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Abstract

This thesis presents two searches for vector like top (VLT) and vector like bottom (VLB) using data collected

by the ATLAS experiment during the second run of the Large Hadron Collider operations, at a center of

mass energy of
p
s = 13 TeV. These analyses target vector like quarks (VLQ) decaying to a Z boson and

a third generation quark, in events with the Z boson decaying to electrons or muons. Since it is known

from previous searches that, if VLQs exist in nature, they should have high masses, a selection based on

multiplicity and transverse momentum of the final state objects was implemented.

The first analysis presented uses a partial run-2 dataset, corresponding to data collected between 2015

and 2016, amounting to an integrated luminosity 36.1 fb of data. It features searches for pair and single

production of vector like quarks. As no deviation from the Standard Model expectation was found, upper

mass limits were derived. VLT (VLB) masses below 1.03 (1.01) TeV for the singlet hypothesis and 1.21

(1.13) TeV for the doublet hypothesis are excluded. The results, when assuming branching ratio exclusively

to Z , are 1.34 and 1.22 TeV for the VLT and VLB, respectively.

A second iteration of the analysis using the complete run-2 dataset, amounting to 139 fb, is the main

focus of the present thesis. It focuses exclusively on pair production of VLT and VLB, and features a new

search strategy, which includes a signal region categorization based on multiplicities of tags of a deep neural

network trained to classify jets as originated from top quarks,W or Z bosons, Higgs bosons or background

jets. In this search no deviations from the Standard Model expectation were found so upper mass limits

were derived. Masses below 1.27 and 1.20 TeV are excluded for singlet VLT and VLB, respectively. These

values, for the doublet hypothesis, are 1.46 and 1.32 TeV for VLT and VLB, respectively. In the scenario

where all VLQ decay exclusively to Z bosons, the excluded masses are 1.42 and 1.60 TeV for VLB and VLT,

respectively. These results represent a significant improvement from the previous iteration of the analysis

and are currently the most stringent limits obtained in Zt/b final states.
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Resumo

Esta tese apresenta duas pesquisas de quarks vectoriais top (VLT) e bottom (VLB) com dados colectados

pela experiência ATLAS durante a segunda ronda de operações do Large Hadron Collider, com uma energia

de centro de massa de 13 TeV. Estas análises procuram quarks vectoriais (VLQ) em decaimentos para um

bosão Z e um quark de terceira geração, em eventos em que o bosão Z decai para electrões ou muões.

Como é sabido de pesquisas passadas que, se os VLQs existerem, eles devem ter alta massa, uma seleção

com base na multiplicadade e momento transverso das partículas de estado final foi implementada.

A primeira análise apresentada usa um conjunto de dados parcial da segunda ronda, correspondendo

aos dados colectados entre 2015 e 2016, numa luminosidade integrada total de 36 fb. Contém pesquisas

de produção em pares e simples de quarks vectoriais. Dado que nenhum desvio em relação à expectativa

do Modelo Padrão foi encontrada, limites de massa foram obtidos. Massas de VLT (VLB) abaixo de 1.03

(1.01) TeV para o singleto e 1.21 (1.13) TeV para a hipótese de dubleto foram excluídas. Os resultados,

quando uma probablidade de decamentos exclusiva para o bosão Z é assumida, são 1.34 e 1.22 TeV

para o VLT e VLB, respectivamente.

A segunda iteração da análise, usando o conjunto completo da segunda ronda, num total de 139 fb,

é o foco principal desta tese. Foca-se exclusivamente na produção por pares de VLT e VLB, e tem uma

nova estratégia de pesquisa, que inclui uma categorização da região de sinal baseada na multiplicidade de

tags de uma rede neuronal treinada para classificar jactos como originados de quarks top, bosõesW ou

Z , bosões Higgs ou jactos de fundo. Nesta pesquisa nenhum desvio em relação à expectativa do Modelo

Padrão foi encontrada, portanto limites de massa foram obtidos. Massas inferiores a 1.27 e 1.20 TeV são

excluídas para singletos de VLT e VLB, respectivamente. Estes valores, para a hipótese de dubleto, são

1.46 e 1.32 TeV, respectivamente. No cenário em que os VLQ decaem exclusivamente para bosões Z ,

as massas excluídas são 1.42 e 1.60 TeV, respectivamente. Estes resultados representam uma melhoria

significativa em relação à iteração anterior da análise e são os melhores limites até à data em estados

finais de Zt/b.
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Introduction

The Standard Model of Particle physics (SM) describes all known particles and their interactions. Since

the discovery of the Higgs boson in 2012, the Standard Model became a more complete picture as the

presence of a particle responsible for the mechanism that breaks electroweak symmetry and generates

bosons and fermions mass was found. However, despite the many achievements of the SM, it does still

leave some important unanswered questions. It does not have a quantum field description of gravity; it does

not have a candidate for dark matter or dark energy; it does not offer an explanation for the experimental

evidence for the existence of neutrino masses; it does not describe how the asymmetry between matter

and antimatter originated and it does not have a solution for the hierarchy problem. Attempts at answering

these questions lead to many new physics models, most of which predict the existence of new particles.

Finding these particles would significantly aid in the understanding of the particle physics puzzle. Because

of that both ATLAS and CMS experiments developed an extensive search programme that covers many

new particles, motivated by many classes of new physics models. These are experiments of the Large

Hadron Collider at the European Organization for Nuclear Research (CERN), a 27 km particle accelerator

located near Geneva, Switzerland. Using superconducting magnets it circulates proton bunches up to high

energies, and collides them at the interaction points corresponding to the four experiments: Alice and

LHCb besides the aforementioned ATLAS and CMS.

One interesting set of particles that are a feature of interest in many models that try to solve the open

questions of the Standard Model are vector like quarks (VLQ). These are spin 1/2 colored fermions that

have the same the same electroweak (EW) quantum numbers for the left- and right-handed components.

An interesting consequence of this is that they do not need a Yukawa coupling to the Higgs boson to

generate their mass, and so they avoid many experimental constraints that make the existence of a fourth
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chiral quark family disfavored. They can have different mechanisms of production, produce tree-level flavor-

changing neutral currents and other interesting phenomenological features that will be explored within this

thesis.

Searches for VLQ have been performed during the first run of the Large Hadron Collider by both the

ATLAS and CMS experiments, setting upper limits on their masses. However, with the increase of center

of mass energy and luminosity, new approaches to search for VLQ become possible. This thesis presents

searches for VLQ performed during the second run of ATLAS data taking at
p
s = 13 TeV. It focuses on

analyses that target decays of VLQ to a leptonically decaying Z boson and a third generation quark. The

first iteration of the analysis uses a partial dataset collected during 2015 and 2016, amounting to an

integrated luminosity of 36.1 fb. It searches for vector like top (VLT) and vector like bottom (VLB) in

events with at least two opposite-sign, same flavor leptons whose invariant mass is within a 10 GeV window

of the Z boson mass. It requires at least 1 b -tagged jet, which is expected from the decay of the VLQ, and

particles with large amounts of transverse momentum (pT). This analysis covers VLQ produced in pairs

and singly, each with dedicated dilepton and a trilepton channels. All channels have signal regions together

with control regions, in which the signal contribution is low, used to constraint uncertainties of the main

backgrounds and aid the fit in correcting mismodelling. This analysis was performed in collaboration with

the TU Dortmund group in Germany, the University of Arizona group in the USA, the Kyoto University group

in Japan and the University of Texas at Austin group in the USA. The author of this analysis was the main

analyzer of the dilepton channel with 0 or 1 large radius jets, targeting pair production of VLQs.

The second iteration of this analysis, of which the author of this thesis is the analysis contact for the

ATLAS Collaboration, uses the full run 2 dataset, which amounts to 139 fb. It focuses on pair production

of VLB and VLT, in the same leptonic Z boson topology, split into a dilepton and a trilepton channel. It

requires at least 1 b-tagged jet, 2 opposite-sign, same flavor leptons within the Z boson mass window,

used to reconstruct a Z boson candidate, which is required to have large transverse momentum. The

main improvement from this iteration is the inclusion of a deep neural network tagger that outputs the

probability of jets being originated from top quarks, W or Z bosons, H bosons or background jets. The

multiplicity of jets tagged as each of these classes is used to build a categorization of the signal regions,

assisted by control regions. The significant increase in luminosity allows for this exploration of the different

decay topologies that VLQ pair production can provide, with high pT objects, resulting in a fit with many

regions with different background compositions and signal to background ratios. This analysis was done in

collaboration with the TU Dortmund group in Germany and the University of Texas in the USA. The author

of this thesis was the main analyzer of the trilepton channel and responsible for the combined fit and limit

setting. Both analyses try to either discover VLQs or set stringent upper limits on their masses.

The thesis starts with a description of the Standard Model, given in chapter 2. It describes, using gauge

theory, quantum electrodynamics, quantum chromodynamics and the electroweak theory, corresponding to

the interactions described by the SM. It follows a description of the Higgs mechanism and how it generates

2



CHAPTER 1. INTRODUCTION

bosons and fermions masses. Following a description of the SM shortcomings, a brief description of

Composite Higgs models is given. This is one of the classes of models that predicts the existence of vector

like quarks and it is used as an example throughout the thesis. The chapter ends with a description of

VLQs and their phenomenology.

In chapter 3, the experimental setup is described. Starting by the LHC, and following with the ATLAS

detector, a description of each component that makes the experiment work is given. The ATLAS detector

is described by its main components, the inner detector, the calorimeters and the muon spectrometer;

the trigger system and the Worldwide LHC Computing grid. Besides the central detector, a description of

the ATLAS Forward Proton (AFP) is given. This subdetector, located at around two hundred meters from

the ATLAS central detector, complements the central system by measuring the trajectory of protons that

remain from the collisions at the interaction point. The chapter ends with a description of the development

of a trigger chain designed to target central exclusive production of jets. This work was performed as the

qualification task, which is required by ATLAS to all the new members of the Collaboration.

The chapter that follows, chapter 4, details the searches for vector-like quarks with a partial run-2

dataset amouting to 36.1 fb of ATLAS data It gives an overview of the results obtained by the ATLAS

and CMS experiments using data collected during 2015 and 2016. To it follows a description of the ATLAS

combination that was performed at the time of the analysis publication, to which the author of this thesis

was the analysis liaison. It combined all pair production analysis performed by the ATLAS Collaboration,

which allowed to significantly improve the results obtained by the individual analyses.

The last chapter of the thesis, chapter 5, describes searches with the full run 2 dataset. The first section

describes the data used in the analysis and the Monte Carlo simulations, used as prediction for signals

being searched and the expected backgrounds. The definitions of the different objects used in the analysis

are given in the next section. It describes the kinematic requirements made for each type of object, how they

are identified and reconstructed. The next section describes the event selection. This is done by motivating

the requirements of the analysis, and showing how they affect the final distributions, the expected yields,

the modelling of basic variables and the signal efficiency. To that follows a detailed description of all the

systematic uncertainties included in the analysis. Next, a description of the statistical framework that will

be used to fit the systematic uncertainties and either set for a discovery of VLQs or stringent mass limits

is given. The results that are obtained following the statistical procedure are shown in the next section. A

description of the fit is done, in order to understand its behavior, followed by a description of the test for

discovery and the setting of mass limits and interpretation of these results. The chapter ends with a brief

discussion of the limitations of the analysis and what could guide the next round of VLQ searches.
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Theoretical introduction

2.1 The Standard Model of Particle Physics

2.1.1 Symmetry

Symmetry is a cornerstone concept in physics and it is a core part of the formulation of the Standard Model

of Particle Physics. It can be defined as a set of transformations under which the physical system at study

stays invariant. Besides its beauty, the concept of symmetry becomes truly powerful after the remarkable

discovery by Emmy Noether, known as the Noether’s theorem [1]. It shows that every differentiable sym-

metry of a given action has a corresponding conserved quantity. A notable application of this theorem

shows how energy conservation is a consequence of time translation symmetry.

One of the symmetries that serves as the foundation of the SM is gauge symmetry. A simple example

of gauge symmetry can be shown for a massive scalar field  with mass m. This Lagrangian 1 can be

defined as:

L = @µ†@µ m† (2.1)

This Lagrangian will remain invariant under transformations such as:

 (x) !  (x)ei ,  (x) !  (x)ei (2.2)

These are rotations of  in the complex plane and are defined by theU () group, the one-dimensional

group of unitary transformations. Therefore it is said that the Lagrangian has a global U () symmetry. Let

it be noted, however, that the same Lagrangian will not remain invariant if the  angle has a dependence
1Technically it is a Lagrangian density but from now on referred to as Lagrangian for simplicity.
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on x , i.e. under local U () transformations. This can be seen as the derivative term will produce an

extra factor from the exponential argument differentiation. In order to force the Lagrangian to have local

symmetry we can redefine the derivative so that this extra factor is cancelled. This concept is known as

covariant derivative and for this particular Lagrangian we can define it as:

Dµ = @µ + iqAµ (x) (2.3)

whereAµ (x) is a new vector field that transforms as Aµ ! Aµ

q @µ(x) and q is the coupling strength

between the scalar and vector fields. The Aµ field is introduced to restore local gauge symmetry and

is therefore called a aue f ield . The number of necessary gauge fields, following the aforementioned

procedure, is defined by the number of generators of the symmetry group. In this simple example the

gauge symmetry is U () which only has one generator. This procedure can be generalized to any gauge

symmetry by defining the partial derivative as:

Dµ = @µ


iTaA

a
µ (2.4)

Ta(a 2 {, ..,N }) are the generators of the symmetry group. The Aaµ field is transformed as:

Aaµ ! Aaµ +


@µ

a(xµ ) + fabcA
b
µ

c (xµ ) (2.5)

where fabc are the structure constants of the group, which are given by the commutation relations of the

generators: [Ta,Tb] = i fabcTc . This procedure will be used to describe all the electromagnetic, weak and

strong interactions as gauge theories.

2.1.2 Quantum electrodynamics

A fermion with mass m can be described by the Dirac lagrangian,

L =  (i µ@µ m) (2.6)

with  being the Dirac matrices that generate the Clifford algebra defined by { µ , } = µ , with µ

being the Minkowsky metric with the (+  ) signature. This Lagrangian has a global U(1) symmetry,

but we need it to be invariant under local transformations. Fortunately we can follow the procedure we

described before. As the Lagrangian has a U(1) symmetry we have the same covariant derivative as in the

example we followed, given by eq. (2.3). In this case Aµ is the gauge field of Quantum electrodynamics

(QED), that we know as the photon. The charge in this covariant derivative is the electron charge, that we

will from now on define as e. Also following from the example we know that the photon field transforms as

Aµ = Aµ

e
@µ(x) (2.7)

5
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The lagrangian for a free vector field is

L =


F µFµ (2.8)

with F µ = @µA  @Aµ . This corresponds to the kinetic term of the photon. This is explicitly omitting a

mass term
m

AµA
µ as it would break our gauge symmetry and we know that the photon is experimentally

consistent with being a massless particle [2]. With this we can assemble the lagrangian for QED, using

eqs. (2.6) and (2.8)

LQED =  (i µDµ m)


F µFµ (2.9)

If we expand eq. (2.9) we obtain the following

LQED =  (i µ@µ m)  e µAµ


F µFµ (2.10)

This describes the kinetic energy and fermion mass, the kinetic energy of the photon and the interaction

between the two fields.

2.1.3 Quantum chromodynamics

Quantum chromodynamics (QCD) is the theory that describes the strong force. The gauge group to which

the theory Lagrangian is invariant is SU(3). This group has 8 generators, corresponding to 8 gluon fields.

The QCD Lagrangian can be written as:

LQCD = q̄(i µ@µ m)q  s (q̄ µ
a


q)Ga

µ


Ga
µG

µ
a (2.11)

where q are the quark fields and m its masses, s is the strong coupling constant, a are the Gell-Mann

matrices, responsible for generating the SU(3) symmetry. Ga
µ are the gluon fields that transform under

SU(3) as Ga
µ ! Ga

µ

s
@µa  fabcbG

c
µ , where fabc is the group structure constant. You may

notice this is a term that was not present in the Quantum electrodynamics field transformation. This is

because the group is non-abelian, and it implies that gluon fields interact not only with quarks but also

with themselves. Ga
µ is the kinetic term of the gluon fields. Again, due to the self-interaction, this means

the inclusion of an extra term: Ga
µ = @µG

a
  @G

a
µ +s fabcG

b
µG

c
 . The sum over c corresponds to the

6 quark flavors. An interesting feature of QCD is that its coupling is smaller for shorter quark distances. In

the case of sufficiently short distances (or, equivalently, large enough exchanges of momentum), quarks

become asymptotically free. Therefore QCD is only perturbative at high energies [3, 4]. On the other end

of the spectrum, as quark distances become larger so does their coupling, leading to quark confinement.

This property of QCD disallows the existence of isolated quarks and gluons, meaning they must form

bound states of colorless hadrons. Another interesting consequence of this is that if one tries to extract a

quark from a hadron, as their distance increases so does the energy that needs to be supplied to increase

their distance. At some point it becomes energetically favorable for a new quark and anti-quark pair to be

6
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created and they form new bound states. Because all quarks are always bound to form colorless states,

when quarks are produced in our experiments there is the associated production of its counterparts, in a

process called hadronization.

2.1.4 Electroweak theory

Weak interactions are governed by a SU(2)L theory. The subscript indicates that only left-handed chiral

states have weak interactions. Therefore fermions are grouped into SU(2)L doublets (with T =
 and

T = ±
 ) if they are left-handed and singlets (with T =  and T = ) if they are right-handed. Weak

interactions can be unified with electromagnetic interactions into a single theory called the electroweak

(EW) theory. Its group is SU(2)L⇥U(1)Y , with Y being the weak hypercharge, that is related to the electric

charge and the third weak isospin component T by Q = T +
Y
 . The 3 SU(2)L generators result in 3

gauge bosonsW ,,
µ while the Bµ field is associated with the U(1)Y group. The covariant derivative of

the electroweak interactions can be written as:

Dµ = @µ + iWTiW
i
µ + iYYB

i
µ (2.12)

with W and Y being the weak and electromagnetic coupling constants. By expanding the covariant

derivative we can write the EW Lagrangian as:

LEW =
Y

( µ )Bµ  W (L µTiL)Wi

µ


FiµF

µ
i

(2.13)

With Fiµ being the kinetic term of the gauge bosons, given by Fiµ = @µW
i
  @W

i
µ +W ijkW

j
µW

k
 +

@µB
i
  @B

i
µ .

It should be clarified that the Bµ boson does not directly correspond to the photon field. From the EW

Lagrangian it can be seen that the Bµ interacts with the two components of the isospin doublets, which

include the neutrino fields, whereas the photon does not couple to neutrinos as they electrically neutral

particles. After the EW symmetry break, that will discussed later, the photon and the Z boson fields arise

from a mixing of the Bµ andW
µ fields, given by: 

Aµ

Zµ

!
=

 
cosW sinW
 sinW cosW

!  
Bµ

W
µ

!
(2.14)

where W is the Weinberg angle. The W ± bosons are a linear combination of W  and W  given by

W ±
=

p

(W

⌥ iW ). There is also a correspondence of the electric charge and the coupling constants

given by W sinW = Y cosW = e.

2.1.5 Higgs mechanism

With the introduction of the Bµ andW
µ fields we complete our description of the fundamental interactions

(again, gravity not withstanding). It was mentioned in the description of QED that the mass term for the

7
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+

V ()

Figure 2.1: Shape of the Higgs potential in two dimensions, as a function of the field components.

photon field is not included as we know it to be massless. However, no mention to the masses of the EW

gauge bosons was made, and it can be seen that their introduction would not preserve gauge symmetry.

Does this imply that theW ± and Z bosons are massless? We have experimental knowledge that this must

not be the case, so there seems to be a problem with the given descriptions. This problem of keeping gauge

invariance while introducing masses to the gauge bosons was solved by Higgs, Brout, Englert, Guralnik,

Hagen and Kibble in 1964 [5–7] and will be referred to in this text as the Higgs mechanism.

The description of this mechanism starts with the introduction of a complex scalar SU(2) doublet

that couples to the gauge fields:

 =

 
+



!
, (2.15)

and a scalar potential given by:

V () = µ |†| + (|†|), (2.16)

with  > . The shape of this potential, for µ < , can be seen in fig. 2.1.

For the case where µ >  there is a trivial minimum for + =  = . When µ < , the minimum

changes and is not at 0 and the scalar field develops a vacuum expectation value (VEV), .

