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Abstract

E quase um consenso geral que o modelo padrao da fisica de particulas nao é a teoria
final que descreve as interacoes fundamentais entre particulas elementares. Isso ocorre
porque diferentes observagoes experimentais sugerem de forma convincente que a teoria
padrao precisa ser estendida. Problemas como a necessidade de um candidato a matéria
escura, a massa do neutrino, hierarquia, assimetria matéria-antimatéria, entre outros,
apontam em uma direcdo muito clara: buscas experimentais por sinais de fisica além
do modelo padrao em experimentos de baixas e altas energias sao urgentemente neces-
sarios. Dentro dos tipos de experimentos de alta energias, os colisores de particulas
certamente desempenham um papel fundamental nessa tarefa pois sdo maquinas que
podem acelerar particulas a velocidades préoximas a velocidade da luz e, consequente-
mente, sdo capazes de gerar colisoes de altissima energia, suficientes para, por exemplo,

produzir novas particulas que nao estao dentro do espectro de particulas do modelo padrao.

Motivados por esses problemas em aberto e pelo enorme potencial dos colisores de particulas
para testar teorias além do modelo padrao, nesta tese abordaremos o estudo de um novo
boson Z’ sob duas perspectivas diferentes. Na primeira parte desta tese faremos um estudo
detalhado do modelo padrao que servira de base para apresentar as extensoes do modelo
padrao que iremos utilizar. Na segunda parte, usaremos dados da colaboracdo ATLAS para
restringir a massa de um novo béson Z’ na configuragao atual do Large Hadron Collider
(LHC) para os modelos 3-3-1 com neutrinos de mao direita (331RHN) e 3-3-1 com léptons
neutros pesados (331LHN). Uma vez encontrados esses limites, vamos extrapola-los para
as esperadas atualizacoes de alta luminosidade e alta energia do LHC conhecidas como
HL-LHC e HE-LHC, respectivamente, bem como o experimento Future Circular Collider
(FCC) projetado para funcionar apés o LHC. Para a terceira parte desta tese, realizaremos
um estudo de sensibilidade no experimento Compact Linear Collider (CLIC), no qual
obteremos a luminosidade que necessita o experimento para detectar um novo béson Z’ dos
modelos 331RHN, 331LHN e o Z’ leptofilico. Para fazer isso, compararemos um grande
numero de eventos de sinal e de fundo para encontrar os melhores cortes cinematicos nos
quais poderemos ver um sinal de um Z’ com 95% C.L. ou a descoberta de um Z’ com 50

de significancia estatistica.

Palavras-chave: Colisor de Particulas; 331RHN; 331LHN; Leptofilico; LHC; ATLAS;
FCC; Futuros Colisores; CLIC.



Abstract

It is almost a general consensus that the standard model of particle physics is not the final
theory that describes the fundamental interactions between elementary particles. This is
because different experimental observations convincingly suggest that the standard theory
needs to be extended. Problems such as the need for a candidate for dark matter, the
neutrino mass, hierarchy, matter-antimatter asymmetry, among others, point in a very
clear direction: experimental searches for signs of physics beyond the standard model
in experiments of low and high energies are necessarily urgent. Within the types of
high-energy experiments, particle colliders certainly play a fundamental role in this task,
since they are machines that can accelerate particles to speeds close to the speed of light
and, consequently, are capable of generating very high-energy collisions, enough energy to,

for example, produce new particles that are not in the particle spectrum of standard model.

Motivated by these open problems and by the enormous potential of particle colliders
to test theories beyond the standard model, in this thesis we will approach the study of
a new Z' boson from two different perspectives. In the first part of this thesis we will
have a detailed study of the standard model that will serve as a basis for presenting the
extensions of the standard model that we are going to use. In the second part, we will use
data from the ATLAS collaboration to constrain the mass of a new Z’ boson using the
current LHC configuration for 3-3-1 with right-handed neutrinos and 3-3-1 with heavy
neutral leptons models. Once these limits are found, we are going to extrapolate them to
the expected updates of high luminosity and high energy of the LHC known as HL-LHC
and HE-LHC, respectively, as well as the Future Circular Collider (FCC) projected to
work after the LHC. For the third part of this thesis, we will carry out a sensitivity study
in the Compact Linear Collider (CLIC) experiment, in which we will obtain the luminosity
that the experiment needs to detect a new Z’ boson of the 331RHN, 331LHN and Z’
leptophilic models. To do this, we will compare a large number of signal and background
events to find the best kinematic cuts in which we can see a Z’ signal with 95% C.L. or

the discovery of a Z’' with 50 statistical significance.

Keywords: Particle Collider; 331RHN; 331LHN; Leptophilic; LHC; ATLAS; FCC; Future
Colliders; CLIC.
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1 Introduction

Over the past century, the standard model of particle physics (SM) has emerged
as a remarkably successful theoretical framework that describes elementary particles and
their fundamental interactions. However, as our understanding of the universe deepens
and experimental precision improves, certain gaps and limitations within the SM have
become increasingly apparent. These gaps, such as the lack of a viable dark matter (DM)
candidate, the inability to incorporate gravity, and the absence of an explanation for
neutrino masses, among others, have spurred the scientific community to explore new

avenues of knowledge.

The path towards addressing these challenges has led to consider theories that
extend beyond the boundaries of the SM. These theories, often collectively referred to as
"Beyond the Standard Model” (BSM) theories, propose new particles, interactions and sym-
metries that could potentially bridge the existing gaps and provide a more comprehensive
understanding of the fundamental forces that govern the universe. These new theoretical
frameworks tend to be simple or complex extensions of the SM symmetry group and hold

the promise of addressing some of the most pressing questions in particle physics.

Central to the exploration of BSM particle physics is the utilization of high-energy
particle colliders. Particle colliders play a crucial role in advancing our understanding of
the subatomic world by enabling scientists to recreate extreme conditions that existed in
the early universe, moments after the Big Bang. These state-of-the-art machines, such as
the Large Hadron Collider (LHC) at CERN, have the capability to accelerate particles
to velocities close to the speed of light and collide them with unprecedented energy. Th-
rough these collisions, we can probe the fundamental building blocks of matter at scales
never before possible, potentially revealing the existence of new particles or interactions
predicted by BSM theories. So far, particle colliders like the LHC have not shown signs
of new physics (NP) and this has served as motivation for planning upgrades to the
LHC or creating future colliders like the High-Luminosity LHC (HL-LHC), High-Energy
LHC (HE-LHC), Future Circular Collider (FCC) and the Compact Linear Collider (CLIC).

Due to the need for physics models BSM and the fundamental role that parti-
cle colliders have for the exploration of this new physics, in this thesis we will deepen
the study of a new Z’ vector boson that arises from three very popular models in the

literature. The first two are simple extensions of the SM symmetry group and are po-
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pularly known as 3-3-1 models. Specifically we will study the models known as the
3-3-1 with heavy neutral leptons (331LHN) and the 3-3-1 with right-handed neutrinos
(331RHN). On the other hand, the other model that we will study will be the Z’ leptophilic.

The first part that corresponds to the second chapter of this thesis will be a detailed
review of the standard model of particle physics. The second part corresponding to the
third chapter will focus on using data from the current LHC to put lower mass bounds
on the mass of a new Z’ and extrapolate these bounds for future colliders such as the
HL-LHC, HE-LHC and the FCC. The third part corresponding to the fourth chapter will
be a sensitivity study to detect a new Z’ in the CLIC, in which we will study the capacity
that the experiment could have to detect this new boson within the two models 3-3-1
explored in the second part, as well as a leptophilic Z’. In the last part we will present

the conclusions.
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2 The Standard Model of Particle Physics

The beginning of the 20th century witnessed profound and revolutionary changes
in physics, marked by the development of two great physical theories: general relativity,
describing physics on large scales, and non-relativistic quantum mechanics (NRQM), explai-
ning phenomena on small scales. NRQM played a crucial role in providing mathematical
frameworks to describe new phenomena related to atoms and molecules, which clearly
deviated from classical physics laws. However, NRQM was not enough to explain certain
physical phenomena, such as relativistic bound states, inelastic (transmutation) scattering,

decay of composite and elementary particles, and vacuum energy [1].

Currently, all these relativistic quantum phenomena are well explained by relativis-
tic quantum mechanics (RQM) or, in a more general framework, quantum field theory
(QFT)!. In that sense, QFT has proven to be a powerful tool for describing the interactions
among the fundamental constituents of matter [2]. In conjunction with group theory, it
has enabled the construction of the framework known today as the Standard Model of
Particle Physics (SM).

The SM is considered one of the most significant milestones in physics during the
twentieth century, as it successfully describes three of the four fundamental interactions in
nature: the strong, electromagnetic, and weak interactions?[3]. This theoretical framework
is a gauge theory based on the local gauge symmetry group SU(3), x SU(2), x U(1)y,
where the subscripts C, L, and Y denote Color, left-handed chirality, and weak hyper-

charge, respectively.

Before delving into the SM lagrangian, we will provide a brief overview of the
concept of gauge invariance in quantum electrodynamics (QED) and the SU(2) Yang-Mills
theory. These two theories will serve as the fundamental building blocks of the SM.

L The distinction between NRQM, RQM, and QFT lies in their respective natures. NRQM is a non-
relativistic quantum particle theory, RQM is also a quantum particle theory but incorporates the
principles of special relativity, while QFT is a quantum relativistic theory of fields.

Since the strong interaction remains unbroken and there is no mixing between the electroweak sector,
this thesis will solely focus on the unified theory of the weak and electromagnetic interactions known
as electroweak interactions
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2.1 The Gauge Invariance in Quantum Field Theories

We say that the SM is a local gauge theory because it is based on the Gauge
Principle [4]. This principle involves a transformation that can be applied to the fields
and potentials used to describe a physical system?® without altering the predictions or

observables, while simultaneously generating interaction terms.

To describe gauge invariance and the consequences of requiring a lagrangian to be

invariant under gauge transformations, we will begin by focusing on QED.

2.1.1 The Quantum Electrodynamics

Let us take a moment to consider the following lagrangian

£ = i (2) 0 () + miD () ¥ (). (2.1)

where @ = 7#9,. Here v* — {7° 4%, 4%~} represent the gamma matrices, also
called the Dirac matrices, and follow the anticommutation algebra {*,v"} = v#4" + 4 ~*.
In the QFT approach, the above lagrangian is known as the Dirac Lagrangian, which
describes the physics of a free fermion ¢ (z) with mass m and spin-1/2* [2,4]. If we de-

mand that the fermion fields ¢ (x) transform under the following global U(1) transformation

(2.2)

where « is an arbitrary constant, e is the unit of electric charge and @) is the charge
operator (i.e. Qi = —1), we can easily see that the lagrangian is automatically invariant.

However, if the arbitrary o depends on the space-time coordinates as & — « (), we obtain

Within QFT, these fields and potentials describe the behavior of particles.

