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Abstract

Search for new interactions in the top quark sector

The top quark is the heaviest elementary particle discovered so far and the study of its unique properties

provides not only an essential test of the Standard Model of Particle Physics, but also an important window

into physics beyond it. This thesis presents a search for Flavour Changing Neutral Currents processes

through the top quark interactions with a neutral Z boson and a light quark, that can be an up or charm

quark. The analysis uses a ��� fb�� dataset of proton-proton collisions collected at a center-of-mass

of
p
s = ��TeV with the ATLAS detector, at the Large Hadron Collider between 2015 and 2018. The

presented analysis focus on the tZq vertex interactions with a final state composed by three leptons,

resulting from the leptonic decays of the top quark and the Z boson. In order to improve the sensitivity

of the search, events from both production and decay modes are considered, being split in distinct signal

regions according with the number of jets. Methods based on multivariate techniques were developed

and applied to dedicated signal regions to discriminate tZq events against background events, which are

dominated by top quark pair production in association with a Z boson as well as diboson production.

All the analysis’ regions were combined in a statistic model using a profile likelihood fit to constrain the

background predictions and reduce the systematic uncertainties. Since no evidence for a signal was found,

upper limits on the cross-section and branching ratio of these processes at 95% confidence level were

evaluated. The observed (expected) limit on the branching ratio of t ! uZ is �.�� (�.��) ⇥����, while
the observed (expected) limit on the branching ratio of t ! cZ is ��.�� (��.��) ⇥����. Additionally,
observed (expected) limits excluding cross-sections of � (pp ! tZ ) above �� (��) fb and ��� (��) fb
were obtained for the tZu and tZc processes.

Through a phenomenological study, the search for a new pseudo-scalar particle S has also been

investigated focusing on several leptonic final states. The sensitivity study of these dedicated analyses

allowed to conclude that new physics scales as large as � ⇠ ��TeV can be probed with an integrated

luminosity of ��� fb��.
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Resumo

Pesquisa de novas interações no sector do quark top

O quark top é a partícula elementar mais pesada descoberta até ao momento e o estudo das suas

propriedades únicas proporciona um teste essencial ao Modelo Padrão da Física das Partículas, para

além de uma importante janela para novos fenómenos de física. A presente tese descreve a pesquisa

de processos de mudança de sabor através de correntes neutras através de interações entre um quark

top, um bosão neutro Z e um quark leve, sendo um quark up ou charm. A análise usa um conjunto de

dados com uma luminosidade de ��� fb�� referentes a colisões protão-protão colectadas a uma energia
de centro de massa de

p
s = ��TeV pelo detector ATLAS, no Large Hadron Collider entre 2015 e

2018. A análise apresentada tem como foco interações com o vértice tZq com um estado final composto

por três leptões, resultando dos decaimentos leptónicos do quark top e do bosão Z . Para melhorar a

sensibilidade da pesquisa, eventos originários tanto do modo de produção como do modo de decaimento

são considerados, sendo divididos em regiões de sinal distintas, definidas de acordo com o número de

jactos. Métodos baseados em técnicas de análise multivariacional foram desenvolvidos e aplicados nas

regiões de sinal, de forma a discriminar eventos tZq e eventos de fundo, dominados pela produção de

um par de quarks top em associação com um bosão Z , bem como pela produção de dibosões. Todas as

regiões definidas na análise foram combinadas num modelo estatístico para restringir as previsões dos

processos de fundo e diminuir as incertezas sistemáticas. Não tendo sido observada nenhuma evidência

de sinal nos dados analisados, foram obtidos limites superiores na secção eficaz e na probabilidade

de decaimento a um nível de confiança de 95%. O limite observado (esperado) na probabilidade de

decaimento do processo t ! uZ é �.�� (�.��) ⇥����, enquanto que o limite observado (esperado) na
probabilidade de decaimento do processo t ! cZ é ��.�� (��.��) ⇥����. Adicionalmente, limites a
excluir � (pp ! tZ ) abaixo de �� (��) fb e ��� (��) fb foram obtidos para os processos tZu e tZc.

Através de um estudo fenomenológico, a pesquisa por uma nova partícula pseudo-escalar S foi inves-

tigada, tendo como foco diferentes estados finais leptónicos. O estudo de sensibilidade destas análises

dedicadas permitiu concluir que escalas de nova física da ordem de � ⇠ ��TeV podem ser exploradas

com uma luminosidade integrada de ��� fb��.
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Introduction

The top quark is the heaviest elementary particle discovered so far and the study of its properties provides

not only an important test of the Standard Model (SM) of particle physics, but also a window to physics

beyond it related to the Yukawa coupling to the Higgs boson and to the sensitivity to new heavy particles.

At the Run-1 and Run-2 phases of the Large Hadron Collider (LHC), both ATLAS and CMS collaborations

developed an extensive programme devoted to the measurement of the top quark properties. In fact, the

LHC is a true top quark factory with several million top quarks being produced every year. This is the

perfect scenario to expand our knowledge about the top quark sector both by precision measurements of

the SM and by direct and indirect searches for physics beyond it.

With so many top quarks being produced, the top quark couplings can be precisely measured due to

the increase of data luminosity collected during the entire Run-2 phase of the LHC. The increase on the

luminosity and the center-of-mass energy of the proton-proton (pp) collisions allows us to further pursue

top quark studies, namely on the flavour changing neutral couplings to the SM gauge bosons. Within the

SM formulation, the top quark decays via Flavour Changing Neutral Currents (FCNC) have extremely small

branching ratios but some of its extensions predict a significant enhancement of the probability for such

processes.

This thesis presents a highly sensitive way of probing the FCNC tZq coupling through a search for

top quark decays with tZq vertex using ��� fb�� of pp collision data at
p
s = ��TeV. This data was

collected during the Run-2 of the LHC between 2015 and 2018. The analysis targets top quark decays

to a Z boson and a light quark, where the production and decay modes contribute to the signal. Events

are required to have exactly three leptons from the leptonic decays of the Z boson and the top quark and

exclusive analysis categories are defined based on the reconstructed mass of the top quark candidate, the

number of jets and the value of a b -tagging discriminant that provides a measure on the likelihood of a jet
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containing a b -hadron (i.e. a jet originated from a bottom quark).

Multivariate techniques based on Boosted Decision Trees are used to reconstruct the FCNC signal and

to distinguish it from the large diboson background. The adequate and precise estimation of the dominant

background arising from diboson production with additional light- and heavy-flavour jets plays a major

role in this search. Consequently, the modelling has been studied extensively and a combination of the

most up to date theoretical predictions and a sophisticated statistical analysis has been developed to

constrain the large background uncertainties. The categories rich in signal are analysed together with the

signal-depleted ones in a combined likelihood fit that simultaneously determines the event yields for the

signal while constraining the overall background model within the assigned systematic uncertainties. The

objective of this search is either the discovery of a process not observed yet or the determination of the

most stringent limits obtained so far in the tZq vertex of the FCNC processes as well as the study of the

respective phenomenological consequences.

The thesis is structured as follows. The important role of the top quark in the SM and models beyond

it is described in Chapter 2. It also details the theoretical formulation of the SM and the correspondent

experimental successes and shortcomings. The study of new interactions is also motivated in the second

part of Chapter 2 with focus on the FCNC processes involving a top quark. Since FCNC processes can

occur in both production and decays modes, it was crucial to quantify the interference effects and conclude

if these should be considered in the experimental searches at the LHC or, on the contrary, they can be

safely neglected. The last section of Chapter 2 describes the study on the interference effects on the tZq

and t�q FCNC anomalous couplings pursuited in collaboration with the University of Dortmund (Germany).

A meticulous work was performed starting on the generation of Monte Carlo (MC) simulation samples

focusing on the different modes followed by a detailed analysis of all the variables of the reconstructed

objects.

In Chapter 3, CERN, the LHC, the ATLAS detector and the Worldwide LHC Computing Grid are described.

The LHC causes the collision of two bunches of protons travelling in opposite directions in four different

interaction points, being one of them the center of the ATLAS detector. Since the colliding bunches are

composed by ���� protons, the ones not participating in the primary collisions can travel through the

beam pipe. The horizontal roman pots located around two hundred meters from the ATLAS interaction

point allows the measure of those remaining protons. Chapter 3 also includes the study and the evaluation

of the performance of the pixel silicon detectors that compose such horizontal roman pots.

The main topic of this thesis, the search for flavour changing neutral currents with the tZq coupling,

is detailed in Chapter 4. The first part of this chapter summarizes the MC simulations that serve as the

theoretical predictions of the signal and background processes and describes the particle reconstruction

and identification of the measured objects by the multiple sub-systems within the ATLAS detector. The

second part presents the selection criteria applied to events, describes the event categorisation and details

the multivariate analysis techniques used to reconstruct the FCNC signal events and to separate them

2
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from the dominant background processes. Finally, the background estimation and the assigned systematic

uncertainties are introduced before the explanation of the fit model and the results on the upper limits for

the signal processes.

The characteristics of the top quark provide an ideal motivation to search for new physics. Chapter 5

presents a phenomenological study focused on the FCNC processes in the top sector with the particularity

of being mediated by a neutral pseudo-scalar at the electroweak scale instead of the Z boson. These

processes can easily arise in scenarios of new physics, in particular within composite Higgs models. Such

interactions are poorly constrained by current experiments, while they can be searched for at the LHC in

rare top decays and, more generally, in the channels pp ! tS(S) + j, with S ! l+l�. In collaboration
with the University of Granada (Spain), a comprehensive study of the theoretical motivation lead up to the

creation of a model with the Universal FeynRules Output in order to enable the MC signal generation. The

experimental part of this study comprised the generation of MC samples for both signal and background

processes, the implementation and optimisation of the selection for the three different scenarios considered

and the extraction of the limits on the cross-section that later were translated into limits on the branching

ratios of the signal processes.
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2
The top quark within the Standard Model of

Particle Physics and beyond

The SM of particle physics is the theoretical framework that so far better describes the subatomic world.

Developed in the 1960’s [1], it has been tested and has been successful in describing the experimental

observations. This chapter presents an overview of the SM with a brief summary of the elementary

particles and their fundamental interactions. The second part of this chapter is focused on the top quark:

its properties, production mechanisms and decay modes.

2.1 The Standard Model of particle physics

The matter is made from atoms, which are made from electrons and nuclei. The atomic nucleus is made of

neutrons and protons and both of them are made of elementary particles named quarks. The elementary

particles interact via four fundamental forces in nature: strong force, weak force, electromagnetic force

and gravitational force.

The strong interaction is a very short range force (typically around ����� m) and it is responsible for the

stability of the atomic nuclei by preventing them from fragmenting as a result of the electric repulsion of

the protons. The weak force describes the beta decay of unstable atoms and acts at very short distances

(typically around ����� m). The electromagnetic interaction acts over an infinite range and is responsible for
the interaction between electric charged particles. The SM does not provide a description of the gravitational

force, for which no consistent quantum theory exists up to now. Regardless of that, the gravity acts with a

coupling strength far too weak to play any role at high energy physics experiments.

Based on relativistic quantum field theory, the SM describes the particle interactions of the strong, weak
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and electromagnetic forces. This model assumes that matter is made from elementary point-like particles

with spin 1/2 called fermions, which follow the Fermi-Dirac statistics. On the other hand, the interaction

force carriers are integer spin particles that obey Bose-Einstein statistics, being called bosons. There are

two types of fermions: quarks and leptons. The leptons are divided in the electrically charged particles with

the fundamental charge, e, corresponding to an electric charge of - �.� ⇥ ����� C and the electrically

neutral particles called neutrinos (� ). Differently, the quarks carry fractional electric charge which can be

+ 2/3 |e | or - 1/3 |e |. The quarks are characterised by another variable called colour that have three

different types: red, green or blue. Since free coloured particles have not been observed, quarks must

be confined into colourless composite particles. These particles are either baryons, composed by three

quarks, or mesons, consisting of a quark and an antiquark. Baryons and mesons are called hadrons, which

consist of bound states of quarks. Additionally, every particle has an associated anti-particle with the same

mass but carrying the opposite quantum numbers to its corresponding particle.

Fermions are subdivided in three families or generations. Generations of quarks and leptons are copies

with the same quantum numbers except for their masses, having the first generation the lighter particles

and the third the heavier. For the lepton case, each generation contains a charged lepton and its partner

neutrino while, for the quark case, it contains a quark with an electric charge of + 2/3 |e | and a quark
with an electric charge of - 1/3 |e |. The fundamental fermions and their characteristics are listed in Table
2.1. The bosonic sector is responsible for the interactions described in the SM. The electromagnetic force

carrier is the photon (� ), being a massless and electrically neutral particle. The weak force carriers are

theW ± and Z bosons. Although these three bosons are massive, the Z boson is electrically neutral and

theW ± bosons have positive and negative electric charge, respectively. The strong force carriers are the

gluons (�) which are massless particles with no electric charge. In total, there are eight different mediators

of the strong force since the SU (�)c group has eight generators representing each a colour exchange and
a gauge boson (gluon) in colour space. This charateristic implies that gluons interact among themselves

and only couple to the strong charged particles. Consequently, the quarks are the only fermions that can

participate in the strong interaction. The gauge bosons of the strong, weak and electromagnetic forces and

their characteristics are summarised in Table 2.2. Besides the gauge bosons, the SM contains one scalar

spin zero boson with a mass of ���.�� ± �.�� GeV [3], which is called Higgs boson.

2.1.1 Standard Model Lagrangian

In particle physics, a formulation of classical mechanisms called Lagrangian is used to describe physics

systems that can be invariant under different kind of transformations, i.e. they contain a symmetry. The

transformations can be either time and space dependent called local gauge transformations, or time

and space independent, called global transformations. From the Noether theorem [4], a Lagrangian that

contains a symmetry describes a physical system which conserves one or more physical quantities. The
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Generation Symbol Name Mass Electric charge [|e |]
Quarks

�st u Up �.��+�.����.�� MeV +2/3

d Down �.��+�.����.�� MeV -1/3

�nd c Charm �.�� ± �.�� GeV +2/3
s Strange ��+���� MeV -1/3

�rd t Top ���.�� ± �.�� GeV +2/3
b Bottom �.��+�.����.�� GeV -1/3

Leptons

�st e Electron ⇠ �.�� MeV -1
�e Electron Neutrino < �.� eV 0

�nd µ Muon ⇠ ���.�� MeV -1
�µ Muon Neutrino < �.� eV 0

�rd � Tau ⇠ ����.�� MeV -1
�� Tau Neutrino < �.� eV 0

Table 2.1: Table of quarks and leptons families in the SM and the corresponding masses and electric
charges [2].

Interaction Mediator Mass [GeV] Electric Charge [|e |]
Strong Gluon ⇥ 8 (�) 0 0
Electromagnetic Photon (� ) 0 0

Weak
Z 91.188 ± 0.002 0

W ± 80.38 ± 0.01 ±1

Table 2.2: Table of the gauge bosons in the SM with their mass and electric charge [2].

Lagrangian of the Standard Model of particle physics is characterised by the Lorentz invariance and

the invariance under the non-abelian special unitary group gauge transformation SU (�)c ⌦ SU (�)L ⌦
U (�)Y , where the strong interaction is described by SU (�)c transformation group and the combination of
electromagnetic and weak forces (i.e. the electroweak force) is described by the SU (�)L ⌦U (�)Y term. In

order to study the SM Lagrangian, one can proceed by splitting the mathematical expression in two terms:

the first describing electroweak interactions and the second one describing quantum chromodynamics as

LSM = LEW + LQCD . (2.1)
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2.1.1.1 Quantum electrodynamics

The classical theory of electromagnetic interactions is well known through the Maxwell equations of the

nineteenth century. The theory of Quantum Electrodynamics (QED) unified electrodynamics and quantum

mechanics providing a quantum field theory based on the gauge invariance of electrodynamics. The

QED theory describes the interactions between electrically charged particles mediated by a quantised

electromagnetic field. The free spin 1/2 particles are described in the Dirac Lagrangian

LDirac = � (i� µ@µ �m)� (2.2)

where � corresponds to �†�� , � µ (µ = 0,1,2,3) corresponds to the Dirac matrices,m is the fermion

mass and� is the Dirac field. The Dirac matrices are defined through the Clifford algebra that follows the

anti-commutation relation {� µ ,�� } = � µ�� + ��� µ = ��µ� , being �µ� the Minkowski metric tensor.

The Lagrangian in Equation 2.2 is not invariant under a localU (�) gauge transformation of the form

� �! e�ie�(x)� and� �! eie�(x)� (2.3)

where e is in units of the electric charge of the proton and � is a real number. With this transformation

the Dirac Lagrangian acquires an additional term of �e� µ@µ� . To obtain a U (�) invariant Lagrangian,
another term with the expression�e� µAµ� is added, where Aµ is the electromagnetic field. Adding this

term and the field dynamics, described by the Maxwell equation, the QED Lagrangian can be obtained:

LQED = � �
�
F µ�Fµ� +� [i� µ (@µ � eAµ ) +m]� (2.4)

where F µ� = @µA� � @�Aµ is the electromagnetic field tensor. Requiring local phase invariance under

U (�) applied to the Dirac Lagrangian, it is generated all electrodynamics and introduced a massless field
which can be interpreted as the photon.

2.1.1.2 Quantum chromodynamics

The interactions between quarks and gluons are described by a quantum field theory called Quantum

Chromodynamics (QCD) [5]. Analogous to the electric charge in QED, each quark has an internal degree

of freedom known as colour charge and it can be defined by a triplet of fields represented as:

q =
©≠≠≠
´

qR
qG
qB

™ÆÆÆ
¨

(2.5)

where each of these fields is a Dirac spinor associated to a colour state (red (R), green (G) and blue (B)).

The QCD theory describes the dynamics of the strong interactions through a gauge theory of a local SU (�)
invariance, being the correspondent generators written as:

ta =
�
�
�a (2.6)
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where �a denote the Gell-Mann matrices and the colour index a running from 1-8. Similarly to the QED

gauge fields, the covariant derivative Dµ and the gluon field strength tensor Ga
µ� are introduced:

Dµ = @µ + i�staG
a
µ (2.7)

where Ga
µ are the gluon fields, �s is the QCD gauge coupling constant and ta correspond to the SU (�)

generators. After introducing the covariant derivative, the Lagrangian of QCD theory is given by:

LQCD = q(i� µDµ �m)q � �
�
Ga
µ�G

µ�
a (2.8)

where � µ are the Dirac matrices and q is the vector in Equation (2.5). The field tensor Ga
µ� is defined by:

Ga
µ� = @µG

a
� � @�Ga

µ � �s fabcG
b
µG

c
� (2.9)

where fabc is the structure constant of SU (�)c defined by the commutation relation [ta, tb] = i fabctc .
The third term of the tensor describes the gluon self-interaction and is responsible for the non-abelian

nature of QCD. The QCD theory has been very successful in the description of the interactions binding

quarks to hadrons. However, there are two important characteristics of this theory: asymptotic freedom

and confinement [6, 7]. Asymptotic freedom means, at very high energies and short distances, quarks

and gluons interact weakly with each other allowing the computation of observables using the perturbation

theory. Confinement means that at very low energy scales which corresponds to large spatial separation,

when we try to separate quarks, the energy of the gluon field increases in a way that creates quark and anti-

quark pairs and, consequently, free quarks cannot exist. This property has the experimental consequence

that coloured partons produced in high-energy interactions will manifest themselves as collimated streams

of hadrons referred to as “jets” [8].

2.1.1.3 Electroweak theory

Proposed by Glashow, Salam and Weinberg [9–11], the electroweak theory is a unified theory of electroweak

interactions which describe the weak and electromagnetic forces from a single gauge group SU (�)L ⌦
U (�)Y where Y corresponds to the weak hypercharge. The weak hypercharge is given by the Gell-Mann-

Nishijima relation Y = 2 (Q - T�) where T� is the third component of the weak isospin operator T̂ = �i/2

(i=1,2,3) with �i corresponding to the three Pauli matrices and Q is the fermion electric charge (in units

of |e |). The subscript in SU (�)L refers to the fact that only left-handed fermions interact through the

weak force. The electroweak interaction is the interaction responsible for the change of flavour of leptons

and quarks. The left-handed and right-handed components of the fermions fields can be obtained via the

quirality projectors as:

�L =
�
�
(� � ��)� and�R =

�
�
(� + ��)� .

8
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Right-handed fermions transform as singlets and left-handed fermions transform as doublets:

f iR = l
i
R,u

i
R,d

i
R and f iL =

 
liL
�iL

!
,

 
uiL
diL

!

with i = 1,2,3 corresponding to the generation index. The field strength tensors for the weak isospin and

weak hypercharge fieldsWi
µ� and Bµ� can be explicitly written as:

Wi
µ� ⌘ @µWi

� � @�Wi
µ + ��

ijkW j
µW

k
� , (2.10)

Bµ� ⌘ @µB� � @�Bµ

where �ijk corresponds to the totally anti-symmetric Levi-Civita tensor, � corresponds to the SU (�)L gauge

coupling,Wi
� and B� are the gauge bosons of SU (�)L and U (�)Y respectively and i take values of 1, 2

or 3. The Lagrangian of the gauge field is defined with the weak field tensorsWi
µ� and Bµ� through the

following relation:

L�au�e = � �
�
Wi
µ�W

µ�
i � �

�
Bµ�B

µ� . (2.11)

Finally, the theory of electroweak interactions can be described through the Lagrangian:

LEW =
’
f =l ,q

f (i� µDµ )f + L�au�e (2.12)

where the covariant derivative Dµ is defined by

Dµ ⌘ @µ � i�
�!
T .

�!
Wµ � i�0

Y

�
Bµ (2.13)

being � and �0 the coupling constants of the SU (�)L and U (�)Y gauge groups, respectively.

The weak interactions are known to violate parity with the weak charged current interaction only coupling to

left-handed chirality state fermions and right-handed chirality state anti-fermions. The electroweak bosons

mediating the weak charged current interactions areW + andW � bosons, being the gauge fields written

as a linear combination ofW �
µ andW �

µ bosons fields:

W ±
µ =

�
p
�
(W �

µ ⌥ iW �
µ ). (2.14)

The weak neutral current and electromagnetic interactions are carried by neutral bosons, the Z boson and

the photon, respectively. Since it is experimentally shown that the Z boson couples to both left-handed and

right-handed chirality state fermions, theW �
µ boson field can not be directly associated to the Z boson.

Moreover, the Bµ field can not be directly associated to the photon since it interacts in the same way with

both components of left-handed chirality state fermions, including neutrinos, while the photon does not

couple to them. Therefore, the Z boson field Zµ and photon field Aµ are written as a mixing ofW �
µ and

Bµ fields:  
Zµ

Aµ

!
=

 
cos�W � sin�W
sin�W cos�W

!  
W �
µ

Bµ

!
(2.15)
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where �W is the weak mixing angle defined from the gauge coupling constants � and �0 through the

relation �W = tan��(�/�0). The electric charge e can be also seen as the photon coupling strength,

which is related to the gauge coupling constant as e = � · sin�W . Although the electroweak Lagrangian

in Equation (2.12) does not contain terms related to the fermion masses, the experiments confirmed the

existence of massive fermions and electroweak mediators (W ± and Z bosons). By spontaneously breaking

the symmetry with the Higgs mechanism, the gauge bosons and the fermions acquire their masses through

the interaction with the Higgs field.

2.1.1.4 The Higgs-Englert-Brout mechanism

Proposed by three independent groups [12–14], the Higgs-Englert-Brout mechanism solved the contradic-

tion between massive particles and the requirement of gauge invariance. This mechanism is based in a

spontaneous symmetry breaking, where the symmetry group SU (�)L ⌦ U (�)Y breaks down toU (�)EM .

The Higgs field is a isospin doublet of complex scalar fields and is defined as

� ⌘
 
�+

��

!
(2.16)

where �+ corresponds to a electrically charged field and �� to a electrically neutral field. The Lagrangian

which describes the Higgs field is defined as

L� = (Dµ�)†(Dµ�) �V (�) (2.17)

with the covariant derivative Dµ given by Equation 2.13 and theV (�) corresponding to the Higgs potential
defined as

V (�) = µ��†� + �(�†�)�. (2.18)

The Higgs potential depends on the parameters µ� and �. Consider the case where µ� < 0 and � > 0,

the minimum of the potential V (�) is given by

h�†�i = �µ�

��
⌘ ��

�
(2.19)

and the Higgs field has a non-zero vacuum expectation value of �/
p
� and does not have a unique

minimum. In the unitary gauge, the Higgs potential minimum can be obtained in a way that the Higgs

field acquiring a vacuum expectation value is the electrically neutral field and the Equation 2.16 can be

rewritten as:

�(x) = �
p
�

 
�

� + H (x)

!
(2.20)

where H (x) represents the ground state fluctuations around the vacuum state.
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The interactions between the Higgs field and the fermions fields can be written as

LYukawa =
’
f =l ,q

� f (fL�fR + fR �fL) (2.21)

where the fL(fR ) corresponds to the left-handed (right-handed) fermion field, the fL (fR ) is the hermitian

conjugate of the left-handed (right-handed) fermion field and the matrices� f describe the Yukawa couplings

between the Higgs doublet and the fermions. The Lagrangian in Equation 2.21, denominated the Yukawa

Lagrangian, is gauge invariant since the terms fL�fR and fR �fL are singlets. Through the Yukawa

Lagrangian, the Higgs field and the Higgs Lagrangian, the mathematical expressions of the mass of the

fermions and the mass of the Higgs boson can be obtained:

mf = � f
�
p
�
, (2.22)

mH =
p
���

where the value of the � is a free parameter of the theory and, consequently, the mass of the Higgs boson

could not be predicted before its discovery. The mass of the electroweak gauge bosons can also be deduced,

givingmW =
��
� andmZ = �

q
��+�0�

� , while the photon remains massless. The masses of the Z and

W ± bosons are also related to each other through the weak mixing angle asMW /MZ = cos�W .

2.1.1.5 Quark mixing and CKM matrix

The fermions acquire masses through the Yukawa interactions that couple left- and right-handed chirality

state fermions to the Higgs field. For the neutrinos, this interaction has no effect due to the absence of

right-handed neutrinos in the SM. The masses for the other fermions are generated with the change from

flavour states to mass states using unitary matrices V :

u0L,R = V
u
L,RuL,R,d

0
L,R = V

d
L,RdL,R, l

0
L,R = V

l
L,RlL,R, (2.23)

where u, d and l are the fermion fields of up-type quarks, down-type quarks and leptons, respectively.

Since left-handed quarks are transformed by different matrices (VuL , V
d
L ), the SU (�) left-handed quarks

doublets are constructed as:  
u

d00

!
L

,

 
c

s00

!
L

,

 
t

b00

!
L

(2.24)

with

©≠≠≠
´

d00

s00

b00

™ÆÆÆ
¨
= VCKM

©≠≠≠
´

d

s

b

™ÆÆÆ
¨
=

©≠≠≠
´

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

™ÆÆÆ
¨

©≠≠≠
´

d

s

b

™ÆÆÆ
¨

(2.25)

whereVCKM corresponds to the unitary matrix that describes the quark mixing called Cabibbo-Kobayashi-

Maskawa (CKM) matrix. The quark mixing allows a quark from one doublet to decay into a quark from
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another doublet through a change on the coupling of the weak charged currents. The CKMmatrix consists in

an ⇥n unitary matrix which describen quark families and the single elementsVq�q� of the CKMmatrix are

proportional to the coupling of two quarks q� and q� to aW boson and can be determined experimentally.

The CKM matrix can be obtained through a global fit assuming unitarity and three generations of fermions

[2]:

VCKM =
©≠≠≠
´

�.����� ± �.����� �.����� ± �.����� �.�����+�.�������.�����
�.����� ± �.����� �.����� ± �.����� �.�����+�.�������.�����
�.�����+�.�������.����� �.�����+�.�������.����� �.������+�.��������.������

™ÆÆÆ
¨
. (2.26)

2.1.2 Experimental successes and shortcomings of the Standard Model

Since its formulation, the SM has been able to describe accurately most experimental observations and all

the discovered particles have been accommodated nicely into the model. Throughout the years, the SM

has been tested in multiple experiments and its validity has been confirmed with precision measurements.

Except for gravity, the SM explains the fundamental interactions of fermionic fields having free parameters

corresponding to [15]: three coupling parameters (�, �0 and �s ), two parameters to define the Higgs

potential (µ� and �), six masses of the quarks coupling to the Higgs field, four parameters for the CKM

matrix corresponding to three mixing angles and one Charge Parity (CP) 1 violating phase, three charged

lepton masses, one parameter related with non-perturbative CP violation in QCD and seven parameters

related with the neutrinos (three for neutrino masses, three for their mixing angles and one for CP violating

phase of the neutrino mixing matrix). The SM as described here has a total of 26 free parameters, being

the majority of them related to the flavour physics. The consistency of the SM has been tested through the

electroweak fit where the fundamental parameters of the SM were fitted to different data measurements,

confirming that all the observations within the correspondent uncertainties can be explained from the SM

predictions. Despite the remarkable successes of the SM, there are some theoretical and experimental

evidences that can not be accommodated into the framework. These disagreements lead to the general

conclusion that the SM needs to be regarded as an effective theory, i.e. the low energy realisation of a

more complete theory that would be able to explain the whole range of experimental observations. A brief

description of the main open questions in the SM can be found below:

• Gravitational lensing and measurements of the rotation curves of galaxies led to the inference of the

existence of a non-luminous matter denominated ’dark matter’ in the Universe [16–18]. Dark matter

does not interact through the electromagnetic force (i.e. it can not be observed) but its presence is
1The CP symmetry is a combination of the charge conjugation symmetry and the parity symmetry which states that the

laws of physics should be the same if a particle or a system of particles are interchanged with respective anti-particles (C
symmetry) and when its spatial coordinates are inverted (P symmetry).
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evident through gravitational effects, being expected to compose more than 80% of the total matter

in the Universe.

• The universe seems to be completely dominated by matter. To explain the matter/anti-matter

asymmetry, the three Sakharov conditions [19] need to be met. One of these conditions requires

baryon number violation, which is absent in perturbative descriptions of the SM. Besides that, CP

violating processes must be present. The CP violation in the weak interaction (coming from the

presence of a phase in the CKM matrix) is not strong enough to justify the current observation.

Both conditions indicate that physics beyond the SM accounting for strong CP and baryon number

violating effects becomes relevant at higher energy scales than experimentally observed at the

moment.

• Although neutrino masses are not measured directly, the measurement of oscillations requires

that there is a mass difference between the different neutrinos generations [20]. A mass term for

neutrinos is not in the SM but the addition of right-handed neutrinos or alternatives such as Dirac

neutrinos can be accommodated. Given the fact that the neutrinos are massive, the SM has seven

additional free parameters (three parameters for neutrino masses, three for their mixing angles and

one for CP violating phase for the neutrino mixing matrix).

• The hierarchical mass structure of the SM fermions, ranging from ⇠ � MeV for the first generation of
fermions to ⇠ ��� GeV of the top quark [21], is not understood. Additionally, the existence of exactly
three families of fermions is not justified. The arbitrariety of parameters in the SM, focusing on the

fermion masses, introduces a naturalness problem. This does not create a problem to the theory

itself but such significant differences in arbitrary parameters are usually considered as unnatural

and a possible indication of unknown principles underlying a more complete theory encompassing

the SM.

• An important motivation of new theories beyond the SM is the significant sensitivity of the Higgs

potential to a high scale, denominated as the hierarchy problem. Elementary scalars, as the Higgs

boson, are not protected by chiral or gauge symmetries against large radiative corrections to their

masses. Therefore, the Higgs field receives considerable corrections from the virtual effects of any

SM particle it couples to. The largest correction to the Higgs boson mass comes from the top quark

due to its high mass suggesting that the top quark might play a special role in the electroweak

symmetry breaking mechanism and the mass hierarchy pattern.

2.1.3 Measurements in Particle Physics

The goal of particle physics is the understanding of the elementary particles in nature: how many they

are, their masses, their properties and the fundamental forces which govern the interactions between
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them. This research can be done through colliding elementary particles and by looking and analysing

the outcome. Cosmic particles originated in outer space may collide and produce new particles when

penetrating the atmosphere of Earth. These collisions occur randomly all the time in the upper atmosphere

and the resulting particles can be detected on the ground providing useful information to the physicists.

However, it is difficult to rely on cosmic particles since many of the searched phenomena occur with

very small rate. Therefore, particle physicists need to build experiments in which they control most of the

experimental aspects, such as the particle type, the energy of the colliding beams of particles and the rate

of collisions. These experiments can be fixed-targed experiments, where an incident beam of particles is

sent to collide with atomic nuclei in a stationary block of matter, or colliding-beam experiments in which

two beams of particles travelling in opposite directions collide at predefined points. The latter allows a

higher energy available to create new particles. To achieve that, a particle accelerator is needed to deliver

energy to accelerate the beams of charged particles which can be leptons such as electrons or hadrons

such as protons or antiprotons.