From the shape of the potential we can see that the direction of the minimum is not relevant, as any

choice of alignment still leaves the physics invariant, and so we can choose a convenient point:

 ⌘

p


 




!
. (2.17)

The scalar has Y = , as we know it to be a SU(2) doublet, and the choice made in eq. (2.17) sets

T = , so we get that Q = +
 = . This means that we spontaneously broke the SU(2)L⇥U(1)Y

symmetry by choosing a specific realisation of the  field, but electromagnetism remains unbroken, i.e.

our spontaneous symmetry break is:

SU ()L ⇥U ()Y ! U ()EM (2.18)

8
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The Lagrangian for the scalar is:

LS = (Dµ
)†(Dµ) V () (2.19)

with

Dµ = @µ + iWTWµ + iYBµY (2.20)

In order to investigate the physical consequences of the symmetry break we perturb the Higgs field around

its minimum:

 =

p


 


 + h

!
(2.21)

By plugging this into eq. (2.19) we get a contribution to the gauge boson masses that comes from the

scalar kinetic term:

M
⇡


(,)(WTWµ + YBµ )

 




!
(2.22)

By making use of the field definitions set in function of the Weinberg angle at eq. (2.14) we arrive at the

gauge boson masses:

mW =


W =  GeV, (2.23)

mZ =



q
(
W
+

Y
) = mW

cosW
=  GeV (2.24)

and

m =  (2.25)

The scalar mass is set by mH =

q
µ =

p
 =125 GeV. All that is left to determine are the

fermion masses, which we can do in a similar procedure. We start by writing the fermion fields in terms of

their left- and right-handed components:

L,R =


( ⌥ ) (2.26)

with  = i. We can write a SU(2)L doublet as:

LL =

 
L

eL

!
(2.27)

Despite the experimental knowledge that neutrinos have mass [8], its mass formulation requires a Beyond

the Standard Model (BSM) construction. Therefore the SM is constructed with no right-handed neutrino.

So, with this definition of left-handed fermions and knowing that right-handed fermions do not interact with

W bosons we can write their coupling to the gauge fields as

Llepton = iēR
µ (@µ + YYeBµ )eR + iL̄L µ (@µ + WTWµ + iYYLBµ )LL (2.28)

9
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We know that a fermion mass term of the form Lmass = m would not be gauge invariant, because

of their chirality, i.e. as the left-handed component is a SU(2)L doublet and the right-handed component is

a singlet the result would not be a scalar quantity. However we can write a Higgs doublet coupling to the

fermions of the form

f [LR +RL], (2.29)

with f being the Yukawa coupling constant. Given that the scalar field is a SU(2) doublet these terms are

SU(2)L singlets, and consequently gauge invariant. When we expand this term with the scalar formulation

when perturbed around its minimum, given by eq. (2.21), we get mass terms with the form

mf = f

p


(2.30)

In a similar fashion to what was discussed in the EW section, the fermion mass eigenstates are mixtures of

their electroweak eigenstates. This mixing, in the case of quarks, is determined by the Cabibbo-Kobayashi-

Maskawa (CKM) matrix.

2.1.6 Shortcomings

The SM has had enormous experimental success for decades, describing most of the interactions we see.

It is capable of describing with very high accuracy a large range of physics phenomena at a very large

range of energies. This is notably summarized in fig. 2.2. It has, however, some shortcomings, of which a

few were already mentioned:

• No quantum field theory description of gravity;

• No explanation for neutrino masses that have experimental evidence of being nonzero [10];

• No dark matter [11–13] candidate;

• No dark energy candidate, or any other explanation for the observed accelerated expansion of the

Universe [14];

• No explanation for the matter and antimatter asymmetry, that would require CP violating effects

beyond what the is seen in EW interactions [15].

• The Higgs mass has one-loop contributions that are quadratically sensitive to high scales, with

m
H

⇡
t



, with t being the Yukawa coupling to the top quark and  the cutoff scale.

This is not a problem per se, unless one assumes that the aforementioned problems require BSM

physics at a higher scale. In that case these contributions lead to a necessity of fine-tuning that may

be considered unnatural [16]. This problem is know as the naturalness problem, or the hierarchy

problem.

10
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Figure 2.2: Summary of several cross section measurements compared to the corresponding theoretical
expectations. [9]

There are many proposed ways of solving the hierarchy problem, of which a few of the most popular are:

• Supersymmetry (SUSY): as was shown in the description of the hierarchy problem there is a direct

dependency on the Yukawa coupling to the quarks (of which only the top quark was explicitly written

as it the largest by a large difference). SUSY [17–22] proposes that for each of the SM fermion/boson

that is included in the Higgs mass correction there is a boson/fermion partner. The supersymmetrical

particle would enter the loop with the opposite sign of its partner and therefore protect the Higgs

mass from its quadratic sensitivity to the high scales. SUSY is a very popular proposal, it has many

different classes of models and is heavily searched for at the LHC experiments.

• Large extra dimensions: this class of models [23, 24] solves the hierarchy problem by setting gravity

to become strongly interacting and thus shortening the distance between the weak scale and the

cutoff scale. They come with predicted observables at colliders, like quantum black holes, that are

searched for at LHC experiments.

• Composite Higgs models [25, 26]: a proposed solution to the hierarchy problem that is particularly
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relevant to this thesis and so it will be discussed in more detail in the following section.

2.2 Composite Higgs models

In Composite Higgs Models (CHM) the SM Higgs boson is a Goldstone boson of a new strong sector. This

strong sector binds the Higgs as a composite particle, and thus eliminates any concerns regarding quadratic

quantum corrections to its mass. The Higgs is dynamically generated with a light mass, in an analogous

manner to pions in QCD. CHM usually start with a large global symmetry group G, that spontaneously

breaks to a subgroup H . The minimal choice for a G ! H break that contains the EW SU(2)L⇥U(1)Y ,

leaves at least 4 Goldstone bosons to parametrize the Higgs boson and preserves custodial symmetry

is SO(5)⇥U(1)X ! SO(4)⇥U(1)X . U(1)X is included in order to preserve hypercharge in the unbroken

group. By including mixing of SM fermions to fermions of this new strong sector, that appear as resonances

of the new strong sector, in a mechanism called partial compositeness, we can parametrize their mixing

via an angle  as

|obsered particlei ⇠ |elementari +  |compositei (2.31)

which can be seen as a degree of compositeness. Top partners are naturally predicted to be vector-like,

i.e. to have the same left- and right-hand SU(2)L quantum numbers. Due to the linear mixing of the top

partners with SM quarks, top partners must have SU(3)C quantum numbers. This leads to the natural

prediction that there is a color mediator in the composite sector, a spin-1 color octet called heavy gluon.

This heavy gluon is predicted to have a high mass, at around 3 TeV, due to constraints in EW precision

data [27]. This means that top partner production can come via decays of the heavy gluon as well as

production via SM gluon fusion. This will raise questions in the interpretations of top partner searches and

will be a topic of discussion in this thesis.

CHM can be extended beyond the minimal choice of groups in order to achieve different features. One

hypothesis is, given here as an example, to have a SO(6)!SO(5) break. In the minimal case we got 4

Goldstone bosons from the broken generators, that were used to parametrize the Higgs boson. In this

example we would retain 5 broken generators and the extra Goldstone boson can be interpreted as a dark

matter candidate.

2.3 Vector-like quarks phenomenology

Vector-like quarks are colored spin
 fermions that have the same left- and right-handed SU(2)L quantum

numbers. This means that a bare mass term of the form Q̄LM
QR + hermitian conjuate is gauge

invariant, avoiding constraints coming from the Higgs sector. VLQs are predicted to mix with SM quarks

and bosons. This mixing sets some constrains on the possible quantum numbers that preserve gauge

12
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Electric charge T B

✓
T

B

◆ ✓
X

T

◆ ✓
B

Y

◆ ©≠´
X

T

B

™Æ̈ ©≠´
T

B

Y

™Æ̈
Isospin 0 0 1/2 1/2 1/2 1 1
Hypercharge 2/3 -1/3 1/6 7/6 -5/6 2/3 -1/3

Table 2.1: VLQ multiplets allowed by the mix with SM quarks through Yukawa couplings.

invariance. Therefore VLQs can have isospin of 0,  and 1. They can also have SM-like electric charges of

|e| (T ) and


|e| (B) or exotic charges of |e| (X ) and


|e| (Y ). This information is summarized

in table 2.1.

As is commonly done in BSM models that predict VLQs, it will be assumed that they mix only with

the third generation of SM quarks. The branching ratio (BR) of each decay is set by the SU(2)L multiplet

hypothesis, as can be seen in fig. 2.3. By setting this mixing a mechanism analogous to what is done in the

SM with the CKM matrix [28, 29], i.e. a matrix to obtain the mixing between mass and weak eigenstates

after the EWSB:  
tL,R

TL,R

!
= Uu

L,R
©≠´
t
L,R

T
L,R

™Æ̈ = ©≠´
cosu

L,R
 sinu

L,R
eiu

sinu
L,R

eiu cosu
L,R

™Æ̈ ©≠´
t
L,R

T
L,R

™Æ̈ (2.32)

where U are the mixing matrices that diagonalize the mass matrix, as Uq
L
Mq(Uq

R
)† = M

q

dia
, L,R

are the mixing angles for the left- and right-handed components, respectively, and u is a phase. Fields in

their weak eigenstate basis are denoted by a  superscript. The mixing procedure shown above is specific

to the up sector, but the down sector is obtained with same procedure.
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Figure 2.3: Branching ratios for the three different decays channels of the vector-like B and T [30].
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VLQ production can be done in two ways: gluon fusion producing a pair of VLQs, or via an EW vertex

with a single VLQ and a SM quark. Pair-production is fairly model independent as gluon fusion is a well

modeled process and VLQs are expected to couple to gluons the same way SM quarks do. Single-production

cross-section, however, depends on the coupling of the VLQ to SM bosons. This introduces some model

dependency and makes the interpretation of experimental results trickier than in the pair-production case.

Pair-production is the dominant mechanism until high VLQ masses are considered, in which case single-

production cross-sections start to dominate, mostly due to phase-space restrictions as only one massive

quark is being produced. This can be seen in fig. 2.4.

Figure 2.4: Leading order cross-sections for pair and single production of the different vector-like
quarks [31].

T

W
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g

Figure 2.5: Examples of pair and single production Feynman diagrams. [30].
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An overview of current experimental constraints on VLQ production will be given in section 4.1.
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Experimental setup

3.1 CERN

CERN (acronym for Conseil européen pour la recherche nucléaire) is a particle physics laboratory located

near Geneva, Switzerland. It was idealized at the end of the second world war and founded in 1954. Its

personnel counts with about 18,000 people from over 110 nationalities [32]. It is the host of many projects

and experiments, with the prime example being the LHC.

3.2 The Large Hadron Collider

The LHC [34] is a 27 km circular particle accelerator, located underground at an average depth of about

100m. It consists of a chain of superconducting magnets that operate at 1.9K and produce a field of

around 8.4 T at a current of 11,700 A, that allow for the acceleration and collision of protons (most of the

machine time) and heavy ions (a few weeks at the end of the year). Protons in the LHC reach a center of

mass energy of 13 TeV, and collide head-on at specific interaction points along the ring, that are shown in

fig. 3.1. These interacting points correspond to the 4 LHC experiments: ATLAS [35] and CMS [36], two

multi-purpose experiments that try to cover a wide range of physics interests; LHCb [37] that is focused

on B hadron decays and ALICE [38], dedicated to the study of heavy ion collisions.

The choice for colliding protons instead of electrons is mostly due to the higher mass of the former, and

the minimization of energy loss due to radiative energy, that are inversely proportional to the forth power of

the mass. The drawback from this choice is that protons are composite particles, and their total momentum

is divided among its constituents in proportions that are not always the same. This means that even though

protons are accelerated to a
p
s =  TeV, the scattering momentum only takes the momentum of each
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Figure 3.1: LHC accelerator complex [33].

parton. This fraction is unknown for each event and can only be quantified cumulatively in distribution

functions, called Parton Distribution Functions (PDF). An additional issue with the use of protons is that

they have to be accelerated in bunches, in order to have a significant probability of interaction. Proton

beams contain about 2800 bunches of about 10 protons, spaced by 25ns. So for each bunch crossing

there will be multiple collisions, and when an interesting event containing a hard scattering is recorded, it

occurred simultaneously with other interactions not directly related to the interesting process. The number

of interactions per bunch crossing is called pileup. This effect can create a challenge in order to determine

the interaction vertex corresponding to the interesting collision and adds an experimental uncertainty.

For a process with a given cross-section, the rate of events is given by:

dNeent

dt
= Leent (3.1)

with L being the instantaneous luminosity, that is set by the beam parameters as:

L =
N
b
nb frer

n⇤
[cms] (3.2)

where Nb is the number of particles per bunch, nb is the number of bunches per beam, fre is the

frequency given by the number of circulations of each bunch per second,  is the relativistic gamma factor,
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n is the normalized transverse beam emittance and ⇤ is the focusing function at the interaction point

that is given by the size of the bunch cross-section at the interaction point.
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Figure 3.2: Luminosity delivered to the ATLAS detector (in green), recorded by ATLAS (in yellow) and that
is certified as good quality data (in blue), taken between 2015 and 2018 [39].

The total number of collisions in a given period of time is given by the integrated luminosity L =
Ø
Ldt .

Figure 3.2 shows the integrated luminosity delivered to the ATLAS detector.

3.3 The ATLAS Experiment

Figure 3.3: Computer generated image of the ATLAS detector, with a superimposed coordinate system [35].

Along with CMS, ATLAS (A Toroidal LHC ApparatuS) [35] is one of the two general purpose detectors

of the LHC. It has a cylindrical geometry that centers around the beam pipe. The detector is 45m long,

25m high and weights at about 7000 tons.
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ATLAS uses a right-handed coordinate system as is shown in fig. 3.3, with the z axis going along

the beam pipe and the x axis point towards the center of the LHC ring. The x   plane defines the

transverse plane and all transverse quantities (i.e. pT, ET, Emiss
T ) are defined along it. The azimuthal

angle  is measured around the z axis, while the polar angle  is measured around the beam direction. A

pseudorapidity , defined as  ln[tan( )], is used along with , as distances in pseudorapity are Lorentz

invariant. The angular separation between two particles is defined by the quantity R =
q
 + .

3.3.1 Inner detector

Figure 3.4: Schematic view of the inner detector, showing all its components [35].

The innermost part of the ATLAS detector is the inner detector (ID)[40–42]. It is composed by 4 parts:

the Insertable B-layer (IBL) [43], the silicon pixel detector [44, 45], the semiconductor tracker (SCT) [46–

48] and the transition radiation tracker (TRT) [49–53]. These work in combination with a 2T magnetic

field produced by a superconducting solenoid to measure the tracks of charged particles as well as to

reconstruct primary and secondary vertices within a pseudorapity region of | | < 2.5. Due to the proximity

to the interaction point its design requires high resistance to radiation damage. As LHC events are high

in number of tracks the ID needs to have high granularity to allow for the necessary precision in the

measurement of track parameters and vertex reconstruction.

The innermost layer of the Pixel Detector (PD) is the IBL. Inserted in 2014, it provides better vertexing

resolution and primary vertex position measurement, particularly due to the increase in pileup that was

expected at the time of the insertion. The pixel detector has 4 cylindrical layers of pixel sensors in the

barrel region and 3 discs that are perpendicular to the beam pipe in the two end-cap regions. The pixel

sensors provide a resolution of 10 µm in the R   plane and 115 µm along the z axis, with about 92

million readout channels.

Surrounding the pixel detector is the SCT, consisting of 4 layers of silicon microstrip sensors in the

barrel region and 18 disks in the two end-cap regions. It has a spatial resolution of 16 µm in the transverse

plane and 580 µm along the beam axis.
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The outer part of the ID is the TRT, made of 4 mm diameter straw drift tubes up to 144 cm long.

These are operated with a gas mixture of 70% Xe, 27% CO and 3% O. At the center of each straw is a

gold-coated wire with 31 µm in diameter, serving as an anode kept at ground potential. The cathodes are

the walls of each straw, kept at a negative potential of -1.5 kV. As charged particles traverse a straw they

ionize the gas mixture, causing electrons and positive ions to drift apart in the electric field, thus producing

a signal that is proportional to the energy deposited by the particle. A single track typically goes trough

about 30 straws, yielding a spatial hit resolution of 130 µm in a plane perpendicular to the wire.

The four components of the ID, used in measurements in combination, provide a experimental resolu-

tion of pT of
pT
pT
=

.%
GeV pT  % [35].

3.3.2 Calorimeter system

Figure 3.5: Schematic view of the calorimeter systems, showing all its components [54].

As particles exit the ID they meet the ATLAS calorimeters. These cover a range up to | | < 4.9,

composed by towers that segment the system in  and . The calorimeter system is divided in order to

measure the energy from electromagnetic and hadronic showers. For that two systems are used: the Liquid

Argon (LAr) [55] and hadronic calorimeters. They consist of alternating layers of dense absorber materials

to induce particle showers and active materials to measure the deposited energy.

In the LAr calorimeter electrons lose energy by bremsstrahlung and photons lose energy by electron

pair production. Given the amount of matter that is traversed by these interactions (called radiation length

X), one can measure the initial energy of the incoming particle. In the case of the photon, X is equivalent

to 7/9 of its mean free path, and for the electron it represents 1/e of its energy loss. In order to contain

the majority of the particle shower it is important that the calorimeter has the appropriate depth. For that

LAr has the length of 22 X in the barrel and 24 X in the end-caps. The absorber plates and electrodes

are arranged in an accordion-like shape thus ensuring coverage in the  range, with a granularity of
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⇥ = .⇥.. This fine segmentation is very important for the detection of single photons in

 !  . The target energy resolution of the LAr calorimeter is, in GeV, EE =
%p
E


%
E .% [35].

High energy hadronic interactions produce showers of secondary particles that are very different

from those found in electromagnetic showers, so there is the need for a different design in order to

measure them. In the hadronic calorimeters, that surround the electromagnetic calorimeters, the energy

of hadronic showers is measured within | | < 3.2. They are composed of three parts: the Tile hadronic

calorimeter (TileCal) [56], the Liquid-Argon hadronic end-cap calorimeter (HEC) and the Liquid-Argon

forward calorimeter (FCal). The TileCal is made of plastic polystyrene scintillating tiles that act as the active

medium with steel, acting as the absorber. It has a total thickness of 9.7 X in the barrel and 10 X in

the end-caps. The scintillating material and the steel are oriented radially into 3 read-out layers in order to

measure the longitudinal profile of the hadronic showers. The polystyrene is connected to photomultiplier

tubes (PMTs) that convert the light produced in the scintillators into an amplified electric signal. The TileCal

contains about 4672 readout cells read into both sides by two PMTs, making a total of 9852 PMTs. The

granularity of the TileCal is ⇥ = .⇥.. The HEC has two wheels per end-cap situated behind the

electromagnetic end-cap calorimeter, covering the range of 1.5 < | | < 3.2. Its design is equivalent to the

LAr but it has copper plates instead of lead. Finally the FCal provides calorimetry for both electromagnetic

and hadronic showers at the range of 3.1 < | | < 4.9 with a thickness of about 10 X. It uses copper as

the absorber in the first layer and tungsten in the second and third layers.

The measured energy resolution, in GeV, of a single isolated charged pion measured in combination

by the LAr and tile calorimeters is E
E =

%p
E

 .%
.
E [35].

3.3.3 Muon spectrometer

Figure 3.6: Schematic view of the muon spectrometer in a cut-away view, showing all its components [35].

As all the aforementioned parts of the detector interact with the particles produced in the interaction
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point, only muons and neutrinos should not be absorbed by this point. Therefore the muon spectrometer

[57] is the outermost part of the ATLAS detector. With this detector a high precision measurement of the

muons momentum down to 3 GeV can be achieved, using a toroidal magnetic field of up to 1 T to deflect

their tracks. The range of the muon spectrometer goes up to | | < 2.7 in the momentum measurement and

| | < 2.4 in the muon based triggers, with a small gap for | | < 0.1 for service cables. The spectrometer

is composed of a central barrel and two end-caps. The tracks in the muon spectrometer are measured by

two different systems: the Monitored Drift Tubes (MDTs) [58] in the barrel and the Cathode Strip Chambers

(CSCs) [59] in the forward regions. The MDTs measure track coordinates within | | < 2.7. The CSCs are

multiwire proportional chambers with cathodes that are segmented into strips, used within 2.0 < | | < 2.7.

The Thin Gap Chambers (TGC) [60] is used in the trigger system, covering a range of | | < 1.05, while the

Resistive Plate Chambers (RPC) cover the region of 1.05 < | | < 2.4. Where the trigger chambers lose in

spatial resolution they make up in faster signals that are required for the first level muon trigger.

