batch sizes
may decrease the chance of getting negative loss values and, therefore, a sign 
ip for the gradient
calculation.
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event weight to unity, or take the absolute value of each weight. These strategies
have the downside of changing the shape and normalisation of the input distribu-
tions. To remove negative weights while preserving both shape and normalisation, a
correction factor

C =
P

i wiP
wi > 0 wi

(6.4)

is derived to compensate for negative weight contributions. The corrected event
weights w0

i used during the training are calculated by scaling the positive weights
with the correction factor:

w0
i = Cwi : (6.5)

The remaining negative weights are set to zero and, therefore, dropped from the
training. The impact of the di�erent strategies on the input distributions is studied
in Appendix F. The approach of using a scale factor for correcting the missing neg-
ative weights is used, as it provides a satisfactory compensation of negative weights,
especially for the t �tZ and ZZ data sets.

Neural Network Architecture and Training

Multiple hyperparameters control the training and architecture of the dense neural
network. A list of parameters is presented in Table 6.3, de�ning the architecture
of the network, like the number of hidden layers and nodes per layer, but also the
used activation functions. Other parameters, like the learning rate, dropout in-
dex, or batch normalisation index, in
uence the training. Di�erent combinations
of hyperparameter settings are tested to determine the combination with the best
performance, de�ned as the lowest mean loss concerning both folds. In total, 250
neural networks are trained with hyperparameters randomly chosen within a de�ned
range. In Table 6.3, an overview of the used ranges and settings is presented, to-
gether with the best con�guration. The neural network size is limited to three to ten
hidden layers, each containing between 30 and 250 nodes chosen in step sizes of ten
nodes. The learning rate controls the step size along the calculated gradient and,
therefore, towards the global8 minimum. Choosing minimal learning rates will slow
the training process, while large learning rates will cause divergent behaviour. All
models have a batch size of 1064, use the softmax function as the output function,
and Adam as optimiser [256]. The categorical cross-entropy

CE= �
X

c

yc log
�
y (x)c

�
; (6.6)

with yc as the label of classc and y (x)c as the prediction for an input x, is used
as loss function for all models. All models have a dropout probability of 25 % for
regularisation. The optimised model applies dropout from the second to the �fth
hidden layer. Batch normalisation is performed for the optimised model at the layers

8The loss function landscape may also have local minima.
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with index 0; 1; 2; 3; 5. The training is terminated by an early stopping mechanism,
checking the change of the loss function for the validation, �min. , over a selected
number of epochs, called patience. It e�ectively stops the training if there is no
improvement in the validation loss. All models use a patience of 150 training epochs
with a minimal change of the loss function of � min. = 0 :001.

Figure 6.8: The size of the used dataset in terms of rawmc events for each process
t �tH , t �tZ , and ZZ . The mc statistics are increased by adding alternative systematic
samples fort �tH and t�tZ . On the right side, the fraction of mc events for each process
and the fraction of negative events for each process concerning the total dataset are
presented. The largest fraction of total events and negative weights contribution is
t �tZ .

Hyperparameter Values
Con�guration

after Optimisation

Type Classi�cation DNN Classi�cation DNN

Hidden Layers
max: 10
min: 3

6

Nodes per Hidden Layer
max: 250
min: 30

step size: 10
210; 100; 230; 160; 160; 170

Activation Functions Relu, Elu, Selu, LeakyRelu -
Activation Functions Combination - Elu, Selu, LeakyRelu, LeakyRelu, Selu, LeakyRelu

Learning Rate
max: 0:0005
min: 0:00005

0:00055

Batch Size 1064 1064
Output Function Softmax Softmax

Loss Function Categorical Cross-Entropy Categorical Cross-Entropy
Optimiser Nadam Nadam

Dropout Probability 25 % 25 %
Dropout Index - 1; 2; 3; 4

Batch Normalisation Indeces - 0; 1; 2; 3; 5
Patience 150 150

� min. 0.001 0.001

Table 6.3: A list of the hyperparameters used during the optimisation. The con�g-
uration for the best model is presented on the right.
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Neural Network Performance and Evaluation

Performance evaluation is the �nal step after training a neural network model. The
loss function for the training and validation set as a function of the training epoch
for both folds is shown in Figure 6.9. Both loss functions decrease and saturates.
The early stopping mechanism terminates the training since the validation loss does
not decrease over 150 training epochs. Overtraining is not observed since training
and validation loss converge similarly. In the beginning, the training loss is over a
large range greater than the validation loss. This is caused by the usage of dropout
features, which arti�cially reduce performance during training. The e�ect decreases
till the end of the training step. The DNN output classi�ers for the t �tH response
for both folds are presented in Figure 6.10. The background is the combination of
t �tZ and ZZ . A clear separation between classi�edt �tH and remaining background
contributions is observed for both folds.

To further evaluate the performance, especially in contrast to the testing set and
fold of the classi�er, receiver operating characteristics curves, calledROC curves,
are used.ROC curves are used for binary classi�cation evaluation. However, it can
be expanded for multiclass by favouring one class while combining the remaining
classes. TheROC curve evaluates for a given classi�er cut the true positive rate
versus the false positive rate. The area under the curve (AUC ) is then a measure for
the classi�er's performance, with a perfect classi�er having anAUC of unity, while
a random guess would result in anAUC of 0:5.
In Figure 6.11, the ROC curves for all three output classi�ers are presented with
the AUC values provided for each fold and training and testing set. There are no
signi�cant di�erences between the training or testing AUC values compared within
the two folds for each classi�er, indicating no large statistical 
uctuations or biases
of the two used folds. Comparison of theAUC values for training and testing for a
given fold gives rise to generalisation performance. Large deviations would indicate
di�erent performances on the training and unseen testing sets, hence a tiny gener-
alisation performance. For all three classi�ers, the testing and training AUC values
are compatible with each other, indicating no large sign of overtraining and good
generalisation performance. TheAUC values for the ZZ output classi�er are the
closest to unity as the model can separateZZ from the remaining events easily.