The expected interaction rate between two colliding particles is determined by a quantity called the

cross-section (� ), which depends on the coupling strength of the interacting force as well as the energy and

momentum of the interacting particles. During an interaction process, the forces couple to the interacting

particles and bosons are emitted or reabsorbed. The interactions between particles can be visually described

by the Feynman diagrams. Such diagrams can also be translated into a mathematical expression that

provides the matrix element, M, which is needed for the calculation of the differential cross-section or

the decay rate of a specific process. Therefore, the cross-section is proportional to the probability that an

interaction occurs, measuring the effective surface area seen by the colliding particles and as such is

expressed in units of area. In the particle physics field, cross-sections are tipically quoted in picobarn, pb,

where 1 pb = 10��� m�. Another important physical quantity is the decay width, �i , of an unstable particle
decaying into a specific final state i. Similarly to the cross-section, the decay width can be obtained through

analogous integration over the partial width, d�i , related to the specific final state. Since an unstable

particle may decay into several other particles, the Branching Ratio (BR) of a specific final state should be

defined as well, corresponding to the width of a particle decaying to a specific final state divided by the

width of this particle decaying into all possible states as represented in the following example:

BR(t ! Zq) =
�t!Zq

�t!Zq + �t!Wb + �Other top decays
(2.27)

Both the cross-section and the decay width can be calculated by considering only leading order from the

perturbation expansion, called a leading-order calculation (LO). These calculations can be complemented

by taking into account higher order radiative corrections as the next-to-leading-order (NLO) or the next-to-

next-to-leading-order (NNLO) calculations, among others.

At hadron colliders as the LHC and Tevatron, it is mandatory the knowledge of the composite nature

of the protons. These particles are a bound state of partons with quarks and gluons. Apart from the
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Figure 2.1: Example of NNLO parton distribution functions for various parton flavours as a function of
fraction parton momentum x at a scale of �� GeV� (left) and ��� GeV� (right). Results from NNPDF2.3
set using also data from the LHC obtained by the NNPDF collaboration[25].

quarks of the proton and the valence quarks, the proton has also the so-called sea quarks coming from

the gluon splitting into quark-antiquark pairs and the momentum of the proton is divided among all these

constituents. The cross-section of the scattering process between two partons requires the knowledge of

the initial state of the individual partons. The momentum fraction carried by these partons is described by

the Parton Distribution Function (PDF), usually writen as fi (xi ,Q�). In other words, a PDF can be defined
as the probability density for finding a particle, i, with a certain longitudinal momentum fraction, xi , at

Q�, where Q� is the negative four-momentum transfer squared at the interaction vertex, describing the

typical energy scale of the considered interaction. The PDFs are extracted from data obtained at previous

collider experiments, as the HERA experiment, since it cannot be obtained from theoretical calculations.

An example of the NNPDF2.3 set is shown in Figure 2.1, which is calculated at NNLO accuracy, taking

into account terms up to order ��s in the DGLAP (standing for Dokshitzer-Gribov-Kipatov-Altarelli-Parisi)

equations [22–24] and includes previous LHC data among another particle physics datasets.

2.2 Top quark physics

Discovered in 1995 by the CDF and DØ collaborations at Fermilab [26, 27], the top quark was the last

quark to be revealed allowing the completion of the third generation of the SM fermions. The top quark was

rediscovered also at CERN in 2010 by the ATLAS and CMS collaborations [28, 29]. Its existence opened a

new field of particle physics due to its exciting properties. The top quark is the most massive elementary

particle known to date, with a mass ofmtop=���.�� ± �.�� GeV [21] close to the electroweak symmetry

breaking scale of � = 246 GeV. The large value of the width of the top quark (�.�� ± �.�� GeV [2]) also
causes it to have a very short lifetime of about �.� ⇥ ����� s, being the only quark that decays before
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Figure 2.2: Leading-order Feynman diagrams corresponding to the top quark pair production through quark
anti-quark annihilation and gluon fusion [31].

hadronising [30]. Such characteristic allows the experiments to directly detect spin information transferred

to its decay products undiluted by non-perturbative effects. Moreover, the top quark decay is dominated by

the decay channel t !Wb with a branching ratio close to the unity [2], determined by the Vtb element

of the CKM matrix. An important consequence of the high mass of the top quark is the strong Yukawa

coupling to the Higgs boson, which is very close to 1 according with Equation 2.23:

�t =
p
�mt
�

⇡ �. (2.28)

Being �t one of the free parameters of the SM, the top quark provides a scientific motivation to test

and to understand the SM but also playing a key role in searches for physics beyond it. Through precise

measurements of its properties, a deviation from the SM prediction can reveal new physics. Several Beyond

the Standard Model (BSM) theories state the top quark as a possible decay product of introduced particles

with masses at TeV scale. Besides that, those particles can be too heavy to be produced at the LHC,

meaning that the only observable effects may be the indirect ones through the modification of the SM

particle properties.

The top quark can be produced in top quark pairs called tt̄ production or as a single-top quark

associated with other particles called single-top quark production. In hadron colliders, the tt̄ production

occurs dominantly through the strong interaction. In the pp collider LHC, unlike the pp̄ collider Tevatron,

the top quark pair is produced dominantly, with a fraction of around 85%, through the gluon fusion. The

quark anti-quark annihilation and the gluon fusion processes at LO are shown in Figure 2.2. In single-top

quark production, the top quark is produced via the electroweak interaction with three different channels:

(a) t -channel:W boson and gluon fusion, (b)Wt -channel: associated production of a top quark and aW

boson and (c) s -channel:W boson and quark anti-quark annihilation, as shown in Figure 2.3.

The predicted cross-section of the tt̄ production considering NNLO with next-to-next-leading-log (NNLL)

order at the LHC with
p
s = 13 TeV is ���+����� pb [32]. For the single-top quark production channels, the

values of the cross-section calculated at the LHC with
p
s = 13 TeV are ��� ± �� pb (NLO with next-to-

leading-log (NLL) order) [33], ��.� ± �.� pb (NLO with NNLL) [34] and ��.� ± �.� pb (NLO with NNLL)

[35] for t -channel, tW -channel and s -channel, respectively. A comparison between the theoretical and
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(a) (b) (c)

Figure 2.3: Examples of LO Feynman diagrams for single-top quark production: (a) t -channel, (b)
tW -channel and (c) s -channel [31].

experimental values for the cross-section of the tt̄ production and single-top quark production is presented

in Figure 2.4.

2.2.1 Flavour Changing Neutral Currents in the top quark sector

A FCNC process stands for an interaction with a change in the fermion (quark or lepton) flavour through

the emission or absorption of a neutral boson. Such processes are not allowed at tree-level in the SM

since there is no vertex that directly couples neutral currents (�,Z ,� ,H ) with two fermions from different

generations. On the other hand, the quark flavour may change at higher order correction or loop-level since

the CKM mechanism allows the quark flavour change withW ± bosons. Figure 2.5(a) shows a forbidden

vertex in the SM while Figure 2.5(b) presents a coupling between a top quark and a u or c quark through

a loop diagram.

For the evaluation of the amplitude of possible top quark decays through FCNC processes at loop-level,

all possible loop diagrams have to be considered. The amplitude suffers from destructive interference since

the mass of the top quark is of the order of the electroweak scale and all internal quarks (d ,s,b) in the

loops have very small masses (i.e.MW � Md,s,b ). This cancellation is known as the Glashow, Iliopoulos

and Maiani (GIM) mechanism [37]. Such effect can also be observed experimentally by the unitarity of

the CKM matrix, as predicted by the theory. Therefore, the branching ratio of top quark decay via FCNC

suffers from a small decay width as an effect of the GIM mechanism and also the large tree-level rate of

the top quark decay to bW . Numerically, an extremely suppressed branching ratio of the order of �����

is predicted for the top quark decays via FCNC in the SM. Nevertheless, several SM extensions predict an

enhanced branching ratio of neutral current top quark decays with respect to the SM which makes these

interactions an excellent way to probe new physics. Some examples of BSM theories predicting FCNC

processes at higher rates are the two-Higgs doublet model with (FC 2HDM) or without (2HDM) flavour-

conservation and the minimal supersymmetric model (MSSM), more commonly known as Supersymmetry

(or SUSY). Searches for FCNC interactions in the top sector have already been performed at the Large

Electron-Positron collider [38–42], the HERA [43], the Tevatron [44, 45] and the LHC. The current results
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(a)

(b)

Figure 2.4: (a) Summary of the LHC and Tevatron measurements of the top quark pair production cross-
section as a function of the center-of-mass energy compared to the theory prediction [36]. (b) Summary of
ATLAS, CMS and combined measurements of the single-top quark production cross-sections in the various
channels as a function of the center of mass energy [36]. The theory bands reflect the uncertainties arising
from the renormalisation and factorisation scale, parton distribution functions and the strong coupling.

Figure 2.5: Examples of FCNC interactions in the top quark sector: (a) Non-allowed vertex in the SM where
up or charm quarks change their flavour to a top quark by interacting with an ellectrically neutral boson
and (b) Allowed FCNC process in the SM through a loop.
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from the ATLAS and the CMS collaborations provide the most stringent experimental limits on the BRs of

all the FCNC top quark decays. A comparison between SM and BSM models predictions as well as the

experimental results from the ATLAS and the CMS collaborations of the branching ratios of the decays of

the top quark to an up or a charm quark and a neutral boson are shown in Table 2.3. Focusing on the two

Higgs Doublet Models (2HDM), the predictions for the charm quark decays are enhanced in respect with

the up quark case since the FCNC couplings are proportional to the masses of the participating quark in

the vertex (more specifically to pmqmt wheremu is three orders of magnitude smaller thanmc ) [46]. In

particular, both the two Higgs doublet models with flavour violating and with the flavour conserving Yukawa

couplings do not predict the top quark decays through an up quark and a gauge boson since the theoretical

framework does not considers a interaction between these bosons and the first generation of quarks. For

the MSSM, MSSM with R-parity violation case (RPV) cases, the largest contributions come from gluino

exchange diagrams meaning that the tt̄ production with a top quark decay via FCNC is the most significant

mode for the theoretical prediction (if only the decay mode is considered, the same limits are obtained for

up and charm quark since the initial state is composed by gluons instead of a gluon and a quark as in the

case of the production).

The analysis presented in this thesis focus on the search for the FCNC tZq anomalous coupling, being q

Process SM 2HDM (FV/FC) MSSM RPV RS ATLAS CMS

t ! Zu 7 ⇥����� –/–  ����  ���� – 1.7 ⇥���� [47] 2.2 ⇥���� [48]
t ! Zc 1 ⇥�����  ����/ �����  ����  ����  ���� 2.4 ⇥���� [47] 4.5 ⇥���� [49]

t ! �u 4 ⇥����� –/–  ����  ���� – 4 ⇥���� [50] 2 ⇥���� [51]
t ! �c 5 ⇥�����  ����/ ����  ����  ����  ����� 20 ⇥���� [50] 4.1 ⇥���� [51]

t ! �u 4 ⇥����� –/–  ����  ���� – 2.8 ⇥���� [52] 1.3 ⇥���� [53]
t ! �c 5 ⇥�����  ����/ ����  ����  ����  ���� 22 ⇥���� [52] 1.7 ⇥���� [53]

t ! Hu 2 ⇥����� 6 ⇥����/–  ����  ���� – 1.2 ⇥���� [54] 4.7 ⇥���� [55]
t ! Hc 3 ⇥����� 2 ⇥����/ ����  ����  ����  ���� 1.1 ⇥���� [54] 4 ⇥���� [56]

Table 2.3: Theoretical expectations for the branching ratios of FCNC top decays predicted with the SM,
the two Higgs doublet model with flavour violating Yukawa couplings (2HDM (FV)), the flavour-conserving
two Higgs doublet model (FC 2HDM), the MSSM, the MSSM for the R-parity violating case (RPV) and
warped extra dimensions (RS) [46, 57]. Most stringent experimental limits from the ATLAS and the CMS
collaborations are also represented.

an up or a charm quark, where both the decay mode (with gluons in the initial state) and the production

mode (with an initial state composed by a light-quark and a gluon) are considered. The corresponding LO

Feynman diagrams for decay and production modes are shown in Figure 2.6. The SM predictions of the

BR of FCNC t ! Zq are around ����� being some orders of magnitude lower than the BSM predictions

and experimental sensitivities. Therefore, any measurable BR of such process would be a clear sign of new

physics. Even if the FCNC BRs cannot be measured, experimental upper limits can be set and parameters
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Figure 2.6: Examples of LO Feynman diagrams for tZ production via FCNC (left) and tt̄ production with a
top quark decaying through the SM and the other via tZq (right). The vertex labelled as tZq corresponds
to the coupling responsible for the FCNC interaction.

space of BSM models can be constrained or even models can be excluded. Near the BSM predictions, the

most stringent exclusion limits on BR(t ! Zq) excluded at 95% confidence level (CL) branching ratios

greater than �.� ⇥ ���� and �.� ⇥ ���� for t ! Zu and t ! Zc cases, respectively [47]. It should

also be mentioned that the same final state can occur in the scenario of an t�q anomalous coupling.

In that case, an anomalous coupling between the light quark and the gluon produces a top quark that

consequently can decay to a Z boson and a light quark through a tZq anomalous coupling. However, the

search for direct top quark production with t�q anomalous coupling established very stringent limits on

this coupling, excluding at 95% CL branching ratios of BR(t ! �q) greater than � ⇥ ���� and � ⇥ ����

for t ! �u and t ! �c cases, respectively [50].

The search for anomalous FCNC couplings in the top quark sector does not imply the creation of

a complete new theory. The anomalous couplings can be described model-independently in a so called

effective field theory (EFT). In this theory, the SM Lagrangian LSM is extended by operators in higher-

dimensions of the mass suppressed by the scale of new physics �NP as shown in Equation (2.29).

Dimension-five operators introduce lepton-flavour violating processes and consequently, are not considered

in this thesis. Therefore, the anomalous couplings can be approximated with dimension-six operators O(�)
i

whose strength is given by the Wilson coefficients C(�)i .

Leff = LSM +
�

��NP

’
i

C(�)i O(�)
i + ... (2.29)

Although more than 80 dimension-six operators exists, not all of them are independent of each other and

only a few of them (about 15) have a significant effect on the top quark processes [58]. The relevant

operators for an FCNC with a top quark and a Z boson, following the notation in [59], are the operators

Oij
uB and Oij

uW with i , j and either i = � or j = �, respectively, defined as follows:

O(ij)
uB = (q̄i� µ�rj )�̃Bµ� , (2.30)

O(ij)
uW = (q̄i� µ�� I rj )�̃WI

µ�
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where q̄i describes the left-handed quark doublet and rj the right-handed quark singlet, �
µ� = �

� [�
µ ,�� ]

with the gamma matrices, � I are the Pauli matrices, �̃ is the complex conjugate of the Higgs field doublet

and Bµ� andWI
µ� are theU (�)Y and SU (�)L field tensors, respectively. The indices i and j of the spinors

refer to the flavour indices of the quark generations. One index always equals to 3 as a top quark must

be involved, while the other one is either 1 or 2 corresponding to an up or charm quark. These operators

introduce an FCNC with a tZq vertex. For the generation of the FCNC signal events, the TopFCNC model

[60, 61] using these dimension-six operators with calculations at NLO QCD was used where only the tZu

or tZc couplings were considered (i.e., assuming that all other couplings are zero) and the assumption on

the new physics scale of �NP = �TeV. The FCNC operators can be left- or right-handed and both signal

hypotheses were considered. Therefore, the search presented in this thesis is performed independently

for four different coupling scenarios described by the flavour of the up-type quark, up or charm quark, and

by the handedness of coupling, left- or right-handed. The order of the indices i and j in Equation (2.29)

defines the chirality of the FCNC operators. For the tZu case, the C(��)uW Wilson coefficient corresponds

to the left-handed coupling while the C(��)uW Wilson coefficient corresponds to the right-handed coupling.

The tZc couplings are defined by the C(��)uB for the left-handed coupling and C(��)uB for the right-handed

coupling. With the TopFCNC UFO model, the Wilson coefficients CuW and CuB are named depending

on the indices i and j and its order as discussed in detail in [60, 61]. As an example, the C(��)uW Wilson

coefficient corresponds to the model parameter CuB describing the tZu left-handed coupling and the

C(��)uW Wilson coefficient corresponds to the model parameter CtB for the tZu right-handed coupling.

2.2.2 Interference studies with tZq and t�q FCNC anomalous couplings

New physics might not only become visible as an excess of measured data over the expected background.

An interesting possibility could be a deficit of events due to a destructive interference of a new physics signal

with the SM background processes. Another kind of interference could also occur between two modes

from a specific model beyond the SM that would modify the expectation for detecting those interactions

or particles of the particular model. Interference effects have shown to play an important role in several

studies within the top quark sector. In particular, the interference of two SM processes (pair production of

top quark and the production of a single-top quark in association with aW boson) enabled the constraint

on the interference models for these processes [62]. Searches for FCNC processes through the top quark

have focused either on the decay process or on the production process. However, both processes interfere

if at least one additional up-type quark is produced in the production process. These interference effects

may have an impact on the interpretation of a potential observation of an FCNC signal and on the exclusion

limits that are set by the current and future searches. Therefore, it is crucial to quantify whether these

interference effects should be considered in the experimental searches at the LHC or, on the contrary, they

can be safely neglected, as it has been done to date. The study of interference effects discussed here focus
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Figure 2.7: Examples of Feynman diagrams for top quark pair production with an FCNC top quark decay to
a photon or a Z boson (left) and for the associated production of a single top with a photon or a Z boson
via an FCNC interaction (right).

on the top quark FCNC processes with either a photon or a Z boson, as represented in some examples of

Feynman diagrams for decay and production modes in Figure 2.7.

Monte Carlo simulated samples were generated for proton-proton collisions at
p
s = ��TeV with

MadGraph5_aMC@NLO using the TopFCNC [60, 61] UFO [63] model for the production and decay pro-

cesses. In addition, a sample including both processes and their interference, called ”the total process”,

was generated. The decay process was generated by pp ! tt̄ with tt̄ ! W +b�q or tt̄ ! W �b̄�q.
The production process was generated by pp ! t� (or t̄� ) and adding the processes with an extra quark,

anti-quark or gluon, j, i.e. pp ! t� j (or t̄� j). Diagrams with an intermediate t̄ (t ) were excluded in the

case of t� (j) (t̄� (j)) production, since these diagrams are considered as part of the decay process. If the

extra quark corresponds to the up-type quark that couples via an FCNC to the top quark, interference of

the decay and production processes occurs. The total process was generated by pp ! t� (or t̄� ) and by

adding the processes pp ! t� j (or t̄� j). The same MC simulation for the production, decay and total

process was obtained for the Z boson case, where Z was used instead of � . For all cases, the (anti-)top

quarks were decayed toW +b(W �b̄) using MadSpin. AllW bosons were decayed to an electron or muon

and the corresponding neutrino and all Z bosons were decayed to either two electrons or two muons using

MadSpin. Pythia8 was used for the parton showering and hadronisation [64]. For all processes, events

were matched using the MLM procedure [65] using a kt value between partons of ��GeV. Detector
effects were simulated with Delphes using the default detector card, tuned to match the CMS detector

parameters [66]. As discussed before, the FCNC operators can be left- or right-handed and couple the

top quark to the up quark or to the charm quark. The production of the simulated samples was done

for each of these four possibilities, with the strength of one operator fixed to a benchmark value, being

the other operators set to zero. Uncertainties were evaluated by generating additional samples with fixed

renormalisation and factorisation scales set to the top quark mass and by varying the scales by factors of

two. Those variations were used as relative uncertainties for the nominal samples, which were generated

with a dynamic scale defined as the transverse mass of the system after kt clustering of the final state

particles.
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Boson Production process Decay process Total process

� �� ± � fb � ± � fb �� ± � fb
Z �� ± �� fb �� ± �� fb ��� ± �� fb

Table 2.4: Cross-section of the different processes for the left-handed coupling with the up quark, the top
quark and photon/Z boson, including the uncertainty from scale variations.

The first impact of considering or neglecting interference was evaluated through the comparison of

the cross-section for the sum of the decay and production processes with the cross-section of the total

process. The results for the left-handed coupling of the top quark to the up quark are presented in Table 2.4,

showing that the cross-section for the total process is very close to the cross-section weighted sum of the

samples for the production and decay processes. The same conclusions were obtained for the right-handed

coupling and for the left- and right-handed couplings to the charm quark. The following test was the study

of kinematic distributions of the different final state particles (i.e. the photon/Z boson, the bottom quark,

the top quark, theW boson and the highest-pT up-type quark) at parton level, where no large effects were

observed. The normalised distributions of the transverse momentum of the photon/Z boson from the total

process and the sum of the production and decay processes are shown in Figure 2.8. In the phase space

where both the production and the decay process contribute and interference effects can hence appear

(in the region of pT smaller than approximately ���GeV), the difference between the total process and
the sum of the two individual processes is small and covered by the scale uncertainties.

Similarly to the parton level, the transverse momentum of the photon and the Z boson were studied

at detector level. With that goal, a simple event selection was applied to mimic the selection of a search:

in each event at least one photon or Z boson was required, respectively. The normalised distributions

of the transverse momentum of the photon/Z boson from the total process and from the sum of the

production and decay processes are shown in Figure 2.9. The same observations and conclusions hold

as for parton level where no large interference effects are seen in the region they could be expected (i.e.

pT / ���GeV).
As a conclusion, interference effects were found to be much smaller than changes from variations of

the renormalisation and factorisation scales in the leading order samples used for this phenomenological

study [67]. The results both at parton and detector level indicated that the current practice of neglecting

interference effects in searches for top quark FCNC interactions at the LHC is a viable strategy also for the

future. However, the impact of interference effects on their interpretations should be quantified in the case

of observation of FCNC processes in such searches.
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Figure 2.8: The photon (left) and Z boson (right) transverse momentum for the total process compared to
the sum of the production and decay processes at parton level. The statistical uncertainty due to the limited
size of the samples is shown as a green error bar. The uncertainty in the total process due to variations of
the renormalisation and factorisation scales is shown as a band.

Figure 2.9: The photon (left) and Z boson (right) transverse momentum for the total process compared
to the sum of the production and decay processes at detector level. The statistical uncertainty due to the
limited size of the samples is shown as a green error bar. The uncertainty in the total process due to
variations of the renormalisation and factorisation scales is shown as a band.
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3
The ATLAS experiment at the Large Hadron

Collider

The LHC, the main highlight of CERN, is a circular particle accelerator constructed to produce TeV proton-

proton and heavy-ion collisions studied by several experiments. The ATLAS detector is one of the four main

experiments that benefit from the collisions of particles at the LHC. The following sections present an

introduction to the CERN accelerator complex, the LHC and a detailed description of the ATLAS detector,

where the data considered in this thesis was collected.

3.1 CERN

Located at the Franco-Swiss border near Geneva, the CERN was founded in September 29th of 1954 with

12 member states and the acronym CERN from the french Conseil Européen pour la Recherche Nucléaire

was born. The initial goals of this council were the study of atomic nuclei and the congregation of scientists

on Europe. Due to the constant progress of the science field, it soon improved to the research in the high

energy physics focused on the interaction of subatomic particles.

Several accelerators and detectors with distints focus in the particle physics field were built at CERN

in order to probe the fundamental structure of the Universe. Figure 3.1 shows all the current accelerators

as well as the detectors at CERN.

Since its beginning, CERN played a major role in the significant breakthroughs of the particle physics

field. Among them are the discovery of neutral currents with the Gargamelle bubble chamber (1973) [69],

the discovery ofW ± and Z bosons with the UA1 and UA2 experiments (1983) [70, 71], the determination

of the number of light neutrino families at the Large Electron-Positron Collider (LEP) (1989) [72], the
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Figure 3.1: Representation of the current CERN accelerator complex with its accelerators, detectors and
facilities [68].

discovery of the direct CP violation (1999) [73] and the most recent discovery of the Higgs boson with a

mass of 125 GeV observed by the ATLAS and the CMS collaborations (2012) [74, 75].

Throughout the years, the CERN laboratory has become more than an european organisation having

today 23 member states as well as associate and observer states represented by more than 17500

scientists from over 70 countries and 600 institutes for their research.

3.2 The Large Hadron Collider

The world largest and most powerful particle accelerator and also one of the most recent addition to the

CERN accelerator complex is the LHC. Positioned under France-Swiss boarder between 45 and 70 meters

(at 1.4% inclination towards lake Léman), the LHC consists of a ring with a perimeter of 27 kilometers

including more than 1000 superconducting magnets and several accelerating structures. An example of

the front view of the LHC dipole magnets is represented in Figure 3.2. Inside the 15-meters long dipole

magnets, two proton beams travel in opposite directions in separate beam pipes, while being accelerated

until reaching a speed close to the speed of light, before they are made to collide at specific points of the

tunnel.

Older accelerators as the Proton Synchroton (PS) and Super Proton Synchroton (SPS) are used to boost

the energy of the particles before the injection in the LHC. First, the particles are accelerated at the LINear
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Figure 3.2: Front view of a LHC dipole [76].

Accelerator Size Energy

LINAC2 33 m 90 keV to 50 MeV
BOOSTER 157 m 50 MeV to 1.4 GeV
PS 628 m 1.4 GeV up to 26 GeV
SPS 6.9 km 26 GeV up to 450 GeV
LHC 27 km 450 GeV up to 7000 GeV

Table 3.1: Size and maximum energy reached by the different accelerators currently used at the LHC.

ACcelerator 2 (LINAC 2) reaching an energy of 50 MeV. Subsequently, they are accelerated in the Proton

Synchroton Booster (BOOSTER), PS and SPS before reaching an energy of 1, 26 and 450 GeV, respectively.

Finally, the bunches of protons (or heavy ions) are injected in the LHC containing each bunch about ����

protons. Table 3.1 summarises the sizes and the energies reached by the different accelerators at the

LHC. The proton beams circulated in the LHC for the first time in September ��th of 2008. From 2010 to

2012, the protons beams had an energy of 3.5 TeV. From 2012 to 2013, the maximum energy was 4 TeV

per beam. The first shutdown ended when the LHC started to accelerate beams up to an energy of 6.5

TeV in April �th of 2015. The LHC had its second run, referred to as Run-2, with proton and also heavy

ion collisions at a centre-of-mass energy of 13 TeV from 2015 to 2018. A two year shutdown is currently

happening with crucial repairs and upgrades to the LHC and its experiments in anticipation of Run-3. The

replacement of the first end-cap station of the New Small Wheel [77] and of the higher-granularity for

the existing calorimeter trigger [78] are two flagship upgrade projects of the ATLAS collaboration at the

moment.
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Being the protons charged particles, a strong magnetic field maintained by electromagnets is needed to

curve the proton beams around the circular accelerator. The total of 1232 superconducting electromagnets

requires a temperature of 1.9 K (-271.3 C) which is colder than outer space and, consequently, an ultra-high

vacuum. This temperature allows the dipole magnets to generate a magnetic field of 8.3 T. Besides these

magnets, a total of 392 quadrupole magnets maintain the beams focused and 16 radiofrequency cavities

accelerate particles and keep them in controlled bunches with a constant energy.

The beams circulating inside the LHC intersect in four interaction points where distinct particle de-

tector are placed: A Large Ion Collider Experiment (ALICE) [79], A Toroidal LHC ApparatuS (ATLAS) [80],

Compact Muon Solenoid (CMS) [81], and Large Hadron Collider beauty (LHCb) [82]. The ATLAS and CMS

detectors are two multi-purpose experiments while ALICE and LHCb are focused on the study of heavy-ions

collisions and b-physics, respectively. Smaller experiments as LHCf (LHC forward), TOTEM (TOTal Elastic

and diffractive cross-section Measurement) and MoEDAL (Monopole and Exotics Detector at the LHC) focus

on diffractive physics and the search for magnetic monopoles and profit from the access infrastructures of

the major detectors to place its detectors.

3.2.1 Luminosity and pile-up

Luminosity, related with the expected number of events, and pile-up that informs about the number of

simultaneous proton interactions are two key factors to characterise any dataset collected at the LHC.

The expected number of events Ni for a specific process (i) with a production cross-section of �i is

obtained in terms of the instantaneous luminosity (L) as:

Ni = �i

π
L dt . (3.1)

The instantaneous luminosity can be expressed as a function of the rate of pp interactions and in terms

of beam parameters as:

L =
N�
b
nb fre�

���x��
F (3.2)

where Nb is the number of protons per bunch, nb is the number of bunches injected at the LHC per

revolution, fre� is the machine revolution frequency (approximately 11 kHz), �x and �� are the horizontal

(x -scan) and vertical (�-scan) Gaussian widths of the colliding beams, and F is the geometric luminosity

reduction factor that corresponds to a small correction factor to account for the crossing angle between

beams at the interaction point. The LHC design instantaneous luminosity is L = ���� cm��s��. Table
3.2 summarises the different parameters of the LHC for each year of the Run-2 data taking.

The high frequency of collisions and the high density of beam bunches culminates in many pp in-

teractions that may occur simultaneously. This process is called pile-up and results in the overlap of the
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Parameters Design 2015 2016 2017 2018

Beam energy (TeV) 7.0 6.5 6.5 6.5 6.5
Bunch spacing (ns) – 25 25 25/8b4e 25
Maximum number of bunches (nb ) 2808 2232 2208 2544/1909 2544
Protons per bunch (10�� Nb ) 1.15 1.10 1.10 1.10/1.20 1.10
Peak luminosity (10�� cm�� s��) 10 5 13 16 19
Integrated luminosity (fb��) – 4.0 38.5 50.2 63.4
Mean pile-up – 16 41 45/60 55

Table 3.2: Operating parameters of the LHC for each data taking period during Run-2 [83].

Figure 3.3: Recorded luminosity as a function of mean number of interactions per bunch crossing for the
different years of Run-2 data taking [84].

electronic signals from multiple interactions being categorised as in-time pile-up or out-of-time pile-up.

Multiple pp interactions in the same bunch crossing causes in-time pile-up while out-of-time pile-up occurs

when traces from an event in a different bunch crossing are recorded. An increase of Nb or nb in Equation

3.2 allows a higher luminosity with a raise on the level of pile-up as well. Higher Nb causes more interac-

tion within a given bunch crossing, meaning higher in-time pile-up. Higher nb reduces the space between

bunches resulting in the overlap of interactions from different bunch crossing, i.e. out-of-time pile-up.

The mean number of interactions per bunch crossing in the Run-2 dataset distribution for each year of

the data taking is shown in Figure 3.3.
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Figure 3.4: Representation of the ATLAS detector with the different subsystems [85].

3.3 The ATLAS Experiment

The ATLAS detector, shown in Figure 3.4, is one of the two general purpose detectors at the LHC that

explores a vast range of physics scenarios studying the particles produced in proton-proton collisions at

high energies. It is the biggest detector of this kind having 44 meters long, 25 meters wide and weighting

around 7000 tones.

The full coverage of the space around thepp interaction point allows the detection and the reconstruction

of almost all final state objects. This characteristic is possible due to the multilayer structure which consists

in many sub-detectors, each of them with a specific purpose. From inside to outside, the sub-detectors are:

the inner detector, the electromagnetic calorimeter, the hadronic calorimeter and the muon spectrometer.

A brief description of these sub-detectors can be found in the following sections as well as its performance

goals.

3.3.1 ATLAS coordinate system

The ATLAS coordinate system is a right-handed cartesian system, with the x -axis towards the center of the

LHC ring, the �-axis pointing upwards and the z-axis pointing along the beam pipe. The nominal interaction

point is defined as the origin of the coordinate system. The particle momentum px , p� and pz are defined

along the x , � and z-axis, respectively. Since the x � � plane is transverse to the beam direction, the

transverse momentum pT is widely used and defined by the following relation with px and p� :

pT =
q
p�x + p�� . (3.3)
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To better describe rotational invariant properties, the spherical coordinates (R, �, � ) are used and

defined by:

R =
q
x� + ��,� = arctan (�/x),� = arctan (R/z). (3.4)

The azimuthal angle � is the angle between the x -axis and the�-axis and the polar angle � corresponds

to the angle between the z-axis and the x �� plane. The azimuthal angle is defined within � 2 [-� ,� ] and

the polar angle within � 2 [0,� ]. The rapidity of the boost of a particle along the beam axis, �, can be

obtained by the following mathematical relation:

� =
�
�
ln

✓
E + pz
E � pz

◆
. (3.5)

Since a crucial characteristic of hadron collider physics is that the colliding partons carry different

longitudinal momentum fractions, the pseudorapidity, �, is defined in terms of the polar angle � :

� = � ln

tan

✓
�

�

◆ �
. (3.6)

The difference in the pseudorapidity of two particles, ��, is independent of Lorentz boosts along the

beam axis. Additionally, the pseudorapidity coincides with the rapidity if the energy of the particle is mainly

composed by its momentum. In hadron collider physics, the pseudorapidity is a measure of the longitudinal

angle against the beam line being a particle with a large value of � referred to as a forward physics object.