3.3.4 Trigger system

As it was mentioned previously, the LHC, during the Run 2 data taking, provides a bunch crossing every

25 ns, meaning a rate of 40 MHz. Due to limited storage space, less than 2000 events per second can

be saved so a realistic rate that can be processed and recorded is of about 1 kHz. The role of the trigger

system [61] is to perform a run-time event selection based on the event features, filtering the interesting

ones while keeping an affordable rate. The current ATLAS trigger system is composed of two trigger levels:

a hardware-based level (L1) that uses measurements from the calorimeters and muon systems; and a

software-based high-level trigger (HLT) that allows for a finer selection. The first level of the trigger system

reduces the initial 40 MHz rate to about 100 kHz. A further reduction to the desired 1 kHz is made by the

HLT. The L1 trigger searches for potentially interesting features such as high transverse momentum objects,

large Emiss
T and large total energy. From there a Region of Interest (ROI) is defined, that will be used by the

HLT to refine the L1 selection. Having a software based trigger levels allows for a more specialized selection

of events. To that end a trigger menu is built in order to manage the bandwidth and storage of each type

of trigger that will be essential to the many physics signatures that are of interest to the collaboration. The

menu is usually built around the topological information of the event, so that a signature can be focused

on it, i.e. having signatures dedicated to electrons, muons, jets, Emiss
T and so on. In some cases, in order

to stay within the rate constraints some triggers need to be prescaled, i.e. only a fraction of the selected

events can be recorded. Prescale factors can be adjusted during data taking and some triggers may even

be disabled for technical reasons.
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3.3.5 Worldwide LHC Computing grid

As was just discussed, the trigger system does an excellent job at reducing the event rates to be recorded

from 40 MHz to 1 kHz. Still, as the average file size has about 1.6 MB [62], the task of processing and

recording the events of the four main experiments is daunting and so the Worldwide LHC Computing Grid

(WLCG) was created. It is designed to deal with around 15 Petabyte of data per year, i.e. to preserve it and

its redundancy, and make it readily available to the approximately 5000 scientists around the world. The

WLCG is a distributed computing grid composed of 160 different computing centers, divided into three

tiers:

• A Tier-0 is located at CERN, connected to another Tier-0 located at Budapest with a 100 Gbit/s data

link. It is at this tier that the first data reconstruction is performed and copied to tier 1 center for

further processing.

• Tier-1 centers store and process data and simulation. There are 14 active Tier-1 centers around the

globe.

• There are 149 active Tier-2 centers that make end-user analysis and simulation possible.

• Even though they are not managed by the WLCH, local computer clusters at universities and institutes

are often referred to as Tier-3.

3.3.6 ATLAS Forward Proton

Working as a complement to the ATLAS detector is the ATLAS Forward Proton (AFP) detector [63], aiming

to measure protons that result from the central interactions and stay intact, but that through energy loss

are deflected and travel through the beam pipe. This allows for the study of diffractive processes where

the proton remains intact, such as central exclusive production, soft diffractions processes (that can be

single or double diffraction and that are only distinguishable with proton tagging), Pomeron interactions,

or even anomalous quartic gauge boson couplings [64].

In order to be able to detect these far travelling protons, stations at both sides of the ATLAS detectors

are placed, located at 205 and 217 m from the interaction point, as can be seen in fig. 3.7. These stations

consist of Roman Pots (RP), that allow the detectors to be horizontally inserted and removed from the

beam pipe without breaking the vacuum. Each station contains four Silicon Trackers (SiT) that allow for a

precise measurement of the proton trajectory as a track. The chosen chip for readout was FE-14, designed

for the inner detector. They cover an area of approximately 16 ⇥ 20 mm with pixels of 50 ⇥ 250 µm,

placed with a 14 degree angle. The resolution of each plane, i.e. each SiT, is about 6 µm in the x direction

and 30 µm in the  direction. The typical acceptance is 0.02 <  <0.12, with  the proton energy loss,

given by  = 
Eproton
Ebeam

. The stations located farther from the interaction point (named far stations),
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also contain Time of Flight (ToF) detectors, timing detectors capable of measuring the time of arrival of

each proton. This is very important in conditions of high pileup, where the ToF can provide background

rejection by calculating the difference in arrival time of each proton, resulting in the position of the vertex

that originated these protons, that can be checked against the primary vertex position. ToF can also provide

a trigger signal to the central system. The resolution of these detectors is expected to be between 20 and

30 ps.

Figure 3.7: Schematic view of the ATLAS Forward Proton detectors [65].

3.3.7 Exclusive jet trigger

From the listed physics processes of interest, central exclusive production is one of the most promising,

particularly with jets. These are processes where both protons remain intact, but are deflected by the

energy lost in radiating jets. Figure 3.8 shows a schematic diagram of the process. Its detection could

help study the gluon distributions in protons, given the purely gluonic nature of the process, and even set

constraints on the exclusive Higgs production [66].

proton

je t

proton

je t

proton

proton

Figure 3.8: Schematic Feynman diagram of central exclusive jet production [66].
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There is, however, a big challenge in detecting these events. As can be seen in fig. 3.9, the geometric

acceptance of the AFP detector is dependent on the proton pT and its energy loss The latter will dictate

of the proton deflection is within in the detector acceptance, taking into account the beam properties

and the detector geometry and position. As the proton’s energy loss will be corresponding exactly to the
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Figure 3.9: Geometric acceptance of the AFP detector as a function of the proton energy loss and its
pT [66].

energy of the radiated jets, the kinematic range of the jets that will result in a proton tag at AFP is at

minimum 140 GeV [66]. The problem with this is that the trigger rates at this pT are very high, requiring

large prescales, and, as it can be seen in fig. 3.10, the cross section of these processes falls steeply with

the jet pT. The chosen solution to still be able to record these events was to have a dedicated trigger. The
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Figure 3.10: Exclusive jet production cross section as a function of the leading jet pT [66].

plan is to measure the kinematics of the jets using the central detector, and tag the protons at AFP, making
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a decision on their compatibility, i.e. verify if the measured energy position is compatible with the energy

of the jet pair measured in the central system.

In exclusive jet events, the energy of the dijet system is given by:

Ejj = e±jj
mjjp
s

(3.3)

where jj andmjj are the rapidity and mass of the dijet system [67]. Knowing that the energy lost by each

proton corresponds to the energy of each jet, it can be derived from eq. (3.3) as

Ep =

p
s


(  Ejj ) (3.4)

given that the initial proton energy is half of the center of mass energy. The sign of each jet rapidity will then

be used to derive the energy of each proton. Knowing the proton energy and the optics of the LHC beam,

one can parameterize its trajectory along the beam pipe and predict its position at AFP. This quantity, then,

can be used to compare against the actual proton position measured at AFP and assess the compatibility

of the dijet system with the proton tags.

There is, however, the complications given by pileup. In normal detector conditions, where the pileup

is high, many tracks are expected to be measured by the AFP detectors. Therefore, this can represent a

large background of AFP tracks that match the dijet kinematics, despite not being originated in a exclusive

jet event. This issue can be mitigated with the use of ToF. By measuring not only the proton positions but

also their time of arrival at AFP, one can use their time difference to predict the z position of the primary

vertex and compare it to the one obtained by the tracking algorithms used in the central detector. This

further requirement is expected to suppress a large number of combinatorics background events.
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Figure 3.11: Dijet system invariant mass before any algorithm cuts are applied. To the left is the exclusive
jet simulation and a non-diffractive jet sample is shown as background, on the right.

Figure 3.11 shows the invariant mass of the dijet system, on a sample of 498 central exclusive jet

events on the left, and a non-diffractive jet sample on the right. Both processes were generated with the

nominal run 2 pileup conditions.

The rapidity distribution is shown on fig. 3.12, and it can seen that the distribution is wider for the

background case. As the name indicates, central exclusive jet production results in very central jets.
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Figure 3.12: Dijet system rapidity before any algorithm cuts are applied. To the left is the exclusive jet
simulation and a non-diffractive jet sample is shown as background, on the right.
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Figure 3.13: Track multiplicity on the A side station before any algorithm cuts are applied. To the left is the
exclusive jet simulation and a non-diffractive jet sample is shown as background, on the right.
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Figure 3.14: Track multiplicity on the C side station before any algorithm cuts are applied. To the left is the
exclusive jet simulation and a non-diffractive jet sample is shown as background, on the right.

Figures 3.13 and 3.14 show the multiplicity of tracks on the A and C side stations (as indicated in

fig. 3.7). The signal distributions show a larger expectation of track multiplicity.

Assembling this trigger strategy some of the required information was already available due to existing

ATLAS trigger algorithms. Namely, the jets information is reconstructed by some jet trigger algorithms, and

some b -tagging trigger algorithms reconstruct the primary vertex position. This can be used by the trigger

chain we want to assemble, and complement it with the missing information about the AFP measurements.

At the end, the trigger scheme will follow the aforementioned steps and is schematized in fig. 3.15.
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Figure 3.15: Exclusive jet production trigger scheme.

Going from the top of the scheme, the level 1 trigger that starts the trigger chain should be an AND

operation of a single jet trigger that requires a pT > 75 GeV and any AFP trigger that will collect the necessary

AFP information. TrigJetRec is the reconstruction algorithm1 that will collect the jet information from the

calorimeters and pass it to the HLTJetHypo. This, as the name may serve as indication, is an hypothesis

algorithm, i.e. an algorithm that makes decisions. In this case it will just select the jet information and

apply the pT requirement. For the purpose of this trigger chain the procedure being applied by the jet

algorithms is not important, as it was the same as offline, and they are included in the chain as a means to

obtain jet information from the central detector. The first AFP algorithm to be ran is Trig_AFPSiTrkReco.

This algorithm will use the raw AFP data obtained by the level 1 algorithm and call the necessary tools

to convert the raw data into proton tracks. To that end, it first calls AFP_RawDataProviderTool, that

is followed by AFP_Raw2DigiTool, the tool that takes the raw data and does the digitization, achieving

Silicon hits. These Silicon hits will be reconstructed as tracks by the AFP_SIDLocRecoTool. At the end of

this process the Trig_AFPSiTrkReco will be able to pass reconstructed AFP tracks to the next algorithm:

TrigAFPJetAllTE. This is the first AFP hypothesis algorithm, and it combines the jet information with the

AFP information to make a decision. It calls the AFP_ProtonTransportTool tool that takes the proton
1In this scheme all reconstruction algorithms are shown in rectangles, as opposed to the diamonds, reserved to decision

algorithms.
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energy measurements, given by eq. (3.4), and outputs a prediction of the proton positions at AFP. With the

predicted position and the measured position of the AFP tracks it makes a decision. For events with at least

two jets, so that the proton energy calculation can be performed, and at least two AFP tracks, corresponding

to at least two proton measurements, it compares the distance between the proton measured and predicted

positions, as a set of two cuts:q
(xpred  xmeas ) + (pred  meas ) < .mm

|xpred  xmeas | < .mm; |pred  meas | < .mm
(3.5)

with xpred and pred being the predicted x and  positions while xmeas and meas are the measured

x and  positions. The cut values were obtained by comparing simulation of exclusive jet events with

non-diffractive events as background and will be tweaked with data collected by this trigger chain. For

events with more than two jets, the two most energetic jets will be selected. If an event has more than two

AFP tracks, the two closest to the predicted proton position will be used.
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Figure 3.16: Radial position difference between prediction and measurement on the C side station before
any algorithm cuts are applied. To the left is the exclusive jet simulation and a non-diffractive jet sample is
shown as background, on the right.

Figure 3.16 shows the radial difference in the predicted position and the position of the AFP track on the

C side station. It can be seen that while a peak is defined for the signal case, the background distribution

is wider.

The next stage in the trigger chain is related to the ToF measurements and the comparison with the

primary vertex position. The EFBtagFexPlit_EFID algorithm, developed for b -tagging triggers, calculates

the primary vertex position, that will be passed on to the final hypothesis algorithm: TrigAFPToFHypo.

This algorithm calls the AFP_ToFRecoTool, that transforms raw data from ToF into time information and

then uses it to make a prediction of the z position to be compared with the obtained measurement.

The development of the trigger chain was done in a staged approach that allowed for implementing

and debugging each step separately. In addition, it facilitates the commissioning and validation of the

trigger chains, allowing to switch on and off the complete chain or just the jets and track selection. The

first chain implemented focused on the kinematic matching between the dijet system and the AFP silicon
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tracks, ending with the TrigAFPJetAllTE algorithm. It went through the necessary steps to be included

into ATLAS software and the trigger menu. The validation plots indicated that when it ran in over real data

it showed no trigger rates. This is an obvious indication of some issue with the code, possibly a problem

with the thresholds selected, differences between offline and online code, or some other unforeseen

problem. It is now under study by the AFP group, looking towards an integration into the third LHC run. The

second stage of the implementation consisted in a full central exclusive chain, including also the primary

vertex reconstruction using the tracks associated to the dijet system and the ToF information in AFP. The

implementation of the calculation of the primary vertex position is done, needing only the measured position

from the ToF information. Given that data taking in 2018 was performed without ToF, the implementation

of the second part of the chain decreased in priority. The lack of a ToF detector in 2018 data taking was

due to an unexpected high radiation damage during the 2017 data taking, leading to the removal of the

detector at the end of the year. A satisfactory resolution for this problem was not found, resulting in the

detector not being installed again in 2018. The focus of the group moved towards the understanding and

solution of the problem. The chain is currently under development by the LIP group in close collaboration

with the AFP team. In the same way as with the first stage, the ToF reconstruction will use available tools

from the offline reconstruction incorporated into the trigger framework using AthenaMT, the ATLAS software

framework that is being rebuilt into a multithread software.
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Searches for vector-like quarks with partial run-2

dataset

VLQs are an important feature of many BSM theories, so naturally they are a major focus of the BSM search

strategies at ATLAS and CMS. Given the many possible decays that VLQs can have, it would not be practical

to dedicate searches to specific decay modes. So the strategy employed by the ATLAS collaboration is to

target phase space regions and be general. Given that VLQs can decay to H ,W , and Z , as was shown in

section 2.3, searches look to target the a specific SM boson decay instead. So typically they look for a final

state of the form of H/W /Zq + X, with q being a third generation quark. This way searches can cover

most of the phase space by individually covering a particular corner of the BR plane and at the end they

can all be combined and thus have the best of both worlds: optimized sensitivity from each analysis and

the complete statistical power from the combination.

Figure 4.1: Search for the pair-production of vector-like T or B and at least one Z boson [68].

The analysis presented in this thesis targets pair production of VLQ with SM-like electric charges (T
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and B) decaying to a third generation quark with the presence of a leptonically decaying Z boson. So the

targeted final state is Zt/b + X, where X can be any of the other possible decay modes, i.e. Wq,Zq or

Hq, as is shown in fig. 4.1.

4.1 Current results

4.1.1 Zt/b + X final state

The analysis presented in this text follows previous searches using a partial run-2 dataset amounting

to 36.1 fb. Most notably it is the successor of an analysis targeting the same final state [68]. It was

performed by a largely overlapping set of analyzers, including the author of this thesis, whose master

thesis [69] presents this search without data in the signal regions. This is because this analysis (and mostly

all searches, including the one described in the current thesis), follows the ATLAS blinding procedure. It

consists of a series of steps intended to prevent analyzers to bias themselves with possible data fluctuations

in sensitive bins. So the analysis strategy is developed without ever consulting data in signal enriched regions

(in control regions, after being verified that do not present a large signal contamination, data can be looked

at). The analysis team, in consultation with its ATLAS sub-group, should reach a final analysis setup that,

if approved by the sub-group can be unblinded, i.e. can have its signal regions populated with data events.

It should be noted that decisions on the sensitivity of the analysis take only expected limits into account.

In the case of the analysis presented in this thesis there was even an intermediate step where data was

only shown in signal regions bins with signal over background ratio below 5%, to assess the stability of

the fit and the control of the main backgrounds, before the full unblinding. The remainder of the analysis

development, from the unblinding step until its publication represented the first step of the PhD work done

by the author of this thesis [68].

The 36.1 fb analysis search for pair and single production of VLQ, in the same leptonic Z channel.

The pair production channels search for VLT and VLB, while the single production channels focus exclusively

on VLT production. There are 3 pair production channels: two ` channels split by multiplicity of large

radius jets1 and a ` channel. The ` channel with 0 or 1 large radius jet was labeled as PP ` 0-1J while

the other channel with two leptons, that required at least 2 large radius jets was labeled PP ` 2J. The

two single production channels were split by lepton multiplicity: a channel with 2 leptons and a channel

with at least 3 leptons. The main features of the analysis pre-selection were the multiplicity of b -tagged jets,

given the assumption of VLQ decays only to third generation quarks and pT of the reconstructed Z boson

candidate, as a large boost from the high VLQ masses is expected. The single production channels had an

additional requirement of at least 1 forward jet, a typical feature of VLQ single production signals, as the

spectator quark from the t-channel production is expected to have large | |, which also allows to suppress
1More details about jets and their reconstruction will be shown in section 5.2.
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some background. Both PP ` channels feature tt̄ and Z+jets control regions, their main backgrounds,

that can be seen in figs. 4.2 and 4.3. The tt̄ CRs are defined by inverting the cut on the mass of the

leptons that reconstruct the Z boson candidate, trying to reject events with a Z boson candidate with mass

compatible with a Z boson. Both ` channels signal regions apply a cut on the scalar sum of jets pT,

which is inverted in order to define their Z+jets CRs. This variable is used as the PP ` 0-1J discriminant

variable, while the invariant mass of the Z boson candidate and the leading b-tagged jet is the PP `

2J discriminant variable. Both can be seen in fig. 4.4. The PP ` 0-1J has two signal regions, splitting

by events with 0 and 1 large radius jets, as it was found to improve the channel’s sensitivity. The PP `

channel has a Dibosons CR by requiring exactly 0 b-tagged jets, and a tt̄ +X CR by inverting the cut on

the pT of the reconstructed Z boson candidate. The discriminant variables in these control regions can

be seen in figs. 4.2 and 4.3. As opposed to the ` channels, that require at least 2 b-tagged jets, the `

channel (with the exception of the Dibosons CR) requires at least 1 b -tagged jet, as it was found to improve

the channel’s sensitivity. The discriminant variable for this channel is the scalar sum of jets and leptons,

as the additional leptons should be useful for signal discrimination, and it can be seen in fig. 4.4.

The SP ` has two control regions, defined by their b -tag multiplicity: a 0 and a  b -tag regions, that

can be seen in fig. 4.5. This allows a control of the main background, Z+jets, in the phase space with

no heavy flavor jets, and in a phase space closer to the SR, that requires at least 1 b-tagged jet. Given

that the decay products of the VLT often have large pT, it is common that they are all contained within the

same large radius jet. To that end this channel applies top tagging to the selected large radius jets. This is

a method of determining if a jet is likely a decay of a top quark, by taking into account its mass and the

n-subjettiness [70], which is a quantification of the degree to which a jet can be regarded as composed

of n subjets. In this case by doing the ratio of the 3-subjettiness with the 2-subjettiness, given that top

quarks almost exclusively decay toWb, will provide a unique signature. Given that the main background

of this channel is Z+jets, it is unlikely that it fulfills this requirements, so a significant suppression of the

main background is expected. The discriminant variable of this channel is the invariant mass of the Z

boson candidate and the leading large radius jet that is tagged as a top quark, thus reconstructing the VLT

resonance, as can be seen in fig. 4.6, for a choice of coupling of the VLT to the EW boson in the production

diagram of 0.5. The last selection requirement is that the scalar sum of jets pT plus the Emiss
T is lower

than the aforementioned invariant mass, in order to suppress pair production contamination. The SP `

channel SR has a requirement that only events in which the highest pT lepton has a pT of at least 200 GeV

are selected. Pair production contamination is reduced by requiring the scalar sum of jets pT multiplied by

the number of jets to be below 6 TeV. A Dibosons region is built by selecting events with no b -tagged jets,

while a tt̄ +X CR is built by inverting the pT of the Z boson candidate requirement and vetoing forward

jets. The discriminant variables for these control regions can be seen in fig. 4.5. The scalar sum of jets

and leptons pT is used as the discriminant variable and can be seen in fig. 4.6.

As no deviation from the SM expectation was found, upper limits on the VLQ mass were derived at
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Figure 4.2: Discriminant variables of the pair production ` control regions after a background only fit.
Expected signal distribution is overlaid, for a benchmark model of a singlet VLB with 900 GeV mass,
multiplied by a factor of 5 for visibility purposes, except for the PP ` 2J channel.
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Figure 4.3: Discriminant variables of the pair production ` control regions after a background only fit.
Expected signal distribution is overlaid, for a benchmark model of a singlet VLB with 900 GeV mass,
multiplied by a factor of 5 for visibility purposes.

95% CL. More details about the statistical procedures of limit setting will be given in section 5.5. For

pair-produced VLQ, masses below the TeV range were excluded, with singlet VLT (VLB) masses excluded

up to 1.03 (1.01) TeV, and doublet VLT (VLB) masses excluded up to 1.21 (1.14) TeV. In the case of

BR(Z ) = 1, VLT (VLB) masses were excluded up to 1.34 (1.22) TeV. Limits as a function of VLQ mass can

be seen in fig. 4.7. More details about the differences in sensitivity with regard to VLQ isospin and charge

will be given in section 5.6. Limits across all branching ratio possibilities are shown in fig. 4.8. It shows

that the sensitivity is mostly located for high Z boson BR, as expected. Given the dependency of single

production cross section with the VLQ coupling to EW bosons, the interpretation of results is trickier. Only

single production via the coupling of T to theW boson, as is shown in fig. 2.5, is considered, as its cross

section is about one order of magnitude higher than the diagram with the Z boson for the same coupling

value [71]. For a set coupling of kT = 0.5, corresponding to cW = 0.45 in the parameterization that will be

shown for the coupling scan, expected and observed limits as a function of VLQ can be seen in fig. 4.9.