This is also re
ected in the confusion matrix in Figure 6.12, comparing the model's
prediction with true labels with a perfect classi�er represented by a diagonal confu-
sion matrix. The model can separateZZ events e�ectively; the largest misclassi�ca-
tion occurs with t �tZ due to the presence of on-shellZ bosons. Most misclassi�cation
occurs betweent�tH and t�tZ categories due to their similar signature with the main
di�erence in the distributions of the invariant mass of lepton pairs and number of
neutrinos in the �nal state a�ecting E miss

T .

To quantify the importance of an input, the permutation feature importance method
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is applied by randomly shu�ing an input feature and measuring the performance in
terms of AUC . The di�erence of reduced AUC and nominal AUC nom normalised
to the nominal AUC nom is used as a metric and is given by:

IP =
� AUC

AUC nom
=

AUC nom � AUC
AUC nom

: (6.7)

For input features with tiny importance, the IP will be close to zero since the relative
performance di�erence is tiny9. A ranking of the permutation importance for every
input feature for all three classi�ers is shown in Figure 6.13. The most important
input features for all three classi�ers are the missing transverse energyE miss

T , fol-
lowed by the invariant masses of lepton pairs. Especially for theZZ classi�er, E miss

T
is highly ranked sinceZZ production is expected to have no genuineE miss

T contri-
bution. For t �tH and t�tZ , the importance arises from the di�erent decay modes of
the additional boson, since the top quark pair decay is on average similar10. The
Higgs boson decayH ! WW � ! `+ � ` ` � �� ` involves additional neutrinos compared
to the Z ! `+ ` � decay, a�ecting the expectedE miss

T distributions. Furthermore, the
di�erent decay modes of the involved boson in
uence the invariant mass and 
avour
combination of lepton pairs: SFOS lepton pairs are expected to have an invariant
mass close to theZ boson mass. Thus, the invariant masses are important for the
model's performance.

Figure 6.9: The loss as a function of the training epochs evaluated for both folds'
training and validation sets.

9The permutation feature importance method is not only sensitive to the importance of a single
input feature but also to the correlation of that input feature with other ones. However, in both
cases, the input features are highly ranked.

10 Small di�erences occur due to the mass of the Higgs boson compared to theZ boson, changing
the recoiling system the top quark pair system.
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Figure 6.10: The DNN t�tH classi�er distributions for both folds. The background
represents the combination oft �tZ and ZZ .

Figure 6.11: The ROC curves for the three output classi�ers. The AUC values for
both folds and training and validation sets are compared. The top leftROC curve
corresponds to thet �tH classi�er, while on the right, the one for the t �tZ classi�er is
shown. The bottom ROC curve belongs to theZZ classi�er.
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Figure 6.12: The confusion matrix compares the predicted labels for all three classes
t �tH , t �tZ , and ZZ with the true labels.

Figure 6.13: The ranking of input features for each classi�er calculated by the per-
mutation importance metric from Equation 6.7.
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6.2.2 De�nition of SR and CR for the 4` Channel

Figure 6.14: The two-dimensional planes to show the score response for a class as
a function of the remaining scores. The property of the softmax output function
summing up all scores to unity leads to the triangular shape. At the top left, the
t �tH response is shown, while on the right, thet �tZ one. The bottom one shows the
ZZ response.

The output classi�er of the neural network can be interpreted in a probabilistic man-
ner due to the usage of the softmax output function, assigning each event a likelihood
to originate from t�tH , t �tZ , or ZZ production, with the sum of likelihoods equal to
unity. The previously mentioned normalisation conditions can be used to visualise
the individual scores in a two-dimensional plane with an axis as the remaining scores
as shown in Figure 6.14. TheZZ events are mostly separated from the remaining
t �tH and t�tZ events due to their distinct signature and with the highest ZZ response
at DNN t �tH and DNNt �tZ close to zero as shown on the bottom of Figure 6.14. The
response fort �tH is mostly accumulated along DNNt �tZ , demonstrating the di�culty
of separatingt �tH and t�tZ due to their similar signature. For t �tZ , the same behaviour
is observed.

The classi�cation scores de�ne the t�tH SR, enriched with t �tH and t�tZ sensitive
bins, and a ZZ CR. The de�nitions of the 4 ` analysis regions are based on theZZ
score DNNZZ with cuts obtained from the optimisation presented in Appendix G.
The region de�nitions read as follows:

ˆ SRt �tH : Preselection and DNNZZ � 0:1 and
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ˆ CRZZ : Preselection and DNNZZ > 0:1.

The expected yields for the analysis regions are shown in Table 6.4. There are no
further cuts on the DNN t �tH or DNN t �tZ score, instead the DNNt �tH distribution is
used since it has a natural separation between the remaining process as seen on the
left side in Figure 6.1511. The ZZ contribution is split according to the 
avour
compositions of additional jets created by gluon splitting. The classi�cation relies
on truth information of hadrons embedded in jets. If a ZZ event has a jet contain-
ing a b-hadron, it is labelled as ZZ + � 1b; if the jet contains a c-hadron but no
b-hadron, it falls into the ZZ + � 1c category. The remaining ones are classi�ed as
ZZ + light and contain light quark or gluon jets. This classi�cation is also used in
other analyses liket �t(H ! b�b), as described in Ref. [122]. The CRZZ uses theb-jet
multiplicity as �tted distribution since it entangles the di�erent 
avour compositions
of additional jets as shown in Figure 6.15. Pre-�t uncertainties are shown, including
both statistical and systematic uncertainties.