4 A free fermion field refers to a fermion field that does not interact with other fields.



Chapter 2. The Standard Model of Particle Physics 17

x "(z) = e @@y (2
f()—ﬂﬂ() 7Q’¢()a 23)
¥ (2) = (2) = ¢ (x) 90,
or for a infinitesimal « (z) we have
¥ (1) = (1 - ieQa (1) ¥ (1) (2.4

By substituting the Eq. (2.3) or Eq. (2.4) in Eq. (2.1), we can verify that the
lagrangian is no longer invariant under local U(1) gauge transformations. To maintain
invariance under local U(1) gauge transformations, we must replace the partial derivative

0,, with the following expression

0, — D, = 9, +ieA,Q, (2.5)

where D, represents the covariant derivative, and A, (x) denotes the electromag-
netic field. In addition to introducing the covariant derivative, the field A, () must

transform as

Ay (x) = A, (2) = Ay + Oua (z). (2.6)

The result of introducing the partial derivative from Eq. (2.5) and assuming that

the electromagnetic field A, (z) transforms according to Eq. (2.6) is the following lagrangian

1

L= Fu (@) " (2) + () (i) —m) v (). (2.7)

This new Dirac lagrangian is invariant under the U(1) local gauge transformation
given by Eq. (2.3) and Eq. (2.6). The first term is known as the kinetic term for the field
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A, (x) and is defined as

F (z) = 0,4, (z) — 8,4, (z). (2.8)

This kinetic term is permitted by Lorentz invariance and is invariant under U (1)
local gauge transformations. It is necessary for describing the kinematics of the field A, (z).
We observe that local gauge invariance necessitates the existence of a gauge field A, (x)
that interacts with fermions ¢ through the covariant derivative D,. In the language of
group theory, the gauge transformation mentioned above with a scalar phase « (x) belongs
to the unitary group U(1). The full lagrangian described in Eq. (2.7) is said to possess
the symmetry U (1)Q with the charge operator () serving as the generator of the group.
This invariant lagrangian describes the gauge theory known as Quantum Electrodynamics
and is recognized as the quantum field theory based on the U(1) o local gauge symmetry
group. It characterizes the individual dynamics of fermions 1 (x) and the electromagnetic
field A, (), as well as the interactions between these two fields. QED is considered one
of the most accurate theories in physics as it provides a highly precise description of all

electromagnetic phenomena at the quantum level.

As previously mentioned, QED is a gauge theory based on the abelian group U(1),
which is one of the fundamental pillars of the SM. Similarly, we can derive the description
of weak interactions through the gauge invariance principle in non-abelian gauge theories,

such as the Yang-Mills theories, which will be discussed in the next subsection.

2.1.2 The SU(2) Yang-Mills theories

In the SM, weak interactions explain phenomena such as radioactive decays, which
occurs through the exchange of highly massive bosons [5]. During the development of
the SM, it was discovered that the most suitable theoretical framework to describe the
phenomenology of weak interactions is the Yang-Mills gauge theories based on the SU(2),
following group theory principles. However, as we will discuss later, this theory has
limitations because demanding gauge invariance, as done in QED, results in gauge bosons
without mass. For now, we can set aside this issue and focus on demonstrating how to

obtain a possible gauge theory for weak interactions. Consider the following lagrangian



Chapter 2. The Standard Model of Particle Physics 19

L= () (id—m)v (@), (2.9)

where ¢ (1)) is now a column (row) vector in the isospin space. Analogously to
Eq. (2.3) and Eq. (2.4), the isospin fields ¢ transform as

(2) = ¥ (2) = e TT@OT s (),

<

2.10
B () = T (2) = B () 97T, .

or in the infinitesimal local gauge form
() = [1—ig@ (2)- T v (), (2.11)

where o () = (o (), o3 () , a3 (2)) represents arbitrary scalars in isospin space,
and ? = (T}, T, T3) denotes the isospin operator, with its components T; serving as the
generators of the SU(2) group. It is important to note that the generators 7; do not

commute and follow the following algebra

[T, T;) = i€iju Tk (2.12)

Since this occurs, we say that the group is non-abelian. The generators can be
defined as T; = 7;/2, where 7; represents the Pauli Matrices. Following the same framework
discussed in Subsection 2.1.1, we can verify that for a gauge theory based on the local

SU(2) group, the invariant lagrangian should be

L= W5, () WE (2) 4 (2) (i)~ m) ¥ (2), (2.13)

where to guarantee this invariance we replace the partial derivative d, by the

following covariant derivative
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D, = 8, +igWoT". (2.14)

In this case, the gauge fields W¢ () should transform as follows

Wi (x) = W) (x) = Wi () + 0" (x) + ge™al () We (z). (2.15)

o j

The first term of the lagrangian in Eq. (2.13) is permitted by Lorentz invariance.

It is essential for describing the kinematics of the gauge bosons Wy, where

Wa, (x) =0,W] (x) — oW () — geabCWL’ (x) W (z) . (2.16)

As mentioned earlier, a gauge model based on the SU(2) group, described by the
lagrangian in Eq. (2.13), is a suitable candidate for incorporating the phenomenology of
weak interactions. One possibility to accommodate weak interactions within the SU(2)
group is to combine the isospin triplet W to form the physical bosons Wj and Z,, as

follows

W, =— (W, FiW;),
2 (w ‘) (2.17)
Z, =W}

However, some remarks regarding this result need to be addressed. We are aware
that the weak interactions require the vector bosons VVMjE and Z, to have mass. This

necessitates the inclusion of a mass term in the following form

mass

Woe __ 2117a
LV = MWW, (2.18)

This mass term is permitted by Lorentz invariance. However, it is not invariant

under the local gauge transformations described in Eq. (2.15). On the other hand, we
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know that particles that interact through weak currents must exhibit a vector-axial (V-A)
interaction structure since experiments have shown the existence of a left-handed structure
for charged and neutral weak currents [5-7]. This V' — A structure arises as a consequence of
the observed parity violation in weak interactions, which is not apparent in the lagrangian
given in Eq. (2.13). As we will explore in the next section, the solution to these problems
lies in a unified theoretical framework known as the Electroweak Standard Model. This
unified framework combines the SU(2) and U(1) gauge symmetries previously discussed
and allows for the introduction of fermions with left chirality. This framework accurately
reproduces all observations related to interactions among fundamental particles, such as
the V' — L structure, recovers the QED, and also incorporates the generation of mass for

physical bosons through a mechanism known as the Higgs mechanism.

2.2 The Standard Model Lagrangian

The SM is a gauge theory based on the SU(3), x SU(2), x U(1),, gauge symmetry
group. The label C' indicates that the theory is based on the SU(3). group, known as
Quantum Chromodynamics (QCD), which deals with particles possessing the quantum
number C', also referred to as Color Charge. The label L indicates that the theory based
on the SU(2), group is a chiral theory. This is because left-handed and right-handed
fermions are treated differently under transformations of this group. The label Y in U(1),,
indicates that this group deals with fermions possessing the quantum number Y, known

as Weak Hypercharge [3,5].

As observed, each symmetry group determines the type of fundamental interaction,
and the number of gauge bosons is directly related to the number of group generators®. In
strong interactions, we have 8 bosons known as Gluons, while in electroweak interactions,
we have 4 bosons named W*, Z, and the photon A. As mentioned previously, since the
strong sector does not break or mix with the electroweak sector, this review of the SM

focuses exclusively on the Electroweak Standard Model [8-10].

The generators T, of the weak isospin group SU(2), satisfy the same algebra as
shown in Eq. (2.12). Regarding the weak hypercharge group U(1)-, the generator is the
weak hypercharge operator Y, which is related to the diagonal generator T3 through the
Gell-Mann-Nishijima relation [3]

5

In gauge theories based on SU(N) and U(N) groups, the number of generators is N2> — 1 and N2,
respectively.
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Y
Q=Ti+ 5, (2.19)

where @) represents the electric charge operator. We are aware of the existence of
12 fundamental fermions in nature: three charged leptons e, p, 7, three neutrinos v,, v, v;,
and six quarks u, d, ¢, s, t, b [11]. We can classify the quarks into two types: up-type
quarks (u,c,t) and down-type quarks (d,s,b). Since the SM is a chiral theory, these
fermions transform differently under transformations of the SU(2), group: left-handed
fermions ¢, transform as doublets, while right-handed fermions g transform as singlets.
As the SM is a phenomenologically constructed theoretical framework, it is necessary to
reproduce all experimental observations concerning fundamental particles. To achieve this,

we must organize the matter content as follows

Lat, = ~(1,2,-1), e~ (1,1,-2), (2.20)

where a is a label used to indicate the generation of the neutrino v, and charged
lepton [, with a = e, u, 7 corresponding to the first, second, and third generations, respec-

tively®. In the quark sector, we have

Qu=| | ~(3,21/3), u%~(3,1,4/3), d%~ (3,1, —2/3). (2.21)

In this case, the label a denotes the family number for the up- and down-type quarks,
where a = u, ¢, t in the first component, and a = d, s,b in the second component. The
notation ~ (& , 92, 93) indicates how the different fields transform under each SM group:
g1 = 1(3) implies that the field in question transforms as a singlet (triplet) under SU(3),
g2 = 1(2) implies that the field transforms as a singlet (doublet) of SU(2),, and g3 repre-
sents the weak hypercharge value Y of the field, which can be determined using Eq. (2.19).

6 The SM fermions can be classified into generations or families based on their mass (in increasing order).
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Thus, for example, if a = e in the lepton doublet, L., ~ (1,2, —1) is a vector whose compo-
nents are leptons of the first family (neutrino v, in the first row and electron e in the second
row) that transform as a singlet of SU(3),, a doublet of SU(2), with hypercharge Y = —1.

The left-handed and right-handed chiralities of a fermion field ¢ are defined as

Yrr=> (1F7°) %, (2.22)

N | —

where v° = i7y%y192~43. The gamma matrices ¥ satisfy the following anti-commutative
algebra [y, 7] = 2¢g" where g" is the Minkowski metric tensor with p = 0,1,2,3.
Table 1 shows the quantum numbers of the fields using the Eq. (2.19).

Table 1 — Quantum numbers of fermions f in the SM.

Fermion | T3y | Yy | Qy
o |-1/2] -1 | 1
Lk 0 | -2 | -1
VaL 1/2 | -1 0
war | 12| 1/3 | 2/3

dop | -1/2| 173 | -1/3
Uap 0 | 4/3 | 2/3
dor 0 |-2/3|-1/3

To explain the various types of interactions in detail, we have divided the SM
lagrangian into sectors. Taking everything into consideration, the SM lagrangian can be

written in the following form

ES’M = [’Fermions + [’Gauge + EScalar + EYukawa' (223)

The above lagrangian is Lorentz invariant, invariant under SU(2), x U(1), trans-

formations, and renormalizable. Each sector of the lagrangian will be explained in detail
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in the next subsections.