Figure 4.10 shows expected and observed limits on the VLT mass as a function of its coupling to theW and

Z bosons. As the analysis is not sensitive to VLQ chirality, the couplings are shown as a sum in quadrature

of the left- and right-handed couplings. It can be seen that for large couplings masses below 1.6 TeV can

be excluded.
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Figure 4.4: Discriminant variables of the pair production channels after a background only fit. Expected
signal distribution is overlaid, for a benchmark model of a singlet VLB with 900 GeV mass, multiplied by a
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Figure 4.5: Discriminant variables of the single production control regions after a background only fit.
Expected signal distribution is overlaid, for a benchmark model of a singlet VLT with 900 GeV mass and
kT = 0.5, multiplied by a factor of 3 for visibility purposes in the SP ` channel.
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Figure 4.6: Discriminant variables of the single production channels after a background only fit. Expected
signal distribution is overlaid, for a benchmark model of a singlet VLT with 900 GeV mass and kT = 0.5,
multiplied by a factor of 3 for visibility purposes in the SP ` channel.

4.1.1.1 Other results of VLQ to Z

Besides the search shown above, other results were obtained for VLQ decaying through a Z boson. Namely,

the CMS Collaboration has a search for pair production of VLT and VLB decaying through a leptonically

decaying Z boson [72] at
p
s = 13 TeV, with 35.9 fb of data. A similar strategy is applied, i.e. selecting

events with high pT jets and Z boson candidate, as was the scalar sum of jets and leptons pT. Top tagging

is applied to large radius jets, in a similar fashion to what was described for the SP ` channel. Small

radius jets are also tagged asW , Z , H or top quark jets. Afterwards, for VLT events, categories are built

based on the multiplicity of jets tagged as b, V (i.e.W or Z ), H or top. b-tagged jet multplicity can be 1

or  2, the number of V , H or top tagged jets can be 0 or  1, so 16 catergories can be built. However,

regions with similar S/
p
B are grouped together, so at the end 9 categories are left. For the VLB search, 5

categories are built, based on the same multiplicities. The discriminant variable used is the scalar sum of

jets and leptons. After no deviation from the SM expectation was found, upper mass limits were derived.

For the scenario where BR(Z ) = 1, masses below 1.28 (1.13) TeV were excluded for VLT (VLB). These

results are compatible with those found in the aforementioned ATLAS analysis (1.34 and 1.22 TeV for VLT

and VLB, respectively).

VLQ decays through a Z boson were also searched in single production by both the ATLAS and CMS

Collaborations. An ATLAS search with 36.1 fb of run-2 data searched for T decays to tZ where the Z

boson decays invisibly [73], a final state usually referred to as monotop. This final state is characterized

by a top quark and large missing transverse momentum, which is useful to search not only for VLT single
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Figure 4.7: Expected and observed combined limits at 95% CL on the production cross-section for TT̄ BB̄

for the singlet and doublet benchmarks and for the case where BR(Z ) = 1. The individual channel lines
represent their expected limits.

production but also for dark matter candidates that could produce the same final state. Because ZTt

prodution is suppressed, as was the case in the ATLAS search with a leptonically decaying Z boson, only

WTb production is considered. A forward jet is required by this search, as well as exactly 0 leptons, Emiss
T >

200 GeV and at least 1 large-R jet tagged as a top quark. The signal region is built by taking advantage of

the asymmetry between Emiss
T and the pT of the top tagged jet that is expected to be smaller for events

with jets mis-reconstructed as Emiss
T in multijet production backgrounds. Background supression is also
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Figure 4.8: Expected and observed lower mass limits for the different BR possibilities. The white lines
represent the contours of given VLQ masses.
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Figure 4.9: Expected and observed limits on the VLT mass as a function of the VLQ mass for a coupling
kT = 0.5. The grey are represents the region that is not excluded for any mass value tested.

achieved by requiring that the distance in the azimuthal angle  of the top tagged jet and Emiss
T is larger

than /, as these are expected to be mostly back-to-back in signal events. Upper mass limits as a function

of the couplings to the EW bosons were derived, which were found to be compatible with those derived by

the other ATLAS search for singly produced T , mentioned at the top of this section. Namely, for couplings
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Figure 4.10: Expected and observed limits on the VLT mass as a function of its coupling to the W and Z
bosons. The grey are represents the region that is not excluded for any mass value tested.

of T toW boson above 0.7 masses below 1.4 TeV were excluded at 95% CL.

CMS also has a couple of searches for single production of vector like quarks in Z boson final states. It

started with an analysis performed with 2.3 fb of run 2 data [74], which was upgraded with the partial

dataset amounting to 35.9 fb [75]. It searches for single production of VLT decaying to a leptonic Z

boson and a third generation quark. The major improvement of the successor analysis, besides the increase

in luminosity, came from the implementation of a categorization based on the presence of forward jets

and the analysis of the mass spectrum a reconstructed T contained within a single large radius jet. The

later part leads to 3 categories: a fully merged top quark that should result in a top tagged large radius

jet; a partially merged top quark where jets are tagged asW and b; and a resolved top quark with 3 small

radius jets. These categories, associated with the multiplicity of forward jets (being 0 or  1) leads to ten

categories. Further requirements include a leading lepton with pT > 120 GeV and at least one b -tagged jet.

For a coupling with theW boson of 0.5 masses were excluded in the range of 0.7 to 1.2 TeV.

Both ATLAS and CMS Collaborations performed single production searches in other final states with

W and H bosons [76–80]. There have also been some efforts to construct a generalized interpretation of

single-production results, focusing on the possibility for a model independent recasting of the results [81].

There are also interesting results constraining VLQ production from indirect results. Most notably there

is a search [82] that looks at LHC measurements and examines their sensitivity to VLQ production using the

Contour framework [83]. With it signal is injected into these results and indirect constraints are obtained,

that can be fairly competitive with direct searches.

4.1.2 ATLAS combination of searches for pair production of VLQ

Results from the CMS collaboration set stringent limits on VLQ pair-production, with the highest exclusion

coming from the all-hadronic analysis [84], in which masses up to 1.37 TeV are excluded for the T ! tH
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decay. These were obtained by using a neural network that identifies jets as being a likely decay of 6

different topologies: top quark, W , Z and H bosons, b quark and a light u/d/s/c quark or gluon. With

these multiplicities 126 independent signal regions were built, with the scalar sum of jets pT being used as

the discriminant variable. These results, along with the ATLAS pair production combination [85], represent

the highest mass limits published yet. The author of this thesis was the analysis liaison for this combination,

with the responsibility of producing the combined fit with the correct naming conventions necessary for

such a large scale combination; doing the necessary checks to avoid overlaps with other analyses2, along

with other checks and tests.

The ATLAS combination took contributions from 7 pair production searches performed with 36.1 fb

of run 2 data. The advantage of doing a combination at a sub group scale is that it takes the best of both

worlds: performant analyses carefully developed under the subgroup supervision and the statistical power

of all these statistically independent events. These analyses were developed independently, each targeting

its own phase space region to which they are optimized. At the end the combination takes the sensitivity

that each analysis provides to a different region of the phase space, covering as much of it as possible.

Looking at each analysis from the point of view of which BR corner it mostly covers, and starting from the

Z corner:

• Z (``)t/b +X : The analysis presented at the top of this section, largely contributing to the Z corner

in leptonic events.

• Z ( )t + X [86]: A search for VLT pair production with at least one the branches decaying as

T ! Zt + X , in events where the Z boson decays into a pair of neutrinos and exactly one charge

lepton is produced, wether by the top quark decay or from the other branch of the T pair decay.

This results in a final state with multiple jets, high Emiss
T and one charge lepton, motivating a cut on

Emiss
T > 300 GeV; a cut on lepton multiplicity, which by requiring exactly one lepton should suppress

dileptonic tt̄ . Similarly to the monotop search, which also deals with a final state of a top quark and

large Emiss
T , a selection based on the azimuthal angle  and jets is applied. The distance in this

angle between Emiss
T and the two leading jets ordered by pT must be higher than 0.4, in an attempt

to reject Emiss
T from mismeasured jets. At least one b-tagged jet is required, given the presence of

a top quark. The main backgrounds in this search are single lepton tt̄ and W + jets. In order to

suppress contribution from the former, cuts on reconstructed transverse masses of the W boson

and a generalized mass of two or more particles are applied. Control regions for these two main

backgrounds are built by modifying the requirements on the transverse W mass that are made in

the single bin signal region.

• H (bb)t + X [87]: Search for pair production of VLT with at least one decay as T ! Ht , with

H ! b̄b. The final state is characterized by an isolated lepton, large Emiss
T and high jet multiplicity.

2More details about this will be given later in this section.
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The search is split into a 0 lepton channel, in which Emiss
T >200 GeV is required, and a 1 lepton

channel in which the Emiss
T requirement is relaxed to 20 GeV. In the 0 lepton channel, the 4 most

energetic jets are required to have a  > . with Emiss
T , to suppress multijet background.

Although the main target of the search is T ! H ! b̄b, the channel with no leptons is also

sensitive to high pT Z bosons decaying invisibly, orW boson decays to an undetected lepton. The

signal region is categorized based on jet multiplicity, b -tagged jet multiplicity, and H and top-tagged

jet multiplicity, resulting in 22 regions for the 0 lepton channel and 12 for the 1 lepton channel. The

main background is tt̄ + jets. The scalar sum of jets and leptons and missing transverse momentum

is used as the discriminant variable.

• Fully hadronic [88]: Search for pair production of VLQ decaying into a fully hadronic final state with

low Emiss
T . In this final state, a large sensitivity for B ! Hb decays is available. The hadronic objects

used by the analysis are small radius jets, some of which are reclustered as large radius jets. These

reclusted jets are inputs to a deep neural network that tags them into four categories: V bosons,

H bosons, top quarks or background jets. These tags are used to categorize the signal region by

their multiplicity, after the Emiss
T < 200 GeV and 2 b-tagged jet requirements. The discriminant

variable is the signal probability given a matrix element method using each signal region. The main

background, multijets, is derived by a data driven method.

• Trilepton/same-sign dilepton [77]: Search for events with two same sign lepton, or three leptons

and a b-tagged jet, which, after some kinematic requirements should allow for only a few known

backgrounds, namely tt̄ + V /H and dibosons. This analysis has its sensitivity mostly focused on

T ! Z/Ht and B ! Wt . Eight signal regions are defined based on the multiplicity of leptons

and b -tagged jets, all in single-bin histograms, after cuts on the scalar sum of jets pT and Emiss
T are

applied. Data driven techniques are used to estimate backgrounds coming from prompt leptons that

results from the decay of heavy-flavor hadrons.

• W (` )b + X [89]: Search for TT !WbWb events, with one leptonically and one hadronically

decayingW boson. The final state consists of a high-pT charged lepton and Emiss
T from the leptonic

W decay, a high pT large radius jet from the hadronic W decay, and b-tagged jets. The main

background is tt̄ . The analysis strategy consists on the reconstruction of the T candidates in both

the leptonic and hadronic channels, using large and small radius jets, Emiss
T and leptons. This is

done by pairing eachW boson candidate with a b-tagged jet. In events with more than 2 b-tagged

jets, the two most energetic will be used. The choice of each pair is done by minimizing the absolute

value difference of the two reconstructed masses. In events with only one b-tagged jet, the other

mass is reconstructed with the small radius jet that minimizes the same mass difference. Signal

region events are required to have R (lep, ) < 0.7, for the two objects from the leptonically decaying

W candidate. The scalar sum of jets and leptons pT must also be higher than 1.8 TeV. The main
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backgrounds are tt̄ ,W + jets and single-top. In order to suppress some tt̄ and single-top events,

the difference between the 2 reconstructed T masses must be lower than 300 GeV. There is a tt̄

control region that is achived by changing the requirements on the scalar sum of jets and leptons

pT. The mass of the leptonic T is used as the discriminant variable.

• W (` )t + X [90]: A search very similar to the W (` )b+X search, modified to target B !Wt

events. Two signal regions are built, based on the multiplicity of large radius jets: one with at least

3 large radius jets that uses the mass of the hadronic decay of B for discrimination, and another,

inclusive, that uses a Boosted Decision Tree.

These analyses were ensured to be orthogonal by removing some overlapping events. Namely, theW (` )b+
X and Z ( )t +X analyses did not contribute for events with more than 6 small radius jets and 3 b -tagged

jets as they overlapped with the H (bb)t +X selection. The Z ( )t +X analysis added a cut on the scalar

sum of jets and leptons pT in a control region in order to remove overlaps with a W (` )b + X signal

region. The trilepton/same-sign dilepton team removed events with more than 3 leptons or events with 2

leptons inside the Z boson mass window of 10 GeV in order to not overlap with the Z (``)t/b + X signal

region. The overlap of events was evaluated to be less than 1% between any two signal regions and less

than 3% between any two control and signal regions, all with negligible impact on the results. A consistent

definition of physics objects across all analyses was also verified.

Modelling uncertainties are uncorrelated across analyses in the fitting procedure. The fit behavior in

the combination is shown to be consistent with the fits from individual analyses. As no significant excess

from the SM expectation was observed in data, upper mass limits where derived. Masses below 1.31 TeV

are excluded for singlet T , and 1.37 TeV for the doublet scenario. For B, masses below 1.22 and 1.14 TeV

are excluded for the singlet and doublet hypothesis.

The combination presents a significant improvement from the individual analyses. As can be seen

in fig. 4.11, in which the individual analyses lines are shown, the results are consistently better for the

combination. Using the singletT case as an example, limits are improved by a factor of 1.7 TeV, representing

an improvement of 110 GeV in the mass limit.

Another interesting observation is the complementarity between analyses. In fig. 4.12 the exclusion

achieved by each analysis is shown, in binary, i.e. the BR area that can be excluded is painted for each

analysis, for each mass point tested. It shows that the different analyses cover most of the BR plane, in

a complementary way. As VLQ masses get higher, analyses loss sensitivity but it can be seen that the

regions closer to the corners still have some sensitivity. For reference, the analysis of which the author of

this thesis was a part (Z (``)t/b + X ) is represented by the purple area. As expected it mostly covers the

Z corner, but as masses get higher it is crucial in providing sensitivity to this phase space region.
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Figure 4.11: Expected and observed lower mass limits for VLT and VLB, singlet and doublet. The individual
lines represent the observed limits for each analysis.

45



CHAPTER 4. SEARCHES FOR VECTOR-LIKE QUARKS WITH PARTIAL RUN-2 DATASET

0 0.2 0.4 0.6 0.8
0

0.2

0.4

0.6

0.8
Unphysical

 = 1200 GeVTm

0 0.2 0.4 0.6 0.8

Unphysical

 = 1300 GeVTm

0 0.2 0.4 0.6 0.8 1

Unphysical

 = 1400 GeVTm

0.2

0.4

0.6

0.8
Unphysical

 = 1050 GeVTm

Unphysical

 = 1100 GeVTm

Unphysical

 = 1150 GeVTm

0.2

0.4

0.6

0.8
Unphysical

 = 950 GeVTm

Unphysical

 = 1000 GeVTm

0.2

0.4

0.6

0.8
Unphysical

 = 800 GeVTm

Unphysical

 = 900 GeVTm
1

 Wb)→BR(T 

 H
t)

→
B

R
(T

 
ATLAS

-1 = 13 TeV, 36.1 fbs

SU(2) doublet SU(2) singlet

Exp. exclusion Obs. exclusion

[arXiv:1707.03347])b+X νW(l

[arXiv:1803.09678]H(bb)t+X 

[arxiv:1705.10751])t+X ννZ(

[CERN-EP-2018-171]Trilep./same-sign 

[arXiv:1806.10555]Z(ll)t/b+X 

[CERN-EP-2018-176]All-had 

0 0.2 0.4 0.6 0.8
0

0.2

0.4

0.6

0.8
Unphysical

 = 1200 GeVBm

0 0.2 0.4 0.6 0.8

Unphysical

 = 1300 GeVBm

0 0.2 0.4 0.6 0.8 1

Unphysical

 = 1400 GeVBm

0.2

0.4

0.6

0.8
Unphysical

 = 1050 GeVBm

Unphysical

 = 1100 GeVBm

Unphysical

 = 1150 GeVBm

0.2

0.4

0.6

0.8
Unphysical

 = 950 GeVBm

Unphysical

 = 1000 GeVBm

0.2

0.4

0.6

0.8
Unphysical

 = 800 GeVBm

Unphysical

 = 900 GeVBm
1

 Wt)→BR(B 

 H
b

)
→

B
R

(B
 

ATLAS
-1 = 13 TeV, 36.1 fbs

SU(2) (T,B) doublet
SU(2) (B,Y) doublet

SU(2) singlet

Exp. exclusion Obs. exclusion

[arXiv:1806.01762])t+X νW(l

[CERN-EP-2018-171]Trilep./same-sign 

[arXiv:1806.10555]Z(ll)t/b+X 

[CERN-EP-2018-176]All-had 

Figure 4.12: Observed (filled area) and expected limits (dashed lines) for T as a function of the BR for each
analysis.
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5
Search for VLQs in the Zt/b + X channel with full

run-2 dataset

Following the analyses with a partial run-2 dataset, taking advantage of the data further collected in the

remainder of the second run of LHC operations, a new analysis was performed. It focuses on the same

final state, a leptonically decaying Z boson and a third generation quark, but it exclusively targets pair

production of VLT and VLB. While it is an update of the analysis with the partial dataset it features a new

strategy and much improved results that will be discussed in the present chapter.

5.1 Data and Monte Carlo samples

The analysis uses data collected by the ATLAS experiment during the run 2 at
p
s =  TeV, amounting to

an integrated luminosity of 139 fb. In order to make a realistic comparison of the simulated samples

with the collected data a detailed simulation of the ATLAS detector has to be performed. This is achieved

using Geant4 [91] to replicate the detector effects and applying the same reconstruction algorithms as

those used for data.

The simulation of the Z boson production associated with jets (henceforth referred to as Z + jets) was

done using Sherpa 2.2.1 [92–95]. It includes events that were generated with up to two partons at next-

to-leading order (NLO), up to four partons at leading-order (LO) and using the next-to-next-to-leading-order

(NNLO) [96] cross-section for normalization. The collection of processes with a pair of bosons (i.e. WW ,

WZ and ZZ , and from this point referred to as dibosons and VV for short) was simulated using Sherpa

2.2.2, with the NNPDF3.0 [97] NNLO PDF set. For diboson processes the samples include events up to

one parton at NLO, three partons at LO and NLO cross-section for normalization. The simulation of events
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with multiple jets can be a difficult task, so algorithms were developed attempting to match the theoretical

prediction with the experimental precision. Some are dedicated to the matrix element (ME) calculation

and some deal with the simulation of parton showers at particle level. At the end these two need to be

merged. This can, however, lead to complications as double counting needs to be avoided, especially in the

cases where the ME was calculated at higher order. For the Z + jets and VV samples the parton shower

simulation was done using Sherpa and was merged to the matrix element according to the ME+PS@NLO

prescription [98].

The tt̄ production was simulated with Powheg-Box v2 [99, 100] using the NNPDF3.0 NNLO PDF set.

Pythia 8.230 was used for parton shower and hadronization simulations, with the A14 tune [101]. NNLO

cross-section calculation was used for normalization, including next-to-next-to-leading logarithmic (NNLL)

resummation calculated with TOP++ [102–108].

The production oftt̄ associated with a vector boson (i.e. Z orW , from now on referred to as tt̄ + X )

was generated with MadGraph5_aMC@NLO 2.3.3, with Pythia 8.210 for hadronization and using the

NNPDF2.3LO PDF set with the A14 tune.

Single-top processes were simulated with Powheg-Box v1 or v2. The PDF set is NNPDF3.0 NLO,

interfaced with Pythia 8.234 with the A14 tune. NLO cross-sections are used for normalization, with the

additional NNLL soft gluon terms.

The signal samples were simulated with Protos [109], using Pythia [110] 8.186 with the A14 tune,

and the NNPDF2.3LO PDF set. VLQ masses from 800 GeV up to 2 TeV where generated assuming the

singlet scenario. These were produced assuming a BR of 1/3 to all 3 decays, for practical reasons, allowing

them to be reweighted at event level, suiting the different BR scenarios that will be explored. This relies

on the assumption that there are no relevant kinematic changes from the singlet to the doublet scenario,

which was tested during the analysis development and a relevant study can be seen in appendix D. In

it the discriminant variables used in the analysis are shown for singlets and doublets, and their ratios

below, and it can be seen that the agreement is fair and mostly flat. For a VLT with 1.2 TeV, the expected

limits on the signal strength using a doublet sample or the reweighting procedure just described change

by about 2%. Signal cross-sections were calculated using TOP++ at NNLO+NNLL, using as the PDF set

MSTW 2008 [111–113] at NNLO. These details are summarized in table 5.1.