Another important variable is the distance between two particles �R defined in terms of the difference

in the pseudorapidity and the difference in the azimuthal angle between the two particles:

�R =
q
��� + ���. (3.7)

3.3.2 Magnet system

The ATLAS magnet system allows the measurement of the charged particles momentum and it is designed

to provide a magnetic field mostly orthogonal to the particle trajectory. It is composed by four large

superconducting magnets: one central solenoid, one barrel toroid and two end-cap toroids.

The central solenoid magnet encloses the inner detector and provides a high magnetic field to bend

the trajectory of charged particles allowing the momentum measurement by the tracking system.

The toroidal magnet system is divided into three parts with a barrel part placed around the central

calorimeter and two end-caps placed at each end of the detector. Each of these toroidal magnets has eight

identical coils built radially in a symmetric way around the beam pipe. The toroidal magnet system provides

the magnetic field for additional bending of the muon trajectories in order to measure with precision their

momentum in the muon barrel and end-cap spectrometers.
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Figure 3.5: Representation of the ATLAS inner detector. The pixel detector refers to the insertable B-layer
and the pixel detector [86].

In contrast with the central solenoid magnet which produces an uniform magnetic field of approximately

0.5 T, the magnetic field produced by the toroidal magnets varies from 0.15 T to 2.5 T.

3.3.3 Inner detector

The inner detector, shown in Figure 3.5, is a very compact and highly sensitive part of ATLAS and the

closest system to the beam pipe allowing the study of the resultant particles from the pp collisions. This

detector constitutes a tracking system used to the identification and the measurement of the momentum of

the charged particles. It also allows the reconstruction of the interaction vertex. It begins a few centimeters

close to the proton beam axis and extends to a radius of 2.1 meters and is 6.3 meters in length along the

beam pipe. The inner detector have an acceptance in pseudorapidity of |� | < �.� and full coverage in the
azimuthal angle �.

Immersed in a 2 T solenoidal magnetic field parallel to the beam axis, it is divided in four different

concentric subdetectors named the Insertable B-layer (IBL), the Pixel Detector (PD), the Semicondutor

Tracker (SCT) and the Transition Radiation Tracker (TRT). The pixel detectors, the components of the IBD

and the PD, are the innermost part of the inner detector contributing to the accurate measurement of the

particle vertices. The PD uses silicon sensors (pixels) composed by three cylindrical layers in the barrel

region and three concentric disks in the end-cap region. The SCT is the middle part of the inner detector

and is a silicon microstrip detector composed of a barrel, with four layers of silicon microstrip detectors,

and two end-caps, each with nine disks. The TRT is the outermost part of the inner detector and consists

of 4 mm diameter gaseous straw tubes interleaved with transition radiation material.
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Combining the information from the four subdetectors, the transverse momentum resolution measure

in the plane perpendicular to the beam axis is [80]:

�pT
pT
=
�.��%
GeV

pT � �%. (3.8)

3.3.4 Calorimeter system

The ATLAS calorimeter system, shown in Figure 3.6, is used to provide an accurate measurement of

particles energy by absorb them and measure the shower properties, which eases the particle identification.

The calorimeters are designed to stop the majority of the particles, except for muons and neutrinos. Each

of the calorimeters are divided into a central barrel part and two symmetric end-caps.

The calorimeter system stops most of the particles from arriving to the muon spectrometer preventing

them from being identified as muons. Given the neutrinos do not leave any signatures to be observed and

do not interact with the detector material, the missing transverse energy variable, Emiss
T , could be obtained

since the four-momentum carried by the neutrino implies an unbalance in the total momentum available

in the event. The precise measurement of Emiss
T is an important mission in the ATLAS calorimeters since

this variable is a crucial discriminant for many physics searches.

The electromagnetic calorimeter forces the decay of the particles and then measures the energy

of the electromagnetic particles which are leptons or photons. The hadronic calorimeter measures the

energy deposition from the hadronic showers of high energy hadrons which are protons and neutrons. The

components of the calorimetry system are: the Liquid Argon (LAr) electromagnetic calorimeter, the LAr

hadronic end-cap calorimeter (HEC), the LAr forward calorimeter (FCal) and the Tile calorimeter (TileCal).

The electromagnetic and the hadronic calorimeters cover a region of |� | < �.� and |� | < �.�,
respectively.

The LAr electromagnetic calorimeter uses liquid Argon as active material and lead plates as absorver

composing a sampling detector of one barrel and two end-caps. The target energy resolution for the

electromagnetic calorimeter is [80]:

�E
E
=
��%
p
E

� ��%
E

� �.�%, (3.9)

with E measured in GeV.

The TileCal hadronic calorimeter is also a sampling calorimeter using steel as absorver material and

scintillating plastic tiles (as active material) placed in one central barrel and two extended barrels. The

target energy resolution for the TileCal hadronic calorimeter is [80]:

�E
E
=
��%
p
E

� �%, (3.10)

with E measured in GeV.
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Figure 3.6: ATLAS Calorimeter system [87].

3.3.5 Muon spectrometer

The muon spectrometer, shown in Figure 3.7, is a combination of toroidal superconducting magnets and

precision chambers designed to detect and measure the momentum of the muons. As muons minimally

interact with the other subdetectors and have long lifetimes, its properties are identified and measured in

the outermost detector layer. This system is, by far, the largest tracking system in ATLAS since it extends

from a radius of 4.25 m around the calorimeters out to the full radius of the detector (which is 11 m).

This detector system covers a region of |� | < �.�. It is also designed to trigger the muon in the region of
|� | < �.�.

It is composed by four distinct chambers: Thin Gap Chambers (TGC), Resistive Plate Chambers (RPC),

Monitored Drift Tubes (MDT) and Cathod Strip Chambers (CSC). Due to the magnetic field provided by

the toroidal magnets, these subdetectors measure the muons momentum through the curvature of the

deflected muon trajectory. The muon spectrometer was designed to provide a transverse momentum

resolution of [80]:

�pT
pT
= ��% at pT = � TeV. (3.11)
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Figure 3.7: Representation of the ATLAS muon spectrometer [88].

3.3.6 Trigger and data acquisition system

The production cross-section of inelastic proton-proton scattering events at the LHC is several orders of

magnitude higher than the cross-section of physics signatures. Consequently, millions of uninsteresting

collisions happen every second. Besides that, the high collision rate of 40 million events per second (i.e.,

40 MHz) at the LHC running conditions does not allow the storage and analysis of all amount of data

generated.

To reduce the flow of data to acceptable levels, the ATLAS trigger and data acquisition system selects in

real time events with different characteristics that make them interesting for physics analyses. The trigger

system works in two stages: the level 1 hardware trigger (L1) and the high level software trigger (HLT). In

nominal conditions, the L1 and HLT system reduces the event rate to 100 kHz and 1.5 kHz, respectively.

The collision data samples used in the analysis presented in this thesis were collected by the ATLAS

detector between 2015 and 2018. The total integrated luminosity delivered by the LHC during this period

was 156 fb��. Each ATLAS subdetector has a record of its performance across the run and only the data
collected with all subdetectors working with a certain quality threshold is considered. Therefore, the Good

Run Lists (GRL) are created listing, for each luminosity block, the data where the different subdetectors

satisfied these requirements. The percentage of data considered as ’good’ is 89%, giving a total integrated

luminosity of 139 fb�� as represented in Figure 3.9.
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Figure 3.8: Schematic view of the ATLAS trigger and data acquisition system for Run-2 [89].

Figure 3.9: The total integrated luminosity delivered, recorded and labeled as good for physics with the
ATLAS detector between the years of 2015 and 2018 as a function of time [90].
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3.3.7 Forward detectors

The ATLAS detector is not only composed by the central detector, where the muon spectrometer is the

outer sub-detector, but also by additional forward sub-detectors located at the LHC tunnel. The ATLAS

Forward Proton (AFP) is a one of these sub-detectors and explores a significant extension to the physics

reach of ATLAS by tagging and measuring the momentum and the emission angle of very forward protons.

Such measurements enable the observation and measurement of a range of processes where one or both

protons remain intact, that otherwise would be difficult or impossible to study. These processes are tipically

associated with elastic and diffractive scattering, where the proton radiates a virtual colorless object called

Pomeron, often thought of as a non-perturbative collection of soft gluons. Protons suffering a moderate

energy loss and emitted at very small angles (around µrad) with respect to the beams will remain inside

the beam pipe but separated from the beam axis because of the accumulated dispersion in the beam

elements. At 200 meters from the ATLAS interaction point, those protons will be sufficiently separated

from the nominal beam orbit so that they can be intercepted by the roman pots inserted into the beam

pipe aperture. Commissioned in 2015, the AFP detector is composed by roman pots that combine a silicon

pixel tracker and a high resolution time-of-flight detector to achieve high precision measurements of the

forward protons and their interaction vertex (despite the fact that the time-of-flight detector are not fully

functioning until 2018). Four stations are placed at 205 and 217 meters from the interaction point on both

sides of the ATLAS central detector, as represented in Figure 3.10. A model of the roman pot of an AFP

station and a picture of the silicon pixel tracker and the time-of-flight detectors assembled can also be

found in Figure 3.11. To measure these forward protons, the detectors have to be placed very close to

the beam center, so the radiation at the AFP stations is higher than at the first layer of the ATLAS inner

tracker. Because of this characteristic, the AFP tracking device in each station is the 3D silicon pixel tracker

(also used for the ATLAS Insertable B-Layer) since it accomodates uneven irradiation without degradation,

among others advantages. Each station contains one silicon tracker with four layers separated by �mm
along the z-axis and rotated by 14 degrees around the �-axis. Each plane has a silicon pixel sensor with

thickness of ��� µm containing an array of ��� ⇥ �� pixels of size 50 (x ) ⇥ 250 (�) µm�.

In order to evaluate the AFP L1 trigger efficiency, data collected with the AFP sub-detector during

special low-µ runs in 2016, where only the C-side was assembled, was used. The first succesfull run

of the AFP sub-detector (in August of 2016 with the run number 305359) was the starting point of this

study. The data collected by the AFP sub-detector in 2016 only considered the information from the AFP

C-side sub-detectors, since only one arm was installed at the time. The second arm (on the A-side) was

comissioned in the summer of 2017. The location of both arms with respect to the ATLAS central detector

can be found in Figure 3.10. All the hardware triggers implemented in the AFP sub-detector require at least

two hits in two different planes to increase the purity of the selection of the events with a reconstructed

track in a specific station. Therefore, a track passing by each station can be reconstructed using at least
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Figure 3.10: Representation of the ATLAS Forward Proton sub-detector [91].

Figure 3.11: The model of the roman pot of an AFP station (left) and the AFP silicon tracking and time-of-flight
detector (right) [92].

two hits in two out of four planes of the silicon tracker. In the context of this analysis, the following four L1

triggers were studied:

- L1_AFP_NSC: track reconstructed in the AFP C-side near station;

- L1_AFP_FSC: track reconstructed in the AFP C-side far station;

- L1_AFP_C_ANY: track reconstructed in one of the AFP C-side stations;

- L1_AFP_C_AND: track reconstructed in both AFP C-side stations.

The first step of the analysis consisted in gaining some knowledge on the trigger efficiencies relying only

on the information from the trigger itself. In order to do so, the numbers of events passing each of the L1

triggers considered in this analysis together with the reference HLT trigger with empty second level logic

(HLT_noalg_L1_AFP_C_ANY) were investigated and summarised in Table 3.3. The simple calculation

done by comparing the number of events passing the HLT_noalg_L1_AFP_C_ANY and the L1_AFP_FSC

triggers results on an efficiency of the silicon tracker for the AFP C-side far station of ��.�%.
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Selection Number of events

No cuts 1.5047555e+08
HLT_noalg_L1_AFP_C_ANY 48764
L1_AFP_NSC 24451
L1_AFP_FSC 45165
L1_AFP_C_AND 21378
L1_AFP_C_ANY 48764

Table 3.3: Number of events that passed the selection of the different L1 AFP triggers considered.

The trigger performance is expected to be highly correlated with tracks, meaning that the track recon-

struction efficiency should also be considered for studies of the different triggers. The detection of a particle

passing by a pixel detector of the silicon tracker is considered a hit, while the combination of two or three

hits in the total of the four silicon pixel detectors is considered a track. Taking this condition into account,

a detailed study about the correlation between the position of the hits detected by the different layers of

the silicon detector and the position of the tracks reconstructed by the silicon tracker was performed for

both stations. Moreover, a correlation between the position of the hits detected in the near station and far

station was done in order to validate the 2016 data obtained by the AFP detector. Being a recent installed

sub-detector at the time, it was crucial to estimate the performance of the hardware trigger as well as

the definitions considered for the implemented triggers. Most of the analyses using the AFP data require

events passing a trigger selection or an offline track in the near and far station since it provides a better

measurement of the path of the forward proton. Besides that, the pattern of the fractional momentum

loss evolves with the travelled distance of the involved proton. On average the energy of the protons from

non-diffractive processes is much smaller than the typical energy of diffractive protons. The fractional

momentum loss has a crucial significance since the diffractive protons have much higher values than

the typical energy of the intact protons (as the final state of non-diffractive processes) reaching the AFP

sub-detector. The correlation between the position of the tracks reconstructed by the silicon tracker in both

stations was also considered.

If a single-number track efficiency for a given AFP station, or to that matter any kind of efficiency of any

detector component, is to carry any import, it cannot be interpreted or derived without the knowledge of the

acceptance of such a component as well as the precise definition of the object measured. According with

the algorithm for the tracking implemented in the dataset analised, only the tracks with a slope of the x

position between -0.005 and 0.005 are considered real tracks. After the implementation of the cut on the

slope of the x position, a smaller region of acceptance was obtained according with the track maps shown

in Figure 3.12. An additional cut on the slope of the� position between -0.05 and 0.05 results in a narrower

region with respect to the scenario where only a cut on the slope of the x position is applied. The track

maps for each station with the cuts on the slope of the x and � position are shown in Figure 3.13. Such
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Figure 3.12: Tracks map for the AFP C-side near (left) and the far (right) station after the requirement on
the slope of the x position.
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Figure 3.13: Tracks map for the AFP C-side near (left) and the far (right) station after the requirement on
the slope of the x and � positions.

requirements are motivated by the geometry of each station, i.e. the limited dimension and the inclination

of the silicon planes. The spatial cuts defining the regions of acceptance for each station are summarised

in Table 3.4. The distributions of the position of hits in both stations after the requirement on the slope

of the x and � positions are presented in Figures 3.14 to 3.15. Although the silicon trackers of both near

and far stations are composed by four planes, the data considered in this study only had three silicon

planes correctly working for the near station as can be confirmed by the Figure 3.14 and Figure 3.15. The

conditions of the silicon plane with high-voltage issues were improved for the following data taking runs.

Finally, the combination of the common region of acceptance for hits and tracks for both stations and

the requirement of different combinations of tracks and hits multiplicities gave the possibility to achieve

a promising efficiency for the L1_AFP_FSC trigger related with the silicon detectors. The optimisation

consisted in a total of twelve distinct scenarios for the AFP C-side near and far station. Besides different

requirements of hits and tracks in these stations, an analysis with a combination of the triggers passed by

the selection was performed. These studies have shown a difference of the trigger efficiency of around 14%,

between 85.7% without any cut and 99.5% for the L1_AFP_FSC trigger with all the selection conditions

being considered.
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Figure 3.14: Hits map in the AFP C-side near station after the cuts on the slope of the x and � position.
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Figure 3.15: Hits map in the AFP C-side far station after the cuts on the slope of the x and � position.
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Cut on xSlope Cuts on xSlope and ySlope
[mm] Near Far Near Far Difference

Minimum x -115.567 -115.579 -115.567 -115.579 12 µm
Maximum x -99.312 -99.212 -99.312 -99.212 100 µm

Minimum � -5.290 -5.400 -5.286 -5.380 94 µm
Maximum � 14.765 14.786 14.750 14.786 36 µm

Table 3.4: Definition of the region of acceptance of the tracks in the AFP C-side near and far stations.

3.4 Worldwide LHC computing grid

The Worldwide LHC Computer GRID (WLCG) is a global network of more than 170 computing centers in

42 countries. Focusing on the distribution of data from the LHC experiments around the globe, the WLCG

is linking up national and international grid infrastructures. This worldwide network is designed to store,

organise and analyse the ⇠ 30 Petabytes of data anually generated at the LHC. The WLCG is divided in

different layers, called tiers, each one with distinct purposes.

The Tier 0 is the CERN data centre located in Geneva and also at the Wigner Research Centre for

Physics in Budapest. The two sites are connected by two dedicated 100 Gigabit/s data links. The Tier

0 is responsible for the safe-keeping of raw data, first pass reconstruction, distribution of raw data and

reconstruction output to the Tier 1.

The Tier 1 is composed by 13 large computer centres. They are responsible for the safe-keeping of a

proportional share of raw and reconstructed data, large-scale reprocessing and safe-keeping of a share of

simulated data produced at these Tier 2.

The Tier 2 is composed by around 160 sites typically located at universities and other scientific institutes.

These sites can store data and provide computing power for specific analysis tasks. The individual scientists

can access and process the data through the Tier 3 computing resources consisting of local clusters. The

Portuguese contribution at CERN has a strong focus on the Grid computing activities demonstrated by the

existence of a WLCG Tier 2 in Lisbon (Portugal).
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4
Search for flavour changing neutral currents in

the top quark sector

This chapter presents an overview of the search for flavour-changing neutral current couplings between

the top quark and the Z boson in pp collisions at
p
s = �� TeV at the LHC with the ATLAS detector. The

search is performed both for single-top quark production in association with a Z boson and for top quark

pair-production events with one top quark decaying through the t ! qZ (q = u, c) channel. Only Z boson

andW boson decays to charged leptons (electrons and muons including those coming from leptonic �

lepton decays) are considered as signal, considering that other final states were found to have smaller

sensitivity in comparison with the trileptonic one [93]. Consequently, the final state topology for the tZ

production mode is characterised by the presence of three isolated charged leptons, exactly one or two

jets, with exacly one resulting from a bottom quark hadronisation, and missing transverse momentum from

the undetected neutrino. The requirement of at least two jets constitutes the main difference between the

tZ production and the tt̄ decay modes. Although a similar analysis strategy is applied for both FCNC tZu

and tZc cases, two independent analyses are performed in order to search for the two specific signal

hypotheses, culminating on the setting of the upper limits on the branching ratio of these processes.

4.1 Data sample

The analysis described in this thesis analysed data collected from 2015 to 2018 by the ATLAS detector.

The complete sample includes all data periods from 2015, as well as the whole 2016–2018 datasets,

corresponding to the total integrated luminosity of 139 fb�� with an uncertainty of �.�% [94]. The

selected data periods were collected during stable beam LHC operations and with the ATLAS detector fully
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functioning.

Single-lepton triggers with distinct pT thresholds are combined to increase the overall efficiency. The

electron triggers select a calorimeter energy cluster matched to a track. Electrons must satisfy identification

criteria based on a multivariate technique using a likelihood-based (LH) discriminant, being referred to as

the electron likelihood identification [95]. In 2015, electrons had to satisfy a medium identification and have

pT > ��GeV. In 2016–2018, electrons had to satisfy a tight identification together with an isolation criteria
and have pT > ��GeV. During the four years, to avoid efficiency losses due to identification and isolation
at high pT, two other triggers were also available, selecting medium electrons with pT > ��GeV and

selecting loose electrons with pT > ���GeV (���GeV in 2016–2018) [95]. Muons are triggered on by

matching tracks reconstructed in the muon spectrometer and in the inner detector. In 2015, muons had to

satisfy a loose isolation requirement and have pT > ��GeV. Similarly to the electrons, the pT threshold
increased to pT > ��GeV for the data collected between 2016 and 2018 with the goal of avoiding

efficiency losses due to isolation at high pT. Another muon trigger without any isolation requirement was

available, selecting muons with pT > ��GeV [96]. The trigger efficiencies for electrons and muons

are estimated using a data-driven tag-and-probe method with simulated samples of enriched Z ! ``

being ` an electron or a muon. A tag lepton is characterised as an offline lepton, reconstructed using the

full detector information, that has a �R < 0.1 with respect to a lepton passing the unprescaled single

lepton trigger with pT > ��GeV. A probe lepton is defined as a lepton with opposite charge for which the
invariant mass of |m(ta�,probe)�mZ | < ��GeV (requiring also ��(ta�,probe) > � for muons). Finally,
the fraction of probe leptons matching an associated online lepton defines the lepton trigger efficiency [97,

98].

4.2 Object reconstruction

The physics objects used in this analysis are electrons, muons, jets (including b-tagged jets) and missing

transverse momentum. This section describes the main reconstruction and identification criteria applied

for each physics object considered.

Electron candidates are reconstructed from energy clusters in the electromagnetic (EM) calorimeter that

match a reconstructed track in the inner detector (ID) [99–102]. The clusters are required to be within the

range |� | < �.��, excluding the transition region between the barrel and endcap calorimeters at �.�� <
|� | < �.��. Electron candidates must also satisfy a transverse energy requirement of ET > ��GeV.
Further requirements on the electromagnetic shower shape, calorimeter energy to tracker momentum ratio,

and other discriminanting variables are combined into a likelihood-based object quality cut, optimised for

strong background rejection. All electron candidates in this analysis must pass the MediumLH selection.

Electron tracks are also required to be consistent with the main interaction vertex applying the following

requirements: |dBL� significance| < � and |�zBL� sin� | < �.�mm. Electrons are further required to
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Figure 4.1: Electron identification efficiencies using tag-and-probe method on Z ! e+e� events for the
various operating points as function of (a) transverse energy integrated over the full pseudo-rapidity range
and (b) pseudo-rapidity for electrons with ET > �.�GeV [102].

be isolated, to reject hadronic background but also contributions coming from other sources than prompt

W or Z boson decays (hadrons faking an electron signature, heavy-flavour decays or photon conversions).

The isolation working point used in this analysis is PLVTight. The Prompt Lepton Veto (PLV) tool combines

isolation information and lifetime information to veto non-prompt leptons 1 from heavy flavour decays. Such

improvement is possible due to the implementation of a machine learning algorithm called Boosted Decision

Trees using several kinematic and angular variables of jets and leptons. Different isolation working points

were studied where the PLVTight provided the best results, most specifically on the separation of prompt

and non-prompt leptons. For the specific case of the electrons, a reduction of 35% on the contribution

coming from the tt̄ background was observed while a reduction of only 5% was perceived. Correction factors

are applied to simulated electrons to take into account the small differences in reconstruction, identification

and isolation efficiencies between data and MC simulation. The identification efficiency is defined as the

ratio of the number of leptons (electrons or muons in the case of this thesis) that pass the identification

requirements to the total number of truth lepton candidates. For the electrons, the identification efficiency

is measured using the tag-and-probe method on Z ! e+e� and �/� ! e+e� simulated events. The

performance of the LH identification algorithm is illustrated in Figure 4.1. Depending on the operating

point, the identification efficiencies for electrons with ET = ��GeV are between 68% to 86% and increase

with ET.

Muon candidates are reconstructed by combining a reconstructed track from the ID with one from

the muon spectrometer (MS) [103], and are required to have pT > ��GeV and |� | < �.� [104]. To

reject misidentified muon candidates, primarily originating from pion and kaon decays, several quality
1Non-prompt leptons are real leptons coming from decays-in-flight of pions/kaons, semi-leptonic decays of heavy b-/c -

hadrons or photon conversions.
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Figure 4.2: Muon reconstruction and identification efficiencies for the Medium criteria measured in �/� !
µ+µ� and Z ! µ+µ� events as a function of pT for muons with 0.1< |� | <2.5 [104].

requirements are imposed on the muon candidate. The muon candidates in this analysis must pass

the Medium identification definition, based, for muons with |� | < �.�, on requirements of hits in MS

subsystems, and on the compatibility between ID and MS momentum measurements. Muon tracks are

also required to be consistent with the beam line applying the requirements: |dBL� significance| < �
and |�zBL� sin� | < �.�mm. Muons are further required to be isolated. The isolation working point

used for muons is PLVTight, after similar studies with respect to the electrons on the reduction of

the background contribution from non-prompt leptons. Like for electrons, correction factors are applied

to simulated muons to account for the small differences between data and simulation. Reconstruction,

isolation and identification efficiencies of the muons are measured in data and simulation using the tag-

and-probe method on Z ! µ+µ� for pT(µ) > ��GeV, and �/� ! µ+µ� for 5 < pT(µ) < ��GeV
simulated events. The reconstruction and identification efficiencies of the muons respecting the Medium

criteria are shown in Figure 4.2.

Jets are reconstructed from the particle flow objects [8] using the anti-kt algorithm [105] with a

radius parameter �R = �.�. All jets considered in this analysis should have a transverse momentum

pT > ��GeV and a pseudo-rapidity of |� |<�.�. To suppress jets from in-time pile-up, the Jet Vertex

Tagger (JVT) discriminant, which is based on a two-dimensional likelihood method, is used [106]. A JVT

value of at least 0.59 is required for jets with pT < ��GeV and |� |<�.�, corresponding to an efficiency
of 92%.

Jets originating from bottom quarks (called b-jets) are identified by reconstructing secondary vertices

from the tracks associated to the jets and by combining their spatial parameters with life-time related

information. The performance of the b-tagging algorithms is measured by their ability to correctly identify

jets coming from a realb -quark compared to the probability of mistakenly tagging a jet coming from a gluon,

a c -quark or a light-flavour parton as a b -jet. The b -tagging efficiencies and c -, � - and light-jets rejections of

the four different operating points of the DL1r tagger are summarised in Table 4.1. A detailed study on the

signal acceptance and the background rejection was performed for all the available operating points. For
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the tZu case, both ��% and ��% b -tag efficiency operating points provided the best results presenting

a high signal acceptance and minor background rejection with a signal to the square root of background

(S/
p
B) ratio of �.�� ± �.�� and �.�� ± �.��, respectively. The same conclusions were obtained for the

tZc case with a S/
p
B of �.�� ± �.�� and �.�� ± �.�� for ��% and ��% b-tag efficiency operating

points, respectively. However, the DL1r b-tagging algorithm with the ��% of b-tag efficiency operation

point is used since it gives a better MC statistics, which will be important for the multivariate analysis and

for the consequent signal to background discrimination. Finally, all b -tagged jets considered in this analysis

should have a transverse momentum pT > ��GeV and a pseudo-rapidity of |� |<�.�.

b -jet efficiency [%] c -jet rejection � -jet rejection Light-jet rejection

60 27 220 1300
70 9.4 43 390
77 4.9 14 130
85 2.6 3.9 29

Table 4.1: Summary of the four operating points for the DL1r b-tagging algorithm including benchmark
numbers for the efficiency and the correspondent rejection rates [107].

The missing transverse momentum, Emiss
T , is a measure of the momentum imbalance, usually due

to escaping neutrinos. It is calculated as the magnitude of the negative vector sum of the momenta in

the transverse plane of all selected calibrated physics objects in the event [108, 109]. To account for

the soft hadronic activity, a soft term built from tracks that are associated to the hard-scatter vertex but

are not associated to any of the reconstructed objects. The soft term is included in order to account for

low-momentum particles that are not identified among the final state objects [110–112]. It also includes

an extra term to account energy losses due to the detector inefficiencies and resolution leading to the

mis-measurement of the true transverse energy of the final interacting objects.

In order to avoid double counting of single final state objects, like e.g. an isolated electron being

reconstructed both as an electron and as a jet with the requirements above, a procedure is followed to

remove overlaps between final state objects. The following sequence of operation steps is performed to

solve these ambiguities:

• Electron candidates which share a track with a muon candidate are removed.

• If the distance in �R between a jet and an electron candidate is �R < �.�, then the jet is dropped.
If multiple jets are found with this requirement, only the closest one is dropped.

• If the distance in �R between a jet and a baseline electron is �.� < �R < �.�, then the electron
is dropped.
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• If the distance in �R between a jet and a muon candidate is �R < �.�, then: if the jet has more
than 2 associated tracks then the muon is dropped, otherwise the jet is removed.

A summary of the selection of the physics objects considered in this analysis can be found in Table 4.2.

Objects pT |� | ID Isolation Additional cuts

Electrons > ��GeV < 2.47 MediumLH PLVTight |dBL� significance| < �
|�zBL� sin� | < �.�mm

Muons > ��GeV < 2.5 Medium PLVTight |dBL� significance| < �
|�zBL� sin� | < �.�mm

Jets > ��GeV < 2.5 PFlow – JVT

b-jets > ��GeV < 2.5 DL1r @��% – –

Table 4.2: Overview of the requirements of the physics objects used in this analysis.

4.3 Signal and background modelling

Monte Carlo simulation samples are used to model the signal and distinct background processes. The

generated MC samples containing top quarks are produced with the top quark mass,mt , parameter set to

���.�GeV. The detector response to stable particles is emulated by a dedicated simulation [113] based
on GEANT4 [114]. Detailed or fast simulation of the detector and the trigger system were performed with

standard ATLAS software using GEANT4 [113, 114] or ATLFASTII [113], respectively. The same offline

reconstruction methods used on data are also applied to the simulation samples. Additionally, simulated

events are corrected so that the object identification, reconstruction and trigger efficiencies; the energy

scales; and the energy resolution match those determined from data control samples. A set of minimum-

bias interactions were overlaid on the hard-scattering event to account for additional pp collisions in the

same or nearby bunch crossings (pile-up). Simulated samples were reweighted to match the different

pile-up conditions in data during the Run-2 data taking.

4.3.1 Signal modelling

The MC simulation samples for signal were generated at NLO with MadGraph5_aMC@NLO [115] interfaced

to the Pythia8 [64] with the A14 tune [116] and NNPDF2.3LO PDF set. Only decays of theW and Z

bosons involving charged leptons were generated at the matrix element level (Z ! e+e�, µ+µ�, �+��

andW ! e� , µ� ,�� ). For the matrix element, PDF set NNPDF3.0NLO is used. The Universal FeynRules

Output (UFO) model [63] is used for computation at the NLO in QCD. Top quark FCNC decay is done by
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TopFCNC model [60, 61]. The TopFCNC UFO model includes the effects of new physics at a energy scale

� by adding effective terms to the SM Lagrangian (as described in Chapter 2). For the signal samples

with tt̄ production, it is considered that one of the top quarks decays through FCNC to qZ (q=u,c) and

the other according to the SM toWb (as represented in Figure 2.6). For the tZ production, a top quark

and a Z boson are generated where the top quark decays according to the SM (since the tZq anomalous

coupling is assumed in the primary vertex). Taking into account that both production and decay modes

are considered in this analysis, separated samples for each mode and tZu/tZc anomalous couplings

were generated. In order to allow the study of the chirality of these couplings, samples with left-handed or

right-handed couplings were obtained as well. The number of signal events is normalised to a branching

ratio of BR(t ! uZ ) = �.� ⇥ ���� and BR(t ! cZ ) = �.� ⇥ ����, constraining BR(t ! bW ) = 1 -

BR(t ! uZ/cZ ) for the decay mode samples. Considered t ! qZ branching ratio values are observed

limits obtained from the previous analysis at a center-of-mass energy of ��TeV with �� fb�� [47]. The
FCNC tt̄ decay signal is normalised using the tt̄ cross-section prediction at NNLO in QCD including the

resummation of NNLL soft-gluon terms calculated using Top++2.0 [117–123]. For pp collisions at a

centre-of-mass energy of
p
s = ��TeV, this cross-section corresponds to � (tt̄)NNLO+NNLL = 832±51 pb

using a top quark mass ofmt = ���.�GeV. The uncertainties on the cross-section due to PDF and �s
are calculated using the PDF4LHC prescription [124] with the MSTW2008 68% CL NNLO [125, 126],

CT10 NNLO [127, 128] and NNPDF2.3 5f FFN [129] PDF sets, and are added in quadrature to the

scale uncertainty. The FCNC single-top quark production signal cross-section is calculated at NLO using the

TopFCNC model as implemented in the MadGraph5_aMC@NLO. For a branching ratio BR(t ! uZ ) of

�.�⇥����, a cross-section of � (tZ )NLO = 0.378±0.001 pb is calculated. For the tZc case, a cross-section
of � (tZ )NLO = 0.064±0.001 pb is calculated for the scenario where a branching ratio BR(t ! cZ ) of

�.� ⇥ ���� is considered.