2.2.1 The Fermion Sector

The lagrangian that describes the kinematics and interactions between fermions

and gauge bosons is as follows

ﬁFermions = ir@wLaL + i@wQQL + imwlaR + imwuaR + i%lpdal%' (224)

The Einstein summation convention has been used. As discussed in Subsection 2.1.1
and Subsection 2.1.2, in order to ensure invariance, we need to replace the partial deriva-
tive 0, with the covariant derivative D,. Therefore, using Eq. (2.5) and Eq. (2.14) and
taking into account that covariant derivatives will take on different forms depending on
whether they are applied to left-handed or right-handed fields, the covariant derivatives

for left-handed and right-handed fermions are respectively

D=3d+ z’%T“W“ + ig’B};, (2.25)
D=ad+ ig/B}Q/, (2.26)

where 7% represents the Pauli matrices, Y is the weak hypercharge operator, and
g and ¢ are the coupling constants for theories based on the SU(2), and U(1), groups,
respectively. We observe that the substitution of the partial derivatives introduces new
boson fields W and B, associated with the SU(2) and U(1), groups, respectively. These
bosons are known as unphysical boson states. Furthermore, to proceed with the construc-
tion of a gauge theory, which requires invariance under local gauge transformations, the

fermions and bosons must transform as follows
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U (2), = V' (x), = e 9T 500 () |

U (x)g = (@) = e 9T (2)

Wi (x) = Wi (x) = Wg(z) + 00 (v) + ge™ay, () W, (),

SU2), xU(l)y —

B, — B, = B, + 9, (x),

(2.27)

abe i5 a totally antisymmetric

where 7 (z) and « (z) are arbitrary parameters, and e
tensor. Each line in Eq. (2.27) shows how the SM fields transform under transformations
of the SU(2); x U(1),, group. The first and second lines represent the transformations
for the left-handed doublets ¥ (z), and the right-handed singlets v (x),, respectively,
where W (z), includes L (z), and @ (x),, while ¢ (x), includes [ (x), u (z)p, and d (z) 5.
The third and fourth lines show the transformations of the unphysical boson states Wy

and B, associated with the SU(2), (non-abelian) and U(1),- (abelian) groups, respectively.

The process of demanding gauge invariance results in the emergence of interac-
tion terms between the fermions of the theory and the gauge bosons’. Therefore, using
Eq. (2.25), Eq. (2.26), and the values of the weak hypercharges of the fermions shown in
Table 1, we can derive the following interaction lagrangians between fermions and bosons

in the physical basis

cC _ g . .
‘CFermions - _ﬁ ( {/LV,Z + jlle,Q) W/,L + h.C., (228)

LN ions = —€ (31 + 3.0) Au (351 + 34.0) Zus (2.29)

B 2cosbyy

78, The lagrangian shown in Eq. (2.28) is

where h.c. denotes "hermitian conjugate
referred to as the charged current lagrangian since it describes the coupling between the

charged currents jy,; (for charged leptons 1) and jyy, (for quarks @) with the electrically

7 In this subsection, we will only discuss the interaction terms resulting from the requirement of gauge

invariance in the SM; hence, the kinetic terms for fermions will be omitted.

8 "4h.c."is an abbreviation for "plus the Hermitian conjugate'. It indicates that there are additional
terms in the lagrangian that are the Hermitian Conjugates of all the preceding terms. This inclusion
ensures that the lagrangian remains hermitian.
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charged boson W*. On the other hand, the lagrangian in Eq. (2.29) is known as the
neutral current lagrangian as it couples the neutral currents jfh s and jg, s (for all fermions
f) with the electrically neutral bosons A (photon) and Z, respectively. It is important to
note that the fields W, and Z,, represent physical states and are related to the unphysical

states Wlf and B, as follows

Wil — Wl
WhH = ———=, 2.30
- (2:30
AW cosbyy  sinby BH
= , (2.31)
ZF —sinfy  cosOy | \ W4

where the angle fy, that relates the physical states (A, Z) and unphysical states
(B,W3) is known as the Weinberg angle or electroweak mixing angle and has a value of
sin?fy, = 0.23122(4) [12]. On the other hand, the charged currents that couple the W=*
boson with the charged leptons and quarks that appear in Eq. (2.28) are defined as follows

Gy = 277l = 7y (1= 7)1, (2.32)

Jw.q = 2ury"dy = uy" (1 — 75) d. (2.33)

In the case of neutral currents that appear in Eq. (2.29), the currents that couple

leptons [ and quarks @) to the Z boson have the following form

i =2 (97" vie + gLyl + ghlen"ln) (230

=" (g — 949" ) v+ 1" (g — gh0°) 1,

i%o =2 (9w ur, + gfumy un + g diy"dy + gRdiy"dr)

2.35
=yt (g — 947"  u+ dy* (g — 957°) d, 239



Chapter 2. The Standard Model of Particle Physics 27

while, as described in Subsection 2.1.1, the lagrangian of QED retains its usual form

Jhy = Qs (2.36)

where ()¢ represents the electric charge of the fermion f. It can be observed that we
recover the same electromagnetic current that arises when substituting Eq. (2.5) into the
second term of Eq. (2.7). By examining Eq. (2.32), Eq. (2.33), Eq. (2.34), and Eq. (2.35),
we can observe that the currents associated with the W* and Z bosons, as present in
the charged and neutral current lagrangian, exhibit the (V' — A) interaction required to
accurately reproduce the observed parity violation in weak interactions. The specific values

of the couplings gf’ r and g{; 4 can be found in Table 2.

Table 2 — Coupling constants for fermions f in the SM.

Fermions g{ 9{2 g{/ gﬁ
Z 2 0 3 3

l —% + sinOyy sin?0y —% + 2sin%0y, —%
u-type % — %sinQQW —%smww % — %8@'712914/ %
d-type —% + %sinQQW %sz’n%w —% + %sin%w —%

2.2.2 The Gauge Sector

We have observed that the lagrangian presented in Eq. (2.24) describes the kine-
matics of fermions and their interactions with bosons. However, the SM lagrangian must
also include a term that describes free bosons, as well as their interactions with each other
[2]. Furthermore, it should remain invariant under Lorentz and gauge transformations.

These requirements are fulfilled by the following lagrangian

1 1

Lounge = =Bl B (@) = {Wi, ()WL (@), (237)

where



Chapter 2. The Standard Model of Particle Physics 28

By, = 0,B, — 8,B,, (2.38)

We, = 0,W — 0,W;! — g™ WIWy. (2.39)

The invariance of Eq. (2.37) under SU(2); x U(1), transformations is guaranteed
if the bosons transform according to Eq. (2.27). By substituting Eq. (2.30) and Eq. (2.31)
into Eq. (2.37), we obtain the lagrangian in terms of the physical states

1 , 1 , 1 ,
Léauge = — 5FVTVWFV“V — Py = JFuw "

+igeostw (Fiy Z,W, — Fly,, Z'W" + FY'WiW,)
+ie (Fi AW = Fly, AW + FPWIW, )
+ (geost)” [(W,2) (Wiz") — (Wrwi) (2°2,)] (2.40)
+ e [(W,A) (WfAY) — (Wrw)) (A7A,)]
+egeosthy [(W,2") (WAY) + (Wizr) (W,A%) — 2 (WHW)) (Z,4")]
r

5w (i) — (wiwe)].

where

Fo = 0,A, — 0,A,, (2.41)
Fypw = 0,W, — 0,W,, (2.42)
Fp = 0,2, — 0,2, (2.43)

The first, second, and third terms of the first line in Eq. (2.40) describe the free
bosons W¥*, Z, and the photon A, respectively. The remaining terms describe the in-

teractions and self-interactions between them. As discussed in Subsection 2.1.2, these
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self-interaction terms are a direct consequence of the non-abelian property of the SU(2),
group. Since the U(1), group is abelian, there are no self-interaction terms for the bosons

Z, and A,.

2.2.3 The Scalar Sector

So far, we have presented lagrangians that describe the kinematics of fermions and
bosons, as well as their interactions. However, no mass terms have been introduced in the

following form

mipp = m ($rbn + Urty) (2.44)

My WIW* + M3 Z,Z". (2.45)

This is because, as discussed throughout this chapter, in order to reproduce all the
particle physics phenomenology, the group that accommodates weak and electromagnetic
interactions is the SU(2); x U(1), group. The SM theory is based on this chiral symmetry
group, with left-handed and right-handed fermions transforming differently: left-handed
fermions transform as doublets, while right-handed fermions transform as singlets. If we
substitute the transformations given by Eq. (2.27) into Eq. (2.44) and Eq. (2.45), we can
verify that mass terms for fermions and bosons explicitly violate the gauge symmetry.

Therefore, mass terms are forbidden if we consider transformations under SU(2), x U(1),.

To obtain a renormalizable theory that allows for the introduction of mass terms
for fermions and bosons, we need a mechanism in which the original symmetry of the
SM is broken, resulting in the generation of mass terms for fermions and bosons (except
for the photon). In the SM, the mechanism that satisfies these requirements is known as
the Brout-Englert-Higgs Mechanism®. The Higgs mechanism is a physical mechanism
in which mass terms for fermions and bosons are generated through a process known as
Spontaneous Symmetry Breaking (SSB). Proposed in the 1960s, this mechanism predicts
the existence of a new scalar (spin-0) boson called the Higgs Boson. On July 4, 2012,

9 Throughout this thesis, we will refer to this mechanism as the Higgs Mechanism, as it is the most

commonly used term in the literature.
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the CMS and ATLAS collaborations confirmed the detection of a scalar particle that
exhibited properties consistent with those expected for the Higgs boson [13,14]. This
particle represented a significant confirmation of the SM and led to Peter Higgs and
Francois Englert being awarded the Nobel Prize in Physics in 2013. In this subsection, we

will qualitatively and quantitatively explain the Higgs mechanism and its connection to SSB.

We know that the SM lagrangian must be constructed to be symmetric under
transformations of the SU(2), x U(1), gauge group. Let’s assume that this lagrangian
has degenerate minimum energy states. If we choose one of these minimum energy states
to be the vacuum state and find that the vacuum state does not possess the original
symmetry of the lagrangian, we say that the symmetry has been spontaneously broken.
The vacuum state should be electrically neutral and invariant under transformations of
the electromagnetic group U (1)Q, as discussed in Subsection 2.1.1. As we will explore in
this subsection, the SSB in the SM occurs as SU(2), x U(1)y — U(1),,.