5.2 Object definitions

This analysis uses electrons, muons1 and jets in order to perform an event selection and construct the

discriminant variables that will be used in the fit.
1In the context of this analysis, electrons and muons will be collectively referred to as leptons, intentionally excluding the

unused taus, and abbreviated as `.
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Sample Generator Parton Shower PDF set Tune

Z + jets Sherpa 2.2.1 Sherpa NNPDF3.0 Sherpa default
Dibosons Sherpa 2.2.2 Sherpa NNPDF3.0 Sherpa default
tt̄ PowhegBox Pythia8 NNPDF3.0 A14
tt̄ + X MadGraph5_aMC@NLO Pythia8 NNPDF2.3LO A14
Single-top PowhegBox Pythia8 NNPDF3.0 A14
VLQ Protos Pythia8 NNPDF2.3LO A14

Table 5.1: Parameters used to generate the Monte Carlo samples for the analysis.

5.2.1 Electrons

Electron reconstruction is done from the clusters formed in the electromagnetic calorimeter, using tracks

measured in the inner detector to match the clusters. The matching tries to avoid electron candidates

coming from background processes such as hadrons, photon conversion or heavy flavor hadron decays. For

that a multivariate analysis technique is used in a likelihood-based method that will serve as the electron

identification, with different criteria levels: Loose, Medium and Tight, in increasing order of background

rejection [114]. Electrons in this analysis must fulfill the tight likelihood criteria. They must also have at least

pT > 28 GeV and | | < 2.47 but be outside the transition region between the EM barrel and its end-cap

(1.37 < | | < 1.52). In order to suppress fake electrons from pileup jets, they are required to pass impact

parameter cuts that try to ensure that the electron is associated with the primary vertex of the event.

5.2.2 Muons

Muons are reconstructed from tracks measured in the muon spectrometer and the inner detector, combined

with a requirement of fulfilling the medium identification criteria [115]. They must have pT > 28 GeV and | |
< 2.5. The tracks used must also be sufficiently isolated from other tracks. To ensure that is the case, the

scalar sum of all tracks within a R cone is calculated (excluding the track from the muon in consideration).

The ratio of this sum over the pT of the muon must be under 0.15 for the muon to be selected. The cone

R is considered to be the smaller value between 0.3 and 10 GeV/pl
T

, with pl
T

being the candidate muon

pT. Lastly, muons must also satisfy requirements that ensure they are associated with the primary vertex.

5.2.3 Jets

Colored particles cannot exist as free states, due to confinement2, so there is always the production of

additional colored particles in the process of hadronization. As a consequence there is no unique detector

signature that we can use to individually characterize colored particles in our detector, so we have to
2As discussed in section 2.1.3.
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reconstruct the collimated spray of hadrons into a singular object we call jets. There is not a unique way of

defining a jet, multiple algorithms can be used, most of them based on clustering energy deposits in the

calorimeters into a singular object, through different clustering criteria. The algorithm used in this analysis

is the anti-kt [116] clustering algorithm. It takes as input the energy clusters deposited in the calorimeters

and clusters them sequentially by picking those with the smallest distance. This distance, which is the

definition that characterizes the algorithm, is given by:

dij = min (kp
T ,i
,k
p
T ,j

)
Rij

R
(5.1)

with Rij = (i  j ) + (i  j ), kT ,i is the pT of the iith constituent and R is the parameter that

defines the radius of the reconstructed jet. p is the parameter that governs the the relative importance

of geometry and geometrical scales in the reconstruction. p =  defines the kt algorithm, p =  is

the Cambridge/Aachen algorithm and p =  is the anti-kt algorithm that is used in this analysis. This

choice of p makes the algorithm tend to cluster the hardset constituents together. The procedure then is

to choose the constituent that has the smallest dij , and recombine them into a single constituent. This

process is repeated until no constituent is found within a distance given by diB =


k
T ,i

. At that point the

jet is considered complete and the process repeats with the new set of constituents not present in the

reconstructed jet, until no constituents are left. The radius parameter R will define the size of the clustered

jets. This analysis uses R = ., called small-R jets. The effects of the choice of the parameter p in the

clustering can be seen in fig. 5.1

It is common to also use jets with R = ., called large-R jets, to cluster multiple hadrons that are

contained inside the same radius due to some boost coming from the high mass of the decaying mother

particle. However in this analysis there will be the use of reclustered jets instead. They are obtained using

the anti-kt algorithm with R = . but using already reclustered small-R jets as input. This is because they

will be used in a multivariate algorithm and since the smallR jets are already calibrated there is no need

to calibrate the reclustered jets. More details about the multivariate algorithm will be given in section 5.3.

Jet calibration is done obtaining an energy scale coming from measurements with data and simulation

in combination [117]. Jets must have pT > 25 GeV and | | < 2.5. In order to reduce contamination from

pileup jets a two dimensional likelihood discriminant is used for jets with | | < 2.4 and pT < 60 GeV. This

is called jet-vertex-tagger (JVT) [118] and the score must be higher than 0.59.

5.2.4 b-tagged jets

The ability to characterize jets that were initiated by the hadronization of a b -quark can be very important. In

our analysis we target decays to third generation quarks, and top quarks decay to aW boson and a b nearly

100% of the times, so the presence of a b quark is to always be expected in signal events. Sophisticated

multivariate algorithms can be developed to use the properties of b hadrons in order to discriminate against
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Figure 5.1: Representation of the different clustering algorithms [116].

other hadrons. The most notable feature that characterizes b-hadrons is their relatively long lifetimes. In

earlier experiments this was used almost on its own to tag b quarks. In current analyses this is used in

combination with other properties to fully exploit the capabilities of modern multivariate algorithms. The

analysis presented here uses a boosted decision tree (BDT) algorithm called MV2 [119]. This algorithm was

trained on a large sample of simulated b jets originated from tt̄ production. The production of tt̄ decaying

to c (10% of events) and light jets (90% of events) is used as background. From the trained algorithm a

per-jet classification is performed and several working points are defined based on their signal acceptance

and background rejection. The calibrated working points are defined by the acceptance of b jets with

pT > 20 GeV and | | < 2.5 at several efficiencies. This analysis uses the working point with the efficiency

of 77%, corresponding to a c jet rejection of 6 and light jet rejection of 134 3.

It is common to have ambiguity when leptons and jets are reconstructed within a small radial distance.

So any muon that deposits energy in the calorimeters and has a track that was previously identified (within

the inner detector) as an electron is removed. After all the undesired muons are removed, electrons that
3It should be clarified that the signal efficiency is presented as the fraction of events correctly charaterized as signal, but

the background rejection is presented with rejection factors, that are the inverse of of the efficiency. This means that a rejection
factor of 100 accepts the associated jet 1 out of 100 times that it is seen.
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Figure 5.2: MV2 BDT output for b (blue), c (green) and light (red) flavour jets evaluated with tt̄ events [119].

are identified in the same track as any other remaining muon is removed. Afterwards all jets that are

within R < 0.2 of an electron are removed so that there is no reconstruction ambiguity in the calorimeter

cell information. Next, any remaining electrons within R < 0.4 of a jet are removed, to reduce electron

identification coming from c or b hadron decays. Jets that have not been b-tagged and that have at most

two tracks with pT > 0.5 within R < 0.2 of a remaining muon are removed. The last step is to remove

any muons within R < min (., . +  GeV/pT (µ)) of any remaining jet.

5.3 Event selection

The first stage of event selection happens at the trigger level: only events that pass the single lepton trigger

are selected. This trigger requires an electron or a muon with a certain pT threshold (that varies for different

periods of data taking) in order to be satisfied. As this analysis looks for a leptonically decaying Z boson, at

least 2 central leptons with pT > 28 GeV are required. From the leptons that are selected, at least 2 must

have the same flavor but opposite sign (OSSF), consistent with a Z boson decay. The OSSF pair with the

mass m`` closest to the Z boson mass mZ will then be selected as the Z boson candidate. Only events

with |m`` -mZ | < 10 GeV are selected. Events must also have at least 2 central small-R jets with pT >

25 GeV. The aforementioned cuts are referred to as preselection.

The requirement of a pair of OSSF leptons could, in principle, not be beneficial for high VLQ masses,

given that lepton charge identification gets harder as the lepton pT increases. Some analysis that exploit

this high pT regime choose to forgo this OSSF lepton requirement. It was, however, seen in the previous

iteration of this analysis that this has a small effect on the sensitivity and so this cut was kept.

As can be seen in fig. 5.3a, which shows the lepton multiplicity in a histogram normalized to unity after
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Figure 5.3: Distributions normalized to unit area obtained from MC simulation for the sum of all the back-
ground processes (solid area) and for benchmark signal processes (dashed lines): (a) lepton multiplicity,
(b) b-tagged jet multiplicity, (c) pT(``), and (d) HT(jet).
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preselection, most of the events have exactly 2 leptons. However, for events with higher lepton multiplicity

the signal to background ratio is improved. With this in mind two channels are defined based on lepton

multiplicity. Events with exactly two leptons belong to the dilepton channel (labeled in this thesis as `) and

events with at least 3 leptons belong to the trilepton channel (labeled as `). The point of this separation

is to exploit the different kinematic aspects of the two channels, optimize them individually and have a

statistical combination afterwards.

The multiplicity of b -tagged jets also shows different signal to background ratios in each bin of fig. 5.3b.

As the number of tags increases so does the signal purity. Therefore this quantity will be used in the

construction of the regions.

From the previous round of VLQ searches we expect VLQs to have a mass of at least 800 GeV. This

means that their decays products will be boosted and this will be exploited in the selection of events.

Figure 5.3c shows the pT distribution of the Z boson candidate. As expected, the signal events have a

harder spectrum than background, so a cut on pT(``) is applied, in order to reject background with little

signal loss. The same thinking is applied to the final states objects so cuts on the scalar sum of the pT

(HT) of jets, and jets plus leptons will be applied. The unit normalized distribution of HT(jet) can seen to

have a large shape difference in fig. 5.3d.

From the aforementioned selection a next step is taken in the definition of the regions. So that both

channels have a richer fit, using multiple regions with different signal to background ratios and background

compositions, the events after the selection are split into categories based on their topology. To that end,

a multi-class boosted object tagger (MCBOT) is used. This an algorithm developed for a previous analysis

[88] and was adapted to this search by the TU Dortmund group [120]. This tagger takes inputs from

reclustered jets and outputs a 4 dimensional classification with the likelihood of the jet being originated

from a top quark, a H boson or a Z/W boson, that from the difficulty of distinguishing among the two are

merged as V , or a background jet. From this output cuts are set in order to establish a tagging working

point for each category. In the case of jets having multiple tags the tag with the highest output is chosen.

The tagger was built from a deep neural network (DNN), trained on 18 input variables: reclustered jet

mass, pT and number of constituents; the 4-momentum of the 3 highest pT small-R jets and their b-tagging

information. For that Keras [121] and Tensorflow [122] were used. Reclustered jets from the simulation

of Z 0 ! tt̄ , W 0 ! WZ and G4 ! HH , decaying exclusively to bb̄ were used in the training of the

neural network. The event generation ensured RC jets with pT > 40 GeV with a uniform pT distribution

between 150 GeV and 3 TeV. The DNN consists of four hidden layers with Rectified linear units (ReLU)

as the activation function, and an output layer using softmax as the activation function. To optimize the

algorithm Adam [124] was the chosen method. Using MCBOT, a categorization of the final selection can

be made, based on the multiplicity of each signal class. The data and Monte Carlo agreement can be

assessed in the histograms presented in appendix A. It should be noted that in this analysis rcjets are only
4Kaluza-Klein graviton in the bulk Randal-Sundrum model [123].
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used within MCBOT to build a signal region categorization and so there is no need to have any concerns

with overlaps between rcjets and small-R jets.
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Figure 5.4: MCBOT outputs for each class. The vertical lines represent the thresholds chosen to be applied
in the analysis.

In order to assess the modelling of some basic variables, distributions after pre-selection is applied

will be shown. They will be compared before and after the application of a background only fit, that will be

discussed in the next chapter. The signal represented in the histograms after fit is the pre-fit distribution.

The multiplicity of leptons after the ` pre-selection can be seen in fig. 5.5. All histograms shown

in this thesis include under and overflow. The equivalent distribution for the ` channel is not shown as

the multiplicity must be 2. In this distribution it can be seen that the agreement between data and MC is

good, especially in the bin of 3 leptons. It can also be seen that the number of events with 4 leptons drops

dramatically, along with the backgrounds that are present due to fake leptons: t t̄ and Z+jets.

The multiplicity of jets for the ` channel can be found in fig. 5.6. The data and MC agreement is good

for all multiplicities up to 9 jets.

The same distribution for the ` channel can be found in fig. 5.7. The data and MC agreement is good

for all bins, as was the case in the ` channel. The contribution from tt̄ + X increases for events with

larger jet multiplicity, as expected. The same can be seen for the signal distribution.
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Figure 5.5: Distributions of the lepton multiplicity pre and post background only fit at the ` pre-selection.
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Figure 5.6: Distributions of the jet multiplicity pre and post background only fit at the ` pre-selection.

The number of b-tagged jets is shown, after the ` pre-selection, in fig. 5.8. This multiplicity is also

well modeled, even for events with at least 4 b -tagged jets. As the number of b -jets increases so does the

relative contribution from t t̄ .

The equivalent distribution after the ` pre-selection can be seen in fig. 5.9. The data and MC agreement

is decent, especially for lower multiplicities, even though this effect is corrected by the fit. The signal

distribution peaks at events with at least 2 b -tagged jets, which is expected. The ` distribution, which has

a larger range, shows that signal peaks at events with 2 b-jets and softly drops for higher multiplicities.
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Figure 5.7: Distributions of the jet multiplicity pre and post background only fit at the ` pre-selection.
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Figure 5.8: Distributions of the b -jet multiplicity pre and post background only fit at the ` pre-selection.

The signal represented is VLT, and pre-selection already restricts leptons inside the Z mass window, so

one b-tagged jet is expected from that branch of the pair-production, from the top quark of the T ! Zt

decay. The other branch can be T ! Ht , T !Wb or T ! Zt , all of which should produce at least 1

b-jet, hence the peak at 2 b -tagged jets.

The pT distribution of the leading lepton after the ` pre-selection can be seen in fig. 5.10. This variable

is well modeled for the whole range up to 1 TeV.

The same distribution after the ` pre-selection can be seen in fig. 5.11. Data and Monte Carlo agree
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Figure 5.9: Distributions of the b -jet multiplicity pre and post background only fit at the ` pre-selection.
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Figure 5.10: Distributions of the pT of the leading lepton pre and post background only fit at the `
pre-selection.

well through the whole pT range. It can be seen that the tt̄ distribution falls steeply as the lepton pT

increases, as fake leptons are less likely to occur at higher energies.

The distribution of the leading jet pT after the ` pre-selection is well modeled, and shows that signal

jets are expected to be have a hard spectrum, as can be seen in fig. 5.12.

A very similar conclusion can be derived from fig. 5.13, for the ` channel.

The modelling of the leading b -tagged jet pT can be seen, after the ` pre-selection, in fig. 5.14. Data
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Figure 5.11: Distributions of the pT of the leading lepton pre and post background only fit at the `
pre-selection.
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Figure 5.12: Distributions of the pT of the leading jet pre and post background only fit at the ` pre-selection.

and MC show a good agreement. The signal distribution seems to be flat through most of the pT range, as

the decay products of a VLQ are expected to be boosted.

The same distribtions after ` pre-selection can be seen in fig. 5.15, which also shows good agreement

between data and MC.

The bulk of the selected signal events, after preselection is applied, is expected to be a pair of VLQs

where at least one of them decays to a pair of OSSF leptons consistent with a Z boson decay. It can,
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Figure 5.13: Distributions of the pT of the leading jet pre and post background only fit at the ` pre-selection.
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Figure 5.14: Distributions of the pT of the leading b-jet pre and post background only fit at the ` pre-
selection.

however, be the case that a pair of leptons from two semileptonically decaying top quarks is selected, if

by chance their mass is within the selected mass window. In order to mitigate background selection as

mentioned, a requirement on the pT(``) is applied. The modelling of the Z boson candidate pT can be

seen in figs. 5.16 and 5.17, where in general it shows a decent data and Monte Carlo agreement.

For the case of the ` channel, an additional requirement on the HT(jet) is made. In dilepton events

there is also the possibility that the seconds VLQ decays invisibly, i.e. to two neutrinos, so it was found
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Figure 5.15: Distributions of the pT of the leading b-jet pre and post background only fit at the ` pre-
selection.

that using the combination of HT(jet) and Emiss
T improves signal discrimination so a cut is applied. This

variable suffers from some mismodeling in the ` regions, as can be seen in fig. 5.18. This is mostly

mitigated after the inclusion of two control regions with this variable as the discriminant, split by b -tagged jet

multiplicity. The fit is able to use its nuisance parameters to adjust this variable and improve its modelling,

as can be seen in the post-fit figure in fig. 5.19. This is shown after the signal region selection, and it can

be seen that the agreement is greatly improved. More details about the impact that the fit has on this

correction will be given in section 5.6.1.3.

In the ` channel a cut on HT(jet + lep) is applied, in order to benefit from the additional lepton

multiplicity and the expected boost for signal events.

The value for all cuts was obtained via a optimization based on the expected mass limits5 and are

summarized in table 5.2. A set of 7 MCBOT categories in the ` channel were chosen based on a signal

optimization procedure, used to split the 2 signal enriched regions. In the ` channel, 5 MCBOT categories

are used: one with exactly no tags, three with at least one of each type and a final category with at least one

tag from at least two types of signal tags. The categorization for both channels is summarized in table 5.3.

In order to aid the fit in the correction of the main backgrounds estimation signal-depleted control

regions (CR) were created. In the ` channel these are constructed by inverting the HT(jet) + Emiss
T cut,

whereas in the ` a region dedicated to VV is built by requiring exactly 0 b-tagged jets. The ` channel

CRs also assist the fit in correcting the HT(jet) + Emiss
T , as was discussed previously. For the benchmark

model, the signal contribution is expected to be up to 1.2% in the ` 2b CR and between 0.03% and 0.2%
5More details about limits will be given in section 5.5.
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Figure 5.16: Distributions of the pT of the leptonic Z boson candidate pre and post background only fit
with the ` control and signal region selections.

in the other CRs.

The categorized regions are optimized in order to provide the best discrimination in a fit, and for that a

binned final discriminant variable is used. In the ` channel the invariant mass of the Z candidate and a

b-tagged jet is used. This is a useful variable as it possibly reconstructs the VLQ resonance, and a shape

effect is expected around its mass value, as can be seen in figs. 5.21 to 5.24. The chosen b-tagged jet is the

one with the highest pT in the regions that require exclusively 1 b-tagged jet and the subleading b-tagged

jet in the regions with at least 2. In the ` channel HT(jet + lep) is used as the final discriminant. It uses

the harder signal spectrum in order to provide a shape difference, as can be seen in fig. 5.25.

62



CHAPTER 5. SEARCH FOR VLQS IN THE Zt/b + X CHANNEL WITH FULL RUN-2 DATASET

0 100 200 300 400 500 600 700 800 900 1000

(ll) [GeV]
T

p

0

0.5

1

1.5

D
a

ta
 /
 B

k
g

. 2−10

1−10

1

10

210

3
10

410

5
10

6
10

E
v
e
n

ts

-1= 13 TeV, 139 fbs

2l + 3l Combination

3l CR

Pre-Fit

Data Singlet TT

VV +Vtt

Single-top Z+jets

tt Uncertainty

0 100 200 300 400 500 600 700 800 900 1000

(ll) [GeV]
T

p

0

0.5

1

1.5

D
a

ta
 /
 B

k
g

. 2−10

1−10

1

10

210

3
10

410

5
10

6
10

E
v
e
n

ts

-1= 13 TeV, 139 fbs

2l + 3l Combination

3l CR

Post-Fit

Data Singlet TT

VV +Vtt

Single-top Z+jets

tt Uncertainty

0 100 200 300 400 500 600 700 800 900 1000

(ll) [GeV]
T

p

0

0.5

1

1.5

D
a

ta
 /

 B
k
g

. 2−10

1−10

1

10

210

3
10

410

E
v
e

n
ts

-1= 13 TeV, 139 fbs

2l + 3l Combination

3l SR

Pre-Fit

Data Singlet TT

VV +Vtt

Single-top Z+jets

tt Uncertainty

0 100 200 300 400 500 600 700 800 900 1000

(ll) [GeV]
T

p

0

0.5

1

1.5

D
a

ta
 /

 B
k
g

. 2−10

1−10

1

10

210

3
10

410

E
v
e

n
ts

-1= 13 TeV, 139 fbs

2l + 3l Combination

3l SR

Post-Fit

Data Singlet TT

VV +Vtt

Single-top Z+jets

tt Uncertainty

Figure 5.17: Distributions of the pT of the leptonic Z boson candidate pre and post background only fit
with the ` control and signal region selections.