4.3.2 Background modelling

Several background processes with distinct characteristics were considered in this analysis. Being the final

state defined by exactly three leptons, processes with three real leptons, as tt̄V , tZq or diboson production

play a major role on the event yields of the different regions optimised in this search. However, there are

other processes that can have an important fraction of events surviving the selection due to non-prompt or

fake leptons, as the tt̄ , Z+jets,Wt and tt̄H processes, among others. The details of the MC simulation

of all the studied background processes is described below.

tt̄ production The production of tt̄ events is modelled using the PowhegBox [130–133] v2 generator

at NLO with the NNPDF3.0NLO [134] PDF and the hdamp parameter set to 1.5mt [135]. The hdamp
parameter is a resummation damping factor and one of the parameters that controls the matching of
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Powheg matrix elements to the parton shower and thus effectively regulates the high-pT radiation against

which the tt̄ system recoils. The events are interfaced to Pythia8.230 [136] to model the parton

shower, hadronisation, and underlying event, with parameters set according to the A14 tune [137] and

using the NNPDF2.3LO set of PDFs [129]. The decays of bottom and charm hadrons are performed by

EvtGen v1.6.0 [138]. In the sample used, it is required that both theW bosons from the top quarks

decay leptonically. The Var3c A14 tune variation [137], that largely corresponds to the variation of �s for

initial state radiation in the A14 tune, is considered as an uncertainty. The impact of final-state-radiation

is evaluated using PS weights which vary the renormalisation scale for QCD emission in the FSR by a

factor of 0.5 and 2.0, respectively. Additionally, the uncertainty associated to the hdamp parameter is

evaluated using the alternative sample with the hdamp value increased to �.� mt . The impact of the

parton shower and hadronisation model is evaluated by comparing the nominal generator setup with a

sample produced with the PowhegBox v2 [130–133] generator using the NNPDF3.0NLO [134] PDF.

The events are interfaced with Herwig7.13 [139, 140], using the Herwig7.1 default set of tuned

parameters [140, 141] and the MMHT2014LO PDF set [142]. The decays of bottom and charm hadrons

are simulated using the EvtGen v1.6.0 program [138].

tt̄V production The production of tt̄V events is modelled using the MadGraph5_aMC@NLO v2.3.3 [115]

generator at NLO with the NNPDF3.0NLO [134] PDF. The events are interfaced to Pythia8.210 [136] us-

ing the A14 tune [137] and the NNPDF2.3LO [134] PDF set. The decays of bottom and charm hadrons

are simulated using the EvtGen v1.2.0 program [138]. The uncertainty due to initial-state-radiation is

estimated by comparing the nominal tt̄V sample with two additional samples, which have the same setting

as the nominal one, but with the Var3 up or down variation of the A14 tune. The Var3c A14 tune varia-

tion corresponds to the variation of �s for initial state radiation in the A14 tune. Another alternative tt̄Z

sample is generated with the same MadGraph5_aMC@NLO version as the nominal sample, but interfaced

to Herwig7 [139, 140] for the simulation of the parton shower and hadronisation and H7UE [140] for

the underlying event model.

tZq production The production of tZq events is modelled using the MadGraph5_aMC@NLO v2.3.3

[115] generator at NLO with the NNPDF3.0NLO [134] PDF. The events are interfaced with Pythia8.230

[136] using the A14 tune [137] and the NNPDF2.3LO [134] PDF set. The uncertainty due to initial-

state-radiation is estimated by comparing the nominal tZq sample with two additional samples, which

have the same setting as the nominal one, but with the Var3 up and down variations of the A14 tune. The

predicted cross-section was calculated with MadGraph5_aMC@NLO 2.6.0, using the five-flavour scheme

with the NNPDF30_nlo_as_0118 PDF set and with the renormalisation and factorisation scales, µr and

µ f , set to µr = µ f = (mt +mZ )/� = ��GeV. The SM tZq cross-section at NLO in QCD, including

non-resonant contributions withm`+`� > �� GeV, is ��� fb.
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tW production Although having a very low contribution, single-top quark production in the tW -channel

is also considered. The contribution from the single-top quark production through t -channel and s -channel

were proven to be even less relevant than the tW -channel and consequently not included in the analysis. The

associated production of top quarks withW bosons (tW ) is modelled using the PowhegBox [131–133,

143] v2 generator at NLO in QCD using the five-flavour scheme and the NNPDF3.0NLO set of PDFs [134].

The diagram removal (DR) scheme [144] is used to remove interference and overlap with tt̄ production.

The events are interfaced to Pythia8.230 [136] using the A14 tune [137] and the NNPDF2.3LO set

of PDFs [129]. In the samples used, it is required that bothW bosons in the event decay leptonically.

tWZ production The production of tWZ events is modelled using the MadGraph5_aMC@NLO v2.3.3

[115] generator at NLO with the NNPDF3.0NLO [134] PDF. The events are interfaced with Pythia8.212

[136] using the A14 tune [137] and the NNPDF2.3LO [134] PDF set. The decays of bottom and charm

hadrons are simulated using the EvtGen v1.2.0 program [138]. In the sample used, it is required that

the Z boson decays leptonically. An additional tWZ sample is used to estimate the uncertainty connected

with the description of the interference between tt̄Z and tWZ . The nominal sample is generated with the

DR1 scheme, while the alternative sample is generated using the DR2 scheme.

Diboson production The samples simulatingWW ,WZ and ZZ events with at least two charged

leptons in the final state are considered. In the trilepton topology,WZ production is the process that

significantly contributes to the background and consequently included in the analysis.

Samples of diboson final states (VV ) are simulated with the Sherpa v2.2.1 or v2.2.2 [145] generator

depending on the process, including off-shell effects and Higgs-boson contributions, where appropriate.

Fully leptonic final states and semileptonic final states, where one boson decays leptonically and the other

hadronically, are generated using matrix elements at NLO accuracy in QCD for up to one additional parton

and at LO accuracy for up to three additional parton emissions. Samples for the loop-induced processes

�� ! VV are generated using LO-accurate matrix elements for up to one additional parton emission for

both cases of fully leptonic and semileptonic final states. The matrix element calculations are matched and

merged with the Sherpa parton shower based on Catani-Seymour dipole [146, 147] using the MEPSNLO

prescription [148–151]. The virtual QCD correction are provided by the OpenLoops library [152, 153].

The NNPDF3.0nnlo set of PDFs is used [134], along with the dedicated set of tuned parton-shower

parameters developed by the Sherpa authors [145].

Electroweak production of diboson in association with two jets (VV jj) is simulated with the Sherpa

v2.2.2 [145] generator. The LO-accurate matrix elements are matched to a parton shower based on Catani-

Seymour dipoles [146, 147] using the MEPSLO prescription [148–151]. Samples are generated using the

NNPDF3.0nnlo set [134], along with the dedicated set of tuned parton-shower parameters developed by

the Sherpa authors.
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To assess the uncertainty from the generator, alternative samples are used. The PowhegBox v2 [131–

133] generator is used to generate these alternativeWW ,WZ and ZZ samples [154] processes at NLO

accuracy in QCD. The effect of singly resonant amplitudes as well as the interference effects due to Z/� ⇤

and identical leptons in the final state is included, where appropriate. Interference effects betweenWW and

ZZ for same-flavor charged leptons and neutrinos are ignored. Events are interfaced to Pythia8.186 [64]

for the modelling of the parton shower, hadronisation, and underlying event, with parameters set according

to the AZNLO tune [155]. The CT10 PDF set [127] is used for the hard-scattering processes, whereas

the CTEQ6L1 PDF set [156] is used for the parton shower. The EvtGen v1.2.0 program [138] is used

to decay bottom and charm hadrons.

Z+jets production The PowhegBox v1 MC generator [131–133, 157] is used for the simulation at

NLO accuracy of the hard-scattering processes ofZ -boson production and decay in the electron, muon, and

tau channels. It is interfaced to Pythia8.186 [64] for the modelling of the parton shower, hadronisation,

and underlying event, with parameters set according to the AZNLO tune [155]. The CT10 PDF set [127]

is used for the hard-scattering processes, whereas the CTEQ6L1 PDF set [156] is used for the parton

shower. The effect of QED final-state radiation is simulated with Photos++ (v3.52) [158, 159]. The

EvtGen v1.2.0 program [138] is used to decay bottom and charm hadrons.

tt̄H production The production of tt̄H events is modelled using the PowhegBox v2 [130–133, 160]

generator which provides matrix elements at NLO in the strong coupling constant �s in the five-flavour

scheme with the NNPDF3.0nlo [134] PDF set. The functional form of the renormalisation and factorisa-

tion scale is set to �pmT(t) ·mT(t̄) ·mT(H ) [161]. The events are interfaced to Pythia8.230 [136] us-

ing the A14 tune [137] and the NNPDF2.3LO [134] PDF set. The decays of bottom and charm hadrons

are performed by EvtGen v1.6.0 [138].

Other rare backgrounds The production of triboson (VVV ) events is simulated with the Sherpa

v2.2.2 [145] generator using factorised gauge boson decays. Matrix elements, accurate at NLO for the

inclusive process and at LO for up to two additional parton emissions, are matched and merged with the

Sherpa parton shower based on Catani-Seymour dipole factorisation [146, 147] using the MEPS@NLO

prescription [148–151]. The virtual QCD correction for matrix elements at NLO accuracy are provided by

the OpenLoops library [152, 153, 162]. Samples are generated using the NNPDF3.0nnlo set [134],

along with the dedicated set of tuned parton-shower parameters developed by the Sherpa authors. The

production of tt̄tt̄ events is modelled using the MadGraph5_aMC@NLO v2.3.3 [115] generator at NLO with

the NNPDF3.1nlo [134] PDF set. The events are interfaced with Pythia8.230 [136] using the A14

tune [137] and the NNPDF2.3LO [134] PDF set. The decays of bottom and charm hadrons are simulated

using the EvtGen v1.6.0 program [138]. The other rare top quark processes namely the production
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Sample Generator Parton shower ME PDF PS PDF Tune parameters

tt̄ FCNC MadGraph5_aMC@NLO [115] Pythia8 [64] NNPDF3.0NLO [134] NNPDF2.3LO A14 [116]
tZ FCNC MadGraph5_aMC@NLO Pythia8 NNPDF3.0NLO NNPDF2.3LO A14
tt̄ PowhegBox [130–133] Pythia8 NNPDF3.0NLO NNPDF2.3LO A14
tt̄V MadGraph5_aMC@NLO Pythia8 NNPDF3.0NLO NNPDF2.3LO A14
tZq MadGraph5_aMC@NLO Pythia8 NNPDF3.0NLO NNPDF2.3LO A14
tW PowhegBox Pythia8 NNPDF3.0NLO NNPDF2.3LO A14
tWZ MadGraph5_aMC@NLO Pythia8 NNPDF3.0NLO NNPDF2.3LO A14
VV Sherpa [145] Sherpa NNPDF3.0nnlo NNPDF3.0nnlo Sherpa default
VV jj Sherpa Sherpa NNPDF3.0nnlo NNPDF3.0nnlo Sherpa default
Z+jets PowhegBox Pythia8 CT10 [127] CTEQ6L1 [156] AZNLO [155]
tt̄H PowhegBox Pythia8 NNPDF3.0nlo NNPDF2.3LO A14
VVV Sherpa Sherpa CT10 CT10 Sherpa default
tt̄tt̄ MadGraph5_aMC@NLO Pythia8 NNPDF3.1nlo NNPDF2.3LO A14
tt̄WW MadGraph5_aMC@NLO Pythia8 NNPDF3.1nlo NNPDF2.3LO A14
tt̄t MadGraph5_aMC@NLO Pythia8 NNPDF3.1nlo NNPDF2.3LO A14

Table 4.3: Generators, parton shower simulation, parton distribution functions and tune parameters used
to the generation of the MC simulation samples for this analysis. The acronyms ME and PS stand for matrix
element and parton shower, respectively.

of tt̄WW and tt̄t are all modeled using the MadGraph5_aMC@NLO generator at LO interfaced with

Pythia8 using the A14 tune.

A summary of the generation details of signal and background simulated samples considered in this

analysis can be found in Table 4.3.

4.4 Analysis strategy

The search for a particular source of new physics, such as new interactions with the top quark, begins

with the thorough understanding of the signatures that the new physics scenario will leave in the detector.

This generally requires a strict definition of the final state of the new interaction chosen: for example,

deciding between a leptonic decay of the Z boson on the search for FCNC tZq vertex instead of a hadronic

decay. With the simulation of the signal processes, the knowledge of both the signal final state and its

kinematics therein informs about the specific SM background processes that are likely to be relevant to the

analysis. Thereafter, the knowledge of the dominant SM background processes allows to determine how

the phenomenology and kinematics of the signal differ with respect to those of the relevant backgrounds.

Besides that, it also allows the definition of a basis of kinematic observables that enables the discrimination

between the signal and background. Finally, one can define regions of phase space in which the signal-to-

background ratio is large, where the likelihood of observing the presence of the signal is ideally maximal.

Such regions of large signal purity (i.e. an increased signal-to-background ratio) are commonly reffered to

as signal regions (SRs). The predictions on the signal and background processes in the signal regions can

then be compared to the data (recorded by the ATLAS detector in the case of this thesis). Therefore, the

understanding and precise estimation of the backgrounds is a crucial step in all physics analyses. In order
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to achieve such understanding, the analysis presented in the present thesis makes use of the so-called

control region method. This method is characterised by the definition of a region (or more) in which there

is (are) high purities of the dominant background process(es). These regions are reffered to as control

regions and are ideally obtained using the same basis of observables used to define the signal regions.

The control regions (CRs) are defined to be orthogonal to the signal regions, which means that no events

satisfying the requirements of the signal regions populate the control regions. The observed data in the

control regions (enriched in a specific background process) are then used to derive factors that correct

the cross-section predictions of the MC estimates of the dominant background processes targeted by the

specific control region. In addition to the signal and control regions, so-called validation regions (VRs) are

also defined. The validation regions are tipically kinematically more similar to the signal regions than the

control regions, while maintaining orthogonality between the control and signal regions. The validation is

done by comparing the corrected MC prediction of the backgrounds to the observed data in the validation

regions, confirming that both the overall normalisation of the backgrounds agrees with the data as well as

the overall shape of the relevant observables used in the definition of the signal regions.

For the search for FCNC interactions with the tZq vertex, the strategy chosen when developing and

optimising the analysis relies on a set of requirements which are valid for both production and decay modes

being the different features considered with minor variations in the selection. The event selection of the

signal regions described in detail in this section is represented in Table 4.4.

Signal regions definition

Common selections

Exactly 3 leptons with |� | < �.� and pT(`�) > ��GeV, pT(`�) > ��GeV, pT(`�) > ��GeV
� 1 Opposite-Sign Same-Flavour (OSSF) lepton pair, with |m`` � ��.��GeV| < ��GeV

Decay channel - Full SR1 Production channel - Full SR2

� 2 jets with |� | < 2.5 = 1 jet with |� | < 2.5 = 2 jets with |� | < 2.5
= 1 b -jet = 1 b -jet = 1 b -jet

– mT(`W ,� )> ��GeV mT(`W ,� )> ��GeV
|mFCNC

t � ���.�GeV| < ��FCNC – |mFCNC
t � ���.�GeV| > ��FCNC

– – |mSM
t � ���.�GeV| < ��SM

Table 4.4: Overview of the requirements applied for selecting events in the signal regions.

4.4.1 Common selection

Being the analysis focused on the search for the FCNC tZq coupling, the main requirement for both

production and decay modes is the reconstruction of a Z boson candidate. The Z boson candidate is
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reconstructed with a pair of leptons (electrons or muons) with the same flavour and opposite sign charac-

terised by an invariant mass that satisfy |m`` �mZ | < ��GeV, wheremZ is set to ��.��GeV [72].

For both production and decay modes, the analysis considers the leptonic decay of the Z boson and of

the top quark resulting in a common final state with exactly three leptons.

Besides the number of leptons and the presence of the Z boson, another common feature is the

presence of a top quark decaying to aW boson and a bottom quark, denominated a SM top quark. The

reconstruction of the SM top quark considers a jet tagged as coming from a bottom quark (i.e. a b -tagged

jet) and the leptonic decay of theW boson to a lepton (electron or muon) and missing transverse energy

(coming from the neutrino). Only for the decay signal hypothesis, a top quark decaying to a Z boson and a

light quark (up or charm quark) is also produced, being named as FCNC top quark. The reconstruction of

the top quarks allow the orthogonality of the signal regions through distinct requirements on their masses.

Taking into account that a Z boson and at least one top quark is always reconstructed, this analysis

requires exactly three leptons (electrons or muons) for all regions defined. Another common selection

for all the signal and control regions of the search is the requirement on the transverse momentum

of the three leptons. A study considering seven different combinations of cuts for these three objects

was performed, concluding that the scenario where the leading lepton is required to have transverse

momentum of at least ��GeV and the remaining ones of at least ��GeV provides the best results with

a good signal to background ratio of 0.1436. While the case of the requirements of pT(`�) > ��GeV,
pT(`�) > ��GeV and pT(`�) > ��GeV gives the best signal to background ratio (0.1464), it also

presents a significant reduction of the background contribution which is not ideal for the creation of

control regions and the implementation of multivariate techniques. In the extreme case of cutting on

pT(`�) > ��GeV, pT(`�) > ��GeV and pT(`�) > ��GeV, the signal to background ratio reaches
the minimum (with 0.1329) while the background, especially from processes with fake leptons, gains an

excessive contribution with around 100 additional background events and only 9 additional signal events

for both signal regions.

4.4.2 Top quarks reconstruction

In the events having at least two jets with one of them being b-tagged, two top quarks (FCNC and SM

tops) candidates are reconstructed under the FCNC tt̄ decay signal hypothesis. The kinematics of the

top quark candidates can be reconstructed from the corresponding decay particles. The reconstructed Z

boson is assumed to come from the FCNC top decay (t ! qZ ), while the b -tagged jet from SM top decay

(t ! bW ). In order to reconstruct both top quarks, it is also needed to associate a reconstructed jet to the

q-quark from FCNC top decay, and reconstruct theW boson from the SM top decay. This can be done by

assuming the lepton not used to reconstruct the Z boson to be the one coming from theW boson decay

(`W ), the missing transverse momentum to be the transverse momentum of the neutrino fromW boson
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decay and determining the longitudinal component of the neutrino momentum (p�z ) using the minimisation

of the following expression for each jet combination:

��
tt̄
=

⇣
mreco
ja``

�mtFCNC

⌘ �
��tFCNC

+

✓
mreco
jb`W �

�mtSM

◆ �

��tSM
+

⇣
mreco
`W �

�mW

⌘ �
��W

, (4.1)

wheremreco
ja``

,mreco
jb`W �

, andmreco
`W �

are the reconstructed masses of the qZ , bW , and `W � systems,

respectively. For each jet combination, where any jet can be assigned to ja , while jb must correspond to a

b-tagged jet, the ��
tt̄

minimisation gives the most probable value for p�z . From all combinations, the one

with the minimum �� is chosen. This procedure assigns a reconstructed jet to the q-quark from FCNC

top decay and determines the p�z value, completing all ingredients to reconstruct the four-momenta of the

top quark candidates. In Equation (4.1), the central value for the masses (mtFCNC ,mtSM andmW )

and the widths of the top quarks andW boson (�tFCNC , �tSM and �W ) are taken from reconstructed

FCNC tt̄ decays from simulated signal events. This is done by matching the true q- and b-quarks in the

simulated events to the reconstructed ones, setting the longitudinal momentum of the neutrino to the pz

of the true simulated neutrino and then performing Bukin fits [163] to the masses of the reconstructed top

quarks andW boson. The Bukin fits use a piecewise function with a Gaussian function in the center and

two asymmetric tails. Five parameters determine the overall normalisation: the peak position, the width of

the core, the asymmetry, the size of the lower tail, and the size of the higher tail. From these parameters,

only the peak position and the width enter the ��. The obtained values are mtFCNC = ���.� GeV,

mtSM = ���.� GeV,mW = ��.� GeV, �tFCNC = ��.� GeV, �tSM = ��.� GeV and �W = ��.� GeV.

These values are extracted from the Bukin fits to the masses of the top quarks andW boson reconstructed

by matching the true generated q- and b -quarks to the reconstructed jets within the �R < �.�, assuming
the missing transverse momentum to be the neutrino transverse momentum, and setting the longitudinal

momentum of the neutrino to the pz of the true generated particle. The Z boson is reconstructed from the

opposite-sign same-flavour lepton pair. If more than one such lepton pair is present then the one with the

invariant mass closest to the mass of the Z boson is considered, while the remaining lepton is assumed to

come from theW boson. Therefore, the fitted values represent the optimal resolution of the reconstructed

top quarks andW boson masses in the FCNC tt̄ decay signal events. The mean value is lower and the

standard deviation is larger for the SM top than for the top quark with the FCNC decay. This is mainly due

to the scale and resolution of the missing transverse momentum that is assumed to be the transverse

momentum of the neutrino from the SM top decay.

The SM top quark candidate is reconstructed under the FCNC single-top quark production hypothesis in

the events having one or two jets with exactly one being b -tagged, which is assumed to come from the top

quark decay (t ! bW ). The lepton not used to reconstruct the Z boson is assumed to be the one coming

fromW boson decay and the missing transverse momentum is assumed to be the transverse momentum
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of the neutrino fromW boson decay, while the most probable value for the longitudinal component of the

neutrino momentum is determined using the minimisation of the following expression:

��tZ =

⇣
mreco
b`W �

�mtSM

⌘ �
��tSM

+

⇣
mreco
`W �

�mW

⌘ �
��W

, (4.2)

wheremreco
jb`W �

andmreco
`W �

are the reconstructed masses of the bW and `W � systems, respectively.

TheW boson and SM top quark mass resolutions have been checked in the simulated FCNC tZ production

signal samples as well. The values obtained from the FCNC tt̄ decay and FCNC tZ production signal

samples with left-handed and right-handed couplings are summarised in Table 4.5. Given that the values

are compatible within uncertainties between different signal types, for simplicity, values extracted from the

FCNC tt̄ decay samples are used to reconstruct the SM top quark and theW boson under both FCNC tt̄

decay (eq. (4.1)) and FCNC tZ production (eq. (4.2)) hypotheses. However, values for the SM top quark

and theW boson from the FCNC tZ production samples were tested to evaluate the effect on the expected

limits with no significant impact observed. In fact, the central value for the masses and the widths of the

top quark andW boson from Equation (4.2) are the same as in Equation (4.1). Therefore, in the events

with two jets, the four-momentum of SM top quark candidate reconstructed under the FCNC single-top

quark production signal hypothesis is the same as the one reconstructed under the FCNC tt̄ decay signal

hypothesis.

Sample FCNC top SM top W
µ [GeV] � [GeV] µ [GeV] � [GeV] µ [GeV] � [GeV]

LH FCNC tt̄ decay 171.0 ± 1.7 11.1 ± 1.4 166.5 ± 1.5 23.2 ± 1.6 80.5 ± 0.8 15.4 ± 0.7
LH FCNC tZ production – – 167.6 ± 0.8 20.0 ± 1.0 80.6 ± 0.8 12.9 ± 0.9

RH FCNC tt̄ decay 171.0 ± 1.4 11.2 ± 1.2 166.0 ± 0.5 22.9 ± 0.8 80.5 ± 0.8 15.4 ± 0.7
RH FCNC tZ production – – 166.5 ± 0.8 23.1 ± 0.6 79.6 ± 0.8 15.6 ± 0.8

Table 4.5: Summary of the mean values (µ) and standard deviations (� ) of the top quarks andW boson
invariant mass distributions, obtained from the Bukin fits using the FCNC tt̄ decay and FCNC tZ production
signal samples with left-handed (LH) and right-handed (RH) couplings. Both tZu and tZc samples are
combined. Fit uncertainties are shown.

4.4.3 Signal regions selection

Similarly to the reconstruction of the top quarks, the transverse mass of theW boson can be obtained

taking into account the physics objects resulting from its decay. The transverse mass of theW boson,

mT(`W ,� ), is computed from the transverse momentum, pT(`), of the lepton coming from theW boson

decay (i.e. the lepton not used for the Z boson reconstruction) and the difference of the azimuth, ��,
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between that lepton and the missing transverse momentum as

mT(`W ,� ) =
r
�Emiss

T pT(`)
⇣
� � cos

⇣
��(Emiss

T , pT(`))
⌘ ⌘
. (4.3)

The selection of larger values of the transverse mass of theW boson is particularly useful for the production

channel since it allows a considerable decrease of the contribution of background processes as Z+jets

production.

The main difference between the production and decay modes is the multiplicity of jets. While the

production channel is characterised mainly by one or two jets in the final state, the final state of the decay

channel contains at least two jets. It should be noticed that the signal region focused on the production

mode considers the events with one and two jets while the signal region for the decay mode takes the

events with at least two jets, complemented by further cuts on the masses of the reconstructed FCNC

top quark. From the study of the distribution of the different variables, the production mode has the main

contribution from the events with exactly one jet but still has an important fraction from the events with

two jets, as can be seen in Figure 4.4(c). Therefore, the separation of the events with one or two jets (SR2)

and at least two jets (SR1) was pursued for the signal regions in order to take the best advantages from the

two modes. Along with the top quark masses requirements, these signatures of the jet multiplicity enable

the separation of the FCNC signal hypotheses into two orthogonal signal regions. The multiplicity of the

b -tagged jets is the same for the two signal regions since exactly one bottom quark coming from the decay

of the SM top quark is expected for both channels.

Following the implementation of the selection of the signal events, the event yields in the two signal

regions indicated that the main background for the signal region focused on the decay mode, denominated

as SR1, are tt̄Z and diboson processes while for the signal region targeting the production mode, called

SR2, are the SM tZq and diboson production, as shown in Table 4.6. The event yields in Table 4.6

presents the contribution from the diboson production separated into light-flavour (LF) and heavy-flavour

(HF) depending on the type of jets associated. Several distributions of important variables for both signal

regions after the event selection are shown in Figure 4.3 and Figure 4.4. In the plots and tables of this

thesis, some background sources are grouped together due to its small contribution to the event yields

for all regions. In particular, the label Other fakes represents Z+jets, VV (2`) and tt̄Z (2`) processes,

while the label Other corresponds to VH , tt̄WW , VVV , tt̄t and tt̄tt̄ processes. For the SR1 case in

Figure 4.3, the distributions of the transverse momentum of the leading lepton, b -tagged jet and Z boson

candidate and the transverse mass of theW boson are shown, in which the signal kinematics are similar

to the considered background processes. However, the distributions of the jet multiplicity and the mass of

the SM top quark present the different characteristics between the signal and the background. In specific

for the jet multiplicity, it can be seen that the distinct background processes have more jets than the

FCNC tZu and tZc signals. As expected, the major contribution from signal comes from the tt̄ decay

processes compared with the amount of signal events of the production mode. Concerning the SR2 case in
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Figure 4.4, significant differences between the signal and background can be seen in all the distributions.

The transverse momentum of the leading lepton, b-tagged jet and Z boson candidate are found to have

larger values than the background processes. The mass of the SM top quark, transverse mass of theW

boson and the jet multiplicity have a similar distribution for signal and background. It should be noticed

that, for this specific signal region (SR2), the fraction of events from the FCNC tZu production mode is

significantly larger than the one from FCNC tZc production signal. Such result arises from the difference

of an order of magnitude on the cross-sections of both signal hypotheses.

An established strategy on particle physics denominated blinding strategy is implemented on data

analyses to not bias the selection and consequently the final result. In this approach, the data measurements

(in the distributions and in the yields count) are not represented in the regions dominated by the signal

until the background prediction is well modelled and understood. The blinded regions considered in this

analysis were the signal regions for both production and decay modes. The data measurements were

considered in the blinded region in order to test the signal hypothesis only after the background prediction

was completely understood in the unblinded regions (validation and control regions).

Process Decay signal region (SR1) Production signal region (SR2)

tt̄Z 169 ±22 25 ±5
tWZ 35 ±13 10 ±4
tt̄W 6.7 ±3.4 3.6 ±1.8
tt̄H 7.7 ±1.2 0.95 ±0.18
VV +LF 29 ±13 33 ±12
VV +HF 150 ±70 160 ±70
tZq 50 ±8 113 ±19
tt̄ 21.2 ±3.1 33 ±11
Wt 0.50 ±0.27 0.4 ±1.2
Z+jets 11 ±11 9 ±9
VH 1.2 ±0.9 2.4 ±2.9
tt̄WW 0.46 ±0.25 0.03 ±0.05
VVV 0.8 ±0.4 0.58 ±0.30
tt̄tt̄ 0.22 ±0.11 0.0021 ±0.0022
tt̄t 0.030 ±0.016 0.0019 ±0.0015
tt̄Z (2`) 0.05 ±0.06 0.021 ±0.026
VV (2`) 0.5 ±0.5 0.13 ±0.19
FCNC (u)tZ 13.2 ±2.1 52.5 ±2.8
FCNC tt̄ (uZ ) 63 ±5 10.6 ±1.5
FCNC (c)tZ 3.6 ±0.6 12.2 ±0.9
FCNC tt̄ (cZ ) 76 ±6 18.5 ±1.9
Total background 480 ±80 390 ±70

Table 4.6: Event yields for signal and background processes in the signal regions. The error corresponds
to the statistical uncertainties from the MC simulation.
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Figure 4.3: Distributions of distinct variables in the SR1 region. The uncertainty band includes only the
statistical uncertainty from the MC simulation. 60
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Figure 4.4: Distributions of distinct variables in the SR2 region. The uncertainty band includes only the
statistical uncertainty from the MC simulation. 61
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4.5 Comparison of data and Monte Carlo prediction

The detailed study of the level of agreement between the signal and background prediction and the data is

crucial in particle physics analyses. The background processes considered in this search are the processes

containing three reconstructed leptons in the final state, which can be real or fake leptons.

The main background sources after the signal regions selection are: tt̄Z , diboson and SM tZq pro-

duction processes. The tt̄Z process enters the event selection because of the presence of a SM top quark

and of a Z boson in the final state. The only difference to the signal topology, for the semileptonic tt̄ decay,

is the presence of additional jets in the event. The diboson background (mainlyWZ and ZZ production)

enters the selection because of the presence of a Z boson and of additional jets, that can come from

heavy quarks. As briefly discussed in the previous section, the diboson background is split into VV +HF

(heavy flavour) and VV +LF (light flavour) based on the types of jets associated: if one of the associated

jets originated from b-quark or c -quark then it is considered as VV +HF, otherwise it is considered as

VV +LF. The jet type is determined using the jet_truthflav variable, the result of an algorithm which

starts by defininig a cone of �R < �.� associated with each jet. If a b-hadron, with pT > �GeV, is
found within this cone the jet is identified as a b -jet. If no b -hadrons are found, the algorithm searches for

c -hadrons, then � leptons. If none of these identifiers are found the jet is labeled as a light jet. Besides

the requirement of the number of leptons, the jet multiplicity plays a major role in the selection since

the different background processes can be split in the control regions introduced below. Therefore, the

main distinction of the targetted selections are the number of jets and b-tagged jets and, simultaneously,

it should be closer enough to the signal regions in order to correctly evaluate the kinematics of the various

reconstructed objects. With that goal, two control regions focused on the tt̄ and tt̄Z backgrounds with

different jet multiplicity while the remaining take the events with the reconstructed top quark masses not

considered in the signal regions.

The estimation of the main background processes for both signal regions was done through the

definition of several control and validation regions. The data and MC prediction of different distributions

and yields from the control regions are compared and later used in the combined fit with the signal

region. Therefore, the addition of control regions to the event selection allows a tighter constraint of

background expectations and systematic uncertainties for the statistical analysis. An important check

is the definition of validation regions that are not included in the fit having the goal of validating the fit

procedure in an independent way. The analysis described in this thesis is characterised by four control

regions, discussed in this chapter, and two validations regions, obtained by cutting on the output of the

multivariate analysis discriminants on the full signal regions and described in detail later in Section 4.6. The

selection requirements applied in the control regions defined are summarised in Table 4.7. The expected

and observed event yields in the control regions can be found in Table 4.8.
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Control regions definition

Common selections

Exactly 3 leptons with |� | < �.� and pT(`�) > ��GeV, pT(`�) > ��GeV, pT(`�) > ��GeV

tt̄ CR tt̄Z CR Side-band CR1 Side-band CR2

� 1 OS pair, no OSSF � 1 OSSF pair � 1 OSSF pair � 1 OSSF pair
|m`` � ��.�GeV| < ��GeV |m`` � ��.�GeV| < ��GeV |m`` � ��.�GeV| < ��GeV

– – – mT(`W ,� )> ��GeV
� 1 jet with |� | < 2.5 � 4 jets with |� | < 2.5 � 2 jets with |� | < 2.5 = 1 jet with |� | < 2.5

= 1 b-jet = 2 b-jets = 1 b -jet = 1 b -jet
– – |mFCNC

t � ���.�GeV| > �� FCNC –
– – |mSM

t � ���.�GeV| > �� SM |mSM
t � ���.�GeV| > �� SM

Table 4.7: Overview of the requirements applied for selecting events in the control regions.