Kinematic variables are presented to validate the data to mc agreement after ap-
plying the DNN ZZ score cut. In Figure 6.16, the transverse momentum for each
lepton together with the invariant mass of lepton pairs and all four leptons, the jet
and b-jet multiplicity and the scalar sum of transverse momentum for leptons and
jets, and E miss

T are presented, using the �rst seven bins of the SR, enriched witht �tZ
events, acting ast �tZ CR. In Figure 6.17, the same variables are shown but using
the CRZZ selection. As for the preselection, thet �tZ sensitive part of the SRt �tH
and CRZZ regions demonstrate a satisfactory level of data tomc agreement. The
complete set of pre- and post-�t distributions of the DNN input features is presented
in Appendix D.

11 The splitting of the DNN t �tH score distribution is also unnecessary since both de�ned t �tH SR
and t �tZ CR will use the DNN t �tH score as �tted distribution.
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Process Preselection SRt �tH CRZZ

t �tH 15:31� 1:87 13:44� 1:85 1:87� 0:30
t �tZ 148:39� 1:42 117:60� 0:73 30:79� 1:50
ZZ + � 1b 39:40� 3:78 2:16� 0:27 37:24� 3:78
ZZ + � 1c 30:77� 2:58 1:17� 0:13 29:60� 2:58
ZZ + light 28 :90� 4:38 0:75� 0:15 28:15� 4:38
tWZ 17:67� 6:79 12:28� 6:13 5:39� 2:70
WZ 1:04� 0:16 0:53� 0:12 0:51� 0:11
Other Prompt 12:88� 1:84 8:14� 1:44 4:74� 1:15

� HF Fake 0:31� 0:07 0:20� 0:05 0:11� 0:05
eHF Fake 0:25� 0:07 0:15� 0:04 0:10� 0:06
eLF Fake 0:27� 0:04 0:11� 0:03 0:16� 0:03
double Fake 1:37� 0:32 1:37� 0:32 0:0 � 0:0
Other Fake 1:02� 0:58 0:36� 0:18 0:76� 0:45

Total MC 298 � 12 158� 7 139� 10

data 301 155 146

Table 6.4: The expected yields after applying the 4̀ preselection and SR and CR
selection for the various processes and data, including systematic uncertainties. The
ZZ process is split by the 
avour of additional jets using the HF classi�cation algo-
rithm. The fake and non-prompt lepton categories are explained in Section 7.1.

Figure 6.15: The DNNt �tH score distribution for the SRt �tH region is shown on the left.
The CRZZ region on the right, the b-jet multiplicity is shown. Both distributions
show total pre-�t uncertainties as blue hashed bands.
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Figure 6.16: Distributions of the transverse momentum of four leptons, the scalar
sum of transverse momenta of leptons and jets, the invariant mass of lepton pairs
and four leptons, jet and b-jet multiplicity, and E miss

T in the t �tZ sensitive bins of the
SRt �tH . Total pre-�t uncertainties are shown as blue hashed bands.
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Figure 6.17: Distributions of the transverse momentum of four leptons, the scalar
sum of transverse momenta of leptons and jets, the invariant mass of lepton pairs
and four leptons, jet and b-jet multiplicity, and E miss

T in the ZZ CR. Total pre-�t
uncertainties are shown as blue hashed bands.
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6.3 The 3`+0 � had Channel

The 3`+0 � had channel is sensitive to botht �tH and tH 12 processes. The preselection
is shown in Table 6.1 and requires three light leptons with a total charge of� 1.
Unlike the 4` channel, which is inclusive in the number of� had candidates, the 3̀
channel applies a veto on� had candidates. The lepton with opposite charge with re-
spect to the remaining leptons needs to beloose(L), see Section 5.2.2, with a minimal
transverse momentum ofpT > 10 GeV. The other same-sign leptons need to pass
tight (T) criteria with a minimal transverse momentum of pT > 15 GeV. Additional
requirements are applied to lepton pairs to reduce certain backgrounds. Applying
a Z-veto cut on each same-
avour opposite sign,jm (`` ) � mZ j < 10 GeV, reduces
t�tZ contribution, while m

�
`+ ` �

�
> 12 GeV reduces contributions of low-mass res-

onance quarkonia decays. Furthermore, the preselection requires at least two jets
with at least one b-jet passing the 85 % working point. The 3̀ +0 � had channel targets
dileptonic (single-leptonic) top quark pairs decays andH ! WW � with one (two)
leptonic decayingW bosons. The dominant prompt background contributions arise
from t�tZ , t �tW , and diboson production V V, mainly WZ , and non-prompt and fake
contributions from t�t production.

The 3`+0 � had channel uses a multiclass BDT with six categories:t �tH , tHjb , t �tW ,
t �tZ , V V, and t�t13. The input features are a collection of low- and high-level vari-
ables of lepton, jets, andE miss

T and their relation in terms of angular separation and
invariant masses. The most essential features for thet �tH separation are the number
of jets and the invariant masses of lepton pairs. For thetH classi�cation, in addition
to the invariant masses of lepton pairs, jet-related variables such as the transverse
momentum and distance to leptons are essential. The largest misassignments oft �tH
are to the t �tZ and t�tW category. The de�nition of the signal and control regions
is based on optimised cuts on the output classi�er14, into a t �tH and tH SR, and
�ve CRs targeting each dominant background. To better estimate the t �tZ and V V
processes, two CRs are also designed to target events failing theZ veto of the pres-
election. The number of jets further splits them: the V V CR requires two or three
jets, while the t �tZ CR has at least four or more jets. The previously de�ned CRs
target the on-shell components of thet �tZ and V V processes.