Figure 5.20 shows the background composition of each region in both channels. It can be seen that

it varies significantly across regions, justifying the intention of the categorization. A typical strategy, when

building an analysis, in order to have control of the background estimations, is to build dedicated control

regions for the major backgrounds of each channel. However, and especially given the high recorded lumi-

nosity that is available to analyse, a categorization allows for a richer fit, with multiple regions with different

topologies contributing to the constraint of uncertainties and correction of the background estimation by

the fit.
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Figure 5.18: Distributions of the HT(jet) + Emiss
T before the background only fit at the ` pre-selection for

regions with 1 b -tag and  b -tagged jets.
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Figure 5.19: Distribution ofHT(jet) + Emiss
T after the background only fit after the ` signal region selection

inclusive in b-tagged multiplicity.
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Preselection   central jets
 2 leptons with pT > GeV
|m(``) m(Z )| < GeV

Channel ` `
selection ⌘ `  `

pT(``) > GeV pT(``) > GeV
HT(jet) + Emiss

T > GeV HT(jet + lep) > GeV

Region b SR b SR b CR b CR SR VV CR
selection HT(jet) + Emiss

T > GeV HT(jet) + Emiss
T < GeV - -

=  b-jet   b -jet =  b-jet   b-jet   b-jet =  b-jet

Discriminant variable m(Zb) m(Zb) HT(jet) + Emiss
T HT(jet + lep)

Table 5.2: Summary of the selection applied in the ` and ` channels.

Category
` channel ` channel

b SR b SR –
V -tags H -tags top-tags V -tags H -tags top-tags V -tags H -tags top-tags

No tag 0 0 0 0 0 0 0 0 0

V tag 1 0 0 1 0 0   0 0

H tag 0 1 0 0 1 0 0   0

top tag 0 0 1 0 0 1 0 0 

Double tag 1

2 0 0 2 0 0 –
0 2 0 0 2 0 –
1 0 1 1 1 0 –

– 0 0 2 –

Double tag 2
0 1 1 0 1 1 –
0 0 2 – –

Overflow (OF)

1 1 0 1 0 1 0   
or >  tags or >  tags   0 

– –     0
– –     

Table 5.3: Categorization summary for the ` and ` channels, based on the number of MCBOT tags.
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= 13 TeVs
2l + 3l Combination

+Xtt tt
Z+jets VV
Single-top

2l 1b CR 2l 2b CR 2l 2b SR OF 2l 2b SR Double tag 1 2l 2b SR Double tag 2 2l 2b SR V tag

2l 2b SR H tag 2l 2b SR top tag 2l 2b SR No tag 2l 1b SR OF 2l 1b SR Double tag 1 2l 1b SR Double tag 2

2l 1b SR V tag 2l 1b SR H tag 2l 1b SR top tag 2l 1b SR No tag 3l VV CR 3l SR No tag

3l SR V tag 3l SR H tag 3l SR top tag 3l SR OF 3l SR 3l CR

2l SR 2l CR

Figure 5.20: Background composition of the different regions.
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Figure 5.21: Pre-fit plots for ` regions with exactly 1 b-tagged jet withm(Zb) as the discriminant variable.

5.3.1 Signal efficiency

The signal efficiency as a function of VLT mass is shown in fig. 5.26. Efficiency is here defined as the ratio

of the number of events that are selected by the signal regions over the number of events generated in

the signal sample at 139 fb. It can be seen that, in general, it increases with VLT mass, which is to be

expected as the signal regions are built to explore the boost VLQs provide. For our benchmark model of

1.2 TeV VLT, the efficiency in the 1b and 2b ` signal regions is 0.3% and 0.5%, respectively, whereas in

the ` signal regions it is 0.5%.

68



CHAPTER 5. SEARCH FOR VLQS IN THE Zt/b + X CHANNEL WITH FULL RUN-2 DATASET

0 200 400 600 800 1000 1200 1400 1600 1800 2000

) [GeV]
1

m(Zb

0

0.5

1

1.5

 

D
a

ta
 /

 B
k
g

. 2−10

1−10

1

10

210

E
v
e

n
ts

 /
 4

0
0

 G
e

V

-1 = 13 TeV, 139 fbs

2l + 3l Combination

2l 1b SR Double tag 2

Pre-Fit

Data Singlet TT

VV +Xtt

Single-top Z+jets

tt Uncertainty

0 200 400 600 800 1000 1200 1400 1600 1800 2000

) [GeV]
1

m(Zb

0

0.5

1

1.5

 

D
a

ta
 /

 B
k
g

. 2−10

1−10

1

10

210

E
v
e

n
ts

 /
 4

0
0

 G
e

V

-1 = 13 TeV, 139 fbs

2l + 3l Combination

2l 1b SR Double tag 1

Pre-Fit

Data Singlet TT

VV +Xtt

Single-top Z+jets

tt Uncertainty

0 200 400 600 800 1000 1200 1400 1600 1800 2000

) [GeV]
1

m(Zb

0

0.5

1

1.5

 

D
a

ta
 /

 B
k
g

. 2−10

1−10

1

10

210

E
v
e

n
ts

 /
 4

0
0

 G
e

V

-1 = 13 TeV, 139 fbs

2l + 3l Combination

2l 1b SR OF

Pre-Fit

Data Singlet TT

VV +Xtt

Single-top Z+jets

tt Uncertainty

950 1000 1050 1100 1150 1200 1250 1300 1350

 [GeV]
miss

T
(jet) + ETH

0

0.5

1

1.5

 

D
a

ta
 /

 B
k
g

. 2−10

1−10

1

10

210

310

410

510

610

E
v
e

n
ts

 /
 2

0
0

 G
e

V

-1 = 13 TeV, 139 fbs

2l + 3l Combination

2l 1b CR

Pre-Fit

Data Singlet TT

VV +Xtt

Single-top Z+jets

tt Uncertainty

Figure 5.22: Pre-fit plots for ` regions with exactly 1 b-tagged jet withm(Zb) as the discriminant variable,
as well as the control region for exactly 1 b -tagged jet with HT(jet) + Emiss

T as the discriminant.

5.4 Systematic uncertainties

This analysis relies on detector measurements, which are compared to Monte Carlo simulations. Both of

these are inevitably associated with uncertainties that must be taken into account when producing the dis-

criminant variables and making statistical interpretations. Even though the results obtained in this analysis

are mostly impacted by limitations in statistics6, the systematic uncertainties must be well described and

their fitting must be understood. Systematic uncertainties can be split into two sources that differ in nature:
6More details will be given in section 5.5.
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Figure 5.23: Pre-fit plots for ` regions with at least 2 b-tagged jets with m(Zb) as the discriminant
variable.

detector and theory systematics. Detector uncertainties are related to the object reconstruction and the

limitations of the detector performance. These can be grouped into several categories, described below.

Their description is followed by a name within parenthesis, indicating how it is identified in the fit plots.
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Figure 5.24: Pre-fit plots for ` regions with at least 2 b-tagged jets with m(Zb) as the discriminant
variable, as well as the control region for at least 2 b-tagged jets with HT(jet) + Emiss

T as the discriminant.

5.4.1 Detector systematics

5.4.1.1 Luminosity

Corresponds to the uncertainty associated with the measurement of the integrated luminosity, with the

value of 1.7% [125] for the dataset used in this analysis, collected from 2015 to 2018.
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Figure 5.25: Pre-fit plots for all ` regions with HT(jet + lep) as the final discriminant.72
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Figure 5.26: Signal efficiency as a function of VLQ mass for the ` 1b and 2b and ` signal regions.

5.4.1.2 Electrons

Uncertainties related to the electron energy resolution (EG_Res), their measurement and reconstruction,

divided by the factors of trigger (El_trigger), identification (El_ID) and isolation (El_Isol). These are derived

from tag-and-probe in Z ! ee andW ! e events.
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5.4.1.3 Muons

The set of uncertainties related to muons. It includes variations in the pT smearing related to the inner

detector (Mu_ID) and muon spectrometer (Mu_MS), and the pT scale(Mu_Scale); scale factors related

to trigger(Mu_Trigger_Syst and Mu_Trigger_Stat), identification (Mu_ID_Syst and Mu_ID_Stat, not to be

confused with the uncertainty related with the inner detector smearing Mu_ID), isolation (Mu_Isol_Syst

and Mu_Isol_Stat) and track-to-vertex association efficiencies (Mu_TTVA_Syst and Mu_TTVA_Stat). There

are also uncertainties related to the identification at low pT (Mu_Syst_LowpT, Mu_Stat_LowpT), muons

momentum uncertainties related to the Z scale (Mu_rho) and momentum scale based on residual charge

bias (Mu_resbias). These are derived from tag-and-probe in Z ! µµ events.

5.4.1.4 Jets

Uncertainties related to the jet energy scale(Jet_BJES), resolution, divided into 7 eigenvectors (Jet_JER_NPx) [117]

and jet vertex tagging(JVT). There are also jet uncertainties related to pileup, such as the pileup offset

to due the number of primary vertices (Jet_Pileup_OffsetNPV), the jets offset with changes in pileup

(Jet_Pileup_OffsetMu), pileup dependence with jets pT (Jet_Pileup_pT) and with the median pT den-

sity (Jet_Pileup_rho). Other uncertainties related to flavor composition (Jet_Flavor_Comp) and response

(Jet_Flavor_Resp) and resolution effects derived from comparing data and MC (Jet_JET_Data_VS_MC).

There is also single-particle high-pT response (Jet_Single_Particle) and uncertainties related to their

punch through to MS (Jet_Punch_Through). Uncertainties related to jets pseudo-rapidity are included

(Jet_Eta_Syst and Jet_Eta_Stat, Jet_Eta_Mod, Jet_EtaClosure_PosEta, Jet_EtaClosure_NegEta and Jet_Eta-

Closure_HighE) The remaining uncertainties are related to in situ parameters, based on their source: 6

statistical eigenvectors (Jet_StatX), 2 detector eigenvectors (Jet_DetX), 4 modelling eigenvectors (Jet_ModX)

and 3 mixed eigenvectors (Jet_MixX).

5.4.1.5 b-tagging

Uncertainties related to mistagging of jets are grouped by the jet class: b, c or light jets [126–129]. They

are then decomposed into eigenvectors, of which there are 9 related to b (btag_Eigenv_b_x), 4 related to c

(btag_Eigen_c_x) and 5 to light jets (btag_Eigen_light_x). The remaining b -tagging systematics are related

to the extrapolation of the tagging to high-pT regimes (btag_Extrapolation and btag_Extrapolation_c)

5.4.1.6 Missing transverse energy

Emiss
T uncertainties are related to the soft terms in the Emiss

T calculation [130]. They are divided by the

term related to the scale (MET_Scale) and resolution, which in itself has a parallel (MET_Res_Para) and

perpendicular (MET_Res_Perp) component.
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5.4.1.7 Pileup

The instantaneous luminosity and the beam characteristics affect the pileup conditions, which are usually

different in data and simulation. In order to correct those differences, an event by event reweighing is

applied, to which there is an associated uncertainty (Pileup).

5.4.1.8 Fake leptons

Jets misidentified as leptons cause fake contributions of certain backgrounds in both channels. In the

dilepton channel, single lepton tt̄ events that are identified as dilepton events are the main contribution

of fakes, but subleading sources include W +jets and singletop. In the trilepton channel tt̄ and Z+jets

contribute to fake events. The requirement in pT(``) and the high energy of the selected objects makes

the importance of fakes very small, so no dedicated procedure is necessary. It is, in any case, included

a global uncertainty of 25% to tt̄ events (` tt̄ fakes) in the ` channel and tt̄ (` tt̄ fakes) and Z+jets

(` tt̄ fakes) in the ` channel.

5.4.1.9 MCBOT

The rcjet tagger uses small-R jet masses, which are not calibrated, so a 10% uncertainty is applied (MCBOT).

Up and down factors are applied to the jet masses when doing the tagger inference. If the rcjet only has

one constituent a 10% factor is also applied to its mass.

5.4.2 Theory systematics

Theory systematics are related to the uncertainties in the Monte Carlo simulations and in the calculation

of the cross-sections. These can also be grouped into several categories, described below.

5.4.2.1 Cross section

Uncertainties related to the inherent errors in the cross section calculation. They are 5% for Z+jets [131]

(Z + jets cross section), +5.6 and -6.1% for tt̄ [102] (tt̄ cross section), 6 % for Dibosons [132] (VV cross

section), ±% for tt̄ +W (tt̄ + W cross section), +10.4 and -11.9 for tt̄ + Z (tt̄ + Z cross section) and

tt̄ + `` [133] (tt̄ + ll cross section).

5.4.2.2 Background modeling systematics

Uncertainty associated with the choice of modeling used to produce the simulations. Samples are produced

with a different generator and used for comparison. The Z+jets generator systematic (Z + jets Generator) is

derived with MadGraph5_aMC@NLO2.2.3, using the NNPDF3.0 NLO PDF set and Pythia 8 with the A14

tune. The tt̄ generator systematic (t t̄ Generator) is derived with MadGraph5_aMC@NLO2.2.3, using the
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NNPDF3.0 NLO PDF set and Pythia 8 with the A14 tune. tt̄ + X generator uncertainties (tt̄ + X Generator)

were generated with Sherpa 2.2.1.

5.4.2.3 Scale variations

Scale variations are divided into factorization and renormalization scales, each of which have 7 different

scales that were changed during generation, from 0.5 to 2, with the nominal being 1, to assess the changes

in their variations, by comparing to the nominal distribution. The comparison is made bin-by-bin with all

the different variations and the largest difference is taken for each bin, usually referred to as the envelope.

There are Z+jets scale variations (Z + jets scale), tt̄ scale variations, Dibosons scale variations (VV scale)

and tt̄ + X scale variations (tt̄ + X scale). In the case of tt̄ these are divided between the factorization

scales (tt̄ Fact. scale) and renormalization scales (tt̄ Ren. scale). An additional systematic is included for

Z+jets in which the S factor is also varied (Z + jets S ).

5.4.2.4 Shower systematics

Samples were generated with different hadron showering algorithms and used for comparison with the

nominal samples. A tt̄ shower systematic (tt̄ Shower) was generated by changing the showering interface

to Pythia 8.230 with the A14 tune. tt̄ + X shower systematics was generated by interfacing with Pythia

8.210 using the NNPDF23LO PDF set and the A14 tune.

5.4.2.5 PDF variations

The impact of the choice of PDF set is assessed by generating samples with an alternative PDF set and the

difference is taken as the systematic uncertainty. They are changed to MMHT2014 NLO [134] and CT14

NLO [135] PDF sets to derive the up and down variations. This effect is tested in tt̄ (tt̄ PDF), Z+jets (Z +

jets PDF) and Dibosons (VV PDF).

5.4.2.6 ISR and FSR variations

The modelling of the initial and final state radiation can have impact on the modeling so samples are

generated with different ISR and FSR scales, in a similar procedure to that done for the scale variations.

This effect is tested for t t̄ (tt̄ ISR and tt̄ FSR) in the ` channel.

5.4.2.7 Heavy flavor systematics

In addition to uncertainties related to flavor tagging, uncertainties associated with heavy flavor jets coming

from Z+jets andVV events are applied. A 30% uncertainty is applied in the ` channel (Z + jets HF and VV

HF) and a 50% uncertainty is applied in the ` channel. While in the ` channel a 30% factor was applied
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to the Z+jets systematic, motivated by the cross section measurement of the production of a Z boson in

association with b-jets [136], in which a disagreement of about 30% is observed in events with high pT

b -tagged jets, and was propagated to the VV systematic. In the `, due to the presence of an extra lepton

the situation is not as clear so a 50% factor is applied in order to be conservative, which was validated by

studies based on truth information performed by the pair production ` channel in the previous iteration

of the analysis. In order to derive the systematic, the truth information is used and the final discriminant

histograms are split by the presence or lack of a heavy flavor jet (i.e. a b, c or  jet). Then the histograms

are added with the heavy component scaled by the uncertainty factor. As the ` channel splits its regions

by b-tag multiplicities, this uncertainty is also split the same way.

5.5 Statistical framework

The analysis tries to select as much signal as possible while still rejecting background, in order to improve

its sensitivity, but that must be quantified in order to derive a result, either a discovery or an exclusion limit.

For this we use statistical methods that focus on hypothesis testing. We start with the formulation of a null

hypothesis, H, often referred to as the background hypothesis. It is the scenario we are trying to reject, in

the case of this analysis the SM only scenario. Then we build the alternative, or signal hypothesis, H. This

is the scenario that is being sought out, in the case of this analysis, the hypothesis of the SM in addition to

the presence of VLQs.

After the hypotheses are set, a test statistic, q(x) needs to be defined. This is the metric to which there

is the quantification of the agreement of data with either hypothesis, taking as a parameter the analysis’

measurements, x . From the test statistic, the observed value of q(x) will allow to set a decision on the

agreement of a given hypothesis, set by a pre-determined threshold value on the test statistic.

We can define a multiplicative factor that allows the two hypotheses to be generalized. In this context

it is called signal strength, µ, and acts as a multiplicative factor on the signal cross-section. So H is set

at µ =  and H at µ = . With the definition of µ we can define the test statistic from this value, labeled

here as qµ .

With the definition of the test statistics and the collected measurements, a probability that the observed

data originates from the considered hypothesis can be obtained. It is called the p-value, and is defined as:

pµ =

π 1

qµ,obs

f (qµ |µ)dqµ (5.2)

With qµ,obs being the observed value of the test statistic, and f (qµ |µ) being the probability density

function of the test statistic under a given hypothesis µ. It is common to convert this probability value

to a Gaussian significance, Z . This allows the probability to be quoted as a certain number of standard

deviations.
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We need to define thresholds for accepting or rejecting a given hypothesis. The exclusion threshold

adopted in the ATLAS collaboration is at pµ = . (corresponding to Z = .), which corresponds to a

confidence level of 95%. The discovery threshold that is usually adopted by particle physics experiments in

order to claim a discovery is p = . ⇥  (corresponding to 5 ).

By the construction we set in our exclusion procedure, that is given by the measured pµ , the threshold

for exclusion can be surpassed due to statistical fluctuations, that could set a premature exclusion of a

given hypothesis given a particular downward fluctuation. In order to avoid such unphysical exclusions

a new metric was constructed. It is still built around the measured probabilities but it tries to reduce its

sensitivity to downward fluctuations. It is called the CLS method [137] and is given by:

CLS =
pµ

  p
(5.3)

With this fraction, if there is a downward fluctuation it will result in a larger value of p, which will result in

a larger value of CLS , thus avoiding the exclusion. This is the standard used in the LHC experiments when

it comes to claim exclusions. For the discovery procedure, p is still the used quantity.

In our search, in the case that the null hypothesis cannot be rejected we will want to set upper limits

on the VLQ masses. This is done using the CLS method, using the 95% CL, given by CLS < 0.05.

The test statistic that will be used in our search is the profile likelihood ratio. It relies on the fact that

the number of observed data in each bin obeys a Poisson statistic, so the likelihood is built as a product

of Poisson probability terms:

L(µsi, µbk, ) =
÷

r2reions

[Nexp
r (µsi, µbk, )]N

obs
r

Nobs
r !

. exp [Nexp
r (µsi, µbk, )] (5.4)

where  is the set of nuisance parameters, defined by the systematic uncertainties of the analysis,

µbk are normalization factors associated with the backgrounds, and µsi is the signal strength. N
exp
r

and Nobs
r are the expected and observed number of events in a given bin in region r , respectively.

The systematic uncertainties are parametrized with their central value set at  = , and shifting around

this value. It is common for their ± values to be known, and interpolation and extrapolation to be done

so that there is a smooth variation around these values. These values are used as constraint terms in the

likelihood, in which they are usually implemented as Gaussians:

L(µsi, µbk, ) = L(µsi, µbk, )
÷


exp(

i


) (5.5)

The fitting procedure will try to estimate the parameters µsi, µbk and  by maximizing the likelihood

given by eq. (5.5), in order to best describe the observed data.
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At the end we arrive at the profile likelihood ratio by using the definition given on eq. (5.5):

(µsi) =
L(µsi, ˆ̂µbk, )
L( ˆµsi, ˆµbk, )

(5.6)

The numerator represents the Maximum Likelihood Estimator (MLE) of the µbk and  parameters for

a given signal strength µsi. This is normalized by the likelihood using the MLE values of the µsi, µbk

and  parameters.

While eq. (5.6) is the test statistic where we arrive when defining the search for the parameters that best

fit the observed data, it is not what this analysis is actually using in the final estimation. For computational

reasons it is better to minimize the log of the profile likelihood ratio, so the final test statistic used is given

by:

qµsi =  ln (µsi) (5.7)

5.6 Results

5.6.1 Fitting

The values of the systematic uncertainties are profiled, by pulling their central value and constraining their

1  value. This allows for a more accurate description of the uncertainties, in the phase space that is

being studied, which does not necessarily coincide with the phase space in which they were derived. This,

therefore, should result in a set of more realistic systematic uncertainties, adjusted in a data driven way.