Control region for tt̄ background: Region designed to control the minor tt̄ background. The tt̄

production enters the selection due to the presence of a fake lepton. While the normalisation is taken from

data, the definition of a control region focused on the tt̄ production allows a more consistent evaluation of

this background process. The tt̄ CR is defined by requiring, as for all regions, three leptons and at least

one pair of opposite-sign but different-flavour leptons in the event. Therefore, no cut on the invariant mass

of the opposite-sign leptons is applied. Concerning the jet multiplicity, there should be at least one jet in

the event, of which exactly one should be b-tagged. The distributions of the transverse momentum of the

leading lepton and the jet multiplicity can be found in Figure 4.5.

Control region for tt̄Z background: Region defined to control the main background of the decay

signal region (SR1): the tt̄Z production. The selection is constructed by requiring the presence of more

jets with respect to the jet multiplicity required in the signal regions. The tt̄Z CR is defined by requiring the

presence of at least four jets and exactly two b -tagged jets. The distributions of the transverse momentum

of the leading lepton and the transverse momentum of the b-tagged jet can be found in Figure 4.6.

Side-band control regions: Control regions designed to contain a mixture of the main background

sources (tt̄Z and diboson production). Two distinct selections are performed reverting the mass cuts for

both signal regions described in Table 4.4. The mass side-band CR1 is defined with the same event selection

as the SR1 with the only difference being that the mass of the FCNC top quark candidate,mFCNC
t , must

be outside ��FCNC from ���.�GeV, and the mass of the SM top quark candidate, mSM
t , must be

also outside ��SM from ���.�GeV. The distributions of the transverse momentum of the b-tagged jet

and the mass of the FCNC top quark candidate can be found in Figure 4.7. The mass side-band CR2

is defined with the same event selection as the SR2 with the only difference being that the mass of the

SM top quark candidate,mSM
t , must be also outside ��SM from ���.�GeV. The distributions of the

transverse momentum of the b-tagged jet and the mass of the SM top quark candidate can be found in

Figure 4.8.
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Process Side-band CR1 Side-band CR2 tt̄Z CR tt̄ CR

tt̄Z +tWZ 96 ±16 7.6 ±1.3 227 ±31 14.8 ±2.0
tt̄W 4.6 ±2.3 2.2 ±1.1 3.1 ±1.6 27 ±13
tt̄H 2.5 ±0.4 0.31 ±0.07 7.5 ±1.2 13.8 ±2.2
VV +LF 27 ±12 12 ±4 0.25 ±0.21 0.39 ±0.29
VV +HF 130 ±60 51 ±17 18 ±12 2.3 ±1.0
tZq 20 ±4 6.2 ±1.3 20 ±5 0.89 ±0.18
tt̄ +Wt 10.2 ±2.2 7.7 ±2.0 4.8 ±1.3 103 ±17
Other fakes 4 ±5 2.8 ±3.5 0.24 ±0.32 0.12 ±0.14
Other 3.2 ±2.8 0.7 ±0.6 1.8 ±1.0 2.9 ±1.5
FCNC (u)tZ 5.0 ±0.6 2.26 ±0.27 1.2 ±0.4 0.65 ±0.10
FCNC tt̄ (uZ ) 1.8 ±0.5 0.44 ±0.20 1.41 ±0.25 0.23 ±0.05
Total background 300 ±70 90 ±18 280 ±40 165 ±22
Data 340 104 285 156

Data / Bkg. 1.13 ±0.27 1.15 ±0.26 1.01 ±0.14 0.94 ±0.15

Table 4.8: The expected and observed event yields in the background control regions. The error includes
the uncertainty associated with the statistics.
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Figure 4.5: Expected and observed distributions in the tt̄ control region for (a) leading lepton transverse
momentum and (b) jet multiplicity.
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(b) b -tagged jet pT

Figure 4.6: Expected and observed distributions in the tt̄Z control region for (a) leading lepton transverse
momentum and (b) b -tagged jet transverse momentum.
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(b) FCNC top quark mass

Figure 4.7: Expected and observed distributions in the side-band control region 1 for (a) b-tagged jet
transverse momentum and (b) reconstructed FCNC top quark mass.
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(b) SM top quark mass

Figure 4.8: Expected and observed distributions in the side-band control region 2 for (a) b-tagged jet
transverse momentum and (b) reconstructed SM top quark mass.

4.5.1 Fake composition

Despite the high levels of accuracy achieved by the ATLAS simulation and the lepton reconstruction and

identification algorithms, sources of misidentified reconstructed leptons still exist and can lead to an

additional source of backgrounds to the analysis. These leptons can arise from the decay of a bottom or

charm hadron, an electron from a photon conversion, a jet misidentified as an electron or a muon produced

from an in-flight decay of a pion or kaon and can be split into two categories:

• Non-prompt leptons

Genuine leptons are identified but such leptons are not originated from the primarypp hard-scattering

interaction process;

• Fake leptons

Cases in which signal in the ATLAS detector are selected as being leptons when in fact there is

no real lepton present. An example would be a jet leaving an energy cluster in the electromagnetic

calorimeter and then misidentified as a lepton.

The estimation of the fakes contribution is a crucial step for all the analyses since the contribution from

these fake background processes can lead to an incorrect expectation of the remaining background rates.

Since this analysis considers a final state with exactly three leptons, the fakes processes come mainly
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from tt̄ and Z+jets production where only two leptons should be expected. The estimation for the various

sources of background relies on MC simulations, for both the normalisation and the shape, while for the

tt̄ fake-lepton background the shapes are taken from MC but the normalisation is extracted from data.

Contrarily, an estimation on the Z+jets is not needed since its contribution is minimal after the requirement

on the transverse mass of theW boson applied in the production signal region (SR2).

Therefore, the focus of the fakes estimation was the tt̄ background. The origin of the three leptons from

tt̄ events was studied through the MCTruthClassifier tool [164], in order to estimate the contribution

from the fake leptons and eventually define an uncertainty to take into account the different sources in

the signal and control regions. Using information from the truth particles of the MC simulation samples

available, the origin of the different particles of the final state can be studied in detail. Several categories of

origin and types of particles can be identified with this tool, being an overview of the flowchart represented in

Figure 4.11. For the case of this search, the origin of the leptons from tt̄ events in different jet multiplicities

is shown in Figures 4.9 to 4.14. As it can be seen, apart from the leptons for which the particle mother is

the top quark (��% of the leptons in each event), the fake leptons come either from photon conversions

(around 5-��%, depending on the region) or from b-hadrons (around 20-��%, depending on the region

and jet multiplicity). A few differences can be noticed for the photon conversion and b -hadron fractions in

the signal regions with respect to the tt̄ control region where the tt̄ background is controlled. To take into

account these differences, a systematic uncertainty with values varying for the different jet multiplicities

was considered.
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Figure 4.9: Origin of the three leptons from tt̄ events with 1 jet in the SR2 and tt̄ CR.
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Figure 4.10: Origin of the three leptons from tt̄ events with 2 jets in the SR1, SR2 and tt̄ CR.
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Figure 4.12: Origin of the three leptons from tt̄ events with 3 jets in the SR1 and tt̄ CR.
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Figure 4.13: Origin of the three leptons from tt̄ events with 4 jets in the SR1 and tt̄ CR.
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Figure 4.14: Origin of the three leptons from tt̄ events with � � jets in the SR1 and tt̄ CR.
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4.6 Boosted decision trees

A good signal to background discrimination allows the fit to correctly characterise the signal kinematics

and also to better estimate the main backgrounds contributions. The choice of a single variable exhibiting a

clear separation power among signal and background events can be a demanding part of a analysis since

several performance studies should be performed for the different variables considered as the discriminant

one. Since the search for small signals in large data sets is an important characteristic of the high energy

physics, it is essential to extract the maximum of the available information from the data. Taking this into

account, multivariate (MVA) classification methods based on machine learning techniques have become a

fundamental ingredient to most analyses in this field. The use of MVA aims to take the most out of the input

while exploring correlations among different variables to distinguish sinal events from background ones.

Boosted Decision Trees (BDT) are a set of binary structured decision trees that use the boosting technique,

being among the most used machine learning techniques in physics. Decision trees were formalised and

developed by Breiman [165] in the context of pattern recognition and data mining. They extend a simple

cut-based analysis into a multivariate technique by continuing to analyse events that fail a particular criteria

until they satisfy a termination condition as follows. BDTs are trained using decision trees, which are binary

tree networks for data categorisation that classify events between signal and background. The decision

tree starts from a root node that contains all the events and grows successive layers formed by binary

nodes. At each node, a cut on a particular discriminanting variable, xi , is applied to split the data. When a

node is generated, the variable and the cut value that can achieve the best separation among signal and

background is selected. Each event starts from the root node and goes down the decision tree. The output of

the decision tree classifies the events more signal-like or more background-like based on the distributions of

signal and background for all the observables given as input. The boosting technique is a way of enhancing

the classification and regression performance of tipically weak MVA methods, while increasing the stability

with respect to statistical fluctuations in the training sample. Such improvement is possible by sequentially

applying an MVA algorithm to reweighted versions of the training data and afterwards taking a weighted

majority vote of the sequence of MVA algorithms thus produced. Boosting stabilises the response of the

decision trees with respect to fluctuations in the training sample and is able to considerably enhance the

performance w.r.t. a single tree. An option of boosting method is the gradient boosting [166, 167], which

adjusts weights of the decision trees to minimise the deviation between the model response F (x) and the
true value � obtained from the training sample. The Gradient Boosted Decision Trees (GBDT) method with

TMVA software package is exploited in this study [166, 167]. Due to its simplicity and less susceptibility

to overtraining, GBDT is chosen over the other more sophisticated classifiers (like neural networks). The

GBDT output score is in the range between -1 and 1. The most signal-like events have scores near 1 while

the most background-like events have scores near -1.
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Figure 4.15: Schematic view of a decision tree where, starting from the root node, a sequence of binary
splits using the discriminant variables (x ) are split into smaller regions. The leaf nodes at the bottom end
of the tree are labeled as S for signal and B for background depending on the majority of events that end
up in the respective nodes [167].

4.6.1 Discriminant definitions

The goal of a multivariate technique such as the GDBT method is the definition of a discriminant built as

result of the combination of several variables obtained from a specific selection. Since this search aims

both the production and decay modes with the FCNC tZq anomalous coupling, the initial idea was to built

two distinct discriminants, one for each case, due to the differences on the kinematics of the reconstructed

objects. However, the final strategy was to have three discriminants: one for the decay mode, another for

the production mode with tZu and the final one for the production mode with tZc. Taking this separation

into account, the events passing the signal regions are considered in the training of the discriminants.

In the decay signal region (SR1), for both tZu and tZc coupling search, the expected contribution from

FCNC tt̄ decay signal is significantly higher than the one from FCNC tZ production signal. Given the

kinematics difference between FCNC tZq decay and production signals, the GBDT is trained with only

FCNC tt̄ decay signal against backgrounds. Since the kinematics of FCNC tt̄ decay events for tZu and

tZc couplings are similar, the decay signal samples with both couplings are combined to train the GBDT.

The signal processes not entering as signal in the different discriminants are not considered in the training.

Consequently, a single MVA discriminant, D1, is built for both tZu and tZc coupling searches in SR1.

The production signal region (SR2) is particularly sensitive to the tZu coupling in FCNC tZ production

events. Therefore, the corresponding MVA discriminant, Du2, is built using the GBDT trained with FCNC

tZu in single-top production events against backgrounds. Despite the lower sensitivity to the tZc coupling

in SR2, it is used in combination with SR1 in the search for tZc coupling. In the total expected tZc signal
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yield, the contributions from FCNC tt̄ decay and from tZc production signal events are comparable. Taking

this into account, the MVA discriminant for tZc coupling, Dc2, is built using the GBDT trained with the

total tZc signal events against backgrounds. Table 4.9 summarises built GBDT discriminant variables,

corresponding training regions, signal samples and couplings that are searched using each discriminant.

GBDT discriminant Training Region Training signal Search coupling
D� Full SR1 FCNC tZu and tZc in tt̄ decays tZu, tZc
DU� Full SR2 FCNC tZu in tZ production tZu

DC� Full SR2 FCNC tZc in tt̄ decays and tZ production tZc

Table 4.9: Summary of the GBDT discriminant variables with their training regions, signal samples and
search coupling.

4.6.2 Input variables

The GBDTmethod uses the distributions of a set of variables from the events passing each signal region. The

definition of the most important variables to be considered represents an essential step for the construction

of the discriminants. After the definition for each discriminant, a set of variables is used as the input to train

and test the GBDT method on the events in each signal region. Many input variables can be considered to

train the BDT. However, the ones that do not have significant impact on the BDT performance should be

removed since they could introduce instability in the BDT output when considering systematic uncertainties.

The strategy is to remove variables that have relatively low values of separation and strong correlations

with other variables, without significant loss of the BDT performance. As a starting point, all the variables

of the final objects (reconstructed top quarks, Z boson, b-tagged jet, among others) are considered as

input of the discriminant, which enables the evaluation of the power of separation from each variable to

the final result. The separation power of a variable is defined by, as in [167],

hs�i = �
�

π [ps (�) � pb(�)]�

ps (�) + pb(�)
d�

where ps (�) and pb(�) are the signal and background PDFs of the classifier �. The separation is 0 (1)

for identical (non-overlapping) signal and background shapes. The separation of the full set of variables

to built the Du2 discriminant used in SR2 tZu signal region is shown in Table 4.10, concluding that the

best separation power comes from a set of seven variables characterised by a separation higher than 0.1.

In any case, the correlation between the different variables in the full set should be considered. If two

variables highly correlated are included as input to the GBDT, similar information will be used to construct

the discriminant while twice the computational usage will remain. The second step to the definition of

the final set of input variables consist of a closer investigation of the correlation matrix of the full set of

variables for signal and background events. Figure 4.16 shows the correlation matrices for signal and
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background events considered in the training in SR2 to built the Du2 discriminant used in tZu coupling

search. The p
`�
T , p
`�
T , p

`�
T and pWT variables have high correlations with pZT which has better separation

value, so that they are removed as well as Emiss
T which is highly correlated with pWT and having lower

separation value. Finally, the impact on the GBDT performance is studied through a comparison on the

Seff/
p
Beff ratio between the full set and the final set of variables. Figure 4.17 represent the Seff/

p
Beff

ratio for the full set and the final set of variables as a function of the cut on the GBDT output score. After

a thorough study of several possibilities for the final set of input variables, the goal of having a minimal

difference on the maximum Seff/
p
Beff with a minimal set of used variables was reached. The maximum

value of Seff/
p
Beff is �.���± �.��� for the ”full set”of input variables, while �.���± �.��� for the final

set of input variables. Based on the separation values, correlations and impact on the BDT performance,

a final set of input variables is defined with a total of 6 variables: transverse momentum of the b-quark

and Z boson candidates, mass of the SM top quark, �� from the kinematic fit under the tZ production

signal hypothesis and �R between the b -quark and Z boson candidates and between theW boson lepton

and Z boson candidate. Similar studies on the separation, correlation and GBDT performance for the

full set and final set of variables were performed for the discriminants used in SR1 (to built D1) and in

SR2 with tZc coupling (to built Dc2), being documented in Appendix A. The final set of input variables for

each discriminant are listed in Table 4.12, ordered by the separation value. The distributions of the final

set of input variables for the three discriminants in the signal regions are presented in Figure 4.18 and

Figure 4.19.
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Variable hs�i Definition

pZT 0.3104 Z boson candidate transverse momentum

p`�T 0.2603 Leading lepton pT
HT (l , j) 0.1899 Scalar sum of pT of leptons and jets
pbT 0.175 b -quark candidate transverse momentum

pWT 0.1234 W boson candidate transverse momentum

p`�T 0.1192 Sub-leading lepton pT
Emiss
T 0.1086 Missing transverse energy

�R(b,Z ) 0.08017 �R between b-quark and Z boson candidates
p`�T 0.05949 Third lepton pT
mb`� 0.04636 SM top-quark candidate mass
��tZ 0.03171 �� from the kinematic fit under the tZ production signal hypothesis

�R(`,Z ) 0.024 �R betweenW boson lepton and Z boson candidates
m`� 0.01949 W boson candidate mass
�`� 0.009613 Leading lepton �
�b 0.004479 b-quark candidate pseudorapidity
�`� 0.002749 Sub-leading lepton �
�`� 0.002044 Third lepton �

Table 4.10: Full set of variables considered in the training of the GBDT in SR2 to built the Du2 discriminant

used in tZu coupling search. Variables are ordered by the separation hs�i value.

Variable hs�i Definition

pZT 0.3104 Z boson candidate transverse momentum

pbT 0.175 b -quark candidate transverse momentum
�R(b,Z ) 0.08017 �R between b -quark and Z boson candidates
mb`� 0.04636 SM top-quark candidate mass
��tZ 0.03171 �� from the kinematic fit under the tZ production signal hypothesis

�R(`,Z ) 0.024 �R betweenW boson lepton and Z boson candidates

Table 4.11: Final set of input variables considered in the training of the GBDT in SR2 to built the Du2
discriminant used in tZu coupling search. Variables are ordered by the separation hs�i value.

SR1 SR2 tZu SR2 tZc
Variable hs�i Variable hs�i Variable hs�i

mb`� 0.1364 pZT 0.3104 pZT 0.07408

p
q
T 0.07345 pbT 0.175 pbT 0.05261

Njets 0.05747 �R(b,Z ) 0.08017 mb`� 0.02282
mq`` 0.04173 mb`� 0.04636 �R(b,Z ) 0.02143

�R(tSM, tFCNC) 0.0410 ��tZ 0.03171 ��tZ 0.01561
�R(`,Z ) 0.02441 �R(`,Z ) 0.024 �R(`,Z ) 0.008783

Table 4.12: Set of variables used in the training of the GBDT in the signal regions to built the discriminants
used in the tZu and tZc coupling searches. Variables are ordered by the separation hs�i value.
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Figure 4.16: Correlation matrix of the input variables from signal (top) and background (bottom) samples
considered in the training of the GBDT in SR2 to built the Du2 discriminant used in tZu coupling search.
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Figure 4.17: The Seff/
p
Beff value averaged over the validation folds as a function of the cut on the BDT

output score with ”full set”(top) and final set (bottom) of input variables in the SR2 utZ . Values are
calculated only if Seff and Beff are above 1% to avoid statistically unstable results.
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Figure 4.18: Pre-fit distributions of the input variables used in the training of the GBDT in full SR1 to built
the D1 discriminant. Number of signal events are normalised to the current observed branching ratio limits
and scaled by factor 5.
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Figure 4.19: Pre-fit distributions of the input variables used in the training of the GBDT in full SR2 to built
the Du2 and Dc2 discriminants. Number of signal events are normalised to the current observed branching
ratio limits and scaled by factor 10.
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4.6.3 Training and evaluation

In order to train the GBDT algorithm and have a reliable model with a good performance, it is better to use

as much statistics as possible from the available signal and background MC samples. On the other hand,

to check the performance and validate the model, the trained GBDT model must be applied on the test

sample (events that are not used in the training phase) that has sufficiently large statistics. Overtraining

is a major concern for the BDT training. If it occurs, the BDT describes statistical fluctuations in the data

set used for the training leading to a performance that does not hold if data sets are changed. In order

to avoid this, the training sample of MC simulated data is split in two sets of statistically independent

samples, with ��% of available MC statistics being used for the training while ��% for the testing. All

samples, including MC samples of systematic variations and data, are divided into five approximately

equal size groups using the pseudo-random numbers2, which ensures that the same event in nominal and

systematics samples (as the sample with varied jet energy resolution) is assigned in the same group. All

events in each group have assigned the same integer pseudo-random number from 1 to 5. In each signal

region, five equivalent GBDT models are trained using four groups of nominal MC samples. Each training

uses different combination of four groups out of five. The remaining group is used as a test sample. Each

of five GBDTs is evaluated on events with the assigned pseudo-random number that is not assigned to the

training events of that GBDT. Different parameters can be used in the construction of the discriminants

where the best separation between signal and background can be obtained with distinct combinations of

such specifications. The BDTs used here are constructed from 800 individual trees, with a maximum depth

of 2 nodes for the discriminants for decay and production with tZu coupling. For the specific case of the

discriminant for production with tZc coupling, the BDT is constructed from 1000 individual trees and a

maximum depth of 1 node. Table 4.13 shows the values used for all the configuration options of the BDT

method. They are chosen to counteract overtraining and have an optimal performance.

Option Value for D1 Value for Du2 Value for Dc2
NTrees 800 800 1000

MinNodeSize 2%
BoostType Grad
Shrinkage 0.05 0.05 0.025

UseBaggedBoost True
BaggedSampleFraction 0.6

nCuts 200
MaxDepth 2 2 1

NegWeightTreatment IgnoreNegWeightsInTraining

Table 4.13: Used values for configuration options of the TMVA method Boosted Decision Trees [167].

2A pseudo-random number is generated for each event using the C++ srand generator with the sum of the dataset
RunNumber, DSID and EventNumber as seed.
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4.6.4 Performance and overtraining checks

Overtraining leads to a seeming increase in the classification performance over the objectively achievable

one, if measured on the training sample, and to an effective performance decrease when measured with

an independent test sample. A convenient way to detect overtraining and to measure its impact is therefore

to compare the performance results between training and test samples. The evaluation of the performance

of each trained BDT is obtained through the Receiver Operating Characteristic (ROC) curves. These curves

illustrate background rejection versus signal efficiency caused by a variation of the threshold on the GBDT

score. The signal efficiency is defined as the proportion of signal events above a particular threshold on

the BDT score to all signal levels, while the background rejection is defined by the proportion of rejected

background by the same threshold, being also commonly represented as (1 - background efficiency). A

better BDT performance means higher background rejection at similar signal efficiency, resulting in a more

convex ROC curve. Figures 4.20 to 4.22 present the ROC curves from the testing and training samples

for each GBDT output score in the training signal regions for all the discriminants. The mean value of the

ROC integral for the D1, D
u
2 and Dc2 discriminants is 0.80, 0.85 and 0.69, respectively. No significant

overtraining is detected for all the discriminants. The GBDT output score for signal and background from

each of five GBDTs used to built the three discriminant variables are compared in Figure 4.23. Results of

five GBDTs are in agreement within the statistical uncertainties indicating a good stability of the trained

BDTs.

The variable importance is evaluated as the total separation gain that a specific variable had in the

decision trees (weighted by the number of events). It is normalised to all variables together, which have

an importance of 1. Input variables importance for each of five GBDTs of the three discriminants are

presented in Tables 4.14 to 4.16. For most of the variables of the three defined discriminants, the standard

deviation divided by the mean of the importance values across the five GBDTs is below 3% indicating a

good stability of trained BDTs. The GBDT output score distributions in data and MC events are compared in

the background control regions. Figure 4.24 and Figure 4.25 show the pre-fit distributions of discriminant

variables in the side-band background control regions and tt̄Z control region, respectively. There is a good

agreement between the shapes from data and pre-fit backgrounds.

Variable GBDT #1 GBDT #2 GBDT #3 GBDT #4 GBDT #5

mq`` 0.1886 0.1899 0.1929 0.1821 0.1825
�R(tSM, tFCNC) 0.179 0.1728 0.17 0.1768 0.1723

mb`� 0.1755 0.1687 0.1571 0.1729 0.1646
�R(`,Z ) 0.1656 0.18 0.1775 0.173 0.1891

p
q
T 0.1637 0.1626 0.1678 0.1614 0.1592

Njets 0.1277 0.126 0.1346 0.1338 0.1322

Table 4.14: Importance of the input variables in each GBDT used to built the D1 discriminant.
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Figure 4.20: The ROC integral curve for each of five GBDTs trained in full SR1 to built the D1 discriminant.
Comparison of the final results between training and test samples.
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Figure 4.21: The ROC integral curve for each of five GBDTs trained in full SR2 to built the Du2 discriminant.
Comparison of the final results between training and test samples.
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Figure 4.22: The ROC integral curve for each of five GBDTs trained in full SR2 to built the Dc2 discriminant.
Comparison of the final results between training and test samples.
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Figure 4.23: The GBDT output score distributions for signal and background events in the test samples.
Trained five GBDTs are compared in each signal region.

84



CHAPTER 4. SEARCH FOR FLAVOUR CHANGING NEUTRAL CURRENTS IN THE TOP QUARK SECTOR

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
1D

50

100

150

200

250

Ev
en

ts
 / 

0.
1

Data
+Wt fakestt

tZ
Z+tWZtt

HtW+ttt
VV+LF
VV+HF
Other fakes
Other
Total bkg.
MC stat. uncert.

335
10.2
20.1
97.2
6.7

26.5
132.0

3.0
4.1

300.1

(uZ)tFCNC t
FCNC (u)tZ

(cZ)tFCNC t
FCNC (c)tZ

-1 = 13 TeV, 139 fbs
Side-Band CR1

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

1D

0.5
1

1.5

D
at

a 
/ B

kg
 

(a) D1 discriminant - Side-band control region 1

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
u
2D

10

20

30

40

50

60

70

80

Ev
en

ts
 / 

0.
2

Data
+Wt fakestt

tZ
Z+tWZtt

HtW+ttt
VV+LF
VV+HF
Other fakes
Other
Total bkg.
MC stat. uncert.

103
7.5
6.3
7.3
2.4

11.8
50.5
2.5
0.4

88.6

(uZ)tFCNC t
FCNC (u)tZ

(cZ)tFCNC t
FCNC (c)tZ

-1 = 13 TeV, 139 fbs
Side-Band CR2

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
u
2D

0.5
1

1.5

D
at

a 
/ B

kg
 

(b) Du
2 discriminant - Side-band control region 2

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
c
2D

10

20

30

40

50

Ev
en

ts
 / 

0.
2

Data
+Wt fakestt

tZ
Z+tWZtt

HtW+ttt
VV+LF
VV+HF
Other fakes
Other
Total bkg.
MC stat. uncert.

103
7.5
6.3
7.3
2.4

11.8
50.5
2.5
0.4

88.6

(uZ)tFCNC t
FCNC (u)tZ

(cZ)tFCNC t
FCNC (c)tZ

-1 = 13 TeV, 139 fbs
Side-Band CR2

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
c
2D

0.5
1

1.5

D
at

a 
/ B

kg
 

(c) Dc
2 discriminant - Side-band control region 2

Figure 4.24: Pre-fit distributions of the D1, D
u
2 and Dc2 discriminants in the side-band background control

regions. Number of signal events are normalised to the current observed branching ratio limits. The
uncertainty band includes only the statistical uncertainty.
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Figure 4.25: Pre-fit distributions of the D1, D
u
2 and Dc2 discriminants in the tt̄Z control region. Number of

signal events are normalised to the current observed branching ratio limits. The uncertainty band includes
only the statistical uncertainty.
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Variable GBDT #1 GBDT #2 GBDT #3 GBDT #4 GBDT #5

�R(b,Z ) 0.1793 0.1761 0.1791 0.1809 0.1778
pZT 0.1784 0.1717 0.1736 0.1785 0.181
mb`� 0.1755 0.1819 0.1743 0.173 0.1776

�R(`,Z ) 0.1748 0.1739 0.1776 0.1762 0.166
pbT 0.1741 0.1778 0.1658 0.1715 0.1766

��tZ 0.1178 0.1186 0.1296 0.1199 0.121

Table 4.15: Importance of the input variables in each GBDT used to built the Du2 discriminant.

Variable GBDT #1 GBDT #2 GBDT #3 GBDT #4 GBDT #5

�R(b,Z ) 0.1938 0.1932 0.1962 0.188 0.1889
pZT 0.1889 0.1869 0.19 0.1774 0.1857
mb`� 0.1787 0.1805 0.1737 0.1826 0.183

�R(`,Z ) 0.1596 0.159 0.1496 0.1584 0.1639
pbT 0.152 0.1508 0.1557 0.1508 0.157

��tZ 0.127 0.1296 0.1347 0.1427 0.1216

Table 4.16: Importance of the input variables in each GBDT used to built the Dc2 discriminant.

4.6.5 Hyper-parameters optimisation

Once the final set of input variables are defined, the BDT hyper-parameters optimisation is performed. The

following BDT parameters [167] and values are considered with total of 144 combinations: NTrees = [400,

600,800,1000], minNodSize = [2.0,4.0,6.0], shrinkage = [0.025,0.05,0.1], maxDepth = [1,2,3,4]. Fig-

ure 4.26 presents the maximum value of Seff/
p
Beff by cutting the BDT output score, and the ROC integral,

averaged over the validation folds, as a function of BDT hyper-parameters combination for the Du2 discrim-

inant. The difference between highest and lowest values of Seff/
p
Beff and ROC integral, with the different

BDT hyper-parameters combinations, is ⇠ ��% and ⇠ �%, respectively. These results indicate that the

BDT performance is stable and not much can be improved with the hyper-parameters. The average ROC

integral (0.8486 with RMS of 0.0053) obtained with the reference BDT parameters is almost identical to

the highest value of ROC integral (0.8502 with RMS of 0.0050) obtained from the hyper-parameters opti-

misation. However, the agreement between results with training and test samples are better for reference

BDT parameters, so that these parameters are used to build the final BDT discriminant. Similar studies

were performed for the D1 and Dc2 discriminants and documented in Appendix A, concluding that the

BDT performance is stable and optimal for the reference parameters.
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Figure 4.26: The maximum value of Seff/
p
Beff by cutting the BDT output score (top) and the ROC integral

(bottom), averaged over the validation folds, as a function of BDT hyper-parameters combination in the
SR2 utZ . The highest and lowest values of Seff/

p
Beff and ROC integral are presented on the plots as

well as the corresponding BDT parameters values.

4.6.6 Validation regions definition

The validation regions are used to check the modelling of background sources. Two validation regions are

defined from the full signal regions (see Table 4.4), applying cuts on the GBDT discriminants described in

Table 4.9. The event selection of the validation regions is summarised in Table 4.17.

Validation Region Defined from Applied cut
VR1 Full SR1 D1 < -0.6

VR2 Full SR2 Du2 < -0.7 and Dc2 < -0.4

Table 4.17: Summary of the event selection applied to the GBDT discriminant variables in the full signal
regions to define the validation regions.
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The fraction of signal events that ends in the validation regions from the full signal regions ranges

from �% to �%, depending on the signal region. With the given normalisation of signal samples, the

signal contamination in the validation regions is at most �%. The subtraction of events from the full signal

regions (in order to define the validation regions) has an effect on the expected search sensitivity (i.e. in

the signal-to-background ratio of the signal regions) of below �%. Figure 4.27 presents the comparison

of pre-fit GBDT output score distributions in the validation regions. The distributions from data and pre-fit

backgrounds agree within the statistical and systematic uncertainties.
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Figure 4.27: Pre-fit distributions of the D1, D
u
2 and Dc2 discriminants in the validation regions. Number of

signal events are normalised to the current observed branching ratio limits. The uncertainty band includes
only the statistical uncertainty.

90



CHAPTER 4. SEARCH FOR FLAVOUR CHANGING NEUTRAL CURRENTS IN THE TOP QUARK SECTOR

4.7 Systematic uncertainties

Many sources of systematic uncertainties are considered in the search for FCNC tZq interactions. The

systematic uncertainties are evaluated using the common TopWorking Group prescriptions and the standard

ATLAS procedures. Systematics uncertainties are considered for the normalisation and shape of the

individual backgrounds from various sources.

Object energy scale/resolution and efficiencies

Systematic uncertainties due to residual differences between data and Monte Carlo simulations, for jet,

electron and muon reconstruction after calibration, as well as uncertainties on the calibration scale factors

are propagated to the event yields and observables.

• Lepton reconstruction: The mis-modelling of muon (electron) trigger, reconstruction, identifica-

tion and also from the Prompt Lepton Veto tool isolation efficiencies in simulation is corrected by

introducing scale factors derived from measured efficiencies in data. The decays of Z ! µ+µ�

(Z ! e+e�) are used to obtain scale factors as functions of the lepton kinematics. The uncer-

tainties are evaluated by varying the lepton and signal selections and from the uncertainties in the

backgrounds evaluation.

• Lepton momentum scale and resolution: The Z ! `` processes are used to measure the
lepton momentum scale and resolution. Calibration factors and associated uncertainties are derived

to match the simulation to observed distributions in collision data. The effect of momentum scale

uncertainties is evaluated by repeating the event selection after varying the lepton momentum up

by �� and down by �� . For the momentum resolution uncertainties, the event selection is repeated

by smearing the lepton momentum [168].

• Jet energy scale: The JES was derived using information from test-beam data, LHC collision data

and simulation. The JES calibration consists of several steps that account for detector problems, jet

reconstruction algorithms, jet fragmentation models, dense data-taking environment from high pile-

up conditions and response difference between data and MC simulation. The fractional uncertainty

decreases with the pT of the reconstructed jet and is rather stable in �. The JES uncertainty has

various components according to the factors it accounts for and the different steps used to compute

it. The jet calibration procedure is described in Ref. [169]. The sources of the JES uncertainties with

different effective number of parameters are: BJES response, detector, mixed, modelling, statistical,

eta intercalibration, flavour composition, pile-up and relative non-closure.