6.4 The 2`SS+0 � had Channel

The 2`SS+0� had channel uses a four-dimensional multiclass BDT to separate signal
t �tH and tH events from the overwhelming background. Using single and dilepton
triggers, the preselection requires twotight (T) same-sign leptons with transverse
momentum pT > 15 GeV and no � had candidates, and at least three reconstructed

12 Sometimes also referred to astHjb .
13 A reweighting procedure is used to increase the statistics on this contribution, also improving

shapes of physics variables.
14 As in the 4` channel, the classi�er is interpreted probabilistically.
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jets with at least one b-jet passing the 85 %DL1 r working point. A summary of the
preselection is found in Table 6.1. The 2̀SS+0� had targets single-lepton top quark
pair decays and single-leptonH ! WW � decay modes. The most dominant prompt
backgrounds arise fromt�tW , t �tZ , and V V production, with fakes originating pre-
dominantly from t�t production.

The BDT approach targets the categoriest �tH , tHjb , t �tW , and Other, including
t �tZ , t �t, V V, and other minor contributions. In contrast to the 4 ` and 3̀ +0 � had

channels, the input features of 2̀SS+0� had focus more on jets and their relation to
the leptons. High-level variables such as distances, invariant masses, and low-level
kinematic information are used. The linear discriminant LD = 0 :6E miss

T + 0 :4H jets
T

is also added as input and is motivated by a good performance, observed in the
t �tH multi-lepton analysis of the CMS collaboration [257]. The most crucial input
features are the number of jets, the invariant masses of both leptons and the average
distance between all reconstructed jets. The largest misclassi�cation oft �tH occurs
with the t �tW category. The output classi�ers de�ne SR and CRs with the maximum
score value de�ning the category: Two SRs fort �tH and two CRs for t �tW , split by
the lepton charges, and atH SR. The Other category de�nes a CR with primary
contributions from diboson and t�tZ production.

6.5 The 2`SS+1 � had Channel

The 2`SS+1� had channel uses both single and dilepton triggers. It requires two light
leptons with same-sign andpT > 15 GeV, passing theMedium (M) lepton de�nition
as described in Table 5.4. Events with an invariant mass ofjm (`` ) � mZ j < 10 GeV
are rejected. One� had candidate with minimal transverse momentum of > 20 GeV
passing theMedium working point is required. Furthermore, at least three recon-
structed jets with at least one b-jet passing the loosest working point of 85 % are
required. The 2̀ SS+1� had channel targets single-leptonict �t decays with H ! � + � �

with one � had and one leptonic� decay. The main backgrounds arise from irreducible
t �tZ and t�tW contributions, reducible diboson production mainly from WZ , and light
lepton and � had fakes originating from t�t production.

The 2`SS+1� had channel uses a three-class BDT to separatet �tH signal events from
t�tW and t�t ones using events passing the channel preselection. To increase the used
mc statistics of t �t for the training, a reweighting procedure similar to the 2`SS+0� had

channel is used. The input features focus on high-level variables, emphasising the
relation of the two lepton systems and reconstructed jets orE miss

T . After utilizing a
large set of input features, the unimportant ones are removed. The most important
features are the number of jets and the invariant mass of the leading lepton andE miss

T .

The signal region for the 2̀ SS+1� had channel is de�ned using the preselection but
with a tighter selection of at least four reconstructed central jets. These bins are
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pure in t �tH signal and use thet�tH BDT response to further separate background
events.

6.6 The 2`OS+2 � had and 1`+2 � had Channels

Both channels require two opposite-sign� had candidates passingMedium (M) work-
ing point, having a minimal transverse momentum ofpT > 20 GeV. The 2̀ OS+2� had

channel uses both single and dilepton triggers, further requiring two opposite-sign
Loose (L) leptons with pT > 10 GeV and jm (`` ) � mZ j > 10 GeV and m (`` ) >
12 GeV to reduce contamination from t�tZ events and low-mass resonance decays,
respectively. Furthermore, at least oneb-jet passing 77 % working point is required.
The 2`OS+2� had channel targets dileptonic t �t decays with H ! � had � had, as illus-
trated in Table 6.1. The preselection is used for the BDT training, attempting to
separatet �tH events from the background using a binary classi�cation model. The
input features have a large focus on the di-� had system, with the maximum pseudo-
rapidity of the two � had leptons and azimuthal separation of the di-� had system and
E miss

T as the most essential features. The preselection is used as SR with the binary
classi�cation score as �tted distribution.

The 1`+2 � had channel uses only single-lepton triggers, and in addition to the� had

requirements, oneLoose (L) lepton with pT > 27 GeV, at least three reconstructed
jets, with at least one b-jet passing 77 %DL1 r working point, de�ning the t �tH
SR. The tH SR is de�ned similarly, requiring maximal two reconstructed jets. A
summary of the selection is found in Table 6.1. Thet�tH 1`+2 � had channel targets
single-leptont �t decays and theH ! � had � had decay mode. Binary BDT classi�cation
models are trained per region, separatingt �tH or tH against background contribu-
tions. A similar set of features is used, with the same features being most important
for the t �tH response. The most important feature of thetH BDT response is the
visible invariant mass of the di-� had system. The BDT responses are used as �tted
distribution for both SRs.

6.7 Higgs Boson Transverse Momentum Reconstruction

The measurement of the t �tH production rate in bins of the transverse momen-
tum of the Higgs boson pH

T is based on theSimpli�ed Template Cross Sections
(STXS) [70]. It uses six bins of reconstructed transverse momentum ranging from
pH

T � 60 GeV, 60 < p H
T � 120 GeV, 120< p H

T � 200 GeV, 200< p H
T � 300 GeV,

300 < p H
T � 450 GeV, andpH

T > 450 GeV. The Higgs boson rapidity is required to
be jyH j � 2:5. An additional bin for jyH j > 2:5 is added, inclusive inpH

T . However,
the expected contribution is negligible.