The search for the best parameters to describe the observed data is usually obtained by sampling

the prediction within the systematic uncertainties, usually referred to as pseudo-experiments. This usually

requires large samples, that are computationally expensive to obtain. However, if there are enough predicted

events in each fitted bin, the toy experiment procedure approximates a chi-squared distribution, which

removes the need for sampling. This is known as the asymptotic approximation [138] and it is used in

this analysis. This approximation was tested in the analysis development to confirm its validity, as will be

shown later in this section.

Given that there are over a 100 nuisance parameters to be fitted, and that not all of them will be

relevant to the analysis, systematics with with normalization or shape differences smaller than 1% of the

nominal distribution are pruned, i.e. disregarded from the fit. Figures 5.27 and 5.28 show the list of

systematic uncertainties that are pruned from the fit. This value was chosen because it is the standard

in VLQ searches. Analysis that are more sensitive to systematic effects usually study variations of this

threshold, but as will be seen later in this text that is not the case of this search. The shape effects for the

up and down variations (meaning the ± ) are symmetrized before the fit and a smoothing procedure is

applied, in which noise bins are averaged with their neighbor bins.
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Figure 5.27: List of pruned systematics in the ` regions.

Most of the systematic uncertainties are common between the two channels, but not all of them should

be correlated. It is particularly the case of modelling uncertainties, that are very specific to the kinematic

region in which they are derived and therefore to be correlated across channels could possibly lead to

undesired effects. To that end, all the theory systematics are decorrelated across channels, and will be

identified with a 2l or 3l in the prefix. Different correlation schemes were tested, by grouping categories of

systematics to decorrelate across channels: PDF variations, scale variations, generator systematics and

shower systematics. Given that the changes to the fit were very small, the most conservative option was

taken, i.e. to remove these correlations. The pull plots for the different correlation schemes can be seen in

appendix C.
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In the following discussion, when the background hypothesis is considered, the fit will be referred to as

background only fit. In the case the signal hypothesis is considered it will be called signal plus background

fit. For all shown figures, unless otherwise stated, the represented signal sample is the singlet VLT with a

mass of 1.2 TeV.

Figures 5.29 to 5.34 show the discriminants after the background only fit. In general the data and Monte

Carlo is fair, mostly within statistical uncertainties, besides a few bins with low background expectation

where no data events are observed. The overall normalization agreement can be assessed in fig. 5.35,

in which it can be seen that, besides a ` region that does not have data events, all regions have a good

agreement. In all these post-fit figures the represented signal is taken for the pre-fit distributions, as in a

background-only fit no signal contribution is expected after the fit. In the discriminant figures it can be seen

that some background normalizations have changed, and so have the uncertainties.

5.6.1.1 Fit with Asimov data

In order to assess the stability of the fit the Asimov dataset [138] is used, i.e. pseudo-data that statistically

compatible with the background expectation. This mimics a scenario where Monte Carlo models data to

perfection, so no pulls are expected and therefore it works as a validation test. The effects of the background-

only and signal plus background fits in the nuisance parameters can be seen in fig. 5.36. These show how

each systematic entering the fit is pulled and constrained. The green and yellow bands represent the 1

and 2  values of the systematic before the fit. The markers show how each systematic is pulled by the fit,

while the error band shows its constraints. No visible differences between the background only fit and the

signal plus background fit can be found, which should be expected, given the use of the Asimov dataset. It

can be seen that no pull is observed, which is the desired behavior. There are, however, a few constrained

systematics. All of these are related to systematic uncertainties with large pre-fit values, and it will be seen

that the same is observed in the fit with data. Another common feature of all the constrained systematics

is that they are modelling uncertainties, which will be seen that are the systematics with the most impact

on the results.

The correlations between systematic uncertainties can be seen in fig. 5.37. Only systematics with

correlations higher than 20% are shown. They will be discussed in more detail in section 5.6.1.3, but their

comparison can lead to important conclusions.

5.6.1.2 Fit with Asimov data and injected signal

Before performing the fit with data, another interesting test is to perform a fit with the Asimov dataset,

but with signal injection. This means that the pseudo-data will be equal to the background plus signal

expectation, and so, in a signal plus background fit, when deriving limits, should yield a signal strength

corresponding to the value excluded by the Asimov dataset fit plus the injected value, which is of 1 in this
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test, i.e. signal with the pre-fit normalization. The resulting pull plot for this test can be seen in fig. 5.38,

where no deviations from the previous pull plot are visible. The signal strength obtained, without signal

injection, is 0.66+.
. , while it increases up to 1.79 when signal is injected. This corresponds within the

range of what is expected, fulfilling the goal of the test.

5.6.1.3 Fit with data

The effects of the fit with real data on the systematic uncertainties can be better understood in fig. 5.39.

While the constraints that are seen were already present in the fit with Asimov data, pulls are now present

in the pull plot. The difference comes from the change in the data expectation, that is now not perfectly

matching the background expectation, which allows the fit to correct background normalizations and

shapes. There are a few NP that stand out and it is important that the fit behavior is understood. In

appendix B the shapes of these and some other important (based on their impact on the fit) systematics

are shown. In the set of ` systematics, two tt̄ systematics are pulled. These are the fakes and FSR

systematics and they are both correcting the slight excess in the tt̄ normalization. tt̄ is almost exclusively

populating the first bin of the discriminant variables, in which a good number of them show some excess in

the background expectation before the fit is applied. This is most notably seen in the regions with 1 b -tag,

shown in fig. 5.22. The fit is pulling down on these tt̄ systematics, reducing the background expectation

in these mismodeled bins, therefore achieving a slightly better data and Monte Carlo agreement, as can

be seen in the post-fit plots. The systematic corresponding to the ` Z+jets generator in the regions

without MCBOT tags is pulled and constrained. The pull, in combination with the ` Z+jets HF  2 b-tags

systematic, is fixing some normalization issues and modelling effects of the HT(jet) + Emiss
T in the `

regions that was observed pre-fit and discussed in section 5.3. As per the strategy, by building a control

region with this variable as the discriminant, the fit is able to pull these two systematics and mitigate the

disagreement, and it can be seen that the agreement is much improved after the fit. As will be seen in

the correlations discussion, these two nuisance parameters are anti-correlated, hence the pulls in opposite

directions. Both Z+jets HF systematics are constrained, just like the generator systematic. It can be seen

in the pre-fit plots that the CRs have a excessive pre-fit estimation of the uncertainties, and with the high

Z+jets presence in these the fit decreases their overestimated value.

In the set of ` systematics, it can be seen that the Z+jets generator systematic is constrained. The

pre-fit values for this uncertainty goes from about 50% up to about 200%, so the fit is reducing their large

values. The VV scale variations are also constrained, which is due to the large number of VV events

in the CR, that allows for a better estimation of the uncertainty value. The CR data has a disagreement

with the prediction in the last bins of the distribution, which causes the fit to pull this systematic, along

with some corrections to the VV normalization in the other regions. The other systematic that is highly

constrained is the tt̄ +W cross-section systematic. The pre-fit value is 50%, and given the large number

of tt̄ + X events the fit is capable of reducing the value of this uncertainty. The large pre-fit uncertainties
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are also visible in table 5.4.

Another important fit assessment involves the NP correlations. These can be seen in a matrix, for

which only correlations higher than 20% are shown in fig. 5.40. Comparing them with the correlations seen

in the fit with Asimov data shows that most of these were already present and had similar values, with the

most notable exception of the correlations between the ` VV scale and the ` Z+jets fakes systematics,

that was before seen with the ` Z+jets generator systematic. The changes should be explained by pulls

in the fit with real data that are not present in the fit with Asimov data. Both the ` VV scales and the

` Z+jets fake systematics are pulled by the fit, and in opposite directions. This change should lead to an

increase in the anti-correlation value with respect to that in the fit with Asimov data, even though the pull

on the Z+jets systematic is rather small. Given that both the ` VV scales and ` Z+jets fake systematics

act as normalization factors for each respective background in the ` Dibosons CR, and that these are two

leading backgrounds in this region, this anti-correlation should be expected, The shapes of the ` VV scale

systematic and the ` Z+jets generator systematic in the ` Dibosons CR increase in opposite directions:

theZ+jets systematic decreases steadily, in relative terms to the nominal distribution, going to higher values

of HT(jet), while the VV systematic has the opposite behavior, even though not as dramatically. As they

are pulled in opposite directions in the fit this anti-correlation effect should decrease, and the value of their

correlation seen in the matrix of the Asimov fit is 24.6%, which is already close to the threshold. The shapes

of both systematics in the ` Dibosons CR can be seen in fig. 5.41. The highest correlation is between the

cross-sections of tt̄ +W and tt̄ +``, which are expected to be anti-correlated. Some VV systematics also

show high correlations. This is the case of the scale variations and its respective heavy flavor systematic,

as well as the jet systematic related to flavor composition. The later case can be understood as a large

contribution to this background comes from its control region that is defined by the multiplicity of b -tagged

jets. The correlation with the heavy flavor systematic is explained in a very similar way. The heavy flavor

systematic increases in the presence of heavy flavor jets, which in the case of b -tagged jets takes the event

out of the Dibosons CR, so an anti-correlation should be expected. Similar behavior can be seen between

the two ` Z+jets HF uncertainties and between the Z+jets HF uncertainties and one of the b-tagging

systematics.

The 10% value used to account for the lack of calibration of the small-R jet masses in the MCBOT

inference was decided in consultation with the collaboration experts. The initial choice was an over conser-

vative factor of 100%, in an attempt at being safe and cover any possible effects coming from the small-R

jet masses. It was, however, observed that the pre-fit uncertainties were very large, resulting in very large

error band in the pre-fit plots and a very large constraint by the fit. This caused the analysis team to revisit

this value, and, in contact with the analysis sub group and jet related experts arrived at the 10% value. The

effect of this change in the expected mass limits is of the order of 5 GeV, which can be considered very

small.

In the ` channel, the tt̄ shower and generator uncertainties were being largely pulled by the fit in
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opposite directions, as can be seen in the pull plot of fig. 5.42. This is an unexpected behavior as the

tt̄ contribution is mainly located in a single bin, as was discussed before, and it was hard to have an

explanation for this behavior. When consulting their distributions it was observed that they suffered from

large statistical fluctuations, the likely cause of this effect in the fit. Given that this was not caused by a

natural feature of the analysis, these uncertainties were changed by a flat systematic, choosing the largest

variation as their magnitude. Therefore the tt̄ generator and shower uncertainties in the ` channel are a

factor of 50 and 20%, respectively.

As was discussed previously, the Z+jets generator systematic has a pull in the regions without MCBOT

tags. In the original design of the systematic uncertainty it was inclusive in MCBOT tag multiplicities, and it

was the pull observed that led to the decorrelation. In order to identify the origin of the pull, it was separated

by MCBOT tags, as a means of categorizing by topological features. As was seen in the pull plot, the regions

without MCBOT tags are almost exclusively driving this fit effect, so the systematic was kept separated. It

was also verified that this separation has no effect in the expected mass limits.

In order to assess the impact of each systematic on the final result ranking plots were produced,

and are show in fig. 5.43. This is determined by performing four fits fixing each NP to: pre-fit value ±
pre-fit uncertainty and post-fit value ± post-fit uncertainty. With each value the impact on µ is obtained

by comparing with the signal strength obtained in the nominal fit. The systematic that accounts for the

uncalibrated small-R jet masses that are used in MCBOT has the most impact on the signal strength.

Other important systematics include the modelling of the main backgrounds of each channel and b-tagging

systematics, given that all channels have regions defined by multiplicity of b-jets. It is important, however,

to note that the results are largely dominated by the statistical uncertainties. The obtained results are only

affect by the systematic uncertainties up to 4%. The ratio of expected cross-sections limits with and without

the inclusion of systematic uncertainties, as a function of the VLQ mass, can be seen in fig. 5.44. While

the effect of systematic uncertainties is small for all the searched masses, it is noticeable that it steadily

decreases as the VLQ masses increase. For the benchmark of 1.2 TeV VLT, the difference in expected

mass limits with and without systematic uncertainties is about 25 GeV, which is considerably small. For

reference, the 1  band, with all systematic uncertainties, is +80/-60 GeV.

As a test of the analysis strategy, namely the signal region categorization and its contribution to the

fit’s ability to control backgrounds and improve the background modelling, a background only fit with

only the control regions was performed. Signal regions are kept as validation regions, i.e. regions that do

not contribute to the fit but to which the fit is applied, in order to appreciate its effect. By assessing the

modelling agreement with the data after this control regions only fit one can get an appreciation for the

role of signal regions in the nominal fit. The overall normalization of each region after this fit without signal

regions can be seen in fig. 5.45. The left plot shows the control regions, which are the ones that enter

the fit. It can be seen that the agreement is very good, as should be expected. The right plot shows the

agreement in the signal regions, after the fit with the control regions only is applied to them. While the
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agreement is mostly decent and the differences between data and MC are within uncertainties, it is slightly

worse than what is obtained after the nominal fit, shown in fig. 5.35. The fit also does a worse job reducing

uncertainties, and this effect is most visible in the ` regions.

The behavior of the fit does not change dramatically with respect to the systematic uncertainties. This

can be assessed in fig. 5.46 While some small pulls seen in the nominal fit disappear, which is to be

expected as all the signal regions are not present, and the control regions had decent modelling before the

fit, the main pulls observed before remain, even though in larger magnitude in some cases. This serves as

confirmation that the normalization effects that they should be correcting come from the control regions,

as was discussed before. It is also noticeable that a lot of fit constraints also disappear. This should be

further verification of the usefulness of the signal regions in the background modelling.

All the discriminant variables after a fit with no signal regions can be seen in appendix E, along with a

yields table with the total background values shown for this fit and the nominal fit side by side.

The yields for each sample and region are summarized in table 5.7.

5.6.2 Limits

Once the fit is understood we set for a discovery but no significant deviations from the SM expectation were

found. For the benchmark model of 1.2 TeV singlet VLT, the observed p-value is 0.52, corresponding to a

significance of -0.057 , which indicates compatibility with the background hypothesis. Given the absence

of a discovery we derive upper mass limits. The expected and observed limits on the cross-section as

a function of VLQ mass are shown in fig. 5.47, and the limit values are summarized in table 5.5. The

expected limits represent the fit value for the expectation of perfect agreement of data with the background

expectation, and are a good benchmark on the analysis sensitivity without the inherent randomness of the

statistical fluctuations of data that can shift the limit values. The limits are, in general, more stringent for

the doublet than singlet scenario, which is expected given that the BR to Z is higher in that case, going

from about 25% to about 50%. The ` channel has better sensitivity for singlet than doublet in the case of

VLB because the singlet scenario has more decays intoWt (⇠ 50%), which are forbidden in the doublet

scenario, and that are likely to decay to a lepton. The presence of more W bosons in the VLT decays

also explains the difference in sensitivity between the two VLQs for the ` channel. It can be seen that

the observed and expected limits do not differ by more than 2 in any of the benchmarks, for all mass

points, which supports the compatibility of data with the background only hypothesis. These limits are

interpolated linearly between the available mass points. Narrow signals (such as H !  , for example)

need to account for the shape as a function of its mass when doing the interpolation. VLQ signals, however,

are quite broad, so there is no missed signal between mass points, and so a linear interpolation is done.

Beyond the BR that are set by the VLQ isospin, upper mass limits were calculated for a scan of BR

combinations, filling the whole plane of decays to SM bosons, shown in fig. 5.48. For illustration purposes
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white lines are overlaid in the figure to show the contour of given VLQ masses. These results are interesting

to understand where the sensitivity of the analysis lies, and how much of it is lost in different areas of the

plane. As expected, most of the sensitivity of this search goes to the Z corner of the BR plane, even though

strong results are obtained in the less sensitive set of BRs. This is the case even when there is no BR to Z .

In this case there may be decays to a couple ofW boson that may result in a lepton pair within the Z mass

window. There is, however, the case of the decay to two H bosons, where one of these can still decay to

WW ⇤. In these BR scans it can be seen that the limits for the case of BR(H ) = 1 can go up to 900 GeV.

For our benchmark signal, 2.1 events are accepted at this reweighting point, but the number increases to

7.7 for the mass point of 800 GeV. So while the acceptance for this point in the BR plane may be small,

the increase in cross-section for the smaller VLQ masses still provides some sensitivity to the analysis.

These results represent an improvement of about 0.2 TeV from those obtained in the previous iteration of

this analysis, performed with a partial run-2 dataset, amounting to 36.1 fb of integrated luminosity [30].

They are also comparable with the most stringent results to date, namely those from the previous ATLAS

wide combination [85] and the CMS all-hadronic search [84], even extending by about 0.09 TeV the limits

for the doublet VLT scenario.

The validity of the asymptotic approximation was tested by comparing the results with those obtained

with pseudo-experiments for a few mass points. The results are summarized in table 5.6, obtained with 10

pseudo-experiments in all cases but the VLT 1.4 TeV case, that showed large fluctuations and was calculated

with 5⇥10 pseudo-experiments. It can be seen that the differences are small, in most cases within a 5%

difference. The 1.4 TeV mass point shows the largest deviations and the case may be for the number of

pseudo-experiments. The factor 5 improvement in the sampling resulted in large differences (towards the

asymptotic value) and it may be the case that is driving the differences from the asymptotic approximation.

It is, however, impractical to test this explanation as the calculation with 5.10 pseudo-experiments already

took a few weeks to run.

Model
Observed (Expected) Mass Limits [TeV]

` ` Combination

TT̄ Singlet 1.14 (1.16) 1.22 (1.21) 1.27 (1.29)
TT̄ Doublet 1.34 (1.32) 1.38 (1.37) 1.46 (1.44)
% T ! Zt 1.43 (1.43) 1.54 (1.50) 1.60 (1.57)

BB̄ Singlet 1.14 (1.21) 1.11 (1.10) 1.20 (1.25)
BB̄ Doublet 1.31 (1.37) 1.07 (1.04) 1.32 (1.38)
% B ! Zb 1.40 (1.47) 1.16 (1.18) 1.42 (1.49)

Table 5.5: Observed (expected) mass limits for the singlet and doublet T and B and with 100% BR to
Zt/b for the individual channels and their combination.
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Model [TeV] Fit   Median   Ratio

`
ch

an
ne

l VLB
1.2

Toys 0.570 0.649 0.841 1.222 3.818
0.99

Asym. 0.452 0.607 0.842 1.225 1.776

1.6
Toys 0 5.370 7.295 9.727 15.514

1.00
Asym. 3.905 5.242 7.275 10.698 15.805

VLT
1.2

Toys 0.717 0.801 1.020 1.345 1.511
1.00

Asym. 0.546 0.733 1.017 1.480 2.142

1.6
Toys 4.489 6.022 8.178 10.056 19.437

1.03
Asym. 4.256 5.714 7.930 11.657 17.284

`
ch

an
ne

l VLB 1.2
Toys 0.904 1.143 1.590 1.892 2.450

0.97
Asym 0.881 1.183 1.641 2.460 3.696

VLT
1.2

Toys 0.587 0.745 1.003 1.436 1.757
1.04

Asym 0.521 0.699 0.970 1.449 2.187

1.4
Toys 1.580 1.770 2.103 2.643 306.703

0.80
Asym. 1.408 1.891 2.624 3.984 6.157

Table 5.6: Expected limits on the signal strength using the asymptotic formula and pseudo-experiments
including systematics, for the singlet VLT and VLB
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Figure 5.28: List of pruned systematics in the ` regions.
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Figure 5.29: Post-fit plots for all ` regions with exactly 1 b-tagged jet with m(Zb) as the discriminant
variable.
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Figure 5.30: Post-fit plots for all ` regions with exactly 1 b-tagged jet with m(Zb) as the discriminant
variable, as well as the control region for exactly 1 b-tagged jet with HT(jet) + Emiss

T as the discriminant.
The signal line corresponds to its pre-fit distribution.
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Figure 5.31: Post-fit plots for all ` regions with at least 2 b-tagged jets with m(Zb) as the discriminant
variable.
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Figure 5.32: Post-fit plots for all ` regions with at least 2 b-tagged jets with m(Zb) as the discriminant
variable, as well as the control region for at least 2 b-tagged jets with HT(jet) + Emiss

T as the discriminant.
The signal line corresponds to its pre-fit distribution.
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Figure 5.33: Post-fit plots in the ` channel with HT(jet + lep) as the final discriminant. The signal line
corresponds to its pre-fit distribution.
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Figure 5.34: Post-fit plots in the ` channel with HT(jet + lep) as the final discriminant. The signal line
corresponds to its pre-fit distribution.
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Figure 5.35: Summary of the yields in all regions after the background-only fit is performed.
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Figure 5.36: Pulls and constraints of the combined fit nuisance parameters for the background-only fit
(left) and signal plus background fit (right) with the Asimov dataset. The green band represents the 1
variation and the yellow band the 2 variation.
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Figure 5.37: Correlation matrix of the combined fit nuisance parameters for the background-only fit with
Asimov data. Only correlations above 20% are represented.
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Figure 5.39: Pulls and constraints of the combined fit nuisance parameters for the background-only fit
(left) and signal plus background fit (right). The green band represents the 1 variation and the yellow
band the 2 variation.
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Figure 5.40: Correlation matrix of the combined fit nuisance parameters for the background-only fit. Only
correlations above 20% are represented.
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Figure 5.41: Shapes of the ` VV scale variations systematic (top) and the ` Z+jets generator systematic
(bottom).
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Figure 5.42: Pull plot with the ` tt̄ Shower and Generator systematics before the changes to their
definitions.
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Figure 5.45: Summary of the data and Monte Carlo agreement in the control regions (top) and signal
regions (bottom) in a background only fit without signal regions.
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Figure 5.46: Pulls and constraints of the combined fit nuisance parameters for the background-only fit
without signal regions. The green band represents the 1 variation and the yellow band the 2 variation.
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Figure 5.47: Expected and observed combined limits at 95% CL on the production cross-section for TT̄
BB̄ for the singlet and doublet benchmarks and for the case where BR(Z ) = 1. The individual channel lines
represent their expected limits.
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Figure 5.48: Expected and observed lower mass limits for the different BR possibilities. The white lines
represent the contours of given VLQ masses.
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5.7 Going beyond this search

As discussed in section 4.1, combining all ATLAS VLQ pair production searches significantly improved the

limits obtained. With the large increase in luminosity that was collected since then, it is already visible that

the sensitivities that can still be achieved are much higher. The analysis presented in this text managed

to reach by itself results compatible with the ATLAS combination. It is, therefore, natural to suggest that

another ATLAS wide combination should be performed, which should allow to set very stringent limits on

VLQ masses, if no deviation from the SM expectation is found.