To construct the Higgs mechanism, we will introduce the following scalar doublet,

which is invariant under Lorentz transformations and has a non-zero vacuum expectation

value (VEV) [2]

P (z) = ~(1,2,1), (2.46)

where ¢7 (z) and ¢° (z) are electrically charged and neutral scalar fields, respecti-

vely. The scalar lagrangian that enables SSB is

Lscatar = [D*® (2)]" D, ® (z) = V (z), (2.47)

where the scalar potential V' () is defined as

V(2) = 1@ (2)'® (2) + A[@ (0)'® (2)] (2.48)

where p and A are, initially, arbitrary parameters. The lagrangian in Eq. (2.47) is
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Vgt ¢%)
Vet ¢%)

¢+

(a) > >0 (b) 2 <0
Figure 1 — Potential V(z) for the cases (a) u? > 0 and (b) u?> <0

invariant under SU(2), x U(1), transformations as long as ® (=) transforms as follows

O (2) = O (z) = ¢ 9T @)1 310 (1) | (2.49)

Now we will analyze the system described by the lagrangian in Eq. (2.47) in its
lowest energy state, where the energy corresponds to the constant value &, that minimizes
the potential V. The parameters p and A in the potential V (z) must satisfy certain
physical requirements. The parameter A must be positive for V (x) to be bounded from
below, while the parameter ;i can have positive or negative values, as illustrated in Figure 1.
As shown in the figure, when p? > 0, there is only one minimal energy state, given by
dy = (O,O)T, and SSB does not occur. As mentioned before, SSB is only relevant in
theories with degenerate minimum energy states!’. However, as shown in Figure 1, the
scenario when p? < 0 is ideal for SSB, as there exists an infinite set of minimum energy

states. The potential V' (z) can be written as follows

10 This can be trivially checked by performing infinitesimal transformations using Eq. (2.49) since the

T
minimal energy state with ®¢ = (0 0) is an eigenstate of the generators G = {T},T%,T5,Y }.
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2

V(z) = Ald) (2)'® (2) + “r - A(é‘A)Q. (2.50)

We can observe that the potential has an infinite set of minimum energy states for

a specific constant value of the Higgs field, given by

5 2
By = with ®fdy = — L. (2.51)

2
%

The vacuum state corresponds to one of those minimum energy states (repre-
sented by the dashed circle in Figure 1). Therefore, the minimum energy state is not
unique, and SSB can occur for arbitrary values of ¢f and ¢J that satisfy the condition

given by Eq. (2.51). We will choose the following minimum energy state as the vacuum state

D, = WL (2.52)

¢ v

S+
—_
)

where v is known as the VEV of the Higgs Field and is defined as

2
v = —“7. (2.53)

We can easily verify that the vacuum state of Eq. (2.52) is no longer an eigenstate
of the generators G = {11, 75, T3,Y }. Therefore, we say that the vacuum state is no longer
invariant under transformations of the SU(2), x U(1)y group. However, we can also
verify that the vacuum state is an eigenstate of the generator () of the electromagnetic
group given by Eq. (2.19). This confirms that the group SU(2), x U(1)y has been
broken to U(1)g, guaranteeing the conservation of a quantity (electric charge) as well

as the existence of a massless boson associated with the U(1)¢ theory, identified as a photon.
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Once SSB has occurred, we can analyze perturbations around the vacuum state
of the theory. Perturbations of the field ® can be obtained by considering perturbations

around the vacuum state @, as follows

& (x) = s o1 () +ig2 (2) , (2.54)

v+ h(x)+ips (x)

where the VEVs for the fields are < ¢1 >¢o=< ¢ >o=< ¢3 >o=< h >9= 0,
ensuring that < ® >y= ®,. Therefore, we can say that ® (z) has a non-zero VEV, as

required. It is convenient to write the field ® (z) as follows'!.

1 i a
P (z) = —=ev?@aT : (2.55)

The fields ¢, (z) correspond to massless scalar bosons known as Nambu-Goldstone
bosons!?. However, for simplicity, we aim to obtain a theory without Goldstone bosons.
To achieve this, we can perform a rotation that eliminates the Goldstone bosons using the
parameters of the gauge transformation o, (z) and n (z). Thus, to obtain a theory without
Goldstone bosons, we can choose «, () = —¢,/gv and 1 (z) = 0 in the transformation
given by Eq. (2.49). This particular gauge choice is known as the Unitary Gauge since it
allows only physical states to appear in the theory. Substituting Eq. (2.55) into Eq. (2.49)

and using the unitary gauge, we obtain

1 0

qy(x):ﬁ v+ h(x)

(2.56)

Taking the above equation into account, we can express the lagrangian from
Eq. (2.47) as follows

11 The first-order approximation of Eq. (2.55) leads to Eq. (2.54). Therefore, the field given by Eq. (2.55)
is more general and satisfies Eq. (2.51).

12 Nambu-Goldstone bosons are bosons that arise in theories with spontaneous breaking of continuous
symmetries.
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1 A
‘CScalar :i (aﬂh) (3’%) - )\U2h2 — )\’Uh3 — Zh4
2,,2 2,2
gv + g v
e WV e A (2.57)

2 2 2 2
97U ot g-v 9 11t 2, gV 2
—WIWHh + = Z,Z"h + =W IWHh* + =— 7, ZFh".
M +4C§V et W +8c§V :

We can observe that the Higgs mechanism generates a new massive scalar boson,
denoted as h (x), which is known as the Higgs boson. The kinematics, mass term, and
self-interactions of the Higgs boson are described by the first line of the previous lagrangian.
Another important result to highlight is the emergence of mass terms for the bosons W=
and Z, while, as expected, no mass term appears for the photon A. The last line of the
lagrangian depicts the interaction between the Higgs boson and the W= and Z bosons.
By examining the quadratic terms, which correspond to mass terms, we can identify the

following masses for the bosons [3]

mp = V20?2 = V=202,

_ 9
mw =5 (2.58)
gu
myg = —.
Z 2CW

In the SM, the parameter p is a free parameter that is directly related to the mass
of the Higgs boson, denoted as my, (which is not predicted by the theory). Thus, the SM
predicts the existence of a massive scalar boson h with an undetermined mass m,, that
must be determined experimentally. On July 4, 2012, the ATLAS and CMS collaborations
announced the discovery of a massive scalar particle that is compatible with the properties
of the Higgs boson. The reported mass was 126.04+0.4(stat)+0.4 (sys) GeV by ATLAS
and 125.3+0.4(stat.)+0.5 (sys) GeV by CMS [12-14].

Finally, unlike the Higgs boson, the SM predicts specific masses for the W=+ and
Z bosons, which are my, = 77.5 GeV and myz = 88.4 GeV, respectively. These predicted
values are very close to the experimentally measured values of my, = 80.398 4 0.023 GeV

and myz = 91.1876 £ 0.0021 GeV reported to date [12].
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2.2.4 The Yukawa Sector

As we saw in the previous subsection, the Higgs mechanism allowed us to generate
masses for the bosons in the SM (excluding the photon), resulting in the emergence
of a new massive scalar boson known as the Higgs Boson. This was made possible by
substituting the Higgs field @ (z) using the unitary gauge. In this subsection, we will
explore how the SM fermions acquire mass through their interaction with the Higgs field

® (x). Consider the following lagrangian

Ly urawa = —Y 5LL, Ol — YIEQL 84 — YIS QL Pdip + hec., (2.59)

where Y’/ are matrices known as Yukawa matrices of dimension 3 x 3 for fermions
f'3. Leptons L; and I, are shown in Eq. (2.20), while quarks @} and q/L(Z;’{D) are shown
in Eq. (2.21). To maintain gauge invariance, we use ® () defined as @ (z) = i, ®* (z).
The lagrangian presented above is known as the Yukawa Lagrangian and describes the
interaction between the scalar field ® (z) and fermions f. By substituting the field ® (x)

in the unitary gauge into the lagrangian from Eq. (2.59), we obtain the following expression

h
Ly ukawa = — (U\% ) (Y "l + dPYV gl + qPY™PR) + hec, (2.60)

where we have defined

I u' d
LR= L, qlLI{R =1 CJER =15 . (2.61)
I t b
L,R L,R L,R

Now we are going to diagonalize the matrices Y’/ through the following biunitary

transformations

13 The prime symbol (') is used to indicate fermionic fields without defined mass
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Y= VL”Y’ZV}% where Yofﬁ = 9 0ap;
YU =vITYUVE where Y =yUdug, (2.62)

«

YD = vPiyPVE  where Y =yl6as.

«

Substituting the above transformations into Eq. (2.60), we obtain

v+h) — — —
‘CYukawa = _( \/§ ) (lLYllR + quUq}g + qEYDqg> + h.C., (263)
where
llL,R = VIZ,,RZL,R q/LI{R = VLl{ng,R q/L[,)R = VL[,)RQE,R- (2.64)

The fields {;, r and q(L[{I’%D) represent the left- and right-handed components of fer-
mions in the mass eigenstate. By considering equations Eq. (2.22) and Eq. (2.62), the

lagrangian in Eq. (2.63) can be expressed as follows

l U D

Ly uhawa = —mbInle — mUTata — mPdody — 2T 00h — ¢ amugh — L d doh, (2.65)
v v v
where
l U D
m, = yav’ ml = yav’ mP = Yo O (2.66)

o

Here, the parameters y!, and y' are free parameters that must be measured
experimentally. The first three terms of Eq. (2.65) are mass terms of the form maby
for charged leptons, up-type quarks, and down-type quarks, while the last three terms

represent the interaction between fermions and the Higgs boson. We can see two important
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results here: In the lagrangian, mass terms for fermions appeared after interacting with
the Higgs field, and, in turn, terms representing interactions between fermions and the

Higgs boson appeared, whose interaction is proportional to their mass my.

It is possible to derive a third important result: since flavor eigenstates are not
equal to mass eigenstates in the quark sector'*, we will examine the effects of substituting
the flavor eigenstates given by Eq. (2.64) in the fermion sector. The Eq. (2.35) and
Eq. (2.36) remain unchanged upon substituting Eq. (2.64) as the matrices V} 5 are unitary.
However, the charged currents for the quarks are modified. Substituting Eq. (2.64) into
Eq. (2.33), we obtain

itvo = 247" a4 = 247" Vormar (2.67)

where Vegy = VTV is known as the Cabibbo-Kobayashi-Maskawa (CKM) ma-

trix. Using the standard parameterization, we can express Vo as follows [12]

0

S$12C13 S$12C13 S13€
- i§ i
Vemk —512C23 — C12523513€"  C12C23 — S12523513€" S23C13 | (2‘68)
is i5
512823 — C12C23513€ —C12523 — S12€23€ C23C13

where we use the notation ¢;; = cost;; and s;; = sinf);;. The parameters c¢;;, s;j,

and 0 are free parameters that are determined through processes involving quarks.

As mentioned in the introduction of this work, the main focus of this thesis is
to study new physics beyond the standard model within the context of collider phy-
sics. The most common approach to studying BSM physics is to extend the symmetry
group of the standard model, SU(2); x U(1)y,, to a larger symmetry group G. Through
one or several processes of spontaneous symmetry breaking, we can restore the stan-
dard model symmetry group and recover all the physics discussed in this chapter, i.e.,
G — SU(2), xU(1)y — U(1),. Therefore, it was necessary to revise the standard model,

as the same process carried out in this chapter to obtain interactions from the lagrangian

14 Inside the SM, the neutrino fields transform under the same matrix as the charged leptons
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of Eq. (2.23) is applicable to BSM models.