The reconstruction of the transverse momentum of the Higgs boson is done with
a graph neural network (GNN) [258] using events entering the signal regions of the
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3`+0 � had and 2̀ SS+0� had channels. Each event is represented as a graph with nodes
representing �nal state particles or global features. Nodes are connected by edges,
providing kinematic information. The following features are used to predict Higgs
bosonpT STXS bins:

ˆ Nodes: pT ; �; �; charge; b-tagging score; or particle type like lepton, jet, or E miss
T ,

ˆ Edges: � R; � �; � � , and invariant masses between object pairs,

ˆ Global: number of central and forward jets, number of pile-up � , the scalar
sum of transverse momenta of jets, leptons, and all visible objects, all lepton
pT , massM , pT sum of all lepton pairs or leptons with E miss

T , together with
� � and � � of all two lepton combinations.

The graphs are fully connected and target the STXS bins. The performance during
the training is evaluated with truth information obtained from mc simulations. The
best performance is observed for the high STXS bin regime withpH

T > 300 GeV and
with t �tH events targeting the H ! WW � decay mode. Considerable misclassi�ca-
tion occurs within the lower regimes with pH

T � 200 GeV.

In the 2� had channels, a BDT approach is used to reconstruct the transverse mo-
mentum of the Higgs boson. As input features, it uses the di-� had visible transverse
momentum, the distance between the di-� had system and its invariant mass. The
best reconstruction performance is observed for the 2� had channels with events tar-
geting the H ! � � decay mode in the lower STXS bin regime withpH

T � 200 GeV.

Due to limited statistics, no attempt for the reconstruction is made for the 4` and
2`SS+1� had channels. They are included in the �t, but a minor sensitivity is ex-
pected. The �rst and second STXS bins are merged. Furthermore, the last three
bins are also combined to create a single template.
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CHAPTER7

Fake Background Estimation for thet�tH Multi-Lepton Analysis

Can you tell me what a fake
lepton is?

The author's question to
students during every top quark

meeting.

Most analyses performed by theAtlas collaboration use the presence of leptons in
the �nal state. The main advantages are better trigger performance and the suppres-
sion of QCD multijet background. Furthermore, leptons have higher resolutions and
more minor uncertainties associated with the reconstruction than jets. In leptonic
�nal states, another type of background than QCD inferred processes becomes dom-
inant. It originates from the misidenti�cation of lepton properties, misreconstruction
of other physics objects as leptons, or from leptons not associated with the primary
collision. These leptons are often called charge misidenti�ed, fake, or non-prompt,
respectively. These background contributions depend strongly on the lepton de�ni-
tion and selected analysis region. In contrast, an adequately reconstructed lepton
associated with the hard scattering process is calledprompt1. They are associated
with the hard or primary scattering vertex due to the short lifetime of electroweak or
Higgs bosons. Furthermore, they inherit natural isolation since the decaying boson
recoils against the remaining system2.

In Figure 7.1, a sketch of various sources of charge misidenti�ed, fake, and non-
prompt leptons is presented. Charge misidenti�cation occurs for electrons with large

1Leptons from leptonic � decays are also considered as prompt.
2With more considerable hadronic activity, the isolation of prompt leptons tends to decrease.

However, it is still more signi�cant compared to non-prompt ones.

99
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transverse momentum and, therefore, with a small track curvature. This can lead to
ambiguities during the track �tting. It can result in mismeasured curvatures and an
incorrectly reconstructed electron charge. Bremsstrahlung causes the second source,
with the produced photon creating an electron-positron pair. The positron may be
reconstructed, assigning an incorrect charge. This background is most dominant in
regions with same-sign lepton pairs. The charge misidenti�cation is negligible for
muons since they are minimal ionising particles and rarely undergo Bremsstrahlung.
Furthermore, the muon spectrometer measures additional tracks of muons, reducing
the probability of charge misidenti�cation.
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Figure 7.1: A sketch of various sources of charge misidenti�cation, fake leptons,
and non-prompt leptons. The charge misidenti�ed, fake, and non-prompt lepton is
marked in red.
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Non-prompt leptons are real leptons that do not originate from the primary colli-
sion. They are decay products of hadrons embedded in jets. The hadrons and decay
products are often boosted in one direction. Therefore, isolation requirements are
an e�ective tool to suppress this background. However, leptons from (semi-)leptonic
hadron decays may pass the isolation criterion as shown in Figure 7.1. They may
also pass if the jet candidate is improperly reconstructed or fails a selection criterion.
Non-prompt leptons are categorised by the 
avour of the hadron. They are called
heavy-
avour non-prompt if they originate from c-hadron or b-hadron decays. If
they originate from light-
avour hadrons, like pions or kaons, they are called light-

avour. Another source of non-prompt electrons originates from the conversion of
highly energetic photons
 ! e+ e� with the subsequent reconstruction of an electron
or positron. The conversion often happens inside the active material of the detector,
granting them the name of material conversions. For muons, this source is negligi-
ble. Other sources are Dalitz decays of pions, like� 0 ! e+ e� 
 . Their detection is
di�cult since the decay process leaves tracks in theid and energy deposits in the
ecal but only little activity in the hcal .

Fake leptons are misidenti�cations or reconstructions of other physics objects as
leptons. Light quark jets or gluon jets can be misidenti�ed as electrons as they leave
tracks in the inner detector and energy deposits in the electromagnetic calorimeter
system as depicted in Figure 7.1. Muons are reconstructed using additional infor-
mation from the ms. Particle leakage to the ms can occur due to highly energetic
hadronic showers escaping thehcal . This phenomenon is calledpunch-through and
can lead to misidenti�cation of muons.