Even though the results shown in this document are fairly general and prone to reinterpretation,

some assumptions were made. It was assumed that VLQs decay exclusively to third generation quarks.

This assumption is motivated by phenomenological considerations that lead to the prediction that the

VLQ coupling to SM quarks is proportion to m/M , with m being the SM quark mass and M the VLQ

mass [139–142]. This can, however, be revised by future analyses targeting lighter families. With the recent

advances in charm and light jet flavor tagging [126, 143], this can be an interesting challenge for the next

round of VLQ searches.

It was also assumed that VLQs decay only to SM bosons. Many of the models that predict the existence

of VLQs can be extended and include exotic decays. A notable example is the case of Composite Higgs

models. In section 2.3 the minimal scenario was considered, where the new sector led to the prediction of

top partners that couple with the SM. Models that feature a larger group breaking result in the presence of

extra scalars, from the new Goldstone bosons, that can be interpreted as dark matter candidates. They are

predicted to mix naturally with VLQs, resulting in decays to invisible (by our detectors, at least) particles.

This would mean that our considerations when interpreting the observed data result in the wrong measured

cross-sections, as a part of the VLQ branching ratios go unconsidered, resulting in an overestimation of

the excluded VLQ masses. With the published results there can be a phenomenological reinterpretation,

by scaling the measured cross-sections to the missing BR, but, depending on the mass of the new scalar

the observed kinematics can change enough that rescaling alone is not a realistic interpretation.

Another important assumption made in this analysis is that pair-production is mediated exclusively by

SM QCD. Taking again into consideration the example of Composite Higgs models, which predict VLQs

to mix with SM quarks, naturally predict a heavy gluon that can decay into pairs of VLQs, with a mass in

the TeV range7. These decays would produce the same final states as those currently being considered in

searches for VLQs, but the final state particles would take a large boost from the high mass of the heavy

gluon. A similar scenario can show up in models with Z’.

A larger focus should also be put into single production analyses. As we start to exclude larger VLQ

masses, single production starts to become the dominant production mechanism. The trickier interpreta-

tions that are necessary due to the coupling dependencies are starting to be generalized, as was discussed
7More details are given in section 2.2.
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in chapter 4. This can pave the way for single production combinations similar to that done by the ATLAS

experiment for pair production.

The generality of our search and the interpretation of the results should likely guide the next round

of analyses, as well as the effort to combine the available results, towards fulfilling the potential of the

recorded data.
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Conclusions

The Standard Model is a successful theory, capable of predicting many phenomena in a large range

of energies with a high precision, culminating with the discovery of the Higgs boson. Despite the many

successes, the Standard Model still has open questions, such as the hierarchy problem. Trying to answer

these questions leads to the creation of new models, most of which predict the existence of new particles.

Vector like quarks are particles beyond the Standard Model that are predicted by some of the theories

that try to solve these open questions. Finding vector like quarks would be a very important step towards

understanding what lies in the realm of the unknown, so searches for these new particles were performed.

A first iteration, using a partial dataset of ATLAS data that amounts to 36.1 fb at
p
s = 13 TeV,

was described. The author of this thesis was the main analyzer of the pair production dilepton channel

with 0 or 1 large radius jets. The analysis was developed from the very start, by producing Monte Carlo

simulation, defining the analysis strategy, performing and understanding the fit and developing the limit

setting machinery to obtain the final results. Control and signal regions were designed in order to optimize

these results, taking into account the expected features of VLQ production, and its main backgrounds. As

no significant deviation from the Standard Model expectation was found, upper mass limits were derived.

These limits reached the TeV range, going up to 1.34 in most favorable BR scenario. They represented the

most stringent limits for this particular decay mode that were set at the time of their publication.

These results were largely improved by the combination of all ATLAS pair production searches. The

author of this thesis was the analysis liaison, responsible for all the checks regarding overlaps with the

other analyses, production of the combined limits from our analysis, following the conventions aiming at

ensuring a compatible treatment of the background modeling and evaluation of the systematic sources of

uncertainty. The improvement from the individual analyses was significant and the obtained results are

still the most stringent results published so far, together with the all-hadronic results published by the CMS
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collaboration.

These limits, however, are matched, and in some branching ratio scenarios even slightly surpassed

by the latest iteration of the analysis presented in this thesis. This analysis, which was approved as a

preliminary result [144] by the ATLAS Collaboration, and is expected to be published soon, was performed

with the full run 2 dataset, amounting to an integrated luminosity of 139 fb. It focuses on pair production

of VLT and VLB in events with a Z boson decaying to leptons and a third generation quark. The author of

this thesis is the analysis contact within the ATLAS collaboration, besides being the main analyzer of the

` channel and the responsible for the combination fit and limit setting. The inclusion of a deep neural

network tagger that classifies jets as likely originated by top quarks,W or Z bosons, H bosons or light jets

allowed to build better signal and control regions, improving in this way the fit quality and consequently

the results. Instead of following the strategy of the previous analysis, in which control regions dedicated

to the main backgrounds are built, the categorization of the signal regions creates many regions with

different background compositions and signal to background ratios. It allows the fit to learn the different

topologies created by VLQ pair production and use the signal regions to constrain uncertainties and adjust

the modelling of the main background. The limits set by this analysis are a significant improvement over the

previously existing ones. They represent an improvement of about 200 GeV in all branching ratio scenarios.

The excluded lower mass limits range from 1.07 to 1.60 TeV, depending on the branching ratio. They

represent the best results up to date in this decay mode. Following the lessons from the last iteration of the

analysis, a new combination of ATLAS searches should significantly improve these results and therefore

provide important experimental information which will allow to exclude significant regions of the parameter

space of different beyond-SM models.

The published analysis should also be subject to reinterpretation by the phenomenology community.

As was stated in the last of this thesis, even though the experiments try to make these results as general

as possible, they still rely on assumptions that can be relaxed. The ATLAS experiment always made an

effort to make the results reinterpretable, whether by publishing HEPData [145] results or with current

increased efforts that go beyond that, taking advantage of current technologies that facilitate the storing and

replication of results [146, 147]. The interpretation of the experimental results and the interplay between the

two communities will lead to better results, with the correct focus, making the most profit of the available

data.

The work done throughout the PhD was presented in different conferences and workshops, including

posters at the Top 2018 and 2019 workshops, Jornadas Científicas do LIP in 2018 and UT Austin Portugal

Program’s 2019 Annual Conference; talks at IBERGRID 2019 and Epiphany 2020, besides several talks

at schools and student workshops and several outreach activities. These analyses resulted in journal

publications in Physical Review D and Physical Review Letters (Editors’ Suggestion).

Besides the analyses presented in this thesis, some phenomenological works were also developed.

They were not included in this document in order to maintain a theme of ATLAS searches but they are
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nonetheless relevant to VLQs and BSM searches. One of these studies assessed the transferability of deep

learning models with new physics signals [148]. As analyses become more reliant on machine learning,

the question of how sensitive they are to physics not included in training becomes more relevant, i.e. would

we miss new physics in our data because our models are trained on a specific signal? Trying to answer

that question, different deep neural networks were trained on 3 signal models: tZ production via FCNC,

VLT pair production via standard model QCD and VLT pair production via heavy gluon decay for masses

of 1, 1.2 and 1.4 TeV. Limits were derived using inference of the neural networks on signals that were not

included in the training, in order to assess the degradation of their discrimination power when classifying

events from different class models. It was seen that the limits are compatible, within uncertainties for the

VLT related signals. While the FCNC signal does not perform as well in neural networks trained with VLT

signals, it was seen that they still perform better than deriving limits with a single discriminant variable.

The other phenomenological study [149] tested how performant the Earth Mover’s Distance [150] is at

discriminating rare processes in events from proton-proton colliders. In this study this quantity is generalized

to quantify the similarity between two physics events using experimental information. It was seen that this

observable, when applied to unsupervised methods that are tipically used for dimensionality reduction

such as UMAP [151], is capable of grouping together different processes. Processes such as Dibosons

are well separated from other processes that have top quarks, clustered continuously from Dibosons to tt̄

+ X . This could be a promising application for event classification in collider analyses. The use of these

observables as inputs to a deep neural network were also tested. The overall performance of the DNN

does not improve significantly with this addition, but still they are shown to be useful for the event-level

information provided.
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A
MCBOT outputs

The MCBOT outputs for the control and signal region selections are shown in this appendix.
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Figure A.1: MCBOT light class outputs for the ` channel SR (right) and CR (left) cuts, for the leading (top)
and sub-leading (bottom) rcjets.
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Figure A.2: MCBOT V class outputs for the ` channel SR (right) and CR (left) cuts, for the leading (top)
and sub-leading (bottom) rcjets.
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Figure A.3: MCBOT H class outputs for the ` channel SR (right) and CR (left) cuts, for the leading (top)
and sub-leading (bottom) rcjets.
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Figure A.4: MCBOT top class outputs for the ` channel SR (right) and CR (left) cuts, for the leading (top)
and sub-leading (bottom) rcjets.
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Figure A.5: MCBOT light class outputs for the ` channel SR (right) and CR (left) cuts, for the leading (top)
and sub-leading (bottom) rcjets.
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Figure A.6: MCBOT V class outputs for the ` channel SR (right) and CR (left) cuts, for the leading (top)
and sub-leading (bottom) rcjets.
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Figure A.7: MCBOT H class outputs for the ` channel SR (right) and CR (left) cuts, for the leading (top)
and sub-leading (bottom) rcjets.
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Figure A.8: MCBOT top class outputs for the ` channel SR (right) and CR (left) cuts, for the leading (top)
and sub-leading (bottom) rcjets.
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B
Systematic shape plots

The shapes of systematics can be a very useful resource in order to understand the fit. This appendix

shows the shapes of the systematics mentioned during the discussion about the fit.
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Figure B.1: Shape of Z+jets HF 2b systematic
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Figure B.2: Shape of Z+jets HF 2b systematic
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Figure B.3: Shape of Z+jets HF 2b systematic
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Figure B.4: Shape of Z+jets HF 2b systematic
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Figure B.5: Shape of Z+jets HF 2b systematic
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Figure B.6: Shape of Z+jets HF 2b systematic
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Figure B.7: Shape of Z+jets HF 2b systematic
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Figure B.8: Shape of Z+jets HF 2b systematic
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Figure B.9: Shape of Z+jets HF 1b systematic

0 200 400 600 800 1000 1200 1400 1600 1800 2000
) [GeV]

1
m(Zb

0

1

2

3

4

5

6

7

8

N
u

m
b

e
r 

o
f 

e
v
e

n
ts

2l Z + jets HF 1 b-tag, Z+jets

2l 1b SR Double tag 1

 (+30.0 %)σ+ 1 

 (-30.0 %)σ - 1 

Original Modified

0 200 400 600 800 1000 1200 1400 1600 1800 2000
) [GeV]

1
m(Zb

40−
30−
20−
10−
0

10
20
30
40

 [
%

]
N

o
m

.
S

y
s
t.

-N
o

m
.

Figure B.10: Shape of Z+jets HF 1b systematic
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Figure B.11: Shape of Z+jets HF 1b systematic
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Figure B.12: Shape of Z+jets HF 1b systematic
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Figure B.13: Shape of Z+jets HF 1b systematic
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Figure B.14: Shape of Z+jets HF 1b systematic
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Figure B.15: Shape of Z+jets HF 1b systematic
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Figure B.16: Shape of Z+jets HF 1b systematic
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Figure B.17: Shape of 3l VV scale systematic
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Figure B.18: Shape of 3l VV scale systematic
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Figure B.19: Shape of 3l VV scale systematic
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Figure B.20: Shape of 3l VV scale systematic
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Figure B.21: Shape of 3l VV scale systematic
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Figure B.22: Shape of 3l VV scale systematic
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Figure B.23: Shape of 2l Z+jets Generator 0 tags systematic

950 1000 1050 1100 1150 1200 1250 1300 1350
 [GeV]miss

T
(jet) + ETH

0

100

200

300

400

500

600

700

N
u

m
b

e
r 

o
f 

e
v
e

n
ts

2l Z + jets Generator 0 tags, Z+jets

2l 1b CR

 (+5.6 %)σ+ 1 

 (-5.6 %)σ - 1 

Original Modified

950 1000 1050 1100 1150 1200 1250 1300 1350
 [GeV]miss

T
(jet) + ETH

20−
15−
10−
5−
0
5

10
15
20

 [
%

]
N

o
m

.
S

y
s
t.

-N
o

m
.

Figure B.24: Shape of 2l Z+jets Generator 0 tags systematic
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Figure B.25: Shape of 2l Z+jets Generator 0 tags systematic
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Figure B.26: Shape of 2l Z+jets Generator 0 tags systematic
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Figure B.27: Shape of t t̄ +W cross section systematic
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Figure B.28: Shape of t t̄ +W cross section systematic
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Figure B.29: Shape of t t̄ +W cross section systematic
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Figure B.30: Shape of t t̄ +W cross section systematic
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Figure B.31: Shape of t t̄ +W cross section systematic
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Figure B.32: Shape of t t̄ +W cross section systematic
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Figure B.33: Shape of 3l Z+jets Generator systematic
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Figure B.34: Shape of 3l Z+jets Generator systematic
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Figure B.35: Shape of 3l Z+jets Generator systematic
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Figure B.36: Shape of 3l Z+jets Generator systematic
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Figure B.37: Shape of 3l Z+jets Generator systematic
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Figure B.38: Shape of 3l Z+jets Generator systematic
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Figure B.39: Shape of 2l t t̄ fakes systematic
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Figure B.40: Shape of 2l t t̄ fakes systematic
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Figure B.41: Shape of 2l t t̄ fakes systematic
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Figure B.42: Shape of 2l t t̄ fakes systematic
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Figure B.43: Shape of 2l t t̄ fakes systematic
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Figure B.44: Shape of 2l t t̄ fakes systematic
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Figure B.45: Shape of 2l t t̄ fakes systematic
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Figure B.46: Shape of 2l t t̄ fakes systematic
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Figure B.47: Shape of 2l t t̄ fakes systematic
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Figure B.48: Shape of 2l t t̄ fakes systematic
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Figure B.49: Shape of 2l t t̄ fakes systematic
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Figure B.50: Shape of 2l t t̄ fakes systematic
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Figure B.51: Shape of 2l t t̄ fakes systematic
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Figure B.52: Shape of 2l t t̄ fakes systematic
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Figure B.53: Shape of 2l t t̄ fakes systematic
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Figure B.54: Shape of 2l t t̄ fakes systematic
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Figure B.55: Shape of 2l t t̄ FSR systematic
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Figure B.56: Shape of 2l t t̄ FSR systematic
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Figure B.57: Shape of 2l t t̄ FSR systematic
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Figure B.58: Shape of 2l t t̄ FSR systematic
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Figure B.59: Shape of 2l t t̄ FSR systematic
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Figure B.60: Shape of 2l t t̄ FSR systematic

950 1000 1050 1100 1150 1200 1250 1300 1350
 [GeV]miss

T
(jet) + ETH

0

2

4

6

8

10

12

14

16

18

20

22

N
u

m
b

e
r 

o
f 

e
v
e

n
ts

t FSR, tt2l t

2l 1b CR

 (-0.9 %)σ+ 1 

 (+0.9 %)σ - 1 

Original Modified

950 1000 1050 1100 1150 1200 1250 1300 1350
 [GeV]miss

T
(jet) + ETH

150−
100−
50−
0

50
100
150

 [
%

]
N

o
m

.
S

y
s
t.

-N
o

m
.

Figure B.61: Shape of 2l t t̄ FSR systematic
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Figure B.62: Shape of 2l t t̄ FSR systematic
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Figure B.63: Shape of 2l t t̄ FSR systematic
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Figure B.64: Shape of 2l t t̄ FSR systematic
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Figure B.65: Shape of 2l t t̄ FSR systematic
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Figure B.66: Shape of 2l t t̄ FSR systematic
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Figure B.67: Shape of 2l t t̄ FSR systematic
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Figure B.68: Shape of 2l t t̄ FSR systematic
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Figure B.69: Shape of 2l t t̄ FSR systematic
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Figure B.70: Shape of 2l t t̄ FSR systematic
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Combination correlation schemes

In order to determine the best scheme of correlations among the two channels a few different combinations

were tried. The set of nuisance parameters considered were the modelling systematics. This means all PDF

systematics, scale variations, shower and generator systematics. Below are the pull plots for the different

setups.

Given that the choice of combination schemes does not seem to affect the fit too much the most

conservative setup was chosen and all modelling systematics will be uncorrelated across channels.

165



APPENDIX C. COMBINATION CORRELATION SCHEMES

Figure C.1: Combination pull plot with all systematics correlated.
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Figure C.2: Combination pull plot with all PDF systematics uncorrelated across channels.
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Figure C.3: Combination pull plot with all scale variations uncorrelated across channels.
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Figure C.4: Combination pull plot with all generator systematics uncorrelated across channels.
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Figure C.5: Combination pull plot with all shower systematics uncorrelated across channels.
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Figure C.6: Combination pull plot with all modelling systematics uncorrelated across channels.
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Singlet and doublet comparison

The assumption made in this analysis is that the kinematic differences arising from the choice of a given

model don’t have a sizable effect on the analysis and that the only difference is the different contributions

of each channel through the branching-ratios that are taken into account in the BR reweighting procedure.

In order to show that this is the case, the main distributions used in both the ` and ` channel are

compared in the singlet and doublet models. The samples used in these figures are the samples simulated

with the singlet model with a VLQ mass of 1200 GeV and are compared with the samples generated with

the doublet model for the same mass. Both, T and B quarks are shown. The discriminant variables for

each channel are shown. The distributions compare singlet and doublet model and show the ratio between

the corresponding singlet and doublet model case with the same color in the ratio pane.

For a VLT with 1.2 TeV, the expected limits on the signal strength using a doublet sample or the

reweighting procedure change by about 2%.
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Figure D.1: Comparison between singlet and doublet model for BB and TT pair production using the final
discriminants in the dilepton channel 1 btag regions.
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Figure D.2: Comparison between singlet and doublet model for BB and TT pair production using the final
discriminants in the dilepton channel 2 btag regions.
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Figure D.3: Comparison between singlet and doublet model for BB and TT pair production using the final
discriminants in the trilepton channel.
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E
Signal regions contribution to the fit

As was stated in chapter 5, MCBOT is used in order to have a richer fit, and have many signal regions

with different background composition that contribute to the fit. In this appendix the contribution of the

signal regions to the fit is assessed, by doing the background only fit with the signal regions as validations

regions, i.e., regions that do not contribute to the fit but to which the fit is applied, in order to appreciate its

effect. Below the yields table and post-fit plots are shown. It can be seen that while the effect is not very

large, in general the data/MC agreement is improved by the presence of the SRs. This is more easily seen

in table E.1 where the total backgrounds for this fit setup and the nominal fit with all regions are shown

next to each other and next to the data yields.
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Figure E.1: Discriminant after a background only fit without signal regions in the ` regions with 1 b -tagged
jet
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Figure E.2: Discriminant after a background only fit without signal regions in the ` regions with  b -tagged
jets
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Figure E.3: Discriminant in the ` channel after a background only fit without signal regions
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