In these models BSM, we can consider a more general theory described by the

following lagrangian

EMostGeneralTheory - ESM + EBSM7 (269)

where L pgyr represents extensions of the SM that explain phenomena not addressed
by the SM, such as quantum gravity, dark matter, neutrino masses, matter-antimatter
asymmetry, the hierarchy problem, among others. In the next chapters, we will study three
popular BSM models in the literature, with a primary focus, as mentioned, on collider
physics. The models of interest will be 331RHN, 331LHN, and Leptophilic Z" models.
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3 The 3-3-1 RHN and LHN Models in the
HL-LHC, HE-LHC and the FCC

In the preceding chapter, we observed that electromagnetic and weak interac-
tions can be described by constructing a local gauge invariance theory based on the
SU(2)r, x U(1)y group. This symmetry is subsequently broken through the SSB process,
which, thanks to the Higgs Mechanism and the unitary gauge, prevents the production
of Goldstone bosons. As a consequence of this mechanism, the vector bosons W+ and Z
acquire mass, and mass terms for the charged fermions emerge in the lagrangian due to
their interaction with the Higgs field ®. Additionally, a new particle, known as the Higgs
boson, becomes part of the particle content. Finally, because the theory now exhibits
invariance under the residual U(1) o group, we have a massless gauge boson identified as

the photon, ensuring the conservation of electric charge.

Today, it is widely accepted that the SM is not the ultimate theory regarding the
interactions between elementary particles. Despite its success in passing all experimental
tests, there are still fundamental questions that remain unresolved. One of the main pieces
of evidence for physics BSM is related to the mass of neutrinos. As we observed in the
previous chapter, within the SM, neutrinos do not possess mass since no mass terms for
neutrinos, like the one shown in Eq. (2.44), appear due to the absence of right-handed
neutrinos (see Eq. (2.20)). However, our current knowledge indicates that neutrinos
undergo oscillations, implying that they indeed have non-zero masses—a phenomenon that
contradicts the SM. Moreover, there are other open BSM problems, such as dark matter,
matter-antimatter asymmetry, and grand unification theories, among others, that the SM
does not address. These issues suggest that the SM requires extensions to provide a more
complete picture of fundamental particles. Consequently, any extension of the SM that
can accommodate these (or some of these) problems becomes a promising candidate for
BSM physics.

In this chapter, we will present the main features of two theoretical frameworks:
the 3-3-1 model with Right-Handed Neutrinos (331RHN) and the 3-3-1 model with Heavy
Neutral Leptons (331LHN). Utilizing collider data from the ATLAS collaboration, we will
derive mass limits for a new gauge boson, commonly known in the literature as the Z’ boson,
in future colliders like the HL-LHC (High-Luminosity LHC), the HE-LHC (High-Energy
LHC), and the Future Circular Collider (FCC). Specifically, we will obtain lower mass

bounds on the Z’ gauge boson based on dilepton data from the LHC with a center-of-mass
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energy of /s = 13 TeV. Additionally, we will forecast the sensitivity of the HL-LHC with
an integrated luminosity of L;,; = 3000 fb~*, the HE-LHC with a center-of-mass energy of
Vs = 27 TeV, and the Future Circular Collider with a center-of-mass energy of /s = 100
TeV.

3.1 The Models

Several BSM theories have been proposed to address fundamental open problems in
particle physics, such as neutrino masses [15-29], dark matter (DM) [30-40,40-55], meson
anomalies [56-63], flavor violation [64,65], among others [66-71]. One notable feature of
these theories is the existence of heavy neutral resonances that decay into lepton pairs [72].
As part of their predictions, many of these models propose the existence of new spin-1
neutral gauge bosons, which can potentially be produced and detected at both present

and future colliders.

For instance, at the LHC, events with missing energy could indicate the presence of
new BSM particles, such as DM particles. However, the LHC can also indirectly contribute
to DM research by observing the decays of new gauge bosons that mediate interactions
between SM and DM particles. Among the various available channels, the dilepton channel
stands out due to its relatively clean detector signal compared to the di-jet channel, offering

a more favorable signal-to-background ratio for studying these interactions.

Examining collider physics offers a promising avenue to establish mass constraints
on new vector bosons and explore the potential of searching for new physics models at
the LHC. One notable approach involves investigating dilepton signals and their invariant
masses. For instance, the observation of a dilepton signal with an invariant mass of 4 TeV
would lead us to conclude that such a signal is inconsistent with a model based on the
SU(3)e x SU(3)r x U(1)x gauge symmetry [17,19-21,33,44,46].

Studying BSM models based on the SU(3)c x SU(3), x U(1)x group is impor-
tant as it offers potential solutions to various open problems in particle physics. These
encompass a wide range of BSM topics. Therefore, before presenting the collider analysis
conducted in the pp — Z' — Il production channel for the new Z’ boson, we will discuss
the main characteristics of the 331LHN and 331RHN models that are relevant to our

analysis.
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3.1.1 The Fermion Content

As mentioned before, the 3-3-1 models considered in this chapter extend the elec-
troweak symmetry group of the SM, namely, SU(2);, x U(1)y — SU(3), x U(1)x. This
extension of the symmetry group brings about several interesting consequences from the
perspective of collider phenomenology. With the extension of the SM symmetry group,
new particles emerge alongside the existing SM particles. Consequently, new interactions
between the SM and BSM particles arise.

To initiate the discussion of the main features of the 331LHN [33,73] and 331RHN
[74,75] models relevant for constraining the mass of a new Z’ boson, we begin by defining
the new Gell-Mann-Nishijima relation for the electric charge operator ). As shown previ-
ously in Eq. (2.19), we construct the charge operator () based on the diagonal generators
of the group under consideration. In the context of the 331LHN and 331RHN models, the
electric charge operator is derived from the diagonal generators of the SU(3), x U(1)x

group. Consequently, in the 3-3-1 models, ) takes the following form

Q= ; (A3 + BAs) + XT, (3.1)

Here, A\3g and X I represent the diagonal generators of the groups SU (3)r and
U(1)x, respectively’. The parameter X denotes the charge of the U(1)y group. The
parameter 3 defines the type of the 3-3-1 model. For the 331RHN and 331LHN models,
takes the value 3 = —1//3%.

For an anomaly-free theory in the 331RHN and 331LHN models, a specific arran-
gement of representations is required for the lepton and quark sectors: the fermions are
classified into triplet and singlet representations, each with specific assignments under the

SU(3)c x SU(3) x U(1)x gauge symmetry, as follows

1
2

The matrices A; correspond to the Gell-Mann matrices, serving as generators of the SU(3) group.
Other values of the parameter § in Eq. (3.1) correspond to alternative 3-3-1 models [ref]
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FaL - la ~ (l7 37 _1/3) ) laR ~ (17 l7 _1) ) (32)

di
Q’LL — [u (3 3* O) ) Uir ~ (37 la 2/3) )
(3.3)
~ (3,

Q31 = (3,3,1/3), wusr~(3,1,2/3),
(3.4)

dsp ~ 3 l _1/3 Tg ~ <§alv 2/3)7

where a = 1,2,3 and ¢ = 1,2 indicate the generation indices. The notation
~ (@ , 92, g;;) follows the same interpretation as discussed in the previous chapter, with
the difference that g,* indicates that the field in question transforms as an anti-triplet
under transformations of the SU(3), group. For example, Q;; ~ (3,3*,0) transforms as a
triplet under SU(3)¢ and an anti-triplet under SU(3), with X = 0.

One of the main characteristics of the new BSM scenario under analysis is the
new f! field, which corresponds to the third component of the lepton triplet F,;, given by
Eq. (3.2). In the case of the 331RHN model, we have f,, = (yf)L = (var)®, where C
represents the charge conjugation operator. On the other hand, in the 331LHN model,

' = Nur. Additionally, a right-handed neutral fermion N,p is introduced in the 331LHN

model, transforming as a singlet under SU(3), as follows
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N& ~ (1,1,0). (3.5)

Finally, we can see that the model introduces three new exotic quarks, namely ¢’
(d; and T).

3.1.2 The Scalar Sector and Gauge Bosons

The SSB via the Higgs mechanism and the fermion masses in the two 331RHN and
331LHN models require the following SU(3), scalar triplets [33]

X" 0
X = Xﬁ ~ (lyay _1/3) y < X >0: Xo = O s (36)
X/O Uy
pr 0
p= pO ~ (L 3, 2/3) , < p>e=po= v, | - (3'7>
P 0
770 Uy
n=|n | ~L3-1/3), <n>=m=]|0|- (3.8)

i 0
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Here, the VEVs of the above scalar fields, denoted as vy, v,, and v,, define a

two-step spontaneous symmetry breaking (SSB) as follows

SUB)L x U(1)x B SU©2), x U(l)y ™8 U(1)g. (3.9)

We can see from the above equation that the SSB of the 3-3-1 symmetry occurs
in two steps. When the field x acquires a VEV of < x >, = X0, the system is no longer
invariant under transformations of the SU(3), x U(1)x group. However, the system is
now invariant under the already known SU(2); x U(1)y symmetry of the SM (i.e., we
have recovered the SM and the interactions already discussed). A second SSB occurs when
the two scalars p and 1 acquire VEVs of < p >, = pg and < n >, = 1o, respectively. After
this breaking, the system remains in the residual symmetry U(1)g, as expected. On the
other hand, the more general potential, which is Lorentz invariant, renormalizable, and

invariant under transformations of the group SU(3), x U(1)x, is the following

V (0,0, X) =pax” + pgn® 4 pop® + Mxt 4 Ao + Agp
+ X1 (xX'x) (') + 2 (x'x) (p'p) + X (n'n) (0'p)
+ M7 (x'n) (n'x) + s (x'p) (p'x) + Ao (n'p) (p'n) (3.10)

[ ik
- ﬁ€ nipixk + hec.,

where i, fy, f1p, [ and A; (for i = 1,...,9) represent free parameters. In our
analysis, we initially made simplifying assumptions, specifically setting f = vy, Aoy = A3,
and \y = A\5. However, it is important to note that our final conclusions are derived from

precise numerical calculations, where we do not employ these simplifications.

The process of obtaining the masses of the physical bosons closely follows the
procedure discussed in Subsection 2.2.3. Therefore, we determine the mass eigenstates
of the CP-even scalars, which include Sy, Sy, and the Higgs boson h, and calculate their

respective masses. We obtain
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2 v? 2
msl = Z + 2A1'UX,
1
mg, = 5 {vi + 207 (2Xg — )\6)} : (3.11)

mi = U2 (2/\2 + )\6) .