The simulation of charge misidenti�ed, fake, and non-prompt leptons is not reliable.
The rate depends on the de�nition of the physics object and the selected analysis
regions. In the case of conversion, misidenti�cation, and leptons from hadron de-
cays, the simulation requires precise modelling of the detector response, which is
challenging3. Due to the generally low rates in some phase space, generating events
containing only misidenti�ed, fake, and non-prompt leptons would consume many
computer resources. The simulation relies onmc generators and detector simulations
like Geant4 , with the latter being the most expensive part.

The rate of charge misidenti�ed electrons is estimated inZ ! ee events, comparing
opposite sign and same sign lepton pair requirements. Fake and non-prompt lepton
backgrounds4 are estimated by (semi-) data-driven techniques such as the template
method and the fake factor method [259]. The template method is used in the 4̀, 3`,

3The detector simulation is the most expensive part of the simulation chain. Non-prompt leptons
are created before entering the detector material. However, the detector response is crucial to decide
whether the lepton is isolated or the jet in which the lepton is embedded fails jet identi�cation.

4 In the following, the term fake will be used as a synonym for both fakes and non-prompt leptons
even if the former does not involve real leptons, while the latter does. Using the term fake for both
emphasises the fact that they are not prompt leptons.
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2`SS+0� had, 2`SS+1� had channels. The shapes of kinematic variables are obtained
from mc simulation while adjusting the normalisation or fake rates from data with
control regions enriched with target fake lepton backgrounds. It is a semi-data-driven
technique since it partially relies on mc simulation. In the 2`SS+1� had channel, the
method is extended for estimating� had fake rates. The fake background templates
are estimated by simultaneous �t with free-
oating fake norm factors in all regions.
This corrects the template normalisation to data and propagates the correction to
other regions. This method requires good shape agreement between data and the
fake template. In particular, characteristic kinematic variables, like the transverse
momentum of fakes, are required to be compatible between the control and signal
regions.

The fake factor method is used in the 1̀+2 � had and 2̀ OS+2� had to estimate � had

fakes. This method relies on two lepton or� had de�nitions, with a looser and tighter
one. The relation between the de�nitions is used to estimate a fake factor, extrapo-
lating from the CRs to the SR. Fake factors are often calculated in bins of transverse
momentum and corrected for shape and normalisation.

Section 7.1 presents the estimation of the fake background for the 4` channel. It
provides an overview of the various sources of fakes and the designed control re-
gions. The estimation of the fake background for the 3̀ and 2̀ SS+0� had channels
is shown in Section 7.2, followed by a brief overview for the 2̀SS+1� had channel
in Section 7.3. For the 2̀ OS+2� had and 1̀ +2 � had channels, the fake background
estimation is presented in Section 7.4.

7.1 Fake Background Estimation in the 4` Channel

In the SR, the most dominant contribution originates from events having two addi-
tional fake leptons, as shown on the left side of Figure 7.2. The double fake back-
ground can be decomposed into single fake lepton contributions. The decomposition
is justi�ed since the individual fake rates are uncorrelated. The SR's most signi�cant
fraction of double fakes originates fromt�t production as shown in Figure 7.2. A no-
table contribution enters due to the large t�t production cross-section in association
with extra jets. The single fake background originates primarily from WZ , tWZ ,
and t�tt �t production5. The triple fake background is negligible in the signal-sensitive
bins and is estimated frommc simulations due to an unreliable classi�cation based
on samples simulated withSherpa .

The dominant fake background contributions in the 4` channel originate from heavy-

avour electron fakes eHF and heavy-
avour muon fakes � HF . They are created in
semi-leptonic c-hadron and b-hadron decays. Additionally, the background from

5The contribution from t �t production in the single fake category originates from misclassi�cation
of fake leptons as prompt ones.
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Figure 7.2: On the left side, the fake lepton multiplicity for events entering the 4̀ SR
is shown. In the middle, the DNNt �tH response in the SR for double fake events per
process is shown, while on the right side, the response for single fake lepton events
is shown.

light-
avour electron fakes eLF enters the signal-sensitive regions of the 4̀channel.
TheseeLF fakes are created predominately in decays of light-
avour hadrons such as
kaons and pions. The classi�cation of leptons into the fake categories is based on in-
formation obtained from mc simulation6. Contributions of other sources of fakes are
small and are combined into the Other-Fake background. It contains contributions
from charge misidenti�cation, conversions, muon fakes from light-
avour hadrons,
and leptons, which cannot be classi�ed based on information frommc simulation7.
The Other-Fake background is solely estimated frommc simulations. The fake lepton
combinations of double fakes in the SR are shown in Figure 7.3, with fakes ordered
in transverse momentum. The most signi�cant contributions are double eLF fakes
and combinations of heavy-
avour fakes andeLF fakes from t�t production.

7.1.1 Fake Control Region De�nition for the 4` Channel

Three regions are de�ned for the normalisation estimation of the dominant fake
background sources for the 4̀ channel. Table 7.1 summarises an overview of selec-
tion criteria. All three fake regions require the same lepton de�nition used in the 4̀
regions. Furthermore, the regions are designed to be orthogonal to any other anal-
ysis region. Therefore, a veto on the 3̀+0 � had channel preselection is applied. The
criterion of no SFOS lepton pairs reduces contributions fromWZ and Z +jets pro-
duction, de�ning a region almost purely populated with t �t events. The heavy-
avour
CRs, CReHF and CR� HF , are de�ned by the lepton 
avour combination � � e� e� and
e� � � � � , respectively. The same-sign lepton with the lower transverse momentum is
expected to be the fake lepton. Both heavy-
avour fake regions apply the same jet

6This is often called truth information.
7This contribution is tiny compared to the other background contributions.
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Figure 7.3: An overview of the various double fake contributions entering the SR is
shown. The fake contributions arepT ordered, andOF denotes the Other-Fake cat-
egory, including conversion fakes, fakes from light muon decays, or fakes originating
from � had decays. Only statistical uncertainties are shown.