• Jet energy resolution: The impact of the uncertainty on the jet energy resolution is evaluated by

smearing the jet energy in the MC samples.
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• Jet Vertex Tagger efficiency: The uncertainty related to the Jet Vertex Tagger scaling factors

applied to the MC simulation includes the statistical uncertainty, which is a 30% uncertainty on

the estimation of the residual contamination from pile-up jets after pile-up suppression [170]. Such

uncertainty is considered in the fit as a nuisance parameter (NP) named jvt.

• Missing transverse momentum: Uncertainties of the soft-track component are derived from the

level of agreement between data and MC simulation of the pT balance between the hard and soft

Emiss
T components. Three different uncertainties are considered: an offset along the pT (hard) axis,

as well as the smearing resolution along and perpendicular to the pT (hard) axis.

• b-tagging efficiency: The b -tagging efficiencies and mis-tag rate for the taggers have been mea-

sured in data using the same methods as described in [171, 172]. The number of NP used for the

b-tagging data/MC scale factors is evaluated separately for b, c and light-flavour quark jets in the

MC samples.

Monte Carlo modelling

Systematic effects from MC modelling are estimated by comparing different generators and varying pa-

rameters for the event generation.

• Signal: Scale uncertainties are included for the signal, following the latest prescriptions. In par-

ticular, the scale variations µr and µ f are included and the envelope of the variarions is added.

Corresponding NP name is Signal µr and µ f . An additional uncertainty focusing on the parton

shower is included, through the comparison of the signal samples produced using Herwig7 and

Pythia8 (NP called Signal PS).

• tt̄ : The effect of changing the parton shower (PS) for tt̄ events is included as an uncertainty.

The difference between Pythia8 and Herwig7.13 prediction is taken as the tt̄ PS uncertainty (NP

called tt̄ PS). The Var3c A14 tune variation [137], that largely corresponds to the variation of �s

for Initial State Radiation (ISR) in the A14 tune, is considered (NP called tt̄ A14 tune (ISR)). The

impact of Final State Radiation (FSR) is evaluated (NP called tt̄ FSR) using PS weights which vary

the renormalisation scale for QCD emission in the FSR by a factor of 0.5 and 2.0, respectively.

Additionally, the uncertainty associated to the hdamp parameter is evaluated (NP called tt̄ hdamp)

using the alternative sample with thehdamp value increased to �.�mt . Scale and PDF uncertainties

are also included, following the latest prescriptions. In particular, the µr and µ f variations are

included and the envelope of the variarions is added (NP called tt̄ µr and µ f ). The PDF uncertainty

(NP called tt̄ PDF) is evaluated using alternative PDF weights (PDF260100). Last but not least,

as mentioned in Section 4.5.1, uncertainties are added to take into account the differences in the

fractions of fake leptons originate from photon conversion and b -hadron decay in the signal regions
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with respect to the tt̄ control region, where the tt̄ background is controlled. These uncertainties

are obtained by taking the maximum difference in the fractions between the signal and tt̄ control

regions in the different jet multiplicity bins. Obtained values are summarised in Table 4.18. The two

uncertainties are called tt̄ non-prompt lep. (photon conv.) and tt̄ non-prompt lep. (b-decay), each

having 5 NPs corresponding to the jet multiplicity bins (= 1, = 2, = 3, = 4, � 5 jets).

Jet multiplicity Photon conversion B-meson decay

= 1 ��% �%
= 2 ��% ��%
= 3 �% �.�%
= 4 ��% ��%
� � ��% ��%

Table 4.18: Uncertainties applied to the tt̄ sample with fake leptons originated from photon conversion and
B-meson decay in the different jet multiplicity bins.

• tt̄Z : The effect of changing the parton shower for tt̄Z events was investigated. The difference

between Pythia8 and Herwig7 prediction is taken as the tt̄Z PS uncertainty. A scale uncertainty

systematic is also included, following the latest prescriptions. In particular, the µr and µ f variations

are included and the envelope of the variarions is added. Additionally, the effects of QCD radiation

for this sample are also taken into account through alternative samples with up/down variation of

Var3c parameter in the A14 tune [137] (NP called tt̄Z QCD).

• tWZ : The effect of changing the diagram removal used for tWZ events was investigated and

the difference between the two diagram removals prediction is included as tWZ DR systematic

uncertainty.

• tZq: Also for SM tZq background, the differences by using variation of Var3c parameter in the A14

tune are accounted and considered in the fit (called tZ QCD).

• Diboson: The effect of changing the MC generator for diboson events was also investigated and the

difference between Sherpa and PowhegBox prediction is included as diboson generator uncertainty.

This uncertainty is split into two components: light- and heavy-flavour (calledVV + LF Generator and

VV + HF Generator). These uncertainties are evaluated independently in different jet multiplicity

bins each of them resulting 5 NPs corresponding to the number of jets: = 1, = 2, = 3, = 4, �
5. An uncertainty depending on the jet multiplicity (so-called Berends scaling [173, 174]) is also

included for the diboson samples with the separation by light- and heavy-flavour as well. Therefore,

an uncertainty of ��% (called VV + LF Berends scaling and similarly for VV + HF) is added in

quadrature per jet in each jet multiplicity resulting into 5 NPs (= 1, = 2, = 3, = 4, � 5 jets).
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Process Rate uncertainty

tt̄+Wt –
tt̄Z ��%
tt̄W ��%
tWZ ��%
tZq ��%
VV +LF ��%
VV +HF ��%
Z+jets ���%
tt̄H ��%
Other (tt̄t ,tt̄tt̄ ,VVV ,VH and tt̄WW ) ��%

Table 4.19: Rate uncertainties applied on the normalisation of the background processes.

• MC statistics: The uncertainty due to the limited size of the MC samples is also included.

Rate uncertainty

Additional uncertainties on the normalisation of the different backgrounds considered in this analysis are

used. Motivated by theoretical calculations and past measurements in particle physics analyses targeting

the specific processes, the uncertainties applied on the background rate are summarised in Table 4.19.

Luminosity

The uncertainty in the combined 2015-2018 integrated luminosity is �.�%. It is derived, following a

methodology similar to that detailed in Ref. [175], from the calibration of the luminosity scale using x � �

beam-separation scans.

Pile-up reweighting

An uncertainty related to the scaling factor applied in MC samples to account for differences in pile-up

distributions between MC simulation and data is considered.

4.7.1 Acceptance and shape uncertainties

The systematic uncertainties discussed above cause variations on the signal acceptance, the background

rates, and the shape of the distributions that are fed to the fit. The MC statistics is related to the statistical

uncertainty in each bin of the distributions that are used in the fit, so it can change the shape of the

distributions. For all systematics listed, rate and shape differences are taken into account.

Symmetrisation of uncertainties: Symmetrisation is applied to all systematic uncertainties, as

implemented in the TRExFitter package.

Smoothing: Some fluctuations in individual bins can be caused by the low statistics shape systematic

uncertainties. A smoothing of systematic shape uncertainties is performed using the default smooth-

ing algorithm available through the TRExFitter package to average adjacent bins to remove statistical
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fluctuations.

Pruning: To prevent statistical fluctuations increasing the systematic uncertainties and wasted com-

putation on fitting insignificant NPs, systematic uncertainties are pruned from the fit. A value of �% and

�.�% are used for normalisation and shape, respectively. Therefore, if a given systematic uncertainty does

not change any bin by more than �% (�.�%) from the nominal value, then the normalisation (shape)

component of that systematic for that sample in that region is ignored. This analysis uses different levels

of pruning with �% and �.�% applied on the normalisation and shape uncertainties, respectively. Stud-

ies with different values for these parameters were performed presenting a negligible difference on the

expected limits with respect with the reference parameters (being documented in Appendix B).

4.8 Statistical analysis and results

All analysis regions are combined in a statistical model using a profile likelihood fit in order to test for

the presence of a FCNC t ! qZ (with q = u, c) signal. The profile likelihood function is described

in Section 4.8.1, where the impact of the systematic uncertainties is propagated through the so-called

nuisance parameters in the fit. The details of the fit model for the FCNC t ! qZ signal hypothesis are

described in Section 4.8.2. Finally, Section 4.8.3 presents the results obtained from the fit to data and

Section 4.8.4 explains the procedure leading to the determination of the upper limit of the signal strength

of t ! qZ processes.

4.8.1 Profile likelihood fit

The distributions of the discriminant variables from each of the analysis regions are combined in a profile

likelihood fit to test for the presence of a FCNC t ! qZ signal and to constrain the background predictions.

For each bin i of the input distribution of each region r , the number of data events Ndata
r ,i are compared to

the expected bin content N
expected
r ,i . The expected bin content N

expected
r ,i is expressed as the following:

N
expected
r ,i (µ,k�, ...,km,��, ...,�n) = µ·Nexpected

r ,i,si� (��, ...,�nsi� )+
’

b2bk�
kb ·N

expected
r ,i,b

(��, ...,�nb )

(4.4)

where n is the total number of nuisance parameters, (��, ...,�n) is the set of ni nuisance parameters
related to the sample i being signal (sig) or background (bkg), kb is the normalisation factor on the

background b,m is the number of backgrounds, and µ is the signal strength. For every systematic variation

described in Section 4.7, there is a nuisance parameter �i that modifies the shape and/or the normalisation

of the templates depending on the parametrised systematic uncertainty. The templates are formed from the

expected distributions where the nuisance parameters are varied. The normalisation factors (k -factors) and
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the signal strength (µ) modify only the normalisation of the template distributions. The data content of each

bin is expected to follow a Poisson probability. Therefore, the primary likelihood function is constructed as the

product of a Poisson probability terms for each bin. By construction, the value � = � corresponds to the best
knowledge of a specific parameter (nomimal value). Uncertainty variations up to ±�� correspond to the ��
uncertainty. The nuisance parameters are defined by the extrapolation (|� | > �) and interpolation (|� | < �)
functions with constraints that � = � corresponds to no corrections and � = ±� shifts the distribution
by ±�� systematic uncertainty. A linear and exponential extrapolations for the shape and normalisation

components of the systematic uncertainties are used, respectively. Consequently, two polynomial functions

are defined, one for the shape and one for the normalisation components of the systematic uncertainties.

The deviation of the nuisance parameters, the normalisation factors or the signal strength are referred to

as a pull. Nuisance parameters are implemented using Gaussian constraints reflecting the prior knowledge

of the systematic uncertainty. To understand the impact of the nuisance parameters on the extracted µ the

following procedure is used: the fit is re-run several times, separately for each nuisance parameter, changing

the central value of each nuisance parameter up and down by the pre-fit (post-fit) ±�� uncertainties, fixing

it to that value and re-running the fit to µ. The difference between this µ and the one extracted from the

standard fit, �µ, is the pre-fit (post-fit) impact on µ. The values of �µ are shown in the so called ranking

plot presented in next sections. The reference scale for this information in the ranking plot is the top x -axis,

labelled �µ. The global likelihood function describing the agreement between data and prediction as a

function of the parameter of interest (POI) and the set of nuisance parameters describing the effect of

the corresponding systematic uncertainty sources is constructed and fitted. The POI is the signal strength

parameter, µ, a multiplicative factor for the number of signal events normalised to a reference branching

ratio (BRref(t ! uZ ) = �.���% for the tZu case and BRref(t ! cZ ) = �.���% for the tZc case).

The relationship between µ and the corresponding BR(t ! qZ ) is:

µ =
BR(t ! qZ )(� � BR(t ! qZ ))

BRref(t ! qZ )(� � BRref(t ! qZ )) . (4.5)

Technically, the software framework used for the fit is TRExFitter [176], which combines the functionalities of

RooFit [177] and RooStats [178] and is designed to build probability density functions that are automatically

fit to data and interpreted with statistical tests.

4.8.2 The fit model

The fit model is described by the chosen variables to build the template distributions, and the list of

systematics uncertainties and their correlations across the defined analysis regions. The distributions

of the discriminant variable from each of the signal regions of the analysis are combined in the profile

likelihood fit to test for the presence of a FCNC t ! qZ signal, while simultaneously determining the

normalisation and constraining the different distributions of the dominant background components. Since
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two signal hypotheses were tested, two independent fits were performed for FCNC t ! uZ and t ! cZ

signals with the same approach considering all analysis regions defined. Similarly to the signal regions,

the input distributions of the multivariate discriminant is considered for the side-band control regions. In

the tt̄ and tt̄Z control regions, only the event yield is used as input for the fit. Additionally, for each MC

sample, separate templates that take into account the systematic variations discussed in Section 4.7 are

created and included in the fit. The regions included in the fit, as well as the distributions that are fit,

are summarised in Table 4.20. The selection of the various regions are shown in Table 4.4 for the signal

regions and in Table 4.7 for the control regions. In addition, as mentioned in Section 4.6.6, further cuts

are applied to the GBDT discriminants in the full signal regions to create validation regions.

tZu coupling extraction

Region Distribution Additional info

SR1 D1 D1 > -0.6
SR2 Du2 Du2 > -0.7 or Dc2 > -0.4

Side-band CR1 D1
Side-band CR2 Du2

tt̄Z CR – Single bin
tt̄ CR – Single bin

tZc coupling extraction

Region Distribution Additional info

SR1 D1 D1 > -0.6
SR2 Dc2 Du2 > -0.7 or Dc2 > -0.4

Side-band CR1 D1
Side-band CR2 Dc2

tt̄Z CR – Single bin
tt̄ CR – Single bin

Table 4.20: Overview of the variables used in the combined fit for the signal and control regions.

Concerning the background treatment in the fit, the tt̄Z and tWZ backgrounds are merged in one

template as well as tt̄ andWt . The dilepton samples other than tt̄ andWt (Z+jets, tt̄Z (2`), VV (2`))

are also merged as well as templates for rare processes (tt̄t , tt̄tt̄ , VVV , VH , tt̄WW ). Two templates

are included in the fit for diboson process that correspond to the heavy and light components (VV + HF

and VV + LF). Separate templates are used for the remaining background sources. The signal strength is

considered as a freely floating parameter, applied without any prior in the fit, along with the normalisation

factors of the tt̄ andWt backgrounds. The normalisation of tt̄ +Wt background is free-floating in the

fit means that an unconstrained NP is associated to the corresponding template, namely µtt̄+Wt . For

all other background processes, the normalisation is controlled through specific nuisance parameters
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that reflect the theoretical knowledge of the respective cross-sections or the uncertainty on the estimate

methods, as discussed in Section 4.7.

4.8.3 Fit to data

4.8.3.1 Likelihood fit using Asimov data

The study of the expected behaviour of the fit is performed through simultaneous likelihood fits under the

background-only (with µ = �) and signal-plus-background hypothesis using an artificial dataset known

as Asimov dataset in the signal regions. The Asimov dataset is defined as the one where the pseudo-

data is equal (within data statisitical uncertainties) to the expectation value, i.e to the sum of background

predictions [179]. While this pseudo-data is used in the signal regions, all the defined background control

regions are considered in the fits using the real data. The approach implemented in the presented analysis

was the following:

• First, a background-only fit with real data in the control regions is performed;

• From the results of the background-only fit, a realistic Asimov dataset is build taking into account

the predictions of the normalisation factors studied. A signal-plus-background fit is executed then,

using real data in the control regions and the realistic Asimov data set in the signal regions.

4.8.3.2 Signal-plus-background fit for tZu coupling in the signal and control regions with

realistic Asimov data from the control regions

The list of the systematic shapes that are dropped from the fit for each sample and for each region due

to the pruning is shown in Figure 4.28. Several fits with different pruning thresholds were compared and

summarised in Appendix B. This study concluded that the pruning levels used in this analysis do not affect

the expected limits on the signal processes. The pull distributions of the all nuisance parameters considered

in this analysis can be seen in Figure 4.29. The normalisation factor for tt̄ +Wt background processes is

found to be �.�� ± �.��. The fit constrains the free-floating background normalisation factor being those
processes overestimated in the pre-fit predictions. In the pre-fit plots, the normalisation factors are set to 1,

which corresponds to considering the prediction from the tt̄ andWt background processes. Figures 4.33

and 4.34 show comparisons of the observed data and the prediction for the discriminant variable used for

each control region before and after applying the corrections from the fit (pre-fit and post-fit). The fit corrects

the normalisation mismodeling of the tt̄ andWt backgrounds in these regions. Similarly, Figure 4.32

show comparisons for the observed data to the prediction of the GBDT score in the two signal regions. The

shape of the GBDT is modeled within the assigned uncertainties and the fit mainly corrects for the MC

overestimated normalisation in these regions. Some fluctuations due to low statistics in some of the bins of

these distributions show a �� deviations of data from the MC predictions. As expected, the uncertainty is
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reduced due to the constraints on the nuisance parameters and the overall agreement between data and

prediction is also improved. Additionally, a clear trend of a shape mismodeling or normalisation offset is

not observed in the post-fit distributions. Pre-fit and post-fit event yields in the signal and control regions are

presented in Tables 4.21 and 4.22, respectively. In all analysis regions, the data agrees with the corrected

prediction within the total uncertainty. The nuisance parameters are included in the maximum likelihood

fit as uncorrelated parameters. However, the fit creates correlations between complementary nuisance

parameters. Figure 4.30 shows the linear correlation coefficients of a selection of the most important

systematic uncertainties (being some of them reported in the ranking plot in Figure 4.31) obtained by

the full fit to data. The normalisation of the background processes represent the systematics with higher

correlation to the signal strength with 19% for tZq normalisation and 9.1% for tt̄Z normalisation. Such

correlations are predicted since those processes have a significant contribution for both signal regions

along with diboson production. Therefore, some strong correlations between diboson related nuisance

parameters are also present, as expected. The ranking of the nuisance parameters is shown in Figure 4.31.

Similarly to the correlation matrix, the systematics highly ranked are the ones related to the normalisation of

tZq and tt̄Z production processes. As expected, the behaviour of the fit with the realistic Asimov dataset is

almost identical to the results of the background-only fit in the control regions. One thing that can be noticed

is that the tZq background normalisation is slightly constrained. The most pulled nuisance parameters

(e.g.VV +HF and the other fake normalisations) are not among the highest ranked (Figure 4.31). In order

to validate the fit procedure on the background predictions, the fitted nuisance parameters are propagated

to the validation regions. Pre-fit and post-fit distributions of the GBDT discriminant in the validation regions

are shown in Figure 4.35. Event yields pre-fit and post-fit in the validation regions are shown in Table 4.23.

For both validation regions, an increase on theVV +HF contribution can be seen in the post-fit background

and an agreement between data and prediction within one sigma is observed for the majority of the bins.
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Figure 4.28: Pruning of the nuisance parameters for the signal-plus-background tZu fit in the signal and
control regions with realistic Asimov data from the control regions.
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Figure 4.29: Pulls and constraints of the instrumental (left) and the theoretical and modeling (right) nuisance
parameters for the signal-plus-background tZu fit in the signal and control regions with realistic Asimov
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Figure 4.30: Correlation matrix of the nuisance parameters for the signal-plus-background tZu fit in the
signal and control regions with realistic Asimov data from the control regions.

Figure 4.31: Ranking of the nuisance parameters for the signal-plus-background tZu fit in the signal and
control regions with realistic Asimov data from the control regions.
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Figure 4.32: Pre-fit (left) and post-fit (right) BDTG output distributions in the signal regions for the signal-
plus-background tZu fit in the signal and control regions with realistic Asimov data from the control regions.
The uncertainty band includes both statistical and systematic uncertainties.
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Figure 4.33: Pre-fit (left) and post-fit (right) BDTG output distributions in the side-band control regions for
the signal-plus-background tZu fit in the signal and control regions with realistic Asimov data from the
control regions. The uncertainty band includes both statistical and systematic uncertainties.
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Figure 4.34: Pre-fit (left) and post-fit (right) event yield distributions in the tt̄ and tt̄Z control regions for
the signal-plus-background tZu fit in the signal and control regions with realistic Asimov data from the
control regions. The uncertainty band includes both statistical and systematic uncertainties.
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Figure 4.35: Pre-fit (left) and post-fit (right) BDTG output distributions in the validation regions for the
signal-plus-background tZu fit in the signal and control regions with realistic Asimov data from the control
regions. The uncertainty band includes both statistical and systematic uncertainties.
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Pre-fit VR1 VR2

tt̄Z +tWZ 70 ±10 2.2 ±0.6
tt̄W 2.3 ±1.2 0.48 ±0.26
tt̄H 3.0 ±0.5 0.101 ±0.032
VV + LF 10 ±5 9.8 ±3.4
VV + HF 56 ±28 36 ±14
tZq 6.5 ±1.6 13.5 ±2.7
tt̄ +Wt 5.4 ±2.6 4.5 ±1.7
Other fakes 0.0 ±0.6 1.4 ±1.9
Other 0.8 ±0.4 0.5 ±0.7
FCNC (u)tZ 1.14 ±0.23 0.91 ±0.16
FCNC tt̄ (uZ) 1.91 ±0.34 0.69 ±0.12

Total background 154 ±31 69 ±15

Data 151 80

Data / Bkg. 0.98 ±0.22 1.16 ±0.29

S /
p
B 0.020 0.023

Post-fit VR1 VR2

tt̄Z +tWZ 70 ±7 2.3 ±0.5
tt̄W 2.4 ±1.2 0.48 ±0.25
tt̄H 3.0 ±0.5 0.105 ±0.030
VV + LF 10 ±5 9.9 ±3.1
VV + HF 69 ±16 44 ±7
tZq 6.5 ±1.5 13.5 ±2.4
tt̄ +Wt 4.8 ±2.2 3.9 ±1.4
Other fakes 0.1 ±0.6 1.7 ±1.7
Other 0.8 ±0.4 0.5 ±0.6
FCNC (u)tZ 0.00 ±0.15 0.00 ±0.12
FCNC tt̄ (uZ) 0.00 ±0.24 0.00 ±0.09

Total background 167 ±14 77 ±7

Data 151 80

Data / Bkg. 0.90 ±0.08 1.04 ±0.10

S /
p
B 0.000 0.000

Table 4.23: Pre-fit (left) and post-fit (right) event yields in the signal-plus-background tZu fit in the validation
regions with realistic Asimov data from the control regions. The error includes both statistical and systematic
uncertainties.

4.8.3.3 Signal-plus-background fit for tZc coupling in the signal and control regions with

realistic Asimov data from the control regions

The result of the pruning applied on the fit for each sample and for each region is shown in Figure 4.36.

The fitted nuisance parameters for the signal-plus-background hypothesis are represented in Figure 4.37.

The normalisation factor for tt̄ +Wt background processes is found to be �.�� ± �.��, being similar to
the correspondent value obtained for the tZu fit. The corresponding correlation matrix of the nuisance

parameters can be found in Figure 4.38. The nuisance parameters with highest correlation to the sinal

strength are the following: VV + HF generator (3 jets) with 18.9%, tZq normalisation with 17.1% and

tt̄Z normalisation with 11.3%. The ranking of the ten most important nuisance parameters is shown in

Figure 4.39, being mainly composed by the normalisation of the main backgrounds. Pre-fit and post-fit

distributions of the fitted distributions in the signal and control regions are shown in Figures 4.40 and 4.41

and section 4.8.3.3. The corresponding pre-fit and post-fit event yields in the signal and control regions are

shown in Tables 4.24 and 4.25. Similarly to the tZu fit, the fitted nuisance parameters were propagated to

the validation regions. Pre-fit and post-fit event yields in the validation regions are shown in Table 4.26. The

pre-fit and post-fit distributions of the GBDT discriminant in the validation regions are shown in Figure 4.42.

A better agreement between data and prediction can be seen in the post-fit distributions with most of

the bins within one sigma uncertainties, while having some bins with a worst agreement due to the low

statistics.
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Figure 4.36: Pruning of the nuisance parameters for the signal-plus-background tZc fit in the signal and
control regions with realistic Asimov data from the control regions.
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Figure 4.37: Pulls and constraints of the instrumental (left) and the theoretical and modeling (right) nuisance
parameters for the signal-plus-background tZc fit in the signal and control regions with realistic Asimov
data from the control regions (in red). Results for the background-only tZc fit in the control regions with
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Figure 4.38: Correlation matrix of the nuisance parameters for the signal-plus-background tZc fit in the
signal and control regions with realistic Asimov data from the control regions.

Figure 4.39: Ranking of the nuisance parameters for the signal-plus-background tZc fit in the signal and
control regions with realistic Asimov data from the control regions.
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Figure 4.40: Pre-fit (left) and post-fit (right) BDTG output distributions in the signal region for the signal-plus-
background tZc fit in the signal and control regions with realistic Asimov data from the control regions.
The uncertainty band includes both statistical and systematic uncertainties.
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Figure 4.41: Pre-fit (left) and post-fit (right) BDTG output distributions in the side-band control regions for
the signal-plus-background tZc fit in the signal and control regions with realistic Asimov data from the
control regions. The uncertainty band includes both statistical and systematic uncertainties.
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-

and post-fit event yield distributions in the tt̄ and tt̄Z control regions for the S+B tZc fit in the SRs+CRs
with realistic Asimov data.Pre-fit (left) and post-fit (right) event yield distributions in the tt̄ and tt̄Z control
regions for the signal-plus-background tZc fit in the signal and control regions with realistic Asimov data
from the control regions. The uncertainty band includes both statistical and systematic uncertainties.

115



CHAPTER 4. SEARCH FOR FLAVOUR CHANGING NEUTRAL CURRENTS IN THE TOP QUARK SECTOR

1− 0.95− 0.9− 0.85− 0.8− 0.75− 0.7− 0.65− 0.6−

1D

0.5
0.75

1
1.25

 

D
at

a 
/ B

kg
.

prob = 0.622χ/ndf = 2.6 / 4  2χ   
0

20

40

60

80

100

Ev
en

ts
 / 

0.
1

-1 = 13 TeV, 139 fbs
 fittZcS+B 

VR1
Pre-Fit

Data
Signal
Z+tWZtt

HtW+ttt
VV+LF
VV+HF
tZq
+Wttt

Other fakes
Other
Total Bkg.
Bkg. uncertainty

151
3.3

70.2
5.4

10.1
55.6
6.5
5.4
0.0
0.8

154.0
 

1− 0.95− 0.9− 0.85− 0.8− 0.75− 0.7− 0.65− 0.6−

1D

0.5
0.75

1
1.25

 

D
at

a 
/ B

kg
.

prob = 0.592χ/ndf = 2.8 / 4  2χ   
0

20

40

60

80

100

Ev
en

ts
 / 

0.
1

-1 = 13 TeV, 139 fbs
 fittZcS+B 

VR1
Post-Fit

Data
Signal
Z+tWZtt

HtW+ttt
VV+LF
VV+HF
tZq
+Wttt

Other fakes
Other
Total Bkg.
Bkg. uncertainty

151
-0.3
70.3
5.5

10.4
67.3

6.1
4.6
0.0
0.8

165.0
 

1− 0.9− 0.8− 0.7− 0.6− 0.5− 0.4−
c
2D

0.5
0.75

1
1.25

 

D
at

a 
/ B

kg
.

prob = 0.152χ/ndf = 6.7 / 4  2χ   
0

10

20

30

40

50

60

Ev
en

ts
 / 

0.
1

-1 = 13 TeV, 139 fbs
 fittZcS+B 

VR2
Pre-Fit

Data
Signal
Z+tWZtt

HtW+ttt
VV+LF
VV+HF
tZq
+Wttt

Other fakes
Other
Total Bkg.
Bkg. uncertainty

80
1.6
2.2
0.6
9.8

36.3
13.5
4.5
1.4
0.5

68.8
 

1− 0.9− 0.8− 0.7− 0.6− 0.5− 0.4−
c
2D

0.5
0.75

1
1.25

 

D
at

a 
/ B

kg
.

prob = 0.162χ/ndf = 6.6 / 4  2χ   
0

10

20

30

40

50

60

Ev
en

ts
 / 

0.
1

-1 = 13 TeV, 139 fbs
 fittZcS+B 

VR2
Post-Fit

Data
Signal
Z+tWZtt

HtW+ttt
VV+LF
VV+HF
tZq
+Wttt

Other fakes
Other
Total Bkg.
Bkg. uncertainty

80
-0.2
2.4
0.6
9.7

41.0
12.7
3.8
1.5
0.6

72.3
 

Figure 4.42: Pre-fit (left) and post-fit (right) BDTG output distributions in the validation regions for the
signal-plus-background tZc fit in the signal and control regions with realistic Asimov data from the control
regions. The uncertainty band includes both statistical and systematic uncertainties.
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Pre-fit VR1 VR2

tt̄Z +tWZ 70 ±10 2.2 ±0.6
tt̄W 2.3 ±1.2 0.48 ±0.26
tt̄H 3.0 ±0.5 0.101 ±0.032
VV + LF 10 ±5 9.8 ±3.4
VV + HF 56 ±28 36 ±14
tZq 6.5 ±1.6 13.5 ±2.7
tt̄ +Wt 5.4 ±2.6 4.5 ±1.9
Other fakes 0.0 ±0.6 1.4 ±1.9
Other 0.8 ±0.4 0.5 ±0.7
FCNC (c)tZ 0.30 ±0.07 0.34 ±0.04
FCNC tt̄ (cZ) 3.0 ±0.6 1.23 ±0.34

Total background 154 ±31 69 ±15

Data 151 80

Data / Bkg. 0.98 ±0.22 1.16 ±0.29

S /
p
B 0.021 0.023

Post-fit VR1 VR2

tt̄Z +tWZ 71 ±7 2.3 ±0.6
tt̄W 2.4 ±1.2 0.49 ±0.25
tt̄H 3.0 ±0.5 0.106 ±0.031
VV + LF 10 ±5 9.8 ±3.1
VV + HF 71 ±16 44 ±7
tZq 6.5 ±1.5 13.5 ±2.3
tt̄ +Wt 4.8 ±2.2 3.8 ±1.4
Other fakes 0.1 ±0.6 1.8 ±1.7
Other 0.7 ±0.4 0.5 ±0.6
FCNC (c)tZ -0.00 ±0.06 -0.00 ±0.07
FCNC tt̄ (cZ) -0.0 ±0.6 -0.01 ±0.26

Total background 169 ±15 76 ±7

Data 151 80

Data / Bkg. 0.89 ±0.08 1.05 ±0.09

S /
p
B -0.000 -0.000

Table 4.26: Pre-fit (left) and post-fit (right) event yields in the signal-plus-background tZc fit in the validation
regions with realistic Asimov data from the control regions. The error includes both statistical and systematic
uncertainties.

4.8.3.4 Likelihood fit with real data

After detailed studies, the fit was performed with the full measured data and the obtained results for

tZu and tZc anomalous couplings are described in the following sections. Since the real data is used

for all regions, the validation regions merged with the signal regions resulting in the full signal regions as

described in Table 4.4, i.e. without cutting on the multivariate discriminants.

4.8.3.5 Signal-plus-background fit for tZu coupling in the signal and control regions with

real data

The profile likelihood fit for the tZu anomalous coupling has been performed in the background control and

signal regions with real data under the signal-plus-background hypothesis. The fitted nuisance parameters

are represented in Figure 4.43. The fitted values are within their prior uncertainties, which is an indication

that the data is well modeled with the MC within the uncertainties. The normalisation factor for tt̄ +Wt

background processes is found to be �.�� ± �.�� in agreement with the correspondent value obtained

for the blinded tZu fit. The corresponding correlation matrix for the fitted nuisance parameters under the

signal-plus-background hypothesis can be found in Figure 4.44. Similarly to the blinded fit, the uncertainties

with highest correlation with the signal strength are the tZq andVV +HF normalisations as expected due to

its contribution to the background prediction in the signal regions. Figures 4.45 to 4.47 show the pre-fit and

post-fit plots under the signal-plus-background hypothesis for the signal and background control regions.