In contrast, we find that only one pseudoscalar mass eigenstate, P;, remains, with

the following mass
1 v?
- (@ i 2) | (3.12)

Within the spectrum of physical scalars, there also emerges a neutral complex
scalar ¢, along with two electrically charged scalars hi and hi, each with the following

masses

1

mpe =2 ()\8 + 2) (v +07), (3.13)
U2

m% = EX + g0,

Similarly to what was shown in the previous chapter, after spontaneous SSB, gauge
bosons acquire their masses from the kinetic terms of the Higgs fields. Their masses are as

follows

g2 . v2 + 02 (1— 253,
- W%x + 402 )
w (3.14)
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where v = /v7 +v2 ~ 246 GeV, g represents the SU(2) gauge coupling, ¢y =
cos By, and sy = sin Oy, with 6y being the Weinberg angle. In our analysis, we employ
the decoupling limit, which assumes that the energy scale associated with the SSB of the
3-3-1 symmetry is significantly higher than the electroweak energy scale, i.e., v, > v,, v,,.

The photon remains massless.

The Eq. (3.14) reveals a clear relationship between the gauge boson masses and
the parameter v,. Therefore, by establishing an upper limit on the Z’ gauge boson mass,
we can subsequently impose constraints on the masses of the W’ and U° gauge bosons. It
is important to note that the W', Z’, and U° bosons have comparable masses due to their

interdependence through Eq. (3.14).

One last important result that we can derive from the 331RHN and 331LHN models
is the neutral current of the boson Z’ with the fermions f of the SM. This current allows
us to derive, as we will show later, the limits on the mass of the Z’ using the high-mass

dilepton resonance searches at the ATLAS detector. The current has the following form
g
Ly = Cw g +2°9 V) 12, (3.15)

Table 3 — Interactions of the Z’ with fermions f in the 331LHN and 331RHN models.

: () ()
Interactions Jv 94
'— 1= 3-85%, . 1
2w, Z'cc 64/3—452 2,/3-45%
W w
77E 3+25%, . 1-252,
64/3-452, 2,/3-452,
> _ 3—252 3—6S52
Z'dd, Z'ss - - —
64/3—45%, 64/3—45%,
AL Er N
64/3-452, 2,/3-452,
7171 —1+453, 1
2,/3-452 2,/3-452
W %
- 4,/3-452 4,/3-452
/ W w
Z'NN 5 - 5
2 2
T /3452, /3453,
1 18 18
i 34/3-453 \/3-453
w w
2T 3-75%, o 1-5%
34/3-452, \/3-452,

where ¢ g ) (¢’ 5{)) are the vector (axial) coupling constant of fermions f =11, N,q
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with Z’ (see Table 3).

3.2 Collider Constraints

3.2.1 Signal Output and Some Considerations

To perform our collider simulation, we use MadGraphb5 [76,77]. Additionally,
we calculate the decay width using CalcHEP [78,79]. These two computational tools
provide accurate results for the cross-sections and decay widths of the processes under
consideration. We compute the pp — Z' — Il process at /s = 13 TeV, where [ = e, 1 and
compare our findings with the public results from the ATLAS Collaboration [80).

To simulate the cross-section of the Drell-Yan process, we generate Monte Carlo
events using the parton distribution function (PDF) NNPDF23LO [81]. For our event
selection criteria, we specifically require the presence of two oppositely charged leptons.
Moreover, to enable a direct comparison with the ATLAS Collaboration data, we apply
certain kinematic cuts for the selected leptons: pr > 30 GeV and |n| < 2.5°. In contrast
to previous studies that solely focused on Z’ interactions with fermions, we take a com-
prehensive approach by fully implementing the entire model using the FeynRules package
[82,83]. This implementation allows us to generate output files for both CalcHEP and
MadGraphb, enabling a more thorough and detailed exploration of the model interactions

and predictions.

To calculate the branching ratio of the Z’ into leptons, we use

r (Z' N zZ)

Br (Z’ — zZ) =—5
.

: (3.16)

with

3 The transverse momentum pr defined as pr = ,/p2 + py, are the magnitude of the momentum

components that are transverse to the beam axis (is usual to set the beam axis in the z direction).
The geometrical variable pseudorapidity 7, defined as n = lng, is a variable that relates the transverse
coordinates with the z-axis.
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Iy =Y TI'(Z —2X), (3.17)

where X represents the SM and BSM particles in the 3-3-1 models under conside-
ration, and [ = e, u. An important aspect considered in our analysis is the calculation of
the branching ratio. The total and partial decay width into dileptons were performed at
leading order. For the total width, the calculation is comprehensive and encompasses all
feasible decay channels, including those involving new gauge bosons, scalars, exotic quarks,
and neutral heavy leptons (which, under very specific conditions, could be considered as
dark matter). We ensured that all potential decay channels were taken into consideration
during our analysis. As seen in Eq. (3.11)-Eq. (3.14), we have explicitly written the
scalar masses to emphasize their relevance to our analysis. It is important to note that
myz = 0.3v,, and the relevant Z’ interactions include Z'¢p¢*, Z’W'hy, Z'hi hi, Z'h3 h3,
Z'Wthy, Z'S, P, among others.

Examining Eq. (3.11) through Eq. (3.14), it becomes evident that the scalar parti-
cles possess significantly higher masses compared to the Z’ gauge boson. As a result, they
do not contribute to the two-body decay width of the Z’ boson given by Eq. (3.17). While
three-body decay widths are theoretically possible, they are expected to be suppressed
due to the large mass of the scalar particles relative to the Z’ gauge boson. Furthermore,
considering the substantial mass difference between the scalars and the Z’ gauge boson,
the scalar fields remain beyond the reach of the LHC. As a result, scalar fields do not
offer a potential signature for detecting a 3-3-1 symmetry at the LHC. In summary, in

our analysis, the role of scalar fields in the 3-3-1 model is negligible within the LHC context.

Based on all the above discussions, we can confidently assert that scalar fields do
not significantly impact our collider phenomenology. Another similar situation arises in
relation to the new gauge bosons. Due to the comparable masses of the exotic gauge
bosons, the decays of Z’ into exotic boson pairs are kinematically forbidden. However,
it is important to note that there are important exotic decays involving new neutral
leptons and exotic quarks. Considering additional exotic decays (related to the new
neutral leptons N; and exotic quarks ¢') of the Z’ gauge boson holds significance as it
can notably diminish the lower mass bounds derived from dilepton data®. To assess

the impact of each potential new decay channel, we investigate several benchmark (BM)

4 When substantial decay channels are introduced, they contribute to the total width, leading to a

reduction in the branching ratio into dileptons. Consequently, this results in weaker constraints on the
mass bounds.
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Table 4 — Different benchmarks considered for the analysis.

Model 3-3-1 LHN | 3-3-1 RHN
Mass (in TeV) | my | my My
BM1 10 10 10
BM2 1 10 1
BM3 1.5 10 1.5
BM4 2 10 2
BM5 2 2 not applicable
BM6 2 2.5 not applicable
BM7 2 4 not applicable
BMS 1 1 not applicable
BM9 0.5 10 not applicable
BM10 10 0.5 not applicable

models, varying the masses of the new neutral leptons and exotic quarks, to quantify their
importance in the derivation of lower mass bounds, as shown in Table 4. By systemati-
cally exploring these scenarios, we gain valuable insights into the relative importance of

each decay channel and its influence on the overall constraints and predictions of the model.

3.3 Results and Discussions

A. Branching Ratios.

In both 3-3-1 models, the partial widths of the Z’ gauge boson into charged leptons
[, I'(Z" — ll), remain identical due to their same couplings (as depicted in Eq. (3.15)
and Table 3). However, the branching ratio into charged leptons, Br (Z' — ll), can exhi-
bit significant modifications between the two models. This discrepancy arises due to
the presence of neutral leptons NV; (exclusive to the 331LHN model) and exotic quarks
¢ (found in both the 331LHN and 331RHN models). The inclusion of these particles
has a significant impact on the total width, leading to potential modifications in the
branching ratios involving charged leptons. Therefore, only when decays into N; pairs

are inaccessible, both models are indistinguishable as far as Z' — [l searches are concerned.
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BR(Z'—¢£ ¢) x 1072

Figure 2 — Branching ratio for the Z’ decay into dilepton channel as a function to my for
the benchmark sets BM1, BM2, BM3, and BM4 of the 3-3-1 LHN model.
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Figure 3 — Branching ratio for the Z’ decay into dilepton channel as a function of my for
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the benchmark sets BM 5, 6 and 7 of the the 3-3-1 LHN model.

In Figure 2 to Figure 5, we present the results of the branching ratio Br (Z" — Il)
as a function of my for various BM in both the 3-3-1 RHN and LHN models. We can

6000
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Figure 4 — Branching ratio for the Z’ decay into dilepton channel as a function to my for
the benchmark sets BM 8, 9, and 10 the 3-3-1 LHN model.
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the 3-3-1 RHN model.

see that in both models, the branching ratio is observed to be less than 2.% and 1.7.%,
respectively. In Figure 2, when considering the 331LHN model, the BM 2-3-4 demonstrate
a distinct drop in the branching ratio at approximately mz = 2000 GeV, 3000 GeV, and
4000 GeV, respectively. This behavior is a consequence of the decay of the Z’ gauge boson
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into exotic quarks ¢’. In contrast, since the masses of the new exotic quarks are fixed at
10 TeV, the BM1 configuration does not exhibit similar behavior. This fixed higher mass
of the exotic quarks in the BM1 scenario prevents the occurrence of the observed drop in

the branching ratio, distinguishing it from the BM 2-3-4.

Similarly, within the 331LHN model, we observed a significant decrease in the
branching ratio into charged leptons for the BM 5, 6, and 7 when mz = 4000 GeV
(Figure 3). This decrease is attributed to the presence of exotic quarks at m, = 2000 GeV.
This effect is notably evident in BM6, where the decays into heavy neutral fermions NN; is
kinematically allowed. When my approaches around 5 TeV, with a fixed mass of my, =
2.5 TeV, BM6 exhibits a significant reduction in the branching ratio. A similar situation

is shown in Figure 4.

In the 331RHN model, we find that the behavior of the branching ratio is comparable
to that of the 331LHN model. By subjecting the exotic quark masses to the same variations,
we observe a similar decrease in the branching ratio, as depicted in Figure 5. However, a
notable difference arises in the size of the branching ratio into charged leptons. In the
331RHN model, this branching ratio is relatively smaller compared to the 331LHN model.
This discrepancy arises because the Z’ gauge boson can always decay into right-handed
neutrinos, which are assumed to have masses in the keV range [84]. This distinctive fe-

ature contributes to the reduced branching ratio into charged leptons in the 331RHN model.

B. Signal Production.

As mentioned previously, we utilized MadGraph5 and CalcHEP to simulate the
production of a Z’ gauge boson at the LHC with its subsequent decay into dileptons
(I = e, ). To perform a direct comparison with the ATLAS Collaboration data presented
in Fig. 3(a) of reference [80], we plot the cross-section o4 (pp — Z') x Br(Z' — 1) as a
function of m for both the 331RHN and 331LHN models®. The results of this comparison
are depicted in Figure 6. For the Z’ mass, we take different values in the interval of 200
GeV < myz < 6000 GeV with steps of 40 GeV. To derive the lower mass bounds on the Z’
gauge boson, we identify their values using the intersection between the red solid curve and
the following lines in Figure 6(a), Figure 6(b), Figure 6(c), Figure 6(d): The solid red and
dashed black lines symbolize o4 X BR (Il) upper limits observed and expected at 95%
C.L. as a function of Z’ mass for the 10% width signals for the dilepton channel Z’ — 1[I
in the ATLAS experiment at a center of mass energy 13 TeV (ATLAS Collaboration).