Region CR� HF CReHF CReLF

Lepton de�nition LLL
pT requirement > 10 GeV
Lepton charges

P
i qi = � 1

Lepton details no SFOS pairs jm
�
� + � �

�
� mZ j < 10 GeV

jm (3`) � mZ j > 15 GeV
Lepton 
avours e� � � � � � � e� e� � � � � e�

Central jets � 2
b-jets 85 % DL1 r � 1 == 0

Additional requirements - E miss
T < 20 GeV

veto 3̀ +0 � had preselection

Table 7.1: Summary of the fake CR selections for the 4̀channel. The lepton de�ni-
tions are given in Table 5.4.

requirements as the 4̀ channel: at least two central jets and at least oneb-jet passing
the loosestDL1 r working point of 85 %. To estimate the normalisation of eLF fakes,
a region enriched with Z +jets events is designed. It requires a muon pair with an
invariant mass close to theZ boson mass. The reconstructed electron is the fake
lepton candidate. To reduce prompt contributions from diboson WZ production, a
cut on E miss

T is applied. To further reduce contamination from V 
 production with
subsequent photon conversion, a veto on the three-lepton invariant mass close to
the Z boson mass is applied. It reduces �nal-state photon radiation contribution.
Conversion fakes fromV 
 are estimated solely frommc simulation due to an unre-
liable fake classi�cation using information from samples simulated bySherpa . A
large systematic uncertainty is applied to cover potential mismodelling. Similar jet
requirements are applied for the CReLF with at least two central jets. However, it is
required that no b-jet passes the loosest working point; it reduces the contamination
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from eHF fakes.

The expected yield for all three fake CRs is presented in Table 7.2, and the ex-
pected contributions from various production processes are shown in Table 7.3. In
Figure 7.4, Figure 7.5, and Figure 7.6 di�erent kinematic variables are presented for
the fake regions CR� HF , CReHF , and CReLF , respectively. The transverse momen-
tum and pseudorapidity of the leptons, the scalar sum of transverse momenta for
jets and leptons, and the jet multiplicity are shown. In Appendix D, the post-�t
distributions are presented. TheeHF fake contribution is reweighted with respect to
data due to an observed shape mismodelling of the transverse momentum of the fake
lepton candidate8. All previously mentioned distributions in the CR � HF and CReLF

demonstrate a satisfactory shape agreement betweenmc simulation and data. Af-
ter applying the reweighting procedure a satisfactory shape agreement betweenmc
simulation and data is also observed for the CReHF .

The CReLF uses for a better separation of theeLF and eHF fake contributions E miss
T

as a discriminant. Due to di�erent decay chains of heavy-
avour hadrons, decaying
via b ! `� + X or b ! c+ Y ! `� + X , E miss

T tends to have a harder spectrum. The
heavy-
avour fake CRs use the fake lepton candidate transverse momentum as �tted
distribution since the fake rate is expected to depend on the transverse momentum.
The fake CR distributions are shown with pre-�t uncertainties in Figure 7.7.

Process CReHF CR� HF CReLF

t �tH 24:6 � 2:66 20:7 � 2:22 0:03� 0:02
t �tZ 32:7 � 0:97 24:2 � 0:11 1:79� 0:21
ZZ + � 1b 1:21� 0:01 0:72� 0:03 2:36� 0:39
ZZ + � 1c 1:23� 0:01 0:58� 0:11 14:84� 0:70
ZZ + light 1 :70� 0:24 0:45� 0:07 341:3 � 25:5
tWZ 1:89� 0:95 1:01� 0:51 0:80� 0:47
WZ 9:90� 1:98 3:49� 0:70 470:7 � 99:6
V 
 0:0 � 0:0 0:0 � 0:0 286:6 � 13:0
Other Prompt 120 � 22 38:9 � 15:3 11:89� 3:25

� HF Fake 0:54� 0:09 1124� 48 0:07� 0:05
eHF Fake 726� 32 0:01� 0:01 400:6 � 27:9
eLF Fake 184� 2 0:09� 0:01 1055� 106
Other Fake 158� 79 72:4 � 36:2 83:7 � 72:9

Total MC 1265 � 89 1287� 62 2660� 231

data 1208 1167 2993

Table 7.2: The expected yields for the fake regions CReHF , CR� HF , and CReLF . Pre-
�t uncertainties are shown.

8An additional systematic uncertainty is applied as described in Section 8.2
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Process CReHF CR� HF CReLF

t �tH 24:6 � 2:66 20:7 � 2:22 0:03� 0:02
t �tZ 32:7 � 0:97 24:2 � 0:11 1:79� 0:21
ZZ + � 1b 1:21� 0:01 0:72� 0:03 2:36� 0:39
ZZ + � 1c 1:23� 0:01 0:58� 0:11 14:84� 0:70
ZZ + light 1 :70� 0:24 0:45� 0:07 341:3 � 25:5
tWZ 1:89� 0:95 1:01� 0:51 0:80� 0:47
WZ 9:90� 1:98 3:49� 0:70 470:7 � 99:6
V 
 0:0 � 0:0 0:0 � 0:0 286:6 � 13:0
V + jets 15:5 � 2:92 9:41� 0:08 1547� 69
t�t 998� 32 1140� 48 0:04� 0:02
Other 70:5 � 1:9 55:1 � 1:2 12:6 � 3:4

Table 7.3: The expected yield contribution for the fake regions CReHF , CR� HF , and
CReLF split by process contribution. Pre-�t uncertainties are shown.