Pre-fit and post-fit event yields in the signal and control regions are presented in Table 4.27 and Table 4.28,

respectively. Good agreement between data and background expectations is observed in both signal and

control regions within one sigma uncertainties and no evidence for the t ! uZ processes is found.
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Figure 4.43: Pulls and constraints of the instrumental (left) and the theoretical and modeling (right) nuisance
parameters for the signal-plus-background tZu fit in the signal and control regions with real data.
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Figure 4.44: Correlation matrix of the nuisance parameters for the signal-plus-background tZu fit in the
signal and control regions with real data.
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Figure 4.45: Pre-fit (left) and post-fit (right) BDTG output distributions in the signal regions for the signal-
plus-background tZu fit in the signal and control regions with real data. The uncertainty band includes
both statistical and systematic uncertainties.
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Figure 4.46: Pre-fit (left) and post-fit (right) BDTG output distributions in the side-band control regions for
the signal-plus-background tZu fit in the signal and control regions with real data. The uncertainty band
includes both statistical and systematic uncertainties.
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Figure 4.47: Pre-fit (left) and post-fit (right) event yield distributions in the tt̄ and tt̄Z control regions for
the signal-plus-background tZu fit in the signal and control regions with real data. The uncertainty band
includes both statistical and systematic uncertainties.
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Pre-fit VR1 VR2

tt̄Z +tWZ 70 ±10 2.2 ±0.6
tt̄W 2.3 ±1.2 0.48 ±0.26
tt̄H 3.0 ±0.5 0.101 ±0.032
VV + LF 10 ±5 9.8 ±3.4
VV + HF 56 ±28 36 ±14
tZq 6.5 ±1.6 13.5 ±2.7
tt̄ +Wt 5.4 ±2.6 4.5 ±1.7
Other fakes 0.0 ±0.6 1.4 ±1.9
Other 0.8 ±0.4 0.5 ±0.7
FCNC (u)tZ 1.14 ±0.23 0.91 ±0.16
FCNC tt̄ (uZ) 1.91 ±0.34 0.69 ±0.12

Total background 154 ±31 69 ±15

Data 151 80

Data / Bkg. 0.98 ±0.22 1.16 ±0.29

S /
p
B 0.020 0.023

Post-fit VR1 VR2

tt̄Z +tWZ 70 ±7 2.4 ±0.6
tt̄W 2.3 ±1.2 0.48 ±0.25
tt̄H 3.0 ±0.5 0.108 ±0.033
VV + LF 10 ±5 9.7 ±3.0
VV + HF 60 ±14 47 ±8
tZq 6.6 ±1.5 14.7 ±2.6
tt̄ +Wt 4.8 ±2.1 3.8 ±1.4
Other fakes 0.03 ±0.24 0.8 ±1.1
Other 0.8 ±0.4 0.5 ±0.6
FCNC (u)tZ 0.08 ±0.16 0.07 ±0.14
FCNC tt̄ (uZ) 0.14 ±0.27 0.05 ±0.10

Total background 158 ±13 79 ±7

Data 151 80

Data / Bkg. 0.96 ±0.08 1.01 ±0.09

S /
p
B 0.001 0.002

Table 4.29: Pre-fit (left) and post-fit (right) event yields in the signal-plus-background tZu fit in the validation
regions with realistic Asimov from the control regions. The error includes both statistical and systematic
uncertainties.

4.8.3.6 Signal-plus-background fit for tZc coupling in the signal and control regions with

real data

Similarly to the tZu search, the combined fit for the tZc anomalous coupling was performed with real

data in both signal and control regions. The pulls and constraints of the instrumental, theoretical and

modeling nuisance parameters are represented in Figure 4.49. No significant pulls and constraints are

observed, which is in agreement with the results from the several studies performed on the fit without

real data in the signal regions. Similar to the results from the blinded tZc fit, the normalisation factor for

tt̄ +Wt background processes is found to be �.�� ± �.��. The correlation matrix of the fitted nuisance
parameters can be found in Figure 4.50, being the tZq and VV +HF normalisations the systematics with

highest correlation with the signal strength. Figures 4.51 to 4.53 show the pre-fit and post-fit distributions

of the discriminant variables of the signal and background control regions. The corresponding event yields

can be found in Table 4.30 and Table 4.31, respectively. The distributions for the signal and control regions

present a reasonable agreement between data and background predictions. On the specific case of the

signal regions, there are some bins with significant uncertainty due to the low statistics. However, both

signal and background prediction for those bins are also negligible. Finally, no evidence for the t ! cZ

processes is found.
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Figure 4.48: Pre-fit (left) and post-fit (right) BDTG output distributions in VR1 and VR2 for the signal-plus-
background tZu fit in the signal and control regions with realistic Asimov from the control regions. The
uncertainty band includes both statistical and systematic uncertainties.
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Figure 4.49: Pulls and constraints of the instrumental (left) and the theoretical and modeling (right) nuisance
parameters for the signal-plus-background tZc fit in the signal and control regions with real data.
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Figure 4.50: Correlation matrix of the nuisance parameters for the signal-plus-background tZc fit in the
signal and control regions with real data.
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Figure 4.51: Pre-fit (left) and post-fit (right) BDTG output distributions in the signal regions for the signal-
plus-background tZc fit in the signal and control regions with real data. The uncertainty band includes
both statistical and systematic uncertainties.
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Figure 4.52: Pre-fit (left) and post-fit (right) BDTG output distributions in the side-band control regions for
the signal-plus-background tZc fit in the signal and control regions with real data. The uncertainty band
includes both statistical and systematic uncertainties.
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Figure 4.53: Pre-fit (left) and post-fit (right) event yield distributions in the tt̄ and tt̄Z control regions for
the signal-plus-background tZc fit in the signal and control regions with real data. The uncertainty band
includes both statistical and systematic uncertainties.
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Pre-fit VR1 VR2

tt̄Z +tWZ 70 ±10 2.2 ±0.6
tt̄W 2.3 ±1.2 0.48 ±0.26
tt̄H 3.0 ±0.5 0.101 ±0.032
VV + LF 10 ±5 9.8 ±3.4
VV + HF 56 ±28 36 ±14
tZq 6.5 ±1.6 13.5 ±2.7
tt̄ +Wt 5.4 ±2.6 4.5 ±1.9
Other fakes 0.0 ±0.6 1.4 ±1.9
Other 0.8 ±0.4 0.5 ±0.7
FCNC (c)tZ 0.30 ±0.07 0.34 ±0.04
FCNC tt̄ (cZ) 3.0 ±0.6 1.23 ±0.34

Total background 154 ±31 69 ±15

Data 151 80

Data / Bkg. 0.98 ±0.22 1.16 ±0.29

S /
p
B 0.021 0.023

Post-fit VR1 VR2

tt̄Z +tWZ 70 ±7 2.4 ±0.6
tt̄W 2.3 ±1.2 0.49 ±0.25
tt̄H 2.9 ±0.5 0.101 ±0.030
VV + LF 10 ±4 9.3 ±2.9
VV + HF 58 ±14 44 ±7
tZq 6.5 ±1.5 15.4 ±2.7
tt̄ +Wt 4.6 ±2.1 3.8 ±1.5
Other fakes 0.01 ±0.07 1.1 ±1.3
Other 0.7 ±0.4 0.4 ±0.5
FCNC (c)tZ 0.03 ±0.06 0.04 ±0.08
FCNC tt̄ (cZ) 0.3 ±0.6 0.12 ±0.28

Total background 155 ±13 78 ±7

Data 151 80

Data / Bkg. 0.97 ±0.08 1.03 ±0.09

S /
p
B 0.002 0.002

Table 4.32: Pre-fit (left) and post-fit (right) event yields in the signal-plus-background tZc fit in the validation
regions with realistic Asimov from the control regions. The error includes both statistical and systematic
uncertainties.
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Figure 4.54: Pre-fit (left) and post-fit (right) BDTG output distributions in VR1 and VR2 for the signal-plus-
background tZc fit in the signal and control regions with realistic Asimov from the control regions. The
uncertainty band includes both statistical and systematic uncertainties.
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4.8.4 Limits

In the scenario where the signal strength shows no significant excess with respect to the background-only

hypothesis, an upper limit can be set on the branching ratio of the FCNC t ! qZ (q = u, c) processes
by performing hypothesis tests based on a frequentist approach. The test statistic qµ for a hypothesis test

is defined as the profile likelihood ratio,

qµ (x) = �� ln
 
L(x |µ, �̂µ )
L(x |µ̂, �̂ )

!
(4.6)

whereL is the likelihood function of the profile likelihood and x corresponds to the data or pseudo-data.

The µ̂ and �̂ are the parameters that maximise the likelihood (with the constraint �  µ̂  µ), and �̂µ are

the values of the nuisance parameters that maximise the likelihood function for a given value of µ. The

test statistic defined in Equation (4.6) is used to evaluate the validity of the background-only hypothesis

with µ = � and to make statistical inferences about µ, such as upper limits using the CLs method [180,

181] as implemented in the RooFit package [177, 178].

The compatibility among the observed data (qobs ) and a given hypothesis is measured by a p-value:

ps+b = P(q  qobs |s + b) =
π 1

qobs
f (qµ |s+b)dqµ (4.7)

� � pb = P(q  qobs |b) =
π 1

qobs
f (qµ |b)dqµ (4.8)

The CLs variable is obtained by the ratio of those p-values as:

CLs (µ) =
ps+b
� � pb

. (4.9)

The 95% Confidence Level (CL) upper limit on µ, referred to as µ��%CL, is the value of µ for which

CLs = �.��. Consequently, a value of µ above µ��%CL is excluded at 95% confidence level.

The 95% confidence level expected upper limits on the branching ratios of t ! Zu and t ! Zc

are computed with the CLs method using the asymptotic properties of the profile likelihood ratio test

statistic [177–179] and assuming that only one FCNC anomalous coupling contributes. The likelihood

function includes both the signal and control regions with the setup described in Section 4.8.1. The real

data are used in all the analysis regions. The expected and observed limits for the branching ratios of

t ! Zu and t ! Zc are reported in Table 4.33. Limits are obtained separately for the signal with

left-handed and right-handed couplings. Corresponding EFT operators are C(i�)uB ,C
(i�)
uW and C(�i)uB ,C

(�i)
uW

for the left-handed and right-handed couplings, respectively [59]. The difference between the limits on the

branching ratios using left- and right-handed couplings amounts to at most ⇠ �%, which is very small

compared to the ±� standard deviations. Current expected limits are better by a factor of 4.8 and 2.9
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than the expected limits from the previous analysis for the tZu and tZc couplings [47], respectively.

The expected limits considering statistics only were also obtained. Since the inclusion of the systematics

contributes with only ��% to the final result, it can be concluded that this analysis is statistical limited. The

limits on the EFT Wilson coefficients can also be obtained as represented in Table 4.34. For the specific

case of the production, limits on the cross-section can also be derived as shown in Table 4.35. The current

expected (observed) limits constitute the most stringent limits on the FCNC tZq couplings to date.

Signal coupling tZu, left-handed tZu, right-handed tZc, left-handed tZc, right-handed

BR(t ! qZ )[����] �.�� (�.��+�.���.�) �.�� (�.��+�.���.�) ��.�� (��.��+�.���.�) ��.�� (��.��+�.���.�)

Table 4.33: Observed (expected) upper limits on the branching ratios for the FCNC tZu and tZc vertices.

Signal coupling Wilson coefficients 95 % CL upper limit

tZu, left-handed |C(��)⇤uW |, |C(��)⇤uB | 0.151 (0.134+�.�����.��� )

tZu, right-handed |C(��)uW |, |C(��)uB | 0.156 (0.136+�.�����.��� )

tZc, left-handed |C(��)⇤uW |, |C(��)⇤uB | 0.22 (0.20+�.����.��)

tZc, right-handed |C(��)uW |, |C(��)uB | 0.208 (0.194+�.�����.���)

Table 4.34: Observed (expected) upper limits on the Wilson coefficients forthe FCNC tZu and tZc vertices,
assuming a scale of new physics of � = �TeV.

Signal coupling tZu, left-handed tZu, right-handed tZc, left-handed tZc, right-handed

� (pp ! tZ )[fb] 37 (29+�����) 33 (27+����� ) 118 (96+���� ) 119 (99+���� )

Table 4.35: Observed (expected) upper limits on the tZ production cross-section for the FCNC tZu and
tZc vertices.
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5
Top quark phenomenology as a probe of new

interactions with a pseudo-scalar particle

The search for new interactions of the top quark with a Z boson and a light quark was presented in

Chapter 4. However, there is also the possibility of searching for top quark decays via neutral currents with

new particles instead of the neutral SM bosons. Using an effective field theory approach, the scenario

where the production of a new neutral pseudo-scalar particle is produced with a top quark and a light

quark was examined through a meticulous study on the sensivity for such searches at the LHC and future

experiments. Arising from New Physics models as the ones introducing composite Higgs bosons, this new

particle is assumed to decay to leptons, more specifically to muons or taus. Besides production and decay

mechanisms being considered as signal, both the production of one pseudo-scalar and two pseudo-scalars

along with the top quark and a light quark were studied. After discussing the details of the model used

for this study, the signal and background simulation samples were produced and dedicated analyses for

three distinct channels were optimised, taking into account hadronisation and detector simulation. Finally,

the obtained upper limits on the cross-section and branching ratios for the respective processes allowed a

prediction on how sensitive the experiments at LHC are to these interactions.

5.1 Sensivity on the search for a new scalar S

New pseudo-scalars S with massmS close to the electroweak scale, singlets of the SM gauge group, are

predicted in very different and well motivated scenarios of new physics. These include, among others, the

Next-to-Minimal Supersymmetric Standard Model model [182] as well as a big part of Composite Higgs

Models (CHM) developed to the date [183–196]. Moreover, such particles have been showed to be excellent
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candidates to accomodate electroweak baryogenesis in which CP is spontaneously broken [191, 196–202]

and even to explain the � � � anomaly of the muon [203]. However, such particles are very difficult to

detect since, at the renormalisable level, they only interact with the Higgs boson and the strong constraints

on dipole moments [204, 205] also forbids any sizable mixing with the Higgs boson, while other production

mechanisms are mediated by higher-dimensional operators and therefore suppressed by the cut-off scale

[206, 207]. In ligh of these results, there has been research exploring production mechanisms for new

pseudo-scalar singlets. One of the most exciting possibilities is producing such particles in the decay of top

quarks via effective interactions. The significant top quark production rate at the LHC can also be exploited

by searching for these pseudo-scalars decays. The phenomenological study described here extend previous

works in this topic in three ways: considers the rare top decay t ! Sq, S ! l+l�, includes the production
of top quarks in addition to the decay mode and predicts the LHC reach to the t ! SSq, S ! l+l�

process [67].

5.1.1 Interactions and constraints

The theoretical formulation for this new particle can be obtained through an EFT approach (as discussed

in Chapter 2). The most generic Lagrangian describing the interactions between a scalar singlet S with

massmS and the SM fields is defined by the following expression:

�L = � �
�
�HSS

�
 
|H |� � ��

�

!
+ cHS

(@S)�

��
|H |�

+
S

�
fLYfH fR +

S�

��


c0HS |DH |� + c̃HS

 
|H |� � ��

�

!
+ fLỸfH fR

�
, (5.1)

where H represents the Higgs doublet, �� the second Pauli matrix and f runs over quarks and leptons

(f = q, l ). The different Wilson coefficients in the expression above are subject to a number of constraints.

In particular, the coefficients �HS , cHS and c̃HS enter the Higgs width as:

�(h ! SS) = �
���mh

vuut
� �

�m�
S

m�
h

2666664
�HS + cHS

⇣
m�
h
� �m�

S

⌘
��

� �c̃HS
��

��

3777775

�

. (5.2)

Therefore, values of mS < mh/� are a priori constrained by LHC measurements on the Higgs width,

�H . 10 MeV [208]. Assuming one operator at a time, the bounds on �HS . �.��; cHS/�� . �(�)
TeV�� formS = ��(��) GeV; and �c̃HS/�� . �.� TeV�� can also be obtained. Additionally, entries

in Y f and Ỹ f are constrained by direct searches for resonances [209, 210]. One important exception is

entries i�, �i of Yq since there are no direct limits on these. Moreover, indirect constraints from flavour

experiments, as for the D� � D
�
oscillations [57, 211, 212], involve always products of two different

Yukawas. Therefore, these Yukawa couplings are negligible in the case where the entry �� or �� of Yq
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vanishes [213], being the same for Ỹq . After the electroweak symmetry breaking and formt > mS (�mS ),
the theoretical framework for this new pseudo-scalar particle leads to signatures such as t ! qS(S) arising
from:

�L � �S
p
��


Yq

i�uiLtR +Y
q
�itLu

i
R +

S

�

⇣
Ỹq
i�u

i
LtR + Ỹ

q
�itLu

i
R

⌘
+ h.c.

�
, (5.3)

with i = �, �. The expressions for each decay width can be also obtained:

�(t ! qiS) = ��

�����
h
(Yq

i�)� + (Yq
�i )�

i
mt

⇣
� � x�

⌘ �
, (5.4)

�(t ! qiSS) = ��

�������
h
(Ỹq

i�)
� + (Ỹq

�i )
�
i
m�
t


�
�

p
� � �x�

⇣
� + �x� � �x�

⌘

+ �
⇣
x� � �x� + �x�

⌘
log �x�

� � �x� +
p
� � �x�

�
, (5.5)

where x corresponds to mS/mt . Taking the top quark width of �t ⇠ �.� GeV as reference value, the

branching ratio of the top quark into Sq and SSq can be obtained considering eYqi� = eYq�i = Yqi� = Yq�i = �
and � = � TeV for different values ofmS , as represented in the left panel of Figure 5.1. The theoretical

formulation above allows the scalar S to decay into fermions, being the study described here focused on

the channel S ! `+`�. Assuming that this decay mode dominates the S width while t ! qiS requires

that only Y
q
i� (and/or Y

q
�i ) and Y

l
jj , j = �, �, �, are non vanishing. This scenario does not easily arise in UV

models, where diagonal couplings of S to quarks are generally also present, proportional to masses, and bb

dominates the S width. Even so, the branching ratio to taus is only an order of magnitude smaller. Taking

these predictions into account, the unexplored S decay to taus in the context of top FCNCs is pursued

being complemented with the dimuon channel due to its clean final state. Prospects are very different in

the case of the process t ! qiSS instead. From the theory point of view, the t ! qiSS case can well be

explained by aZ� symmetry S ! �S that is only (or mostly) broken in the lepton sector. Or even just in the
muon and electron side; in which case the dilepton decay of S is dominant. For this specific scenario, the

parameterY
f
jj can be defined as � fj� fj , where� fj is the fermion Yukawa and � < � fj < � parameterises

the degree of breaking of the Z�. The branching ratios of S into taus and muons for different assumptions

on this parameter are shown in the right panel of Figure 5.1. The interactions above arise very naturally

within CHMs [214, 215], where both the Higgs and S are pseudo-Goldstone bosons associated with the

spontaneous global symmetry breaking G/H driven in a new strong sector at the confinement scale � ⇠
�TeV. In these models, the global symmetry is only approximate; being explicitly broken by the linear

mixing between the elementary SM fermions and composite operators. Considering the next-to-minimal

CHM based on the coset SO(�)/SO(�) [184], the pseudo Nambu Goldstone Boson matrix can be obtained
and, after comparing the final Lagrangian with Equation (5.3), the FCNC processes are introduced for this

particular case. The assumption that leptons mix with only one representation of the composite sector
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Figure 5.1: Top branching ratios as a function of the mass of S (left). Scalar branching ratios into muons
(blue) and taus (black), as a function of the Z� breaking parameter, � , formS = 100 GeV (right). Two
distinct cases are represented: (in solid lines) �` = �� = 1 while �q = � ; and (in dashed lines) �` = 1 and
�� = �q = � .

implies that FCNCs vanish and, simultaneously, Yl is automatically diagonal in the physical basis, being

proportional to the lepton Yukawa matrix. Consequently, the S decay to taus is expected to dominate but

the decay to muons should not be neglected. Mainly due to the not dramatically small ratio between the

muon and tau masses, i.e.mµ/m� ⇠ �.��, but also because the muon channel dominates the S width

in the case of �� being small, as represented in Figure 5.1. Only a few experimental searches are slightly

sensitive to the interactions discussed above. The first one is the ATLAS search for the FCNC couplings

through the tZq vertex [216], where the event selection from one of the control regions requires exactly

three light leptons, exactly one b-tagged jet and at least two more light jets. Related to the leptons, two

of them should have the same flavour and opposite sign with an invariant mass within a ��GeV mass

window around the Z boson mass pole (⇠ ��.�GeV). Such characteristic imposes that only t ! Sq

events withmS , mZ are captured in this region. Another analysis sensitive to the proposed top quark

interactions is the ATLAS search for SUSY in multilepton final states [217]. After implementing a few cuts

from this search, the maximum number of allowed signal events is larger than 20, which arises in the

scalar S framework only if FCNC couplings are larger than 1 for � = �TeV. In conclusion, there are some
searches that can be sensitive to the interactions described above but most of them suffer from being too

broad in scope and, consequently, the background processes contribute significantly hiding the signal of

interest.

In light of the discussion above, this phenomenological study assumes that � & �TeV and all Wilson

coefficients vanish with the exception of Yl�� (or Yl��) and either Y
q
�� or Y

q
�� or Ỹ

q
�� (depending on which

process is considered). The results are quantified in terms of seven benchmark masses of the pseudo-

scalar S :mS = 20, 50, 80, 90, 100, 120 and ���GeV. Due to the reduced phase space for t ! SSq,

the benchmark masses ofmS = 30, 40, 60 and ��GeV are also included. The reach of the dedicated
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analyses discussed below will be compared to the following Benchmark Points (BP):

BP � : Yq
i� = Yq

�i = �.�� , � = � TeV =) BR(t ! Sq) ⇠ ���� � ���� ,

BP � : Yq
i� = Yq

�i = �.�� , � = � TeV =) BR(t ! Sq) ⇠ ���� � ���� ,

BP � : Yq
i� = Yq

�i = �.�� , � = � TeV =) BR(t ! Sq) ⇠ ���� � ���� ,

BP � : Ỹq
i� = Ỹq

�i = �.�� , � = � TeV =) BR(t ! SSq) ⇠ ����� � ���� ,

BP � : Ỹq
i� = Ỹq

�i = �.�� , � = � TeV =) BR(t ! SSq) ⇠ ����� � ���� ,

BP � : Ỹq
i� = Ỹq

�i = �.�� , � = � TeV =) BR(t ! SSq) ⇠ ���� � ���� , (5.6)

being i = �, � depending if the light quark corresponds to an up or charm quark, respectively. The range

in the branching ratio presented considers the wide range of values ofmS .

5.1.2 Search for t ! Sq, S ! µ+µ�

Similarly to top quark decay to a Z boson and a light quark, the singlet S can arise either in the production

or in the decay of the top quark, being some examples of the Feynman diagrams represented in Figure 5.2.

This leads to a final state with exactly one S , one top quark decaying intoWb and eventually an additional

light quark (up or charm quark). The first analysis focus on the scenario where S decays into a pair of

muons with a leptonic decay of the top quark. Consequently, it is expected to have three charged leptons,

several jets (at least one originated by a B meson) and significant missing energy at the detector level.

The MC simulation of the signal and background events at
p
s = ��TeV is produced with Mad-

Graph5_aMC@NLO [115], with the signal model being implemented in Feynrules [63]. Subsequently,

Pythia8 [64] is used for simulating the initial and final state radiation, the parton shower and the hadro-

nisation. At parton level, only leptons and photons with a transverse momentum higher than ��GeV are

gg

u/c

u/c

S

t

W

b

g

g

g

t

t

W

S

b

u/c

!/q′

ν/q

!/q′

ν/q

Figure 5.2: Representative Feynman diagrams for the production of a single top quark in association with
S via an FCNC interaction (left) and for the top-quark pair production with an FCNC top-quark decay into
the extra singlet (right). Similar diagrams but involving two rather than one S in the new physics vertex hold
for the production of a top quark in association with SS .
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considered. Concerning the jets, this cut rises to ��GeV. For the absolute pseudo-rapidity |� |, jets can
have a value of this variable lower than 5 while for leptons and photons it should be lower than 2.5. The

renormalisation and factorisation scales are set to the default dynamical value from MadGraph and the

set NNPDF23LO [134] of PDFs is used. The background processes considered in these analyses are the

following: tW , tt̄V ,VV , ZVV , tt̄ ,V + jets and tZ , withV =W ,Z . The simulation of the detector effects

is done using Delphes [66] with the default CMS detector card. In respect with the overlap removal,

an electron (muon) is considered to be isolated if the sum of the transverse momentum of all particles

above pmin
T = �.�GeV that lie within a cone of radius R = �.�, normalised to the lepton pT, is smaller

than 0.12 (0.25). Concerning the objects definition, jets are defined using the anti-kt algorithm [105]

with a radius parameter of R = �.�. All the jets are required to have pT > ��GeV and to lie within a

pseudo-rapidity range of |� | < �.�. Leptons must have pT > ��GeV and |� | < �.� (�.�) for muons
(electrons), where the leading lepton is also required to have pT > ��GeV. The effect of the previous cuts
on the transverse momentum and the pseudo-rapidity on the leptons and jets can be found in the event

yields tables labeled as ”Basic cuts”. The Delphes CMS card was also used to parameterise the pT
dependent tagging efficiencies for jets initiated by b -quarks, as well as to account for the mistag probability.

As an example, for a b-jet with a transverse momentum of ��GeV, the tagging efficiency is ��% and

the mistag rate for a c -jet with the same pT is ��%.

Due to the targeted trilepton final state of the signal, the most dominant background comes from

tZ and tt̄ production, where the top quark decays toWb and all gauge bosons are assumed to decay

into muons. The event selection requires exactly three isolated leptons and at least one jet, with one

of them being tagged as a bottom quark. The scalar resonance, S , is reconstructed from the hardest

µ+µ� pair. The longitudinal component of the missing neutrino four-momentum, p� is reconstructed by

demanding m�
W = (p` + p� )�, where p` is the four-momentum of the lepton not used for the scalar

S reconstruction and mW = ��.�GeV is the reference value for theW boson mass. In the case of

two possible solutions, the one with smaller absolute value is used. Both p` and p� are then added to

the four-momentum of the b-jet in order to reconstruct the SM top quark with the goal of obtaining its

invariant mass,mrec
t . Figure 5.3 presents the distributions of the scalar S and top quark reconstructed

masses for two signal benchmark points and for the relevant background components. Following the

reconstruction of the top quark and the scalar S , the mass of the reconstructed top quark is required to

be within a window of ��GeV from the reference mass (i.e. ���.�GeV). An additional cut of �TeV
on maximum invariant mass of the total system is applied to stay in the regime of validity of the effective

field theory. Finally, the scalar S candidate invariant mass is required to be within a mass window of

±��GeV around the probed mass ofmS . The event yields table for the signal with an up and with a

charm quark is given in Table 5.1 and Table 5.2, respectively. The scalar mass-independent yields for the

background processes are shown in Table 5.3 and the mass-dependent one is given in Table 5.4. All the

dedicated analyses described in this section considered an integrated luminosity of L = 150 fb��. Upper

141



CHAPTER 5. TOP QUARK PHENOMENOLOGY AS A PROBE OF NEW INTERACTIONS WITH A PSEUDO-SCALAR
PARTICLE

0 50 100 150 200
mrec

S [GeV]

0.0

0.1

0.2

0.3

0.4

0.5
1/

æ
dæ

/d
m

re
c

S
mS = 120 GeV

mS = 50 GeV

tt̄ EXC

tZ EXC

0 100 200 300 400 500 600 700
mrec

t [GeV]

0.0

0.1

0.2

0.3

1/
æ

dæ
/d

m
re

c
t

mS = 120 GeV

mS = 50 GeV

tt̄ EXC

tZ EXC

0 50 100 150 200
mrec

S [GeV]

0.0

0.1

0.2

0.3

0.4

0.5

1/
æ

dæ
/d

m
re

c
S

mS = 120 GeV

mS = 50 GeV

tt̄ EXC

tZ EXC

0 100 200 300 400 500 600 700
mrec

t [GeV]

0.0

0.1

0.2

0.3

1/
æ

dæ
/d

m
re

c
t

mS = 120 GeV

mS = 50 GeV

tt̄ EXC

tZ EXC

Figure 5.3: The reconstructed scalar (left) and top (right) mass in the analysis proposed for t ! Sq,
S ! µ+µ� . In the upper (bottom) panel, q = c (u). The distributions represent the two signal benchmark
points and the twomajor background components, after the cut on the particle multiplicities; the background
samples are generated exclusively, i.e. only gauge bosons decays into muons are included.
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Figure 5.4: In the upper (bottom) panels, the 95% CL limits on the branching ratio (cross-section times
branching ratio) that can be tested in the µ+µ� channel are shown, in the analysis proposed for t ! Sq,
S ! µ+µ�, with q = u (c) in the panels on the left (right). The green and yellow bands show the ±�� and
±�� uncertainty on the limits, respectively. Superimposed are the theoretical expectations in three BPs.
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Cuts/mS 20 GeV 50 GeV 80 GeV 90 GeV 100 GeV 120 GeV 150 GeV

Basic cuts ����� ± ��� ����� ± ��� ����� ± �� ����� ± �� ����� ± �� ���� ± �� ���� ± ��
n` = � ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �
nj > � ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �
nb = � ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �
nµ+µ� = � ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �
|mrec

t �mt | < �� GeV ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �
mtotal < � TeV ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �
|mrec

S �mS | < �� GeV ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �� ��� ± �

Table 5.1: Event yields after each cut for the seven benchmark signal points, in the analysis for t !
Su, S ! µ+µ�. The parameters Y�� and Y�� are fixed to 0.1 with � = � TeV and BR(S ! µ+µ�) = �.
The event yields presented assume a collected luminosity of L = 150 fb��.

Cuts/mS 20 GeV 50 GeV 80 GeV 90 GeV 100 GeV 120 GeV 150 GeV

Basic cuts ����� ± ��� ����� ± �� ����� ± �� ����� ± �� ����� ± �� ���� ± �� ���� ± �
n` = � ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �
nj > � ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �
nb = � ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �� ��� ± �
nµ+µ� = � ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �� ��� ± �
|mrec

t �mt | < �� GeV ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �� ��� ± �
mtotal < � TeV ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �� ��� ± �
|mrec

S �mS | < �� GeV ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �� ��� ± � ��� ± �

Table 5.2: Event yields after each cut for the seven benchmark signal points, in the analysis for t !
Sc, S ! µ+µ�. The parameters Y�� and Y�� are fixed to 0.1 with � = � TeV and BR(S ! µ+µ�) = �.
The event yields presented assume a collected luminosity of L = 150 fb��.

limits on the signal cross-section are obtained under the signal absence hypothesis, using the CLs method

[180]. With that goal, the distribution of the invariant mass of the reconstructed scalar S after all selection

cuts is fitted with OpTHyLic [218]. A total of 20 bins per signal point are considered and Poissonian

statistical uncertainties on each bin of the distributions are included in the fit. An expected upper limit

on the signal strength, ���%/�th(pp ! tS(q), S ! µ+µ�), at 95% CL is then obtained. The ±� and
±�� variations are also computed, taking into account the statistical uncertainty coming from finite MC

samples. The 95% CL upper limits on the top quark branching ratio (t ! Sq, S ! µ+µ�) and cross-

section � (pp ! tS(q), S ! µ+µ�) are presented in Figure 5.4. For an integrated luminosity of 150 fb��,
the upper limits on the production cross-section were obtained, where � (pp ! tS, S ! µ+µ�) > ����

pb can be tested at the 95% CL. The highest sensitivity is attained formS ⇠ 150 GeV, corresponding to a

limit on the branching ratio BR(t ! Sq) > � (��) ⇥ ���� at the 95% CL in the up (charm) channel. In

turn, for O(�) couplings in the UV, these results translate into a lower bound on the new physics scale �

of about 90 TeV, assuming that BR(S ! µ+µ�) = �.
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Cuts/Background tW tt̄W /tt̄Z ZZZ/WWZ ZZ/WZ/WW tt̄ tZ

Basic cuts ������� ± ����� ��� ± � ���� ± � �������� ± ����� ������ ± ���� ���� ± �
n` = � ��� ± ��� �.� ± �.� ��.� ± �.� ����� ± ���� ��� ± �� ��� ± �
nj > � ��� ± ��� �.� ± �.� �.� ± �.� ���� ± ���� ��� ± �� ��� ± �
nb = � ��� ± ��� �.� ± �.� �.� ± �.� < �� ��� ± �� �� ± �
nµ+µ� = � < �� �.� ± �.� �.� ± �.� — ��� ± �� �� ± �
|mrec

t �mt | < �� GeV — �.� ± �.� �.� ± �.� — ��� ± �� �� ± �
mtotal < � TeV — �.� ± �.� �.�� ± �.�� — �� ± �� ��.� ± �.�

Table 5.3: Event yields after each cut for the dominant backgrounds, in the analysis for t ! Sq, S !
µ+µ�. The Z + jets sample is reduced to negligible values after the cut on the lepton multiplicity. The
event yields presented assume a collected luminosity of L = 150 fb��.

Background/mS 20 GeV 50 GeV 80 GeV 90 GeV 100 GeV 120 GeV 150 GeV

tt̄W /tt̄Z < �.�� < �.�� �.� ± �.� �.� ± �.� �.� ± �.� �.� ± �.� < �.��
ZZZ/WWZ � ± � �.�� ± �.�� �.�� ± �.�� �.�� ± �.�� �.�� ± �.�� < �.�� < �.��
tt̄ (µ) �� ± � �� ± � �� ± � �� ± � �� ± � �� ± � � ± �
tZ �.� ± �.� �.� ± �.� ��.� ± �.� ��.� ± �.� ��.� ± �.� ��.� ± �.� �.� ± �.�

Table 5.4: Event yields for the last selection cut onmrec
S for the dominant backgrounds, in the analysis

for t ! Sq, S ! µ+µ�.