5

The fiducial cross-section o4 is a measure of the rate at which a certain type of collision or interaction
occurs within a specific range of experimental conditions.
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and RHN models.

The solid yellowgreen, dash-dot blue, and black dotted lines represent the theoretical
production o4 (pp = Z') x BR(Z' — ll) generated using MadGraph5 and CalcHEP for
several benchmark sets for the 3-3-1 RHN and LHN models. We assume different masses
for the new exotic quarks and heavy neutral lepton (see Table 4). The specific results

obtained from this analysis are shown in Table III.

C. HE-LHC, HL-LHC and FCC-hh colliders.

Once we have determined the lower bounds for my using data from the 13 TeV
LHC with an integrated luminosity of 139 fb~! (as presented in Table III), we utilize
these results as input for the Collider Reach J. Subsequently, we derive the expected
limits for the HL-LHC, HE-LHC [85], and Future Circular Collider with hadron-hadron
collisions (FCC-hh) setups [86].



Chapter 3. The 3-3-1 RHN and LHN Models in the HL-LHC, HE-LHC' and the FCC 54

Table 5 — Lower mass bounds on Z’ boson for different benchmark models.

Model BM mz (GeV)
BM 1 4052
BM 2 3960
331RHN
BM 3 3989
BM 4 4040
BM 1 4132
BM 2 4013
BM 3 4060
331LHN
BM4,6and 7| 4118
BM 5 4094
BM 8 3950

We set the following collider configurations:

(I) HE-HL: For the center-of-mass energy /s=13, 14 and 27 TeV, and integral
luminosity Li=139 fb=, 300 fb=, 500 fb~' and 3000 fb~'.

(IT) FCC-hh: For the center-of-mass energy 1/s=100 TeV and integral luminosity
Lin=139 fb=t, 300 fb=*, 500 fo=! and 3000 fb—1.

Tables 6 and 7 presents the mass reach for the HE-HL LHC and FCC-hh colliders.
At the HL-LHC, we observe an increase in the expected lower mass bounds by 1.2-1.5 TeV
when compared to the 139 fo=! data (Table 5). Notably, in the case where the integrated
luminosity reaches 3000 fb~! and the center-of-mass energy of \/s = 14 TeV, the projected

sensitivity improves by nearly 2 TeV for certain benchmarks.

The lower mass bounds witness substantial enhancements at the 27 TeV HE-LHC
and the 100 TeV FCC-hh collider, both with an integrated luminosity of L;,, = 3000 fb1.
Specifically, these bounds improve by a factor of approximately 2.5 and 7, respectively, in
comparison to the values obtained at the LHC with a center-of-mass energy of /s = 13
TeV and an integrated luminosity of 139 fb~! (as detailed in Table 5). Additionally, it is
worth noting that BM1 and 3 in the 331RHN model correspond to BM10 and 9 in the
331LHN model, respectively. Similarly, BM6 and 7 exhibit a similar bound to BM4 in
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Table 6 — Different m 4 reaches for all BM sets considered in the 331RHN model at HL-HE
LHC and FCC-hh.

BM sets | Lin; (fb') | mz-13 TeV | mzi-14 TeV | mz-27 TeV | mz-100 TeV
139 4.052 4.288 6.987 17.180
300 4.390 4.651 7.675 19.447
BM 16 500 4.613 4.892 8.136 21.006
1000 4.916 5.217 8.763 23.175
3000 5.388 5.727 9.755 26.711
139 3.960 4.189 6.801 16.548
300 4.298 4.552 7.487 18.821
BM 2 500 4.521 4.793 7.947 20.363
1000 4.825 5.119 8.574 22.514
3000 5.298 4.699 9.566 26.030
139 3.989 4.220 6.860 16.769
300 4.327 4.583 7.547 19.016
BM 37 500 4.550 4.824 8.006 20.564
1000 4.853 5.149 8.633 22.721
3000 5.326 5.661 9.626 26.244
139 4.040 4.275 6.963 17.101
300 4.378 4.638 7.651 19.364
BM 4 500 4.601 4.879 8.111 20.921
1000 4.904 5.204 8.739 23.089
3000 5.377 5.715 9.731 26.652

the 331LHN model, and these observations can be readily explained by considering the

presence or absence of exotic Z’ decays, as discussed earlier.

So far we have seen that one of the ways to study physics BSM is to extend the
symmetry group of the SM. Extending the symmetry group allows the emergence of new
particles in addition to the SM particles and as a consequence new interactions appear
that could explain phenomena that the SM does not incorporate and that we can study in
the context of particle collider physics. As we saw in this chapter, the 3-3-1 LHN and RHN
models are one of these extensions, and among the various phenomenological consequences,

they predict the existence of new fermions, new scalars and gauge bosons. As we saw in
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Table 7 — Different mz reaches for all BM sets considered in the 331LHN model at HL-HE
LHC and FCC-hh.

BM sets | Lin; (fb') | mzi-13 TeV | mzi-14 TeV | mz-27 TeV | mz-100 TeV

139 4.132 4.374 7.149 17.709

300 4.470 4.737 7.839 19.990

BM 1 500 4.693 4.978 8.301 21.571
1000 4.995 5.303 8.928 23.755

3000 5.467 5.812 9.920 27.306

139 4.013 4.246 6.908 16.924

300 4.351 4.609 7.596 19.197

BM 2 500 4.574 4.850 8.056 20.731
1000 4.877 5.175 8.683 22.894

3000 5.350 5.686 9.675 26.421

139 4.060 4.297 7.003 17.233

300 4.398 4.660 7.692 19.502

BM 3 500 4.621 4.901 8.153 21.062
1000 4.924 5.225 8.780 23.233

3000 5.396 5.736 9.772 26.770

139 4.118 4.359 7.121 17.616

300 4.456 4.722 7.811 19.902

BM 4,6,7 500 4.679 4.963 8.272 21.472
1000 4.981 5.288 8.900 23.654

3000 5.453 5.797 9.891 27.202

139 4.094 4.333 7.072 17.457

300 4.432 4.696 7.761 19.736

BM 5 500 4.655 4.937 8.223 21.302
1000 4.958 5.262 8.850 23.479

3000 5.430 5.772 9.842 27.023

139 3.950 4.178 6.781 16.520

300 4.288 4.541 7.467 18.753

BM 8 500 4.511 4.782 7.926 20.294
1000 4.815 5.108 8.553 22.443

3000 5.289 5.620 9.546 25.956
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this chapter, although a new Z’ boson from these models has not been directly detected
by particle colliders like the LHC, we were able to constrain its mass using data from
the LHC and extrapolate for its upgrades known as HL-LHC, HE-LHC, as well as the
projected Future Circular Collider in hadron-hadron collisions (FCC-hh).

However, as we will see in the next chapter, there are other, simpler ways to propose
BSM physics and study its impacts on other future colliders, such as electron-positron

colliders.



o8

4 The 331LHN, 331RHN and Z’ Leptophilic

in the Compact Linear Collider

In the previous chapter, we delved into the possibility of utilizing hadron collider
data to constrain the mass of a new Z’ boson originating from the 331LHN and 331RHN
models. This chapter introduces a slightly distinct focus compared to the preceding one.
Here, we will delve deeper into the potential discovery of a new Z’ boson emerging from
the aforementioned models, along with the Z’ of a simplified model known in the literature
as the "leptophilic Z"". Our investigation will unfold within the framework of the Compact
Linear Collider (CLIC), a particle collider designed for ete™ collisions that will operate at

a center-of-mass energy of 3 TeV.

Motivated by the importance of a new Z’ boson emerging from extensions of the
SM, like the 3-3-1 models or other simplified models, our objective is to investigate the
DY production channel pp — Z" — [l analyzing the impact of the signal vs background
at CLIC. This investigation involves an analysis of kinematic cuts on the transverse
momentum pr, pseudorapidity n, and invariant mass M for the two leptons in the final

state.

The CLIC collaboration is projected to be a global cooperative effort situated
within the CERN facilities [87]. Its primary aim is to construct a linear eTe™ collider
operating at the TeV scale while maintaining high luminosity. In order to fully leverage its
potential for BSM physics, CLIC is strategically designed to be implemented in progressive
stages. The projected operational energies for each of CLIC’s three stages are 380 GeV,
1.5 TeV, and 3 TeV, respectively. The anticipated spatial range for its footprint spans
between 11 km and 50 km.

Recent times have witnessed significant advancements in the technical refinement
and rigorous testing of CLIC accelerator systems. These breakthroughs have not only led
to cost reductions in construction but have also enhanced the collider’s physics capabilities.
Set to commence operations around 2035, the inaugural beam injection heralds the begin-
ning of an expansive physics program projected to unfold over 25 to 30 years. Drawing
from the experience gained from the Large Electron-Positron collider (LEP) [88,89], CLIC
emerges as a promising avenue for exploring physics BSM. With its high luminosity and

increased center-of-mass energy, CLIC stands ready to facilitate direct investigations and
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enable precise measurements spanning a wide range of both SM and BSM processes. This
potential is particularly relevant in the examination of the Higgs boson, expanded scalar

sectors, new gauge bosons, and other phenomena.

As demonstrated in the preceding chapter, various theories that extend the SM,
such as the 3-3-1 models, are rooted in the existence of neutral gauge bosons engaged in
interactions with fermions. These theories have the potential to illuminate unresolved
mysteries that defy explanation within the framework of the SM. These neutral bosons are
often linked to a new abelian gauge symmetry, one that undergoes spontaneous breaking,
thus giving rise to a Z’ boson with a mass approximating the scale of new physics. Al-
ternatively, a Z’ boson can emerge from non-abelian gauge symmetries. These Z’ bosons
can potentially manifest themselves in hadron and lepton colliders, generating dilepton
resonances, for example. From an experimental point of view, a Z’ boson essentially
represents a resonance, possessing a higher mass compared to the Z boson. However, from
the perspective of theoreticians, a Z’ field embodies a new force carrier, showing the way

for the exploration of BSM physics.

Motivated by the importance of Z’ bosons in theoretical constructions, our goal
is to evaluate CLIC’s potential for discovering both a leptophilic Z’ and a Z’ originating
from extended gauge sectors characterized by SU(3)c x SU(3)r x U(1)x symmetry. A
leptophilic Z" arises within straightforward gauged lepton number theories [90-101], as well
as in more intricate configurations [102-108]. As illustrated in the preceding chapter, the
SU3)c x SU(3), x U(1)x symmetry has been extensively explored in existing literature
due to its ability to address challenges such as neutrino masses, dark matter, flavor puzzles,

and the number of fermion generations.