7.1 Fake Background Estimation in the 4̀ Channel 107

Figure 7.4: A collection of kinematic variable distributions in the CR � HF . The
transverse momentum and pseudorapidity of the leptons are shown. Furthermore,
the scalar sum of transverse momenta of jets and leptons and the jet multiplicity are
presented. Total pre-�t uncertainties are shown as blue hashed bands.
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Figure 7.5: A collection of kinematic variable distributions in the CR eHF . The trans-
verse momentum and pseudorapidity of the leptons are shown. Furthermore, the
scalar sum of transverse momenta of jets and leptons and the jet multiplicity are
presented. Total pre-�t uncertainties are shown as blue hashed bands.
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Figure 7.6: A collection of kinematic variable distributions in the CR eLF . The trans-
verse momentum and pseudorapidity of the leptons are shown. Furthermore, the
scalar sum of transverse momenta of jets and leptons and the jet multiplicity are
presented. Total pre-�t uncertainties are shown as blue hashed bands.
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Figure 7.7: Pre-�t distributions for the three fake CRs. Total pre-�t uncertainties
are shown as blue hashed bands.

7.1.2 Fake Sources in the 4` Signal Region

The template method allows to separate di�erent fake sources, targeting each source
separately with a CR. The dominant sources of fakes are illustrated in Figure 7.8:
The predominant source of heavy-
avour fakes in the respective CRs originates from
b-jets from top quark decays. This is also applied to the SR. However, fakes may
originate from additional ( b� ) jets in the SR. In Figure 7.9 t �t events are categorised
based on the 
avour of additional jets similar to the ZZ process, described in Sec-
tion 6.2.2. The heavy-
avour fake CRs are dominated byt�t +light contributions with
eHF and � HF fakes originating from b-jets from top quark decays. The SR contains
a non-negligible contribution of t �t+ � 1b events with eHF and � HF fakes originating
from b-jets from top quark decays or from additional b-jets, as illustrated on the right
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Figure 7.8: A sketch of the di�erent fake sources in the 4̀ regions and fake CRs.
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of Figure 7.8. Light-
avour fakes in the CR eLF mostly originate from light-
avour
jets. This source is compatible with the SR. Additional modelling uncertainties to
processes creating fakes are applied to cover the di�erences in fake sources. Uncer-
tainties associated with the modelling oft �t events with additional b-jets are covered
by comparing t �t+ � 1b events generated in the �ve-
avour scheme with events gen-
erated in the four-
avour scheme [182,183]. Systematic uncertainties on the initial-
and �nal-state QCD radiation are also included.

In Figure 7.10, the shapes of the transverse momentum of fakes from the CRs are
compared with ones from the signal-sensitive bins of the SR. Only statistical uncer-
tainties are shown. The observed shapes are compatible between the SR and CRs.
Fake normalisations are estimated in their respective CR and applied to the SR dur-
ing a simultaneous �t. Double fake contributions are normalised with the product
of measured normalisations, depending on the fake lepton 
avour combination.

Figure 7.9: A comparison oft �t events with additional b-jets, c-jets, or light jets for
the heavy-
avour CR and the SR. Only statistical uncertainties are shown.

7.1.3 Fake Background Normalisation Factors

The fake normalisation factors are free-
oating parameters measured in a simulta-
neous �t. The normalisation factors are determined with a �t to Atlas data9. The
normalisation factors for the dominant fake backgrounds are:

N (eHF ) = 0 :95+0 :14
� 0:14;

N (� HF ) = 0 :92+0 :06
� 0:06;

N (eLF ) = 1 :14+0 :22
� 0:22:

All three normalisation factors are compatible with unity.

9A complete description of the �t procedure is found in Chapter 9.
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Figure 7.10: Shape comparison of the fake lepton candidate's transverse momentum
of the corresponding CRs. They are compared to fakes from the �ve signal-sensitive
bins of the SR. Double fake events are accounted for both fake contributions.

7.2 Fake Background Estimation in the 2`SS+0 � had and
3`+0 � had Channels

The fake estimation in the 2̀ SS+0� had and 3̀ +0 � had channels uses a semi-data-
driven estimation approach similar to the 4` channel. Di�erent fake backgrounds
arising from other sources, like conversions, are essential. Furthermore, heavy-
avour
fakes from the 2̀ SS+0� had and 3̀ +0 � had channels are incompatible with ones from
the 4` channel since di�erent lepton de�nitions are used. Two control regions are
selected to estimate the normalisation of fake backgrounds from material and inter-
nal conversions. There are six additional regions for the background estimation of

Control Region Conversion Heavy-Flavour Fakes

N jets � 0 � 2
Nb-jets@85 % 0 1

Lepton De�nition L,M,M TM ex, MexT, M exMex

Lepton Flavours ��e � 2`SS
pT requirement [GeV] 10,15,15 15,15
Lepton Requirement jmSFOS

`` � mZ j > 10 GeV mT

�
`0; E miss

T

�
< 250 GeV for

TM ex and MexTjm``` � mZ j < 10 GeV
� had candidates (M) 0 0

Region Split Int-Con Mat-Con e=� � TM ex, MexT, M exMex

Region Name 3̀IntC 3`MatC 2`tt(e) T M ex , 2`tt(e) M ex T , 2`tt(e) M ex M ex

2`tt( � )T M ex , 2`tt( � )M ex T , 2`tt( � )M ex M ex

Table 7.4: Summary of the fake CRs for the 2̀SS+0� had and 3̀ +0 � had channel. The
lepton de�nitions are summarised in Table 5.4. The label e� denotes the internal
conversion (Int-Con) candidate and material conversion (Mat-Con) candidate, as
de�ned in Section 5.2.4.
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