5.1.3 Search for t ! Sq, S ! �+��

The second analysis focus on the scenario where the scalar S decays to a pair of taus, concentrating

on the hadronic decays of the latter and the leptonic decay of the top quark. Thus, the event selection

requires events to contain exactly one light lepton and at least three jets, from which exactly one must be

b-tagged and exactly two must be tagged as taus decaying into hadrons. The efficiency for � -tagging is

60% while the misidentification rate is 1% without any dependency on the transverse momentum of the

jets. The dominant backgrounds for this channel are the exclusive tW and tt̄ processes, where the top

quark is assumed to decay toWb andW ! �� . The scalar S is partially reconstructed from the two

tau-jets obtaining its invariant mass. The normalised distribution of this variable, after the basic selection

cuts, in two signal benchmark points and in the main backgrounds are represented in the left panels of

Figure 5.5. Moreover, the normalised distributions of the transverse mass of the system composed by the

lepton, the b-tagged jet, the reconstructed scalar S and the missing energy are represented in the right

panels of Figure 5.5. The latter variable is required to be smaller than ���GeV. Finally, events should
have |mS �mrec

S | < ��GeV, wheremrec
S is the mass of the reconstructed scalar candidate S andmS is

the corresponding value being probed. The cut flows for the signal in the up quark and in the charm quark

cases are given in Table 5.5 and Table 5.6, respectively. Likewise, Table 5.7 shows the yields independent

of the scalar S invariant mass for the distinct background processes, while in Table 5.8 the mass-dependent

ones can be found. Similarly to the previous analysis, the expected upper limit on the signal strength,

���%/�th(pp ! tS(q), S ! �+��), is obtained using the invariant mass of the scalar S candidate
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Figure 5.5: The reconstructed scalar mass (left) and the transverse mass of the system composed by the
lepton, the b-jet, the reconstructed S and missing energy (right) in the analysis proposed for t ! Sq,
S ! �+��. In the upper (bottom) panel, q = c (u). The distributions represent the two signal benchmark
points and the twomajor background components, after the cut on the particle multiplicities; the background
samples are generated exclusively, i.e. only gauge bosons decays into taus are included.

Cuts/mS 20 GeV 50 GeV 80 GeV 90 GeV 100 GeV 120 GeV 150 GeV

Basic cuts ����� ± ��� ����� ± ��� ����� ± �� ����� ± �� ����� ± �� ���� ± �� ���� ± ��
nj > � ����� ± ��� ����� ± ��� ����� ± �� ����� ± �� ����� ± �� ���� ± �� ���� ± ��
nb = � ����� ± �� ����� ± �� ���� ± �� ����� ± �� ����� ± �� ���� ± �� ���� ± ��
n` = � ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �
n�h = � ��� ± � ��� ± �� ��� ± �� ���� ± �� ���� ± �� ��� ± � �� ± �
mT < ��� GeV �� ± � ��� ± �� ��� ± ��� ��� ± �� ��� ± � ��� ± � �� ± �
|mrec

S �mS | < �� GeV �� ± � ��� ± �� ��� ± � ��� ± � ��� ± � �� ± � �� ± �

Table 5.5: Event yields after each cut for the seven benchmark signal points, in the analysis for t !
Su, S ! �+��. The parameters Y�� and Y�� are fixed to 0.1 with � = � TeV and BR(S ! �+��) = �.
The event yields presented assume a collected luminosity of L = 150 fb��.

distributed into 20 bins. The 95% CL upper limits on the branching ratio (t ! Sq, S ! �+��) and on the
cross-section � (pp ! tS(q), S ! �+��) are shown in Figure 5.6. For an integrated luminosity of 150
fb��, an upper limit on the production cross-section � (pp ! tS, S ! �+��) > ���� pb can be tested

at the 95% CL. The highest sensitivity is obtained formS ⇠ 50 GeV, where BR(t ! Sq) > �� (��)⇥����

can be probed at the 95% CL in the up (charm) channel. Such results translate into a lower bound on the

new physics scale � of about 75 TeV, assuming that BR(S ! �+��) = �.
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Figure 5.6: In the upper (bottom) panels, the 95% CL limits on the branching ratio (cross-section times
branching ratio) that can be tested in the �+�� channel are shown, in the analysis proposed for t ! Sq,
S ! �+��, with q = u (c) in the panels on the left (right). The green and yellow bands show the ±�� and
±�� uncertainty on the limits, respectively. Superimposed are the theoretical expectations in three BPs.

Cuts/mS 20 GeV 50 GeV 80 GeV 90 GeV 100 GeV 120 GeV 150 GeV

Basic cuts ����� ± ��� ����� ± �� ����� ± �� ����� ± �� ����� ± �� ���� ± �� ���� ± �
nj > � ����� ± �� ����� ± �� ����� ± �� ����� ± �� ���� ± �� ���� ± �� ��� ± �
nb = � ����� ± �� ���� ± �� ���� ± �� ����� ± �� ���� ± �� ���� ± �� ��� ± �
n` = � ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ���� ± �� ��� ± �
n�h = � ��� ± � ��� ± �� ��� ± � ���� ± �� ��� ± � ��� ± � ��.� ± �.�
mT < ��� GeV �� ± � ��� ± �� ��� ± � ��� ± � ��� ± � ��� ± � ��.� ± �.�
|mrec

S �mS | < �� GeV �� ± � ��� ± � ��� ± � ��� ± � ��� ± � �� ± � �.� ± �.�

Table 5.6: Event yields after each cut for the seven benchmark signal points, in the analysis for t !
Sc, S ! �+��.The parameters Y�� and Y�� are fixed to 0.1 with � = � TeV and BR(S ! �+��) = �.
The event yields presented assume a collected luminosity of L = 150 fb��.

Cuts/Background tW (� ) tt̄W /tt̄Z ZZZ/WWZ ZZ/WZ/WW tt̄ (� ) tZ

Basic cuts ����� ± ��� ��� ± � ���� ± � �������� ± ����� ������ ± ��� ���� ± �
nj > � ����� ± ��� ��� ± � ���� ± � ������� ± ����� ����� ± ��� ���� ± �
nb = � ����� ± �� ��� ± � ��� ± � ������� ± ����� ����� ± ��� ��� ± �
n` = � ���� ± �� �� ± � �� ± � ����� ± ���� ���� ± �� ��� ± �
n�h = � �� ± � �.� ± �.� �.�� ± �.�� < �� �� ± � �.� ± �.�
mT < ��� GeV �� ± � �.� ± �.� �.�� ± �.�� — �� ± � �.� ± �.�

Table 5.7: Event yields after each cut for the dominant backgrounds, in the analysis for t ! Sq, S !
�+��. The Z + jets sample is reduced to negligible values after the fifth cut. The event yields presented
assume a collected luminosity of L = 150 fb��.
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Background/mS 20 GeV 50 GeV 80 GeV 90 GeV 100 GeV 120 GeV 150 GeV

tW (� ) �.� ± �.� �.� ± �.� � ± � � ± � � ± � � ± � � ± �
tt̄W /tt̄Z < �.�� < �.�� �.� ± �.� �.� ± �.� �.� ± �.� < �.�� < �.��
ZZZ/WWZ < �.�� < �.�� < �.�� < �.�� < �.�� < �.�� < �.��
tt̄ (� ) �.� ± �.� �� ± � �� ± � �� ± � �� ± � �� ± � �� ± �
tZ < �.�� �.�� ± �.�� �.�� ± �.�� �.�� ± �.�� �.�� ± �.�� �.�� ± �.�� �.�� ± �.��

Table 5.8: Event yields for the last selection cut onmrec
S of the dominant backgrounds, in the analysis for

t ! Sq, S ! �+��. The event yields presented assume a collected luminosity of L = 150 fb��.
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5.1.4 Search for t ! SSq, S ! µ+µ�

Finally, the third analsyis searches for two singlet scalars produced in association wit a top quark (or

in the decay of a top quark in pair production), both decaying to a pair of muons and focusing on the

hadronic decays of theW boson. Consequently, the targeted final state consists of four isolated leptons

and at least three jets, one of them required to be b-tagged. Due to the large lepton and jet multiplicities,

all the background components become almost negligible, surviving a few events from the tt̄V and tt̄

exclusive samples. The reconstruction of the top quark is performed using the b -tagged and theW boson,

which is reconstructed from the two light jets with the invariant mass closest tomW . The invariant mass

of the reconstructed top quark, mrec
t , is then required to be within a window of ��GeV around the

top mass. The two scalars S candidates are reconstructed by requiring two muons with opposite sign,

being the event rejected if no such candidates are found. The opposite sign muons reconstructing the

two scalars are those minimising |mrec
S�

�mrec
S�

|, with mrec
S�,�

being the invariant mass of each pair of

opposite sign muons. The invariant mass of the total system, composed of the reconstructed top quark

and the two scalars, is also required to be smaller than �TeV. Finally, the invariant massesmrec
S�,�

need

to be within a window of ��GeV from the mass of scalar S being probed to survive the event selection.

The normalised distributions of eachmrec
S , respectively, for two signal benchmark points after the basic

selection cuts are shown in Figure 5.7. The event yields for the signal with an up and with a charm quark

are given in Table 5.9 and Table 5.10, respectively. Concerning the relevant background processes, the

event yields for the scalar S mass-independent can be found in Figure 5.8. With the final cut onmrec
S�,�

,

the analysis becomes essentially background-free. As before, expected upper limits on the signal strength,

���%/�th(pp ! tSS(q), S ! µ+µ�), are obtained using the invariant mass of the scalar S candidate

distributed into 20 bins. The 95% upper limits on the branching ratio (t ! SSq, S ! µ+µ�) and cross-
section � (pp ! tSS(q), S ! µ+µ�) are shown in Figure 5.8, including the ±�� (green band) and

the ±�� (yellow band) uncertainties. For an integrated luminosity of 150 fb��, the upper limits on the

production cross-section � (pp ! tSS, S ! µ+µ�) > ���� pb are obtained at 95% CL. In the small

mass regime, a branching ratio of BR(t ! SSq) > ���� can be probed at the 95% CL. The strongest

limits in branching ratio are obtained formS ⇠ 80 GeV, for which BR(t ! SSq) > � (��) ⇥ ����� can

be probed in the up (charm) channel. The branching ratio limits correspond to a lower bound on the new

physics scale � of about �TeV, assuming that BR(S ! µ+µ�) = �.
The dedicated analyses for the three different channels considered an integrated luminosity of L =

��� fb��. However, future particle physics experiments expect to continuously collect more data, where
the High-Luminosity LHC effort at CERN is a great example. Consequently, naive prospects for higher

luminosities can be obtained by scaling the statistical significance with
p
L. Considering an integrated

luminosity of L = � ab��, new physics scales � of about ���, ���, and � TeV in each of the channels,

respectively.
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Figure 5.7: The two reconstructed scalar masses,mrec
S� andmrec

S� , in the analysis proposed for t ! SSq,
S ! µ+µ�. In the upper (bottom) panel, q = c (u).
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Figure 5.8: In the upper (bottom) panels, the 95% CL limits on the branching ratio (cross-section times
branching ratio) that can be tested in the µ+µ� channel are shown, in the analysis proposed for t ! SSq,
S ! µ+µ�, with q = u (c) in the panels on the left (right). The green and yellow bands show the ±�� and
±�� uncertainty on the limits, respectively. Superimposed are the theoretical expectations in three BPs.
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Conclusion

The discovery of the top quark was an important step on the knowledge of the building blocks of the world

around us. The exciting properties of the top quark opened a new sector of measurements dedicated to

the validation of the SM, where the recent discovery of the Higgs boson at the LHC played a major role. So

far, all measurements are compatible with the threoretical predictions of the SM. However, several hints of

physics beyond it were observed, motivating the search for new horizons within the particle physics field.

To explore some of these shortcomings, a search for FCNC interactions with a top quark, a neutral

Z boson and a light-quark has been established using the ��TeV data collected by the ATLAS detector.

As the main analyser for the production mode effort (along with the analysis contact responsibility), the

full analysis for this mode was developed, from the validation of the MC simulated signal samples to

the setting of the final limits on the signal hypotheses. Events with exactly three charged leptons are

considered, assuming the leptonic decays of the Z boson and the top quark. Events are further split

into non-overlaping regions based on the number of jets and the reconstructed mass of the top quark

candidates, providing regions enriched in the signal and the dominant background processes. Distinct

signal regions are defined since the tZ production and the tt̄ decay modes were considered. The inclusion

of both modes motivated a phenomenological study on the interference effects for the FCNC interaction

with a tZq vertex. This estimate was performed for both FCNC tZq and t�q vertices in collaboration with

the University of Dortmund (Germany) [67]. A total of three processes (only production, only decay and

production and decay modes with interference) were considered, which motivated a detailed investigation

on the MC simulation. Interference effects observed in the distribution of the most sensible variables

(the transverse momentum of the Z boson/photon for tZq/t�q case) are found to be smaller than

variations of the renormalisation and factorisation scales. Returning to the data analysis, the implementation

and optimisation of multivariate techniques based on Boosted Decision Trees are performed to improve
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the signal-to-background discrimination for the different signal processes. The final results show that no

significant deviation from the SM expectation is found for the data analysed. For the FCNC tZq vertex,

observed (expected) limits are set at a 95% CL for tZu processes excluding branching ratios above �.��
(�.��) ⇥����, and for tZc processes excluding branching ratios above ��.�� (��.��) ⇥����. These
limits were translated into upper limits on the cross-section and the EFT Wilson coefficients as summarised

in Table 4.35 and Table 4.34.

The second part of the work of this thesis is the phenomenological study on the top quark interactions

with a new pseudo-scalar particle performed in collaboration with the University of Granada (Spain) [219]. In

particular, the FCNC processes between a top quark, a new pseudo-scalar and a light quark are considered.

MC simulated events for the signal hypotheses of three targeted processes, including both production and

decay modes and the decay of the pseudo-scalar particle to muons or tau leptons were generated. The

scenario of pair production of the pseudo-scalar particle was also considered. The evaluation of all the

non-negligible background processes was pursued and the MC simulation of the dominant processes was

executed. After the development of the analysis interface and limits setting tools, an intensive study on

the kinematic and angular observables providing the best signal-to-background ratio was performed. Three

dedicated searches are proposed and upper limits on the cross-section and branching ratio at a 95% CL

are obtained assuming an integrated luminosity of 150 fb��. For pp ! tS, S ! µ+µ�, the strongest
limits on the branching ratio are � (��) ⇥���� for up (charm) quark, with a mass of the pseudo-scalar of
���GeV. Concerning the pp ! tS, S ! �+��, the strongest limits on the branching ratio are �� (��)
⇥���� for up (charm) quark, with a mass of the pseudo-scalar of ��GeV. Finally, the strongest limits on
the branching ratio for pp ! tSS, S ! µ+µ� are obtained for a mass of the pseudo-scalar of ��GeV
with the values of � (��) ⇥����� for up (charm) quark.

The LHC and the ATLAS experiment will continue to collect data in the coming years. For now, the

upper limits on the FCNC tZq vertex present the most stringent limits to date. Future searches with a more

significant dataset can shorten the space between the experimental limits and the theoretical expectations

of models beyond the SM. Such achievement would not be only important for the FCNC processes but

also for the particle physics field in general, since it can exclude or possible discover new BSM models. In

the best scenario, analyses with new sophisiticated methods and more data also bring the possibility of

an observation of the FCNC processes at a higher rate than the SM predictions, which would be a direct

proof of New Physics. Finally, the era of the Higgs physics is only beginning and a better knowledge of the

Higgs boson would simultaneously proportionate a stronger comprehension of the top quark.
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A
Optimisation studies for the multivariate

discriminants

A.0.1 Study of the BDT in SR1

A.0.1.1 Input variables

Input variables considered for theD1 discriminant in SR1 are presented in Table A.1, that includes invariant

mass of the reconstructed objects as well as transverse momentum, pseudo-rapidity and �R between

them in (�,�) plane. Separation values are presented in the same table, while correlations are shown

in Figure A.1. Input variables that have separation value below 0.02 are removed from the final set of input

variables. The ��
tt̄

andm`� variables present high correlations withmb`� which has better separation

value, so that they are removed as well as Emiss
T which is highly correlated with pWT and having lower

separation value. The final set of input variables are presented in Table A.2. With the full set (initial set) of

input variables, the GBDT output score distributions in each fold for the signal and background samples

are presented in Figure A.2 and Figure A.3, respectively, while for the final (reduced) set of input variables

in Figure A.4 and Figure A.5. The ROC integral, averaged over the validation folds, for the BDT trained

with the full set of input variables is 0.8162 with RMS of 0.0058, while for the BDT with final set of input

variables: 0.8025 with RMS of 0.0025. Figure A.6 shows the Seff/
p
Beff value averaged over the validation

folds as a function of the cut on the GBDT output score, with full set and final set of input variables. The

Seff/
p
Beff values are calculated only if Seff and Beff are above 1% to avoid statistically unstable results.

The maximum value of Seff/
p
Beff is 1.507 with RMS of 0.063 for the full set of input variables, while

1.407 with RMS of 0.016 for the final set of input variables. Results show that the final set of input variables

for the BDT gives slightly worse performance than the full set, however the Seff/
p
Beff values tend to have
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smaller RMS (as can be seen in fig. A.6), which indicates a better stability of BDT output.

Variable hs�i Definition

mb`� 0.1364 SM top-quark candidate mass
��
tt̄

0.07668 �� from the kinematic fit under the FCNC tbar decay signal hypothesis

p
q
T 0.07345 u/c -quark candidate transverse momentum

Njets 0.05747 Jet multiplicity
mq`` 0.04173 FCNC top-quark candidate mass

�R(tSM, tFCNC) 0.04109 �R between SM and FCNC top-quark candidates
m`� 0.03923 W boson candidate mass

�R(q,Z ) 0.03546 �R between u/c -quark and Z boson candidates
�R(`,Z ) 0.02441 �R betweenW boson lepton and Z boson candidates

pbT 0.01702 b -quark candidate transverse momentum

p`�T 0.01409 Leading lepton pT
Emiss
T 0.01021 Missing transverse energy

pWT 0.009453 W boson candidate transverse momentum
�R(b,Z ) 0.005482 �R between b -quark and Z boson candidates
p`�T 0.004546 Sub-leading lepton pT
�q 0.004271 u/c -quark candidate pseudorapidity
pZT 0.004052 Z boson candidate transverse momentum

p`�T 0.002776 Third lepton pT
�b 0.002333 b -quark candidate pseudorapidity
�`� 0.001055 Third lepton �
�`� 0.0006566 Sub-leading lepton �
�`� 0.0005999 Leading lepton �

Table A.1: Initial (full) set of input variables considered in the training of the GBDT in SR1 to built the D1
discriminant for both tZu and tZc couplings searches. Variables are ordered by the separation hs�i value.

Variable hs�i Definition

mb`� 0.1364 SM top-quark candidate mass
p
q
T 0.07345 u/c -quark candidate transverse momentum

Njets 0.05747 Jet multiplicity
mq`` 0.04173 FCNC top-quark candidate mass

�R(tSM, tFCNC) 0.04109 �R between SM and FCNC top-quark candidates
�R(`,Z ) 0.02441 �R betweenW boson lepton and Z boson candidates

Table A.2: Final set of input variables considered in the training of the GBDT in SR1 to built the D1
discriminant used in both tZu and tZc couplings searches. Variables are ordered by the separation hs�i
value.

A.0.1.2 Hyper-parameters optimisation

Similarly to the SR2 tZu case, the BDT hyper-parameters optimisation is performed. The following BDT

parameters [167] and values are considered with total of 144 combinations: NTrees=[400,600,800,1000],
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Figure A.1: Correlation matrix of the input variables from signal (top) and background (bottom) samples
considered in the training of the GBDT in SR1 to built the D1 discriminant for both tZu and tZc couplings
searches.

minNodSize=[2.0,4.0,6.0], shrinkage=[0.025,0.05,0.1], maxDepth=[1,2,3,4]. Figure A.7 presents the

maximum value of Seff/
p
Beff by cutting the GBDT output score, and the ROC integral, averaged over

the validation folds, as a function of BDT hyper-parameters combination. The difference between highest

and lowest values of Seff/
p
Beff and ROC integral, with the different BDT hyper-parameters combinations,

is ⇠ �% and ⇠ �%, respectively. These results indicate that the BDT performance is stable and not

much can be improved with the hyper-parameters. The average ROC integral (0.8025 with RMS of 0.0025)

obtained with the reference BDT parameters is almost identical to the highest value of ROC integral (0.8039

with RMS of 0.0023) obtained from the hyper-parameters optimisation.

A.0.2 Study of the BDT in SR2 ctZ

A.0.2.1 Input variables

Input variables considered for the Dc2 discriminant in SR2 ctZ are presented in Table A.3, that includes

invariant mass of the reconstructed objects as well as transverse momentum, pseudo-rapidity and �R
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Figure A.2: The FCNC tt̄ decay signal GBDT output score distribution for each of five GBDTs trained in SR1
for the D1 discriminant. Initial (full) set of input variables is used in the training. Comparison of results
between training and test samples.
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Figure A.3: The background GBDT output score distribution for each of five GBDTs trained in SR1 to built
theD1 discriminant. Initial (full) set of input variables is used in the training. Comparison of results between
training and test samples.
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Figure A.4: The FCNC tt̄ decay signal GBDT output score distribution for each of five GBDTs trained in SR1
for the D1 discriminant. Final set of input variables is used in the training. Comparison of results between
training and test samples.
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Figure A.5: The background GBDT output score distribution for each of five GBDTs trained in SR1 for the
D1 discriminant. Final set of input variables is used in the training. Comparison of results between training
and test samples.
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Figure A.6: The Seff/
p
Beff value averaged over the validation folds as a function of the cut on the GBDT

output score with full set (left) and final set (right) of input variables in the SR1. Values are calculated only
if Seff and Beff are above 1% to avoid statistically unstable results.
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Figure A.7: The maximum value of Seff/
p
Beff by cutting the GBDT output score (left) and the ROC integral

(right), averaged over the validation folds, as a function of BDT hyper-parameters combination in the SR1.
The highest and lowest values of Seff/

p
Beff and ROC integral are presented on the plots as well as the

corresponding BDT parameters values. Final set of input variables is used in the training.

between them in (�,�) plane. Separation values are presented in the same table, while correlations are

shown in fig. A.8. Input variables that have separation value below 0.01 are removed from the final set of

input variables. The final set of input variables are presented in Table A.4. With the full set (initial set) of

input variables, the GBDT output score distributions in each fold for the signal and background samples

are presented in Figure A.9 and Figure A.10, respectively, while for the final (reduced) set of input variables

in Figure A.11 and Figure A.12. The ROC integral, averaged over the validation folds, for the BDT trained

with the full set of input variables is 0.7220 with RMS of 0.0047, while for the BDT with final set of input

variables: 0.6986 with RMS of 0.0053. Figure A.13 shows the Seff/
p
Beff value averaged over the validation

folds as a function of the cut on the GBDT output score, with full set and final set of input variables. The

Seff/
p
Beff values are calculated only if Seff and Beff are above 1% to avoid statistically unstable results.

The maximum value of Seff/
p
Beff is 1.131 with RMS of 0.014 for the full set of input variables, while 1.088

with RMS of 0.010 for the final set of input variables. Results show that the final set of input variables for
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the BDT gives slightly worse performance than the full set, however the Seff/
p
Beff values tend to have

smaller RMS (as can be seen in Figure A.13), which indicates a better stability of BDT output.

Variable hs�i Definition

pZT 0.07408 Z boson candidate transverse momentum

pbT 0.05261 b -quark candidate transverse momentum

p`�T 0.04809 Leading lepton pT
HT (l , j) 0.04568 Sum of pT of leptons and jets
pWT 0.02487 W boson candidate transverse momentum

p`�T 0.02362 Sub-leading lepton pT
mb`� 0.02282 SM top-quark candidate mass

�R(b,Z ) 0.02143 �R between b -quark and Z boson candidates
Emiss
T 0.02039 Missing transverse energy

p`�T 0.01843 Third lepton pT
��tZ 0.01561 �� from the kinematic fit under the FCNC tZ production signal hypothesis
m`� 0.008803 W boson candidate mass

�R(`,Z ) 0.008783 �R betweenW boson lepton and Z boson candidates
�b 0.005338 b -quark candidate pseudorapidity
�`� 0.002856 Leading lepton �
�`� 0.001887 Sub-leading lepton �
�`� 0.001372 Third lepton �

Table A.3: Initial (full) set of input variables considered in the training of the GBDT in SR2 to built the Dc2
discriminant used in tZc coupling search. Variables are ordered by the separation hs�i value.

Variable hs�i Definition

pZT 0.07408 Z boson candidate transverse momentum

pbT 0.05261 b -quark candidate transverse momentum
mb`� 0.02282 SM top-quark candidate mass

�R(b,Z ) 0.02143 �R between b -quark and Z boson candidates
��tZ 0.01561 �� from the kinematic fit under the FCNC tZ production signal hypothesis

�R(`,Z ) 0.008783 �R betweenW boson lepton and Z boson candidates

Table A.4: Final set of input variables considered in the training of the GBDT in SR2 to built the Dc2
discriminant used in tZc coupling search. Variables are ordered by the separation hs�i value.

A.0.2.2 Hyper-parameters optimisation

Similarly to the SR2 tZu case, the BDT hyper-parameters optimisation is performed. The following BDT

parameters [167] and values are considered with total of 144 combinations: NTrees=[400,600,800,1000],

minNodSize=[2.0,4.0,6.0], shrinkage=[0.025,0.05,0.1], maxDepth=[1,2,3,4]. Figure A.14 presents the

maximum value of Seff/
p
Beff by cutting the GBDT output score, and the ROC integral, averaged over
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Figure A.8: Correlation matrix of the input variables from signal (top) and background (bottom) samples
considered in the training of the GBDT in SR2 to built the Dc2 discriminant used in tZc coupling search.
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Figure A.9: The FCNC tZ production signal GBDT output score distribution for each of five GBDTs trained
in SR2 ctZ for the Dc2 discriminant. Initial (full) set of input variables is used in the training. Comparison
of results between training and test samples.
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Figure A.10: The background GBDT output score distribution for each of five GBDTs trained in SR2 ctZ to
built the Dc2 discriminant. Initial (full) set of input variables is used in the training. Comparison of results
between training and test samples.
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Figure A.11: The FCNC tZ production signal GBDT output score distribution for each of five GBDTs trained
in SR2 ctZ for the Dc2 discriminant. Final set of input variables is used in the training. Comparison of
results between training and test samples.
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Figure A.12: The background GBDT output score distribution for each of five GBDTs trained in SR2 ctZ
for the Dc2 discriminant. Final set of input variables is used in the training. Comparison of results between
training and test samples.
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Figure A.13: The Seff/
p
Beff value averaged over the validation folds as a function of the cut on the GBDT

output score with full set (left) and final set (right) of input variables in the SR2 ctZ . Values are calculated
only if Seff and Beff are above 1% to avoid statistically unstable results.

the validation folds, as a function of BDT hyper-parameters combination. The difference between highest

and lowest values of Seff/
p
Beff and ROC integral, with the different BDT hyper-parameters combinations,

is ⇠ �% and ⇠ �%, respectively. These results indicate that the BDT performance is stable and not

much can be improved with the hyper-parameters. The average ROC integral (0.6986 with RMS of 0.0053)

obtained with the reference BDT parameters is almost identical to the highest value of ROC integral (0.7110

with RMS of 0.0065) obtained from the hyper-parameters optimisation. However, the agreement between

results with training and test samples are better for reference BDT parameters, so that these parameters

were chosen to build the final BDT discriminant.
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Figure A.14: The maximum value of Seff/
p
Beff by cutting the GBDT output score (left) and the ROC integral

(right), averaged over the validation folds, as a function of BDT hyper-parameters combination in the SR2
ctZ . The highest and lowest values of Seff/

p
Beff and ROC integral are presented on the plots as well as

the corresponding BDT parameters values. Final set of input variables is used in the training.
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Effect of the pruning on the branching ratio upper

limits

This appendix summarises the results of various fits with different levels of pruning, for both normalisations

and shapes. As mentioned in Section 4.7, a value of �% is used to prune the normalisation of systematic

uncertainties and a value of �.�% is used to prune the shape. The aim of the present studies is to check

the impact of these thresholds on the final results. Therefore, the strategy is to compare various fits with

different pruning levels. Table B.1 shows the values that were tested. The final expected limits on the FCNC

tZu and tZc branching ratios are compared. The pulls of the different nuisance parameters are also

checked and compared.

Setup Normalisation Shape

Default �% �.�%
Scenario 1 �% �%
Scenario 2 �% �%
Scenario 3 �.�% �.��%
No pruning – –

Table B.1: Summary of normalisation and shape pruning levels that were tested.

FCNC tZu fit Figures B.1 and B.4 show the NP pulls and constraints for the default and the other

pruning threshold scenarios. As expected, the lower the pruning thresholds are (e.g. as in Scenario 3), the

more NPs are retained in the fit, especially for the instrumental NPs. Table B.2 shows the expected limits

in the default and in the varied scenarios. It can be noticed that the expected limits are stable under the
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change of the pruning thresholds, with differences lower than �%. This gives confidence that the pruning

levels applied in the analysis are adequate.

Limits ��� Expected +��
BR t ! Zu

Default �.�� ⇥ ���� �.�� ⇥ ���� �.�� ⇥ ����
Scenario 1 �.�� ⇥ ���� �.�� ⇥ ���� �.�� ⇥ ����
Scenario 2 �.�� ⇥ ���� �.�� ⇥ ���� �.�� ⇥ ����
Scenario 3 �.�� ⇥ ���� �.�� ⇥ ���� �.�� ⇥ ����
No pruning �.�� ⇥ ���� �.�� ⇥ ���� �.�� ⇥ ����

Table B.2: Expected limits on the branching ratios of t ! Zu for the default and the other pruning
threshold scenarios listed in table B.1.
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Figure B.1: Pulls and constraints of the instrumental nuisance parameters for the signal-plus-background
tZu fit in the signal and control regions with realistic Asimov dataset, for the default (black) and the other
pruning threshold scenarios (red).
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Figure B.2: Pulls and constraints of the instrumental nuisance parameters for the signal-plus-background
tZu fit in the signal and control regions with realistic Asimov dataset, for the default setup (black) and no
pruning setup (red).
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Figure B.3: Pulls and constraints of the theoretical and modelling nuisance parameters for the signal-plus-
background tZu fit in the signal and control regions with realistic Asimov dataset, for the default (black)
and the other pruning threshold scenarios (red).
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Figure B.4: Pulls and constraints of the theoretical and modelling nuisance parameters for the signal-plus-
background tZu fit in the signal and control regions with realistic Asimov dataset, for the default setup
(black) and no pruning setup (red).
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FCNC tZc fit Figures B.5 and B.8 show the NP pulls and constraints for the default and the other

pruning threshold scenarios. As expected, the lower the pruning thresholds are (e.g. as in Scenario 3), the

more NPs are retained in the fit, especially for the instrumental NPs. Table B.3 shows the expected limits

in the default and in the varied scenarios. It can be noticed that the expected limits are stable under the

change of the pruning thresholds, with differences lower than �%. This gives confidence that the pruning

levels applied in the analysis are adequate.

Limits ��� Expected +��
BR t ! Zc

Default �.�� ⇥ ���� ��.�� ⇥ ���� ��.�� ⇥ ����
Scenario 1 �.�� ⇥ ���� ��.�� ⇥ ���� ��.�� ⇥ ����
Scenario 2 �.�� ⇥ ���� ��.�� ⇥ ���� ��.�� ⇥ ����
Scenario 3 �.�� ⇥ ���� ��.�� ⇥ ���� ��.�� ⇥ ����
No pruning �.�� ⇥ ���� ��.�� ⇥ ���� ��.�� ⇥ ����

Table B.3: Expected limits on the branching ratios of t ! Zc for the default and the other pruning threshold
scenarios listed in table B.1.
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Figure B.5: Pulls and constraints of the instrumental nuisance parameters for the signal-plus-background
tZc fit in the signal and control regions with realistic Asimov dataset, for the default (black) and the other
pruning threshold scenarios (red).
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Figure B.6: Pulls and constraints of the instrumental nuisance parameters for the signal-plus-background
tZc fit in the signal and control regions with realistic Asimov dataset, for the default setup (black) and no
pruning setup (red).
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Figure B.7: Pulls and constraints of the theoretical and modelling nuisance parameters for the signal-plus-
background tZc fit in the signal and control regions with realistic Asimov dataset, for the default (black)
and the other pruning threshold scenarios (red).
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Figure B.8: Pulls and constraints of the theoretical and modelling nuisance parameters for the signal-plus-
background tZc fit in the signal and control regions with realistic Asimov dataset, for the default setup
(black) and no pruning setup (red).
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