In the context of linear colliders, past studies have investigated leptophilic Z’
bosons [91,107-110,110-113]. However, none of these efforts have focused on a sequential
leptophilic Z” boson. This boson, which couples to SM leptons similarly to the Z boson
but lacks interactions with quarks, remains unexplored. Sequential Z’ bosons are often
the subject of collider searches at the LHC. When couplings with quark are removed,
a sequential leptophilic Z’ naturally emerges as a consequence, potentially serving as a
reference model at CLIC. Notably, in scenarios devoid of quark interactions, CLIC becomes
a particularly promising avenue for exploration, despite the LHC surpassing it in reach
due to its quark couplings. Furthermore, beyond its initial role in discovery, CLIC has the

potential to evolve into a precision instrument after identifying a Z’ boson, whether at the
LHC or the HL-LHC.
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Without CLIC data at present, we cannot conduct studies similar to those that
were done in the previous chapter. Therefore, in this chapter, our analysis is limited
to evaluating CLIC’s sensitivity reach. To do this, we are going to investigate the op-
timal kinematic cuts on variables such as transverse momentum pg, pseudorapidity 7
and electron-positron invariant mass M(eTe™). This exploration aims to maximize signal
efficiency and achieve a 5o signal significance for a given luminosity. Before we begin our

analysis, we are going to quickly show the main features of CLIC.

4.1 The Compact Linear Collider

The Compact Linear Collider, a project currently being developed by the CLIC
accelerator collaboration at CERN, is designed as a high-luminosity e*e™ linear collider
with the potential to achieve multi-TeV energies. A distinctive innovation within CLIC
is the adoption of the two-beam acceleration technique, employing normal conducting

accelerating structures operating in the range of 70-100 MeV /m.

The Conceptual Design Report (CDR) for CLIC was made public in 2012 [114]. Its
central aim was to establish the feasibility of the CLIC accelerator for reach energies up
to 3 TeV. Equally important was the confirmation that the presence of particles stemming
from beam-induced backgrounds and the characteristics of the luminosity spectrum would
not hinder the accuracy of high-precision physics measurements [87,114,115]. Just as
LEP and SLAC were important to test various SM predictions [88,89], CLIC envisions a
span of 27 years [116], divided into three distinct yet complementary stages, dedicated to

gathering more precise electroweak measurements and identifying signals of new physics
(NP).

Employing an innovative acceleration mechanism, CLIC aspires to gradually attain
energies up to /s = 3 TeV along a staged progression, along with an integrated luminosity
of 5 ab~!. In its initial operational phase, CLIC is anticipated to work at an energy of
/s = 380 GeV and a luminosity of 1 ab™*. In the subsequent second and third stages,
operation is projected at y/s = 1.5 TeV with £ = 2.5ab™ ", and /s = 3 TeV with £ = 5ab™ ",
respectively [117-120]. At each of these operational stages, the CLIC program strives to
refine electroweak precision measurements of SM parameters and potentially identify both
direct and indirect indications of NP [121].

These stages in which the CLIC experiment will work are tailored according to

findings derived from the HL-LHC investigations. Specifically, adjustments to the center-



Chapter 4. The 331LHN, 831RHN and Z' Leptophilic in the Compact Linear Collider 61

of-mass energy can be achieved through elongating the accelerator’s length or enhancing
acceleration methodologies. This distinctive approach to acceleration technology within the
CLIC experiment retains the potential for conducting inquiries characterized by elevated

center-of-mass energy and luminosity.

Having in mind the new physics potential of CLIC and the popular presence of Z’

fields in theoretical constructions, we describe briefly the models below.

4.2 The Models

As previously mentioned, this chapter focuses on studying the capability to produce
and detect a new Z’ boson in the CLIC experiment. The models employed for this
analysis include, firstly, the two models discussed in the preceding chapter: the 3-3-1
RHN and LHN models, so all the theory and phenomenology discussed in Section 3.1
remain valid for the purposes of this chapter. On the other hand, we also consider the
7' leptophilic model. The Z’ leptophilic model presents itself as a potential and straight-
forward extension to the SM!'. Like the 3-3-1 models, its motivation lies in addressing
specific experimental anomalies and phenomena that remain unexplained by the SM
[16-19,21,22,105,122,123]. The Z’ boson in the leptophilic model considered in this thesis
exhibit the same SM couplings to leptons. This unique attribute could lead to distinctive
collider phenomenology—observable signals that can be detected in high-energy particle
collider experiments. The amplified couplings between the Z’ boson and leptons may result
in distinct decay patterns, production rates, and other measurable phenomena. These cha-

racteristics hold the potential for exploration in forthcoming lepton colliders, such as CLIC.

Within these 3-3-1 theoretical frameworks, we consider only one benchmark sce-
nario: we set Mz < 2Mx where X are the new fermions and bosons of the theory such
that the decay of the Z’ into BSM particles is kinematically forbidden. In this way, the
interactions that we are going to consider in the 3-3-1 models will be those corresponding
to the Z' to SM fermions (see BM1 in Table 4). In the context of the leptophilic Z’
model, this consideration arises naturally, given that the leptophilic Z’ maintains the same
fermion couplings as the SM, with the exception of its absence of quark couplings. As a
result of these coupling considerations, the total decay width ' is narrower, significantly

influencing the number of events of the signal that we will describe in the next subsection.

L A leptophilic boson is a boson that only interacts with leptons. Interactions with quarks are suppressed

or negligible.
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To study the production of a new vector boson Z’ in the CLIC experiment, we are
going to use for the 3-3-1 models the neutral current lagrangian shown in the Eq. (3.15),
while for In the Z’ leptophilic model, we will use the part of the SM neutral current
lagrangian for leptons corresponding to the Z boson that is shown in the Eq. (2.29), taking

into account that we must replace the Z boson by the boson Z’.

4.3 Simulation and Analysis

Simulation of all signal and background events was carried out using FeynRules
[83], MadGraph5 [76], Pythia8 [124], and Delphes3 [125]. A total of 80000 events were
generated for each Z' mass parameter, while 200000 events were generated for back-
grounds. In order to simulate realistic eTe™ collider environments at CLIC, we utilized
the c1ic300011 PDF set. We do not consider the interference between the SM and the

7" since the ratio I'z//my: is small, amounting to only a few percent.

The SM background and the signal involve s and ¢-channel diagrams that exchange
a Z boson or A (photon) for the background and a Z’ boson for the signal. These diagrams
are illustrated in panels (a) and (b) of Figure 7. In order to mitigate collinear divergences,

we generated events that fulfill the subsequent fundamental selection criteria

pr > 100 GeV, |n| <3, (4.1)

for both electron and positron in the event.

The production cross section times branching ratio into ete™, after applying the ba-
sic cuts of Eq. (4.1), for 3-3-1 and leptophilic Z’ bosons is presented in panel (c) of Figure 7,
plotted as a function of their mass. For masses much smaller than the collider energy, the
t-channel diagram dominates as the Z’ is produced off its mass shell. However, heavier Z’
bosons tend to be produced closer to the mass shell, leading to an increased cross section
towards Mz = 3 TeV. On the other hand, 3-3-1 bosons exhibit a smaller cross-section due

to the greater variety of decay options available to the Z’, in contrast to the leptophilic case.

In both 331 and leptophilic models, the branching ratio BR(Z" — ete™) is 2.4%
and 11%, respectively, within the mass range considered in this study. The SM cross-

section for ete™ — ete™ is 13.2 pb after applying the cuts of Eq. (4.1).
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Figure 7 — Feynman diagrams and cross-section for the signal and background processes.

The signal and background distributions for the transverse momentum pz, rapi-
dity n and the invariant mass M (e™,e™), used for cuts, are displayed in Figure 8 for
7' leptophilic signals. The distributions for 3-3-1 Z’ signals are similar and are shown
in Figure 9. As we observe, the characteristics of signal and background are notably
distinctive, particularly for heavy Z’ bosons. However, in the case of lighter Z’, the peaks
in the eTe™ invariant mass reveal the presence of signals, differentiating them from the

smooth background spectrum.

Regarding the rapidity distributions, lighter Z’ particles and the SM backgrounds
exhibit a comparable behavior, with the majority of events being concentrated in the
high rapidity regions of the detector. On the contrary, heavy Z’ bosons produce central
electrons and positrons. This phenomenon arises due to the interplay between the s and

t-channel amplitudes. The t-channel contribution is accentuated when the final-state



Chapter 4. The 331LHN, 831RHN and Z' Leptophilic in the Compact Linear Collider 64

0.008 0.008
CI73 Z/(0.5 TeV) CII3 Z/(0.5 TeV)
0.007 4 Z/(2.5 TeV) 0.007 4 Z'(2.5 TeV)
[ Background [ Background
_@ 0.006 Q 0.006
C e
= 0.005 A > 0.005
3 i
S 0,004 N 0.004
© ©
€ 0.003 4 £ 0.003
— —
o o
2 0.002 = 0.002
0.001 4 0.001 4
0.000 T . . . o e 0.000 r ; 5 ——
0 200 400 600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
Pr(e™)(GeV) Pr(e*)(GeV)

(a) Signal and background distributions for the (b) Signal and background distributions for the

transverse momentum of an electron in the transverse momentum of electrons in the
final state corresponding to Z’ masses of 0.5 final state corresponding to Z’ masses of 0.5
and 2.5 TeV (Z' leptophilic model). and 2.5 TeV (Z' leptophilic model).
£I73 Z'(0.5 TeV) 10°
107 Z/(2.5 TeV) £773 205 Tev)
[ Background 1071 4 Z'(2.5 TeV)
Y] [ Background
+ 0.8 )
< E=
> 5
D 0.6+ o
N (0]
= N
= X
©
% 0.4 1 g
z 2
0.2 4
0.0 1077 T T T r :
-3 3 0 500 1000 1500 2000 2500 3000

M(e*t, e™)(GeV)

(c) Signal and background distributions for the (d) Signal and background distributions for the

pseudorapidity of positrons in the final state invariant mass of an electron-positron pair
corresponding to Z’ masses of 0.5 and 2.5 in the final state corresponding to Z’ masses
TeV (Z' leptophilic model). of 0.5 and 2.5 TeV (Z’ leptophilic model).

Figure 8 — Signal and background distributions for different kinematic variables corres-
ponding to a Z’ leptophilic boson with masses of 0.5 and 2.5 TeV.

lepton is collinear with the initial-state one, while the s-channel yields high-pr outcomes.

In order to mitigate backgrounds and enhance the statistical significance of the
signal, we sought optimal kinematic cuts on pr, n and M(e™,e™) that simultaneously
maximize signal efficiency and minimize background contamination. As detailed in the
subsequent section, the optimization process yielded negligible background efficiencies
for Z' masses spanning from 10 GeV to 3 TeV. Subsequently, we compute the signal

significance using the following formula

L x €509

N, = .
\/L X egop + (5" X L X egop)?
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Figure 9 — Signal and background distributions for different kinematic variables corres-
ponding to a 3-3-1 Z’ boson with masses of 0.5 and 2.5 TeV.

Here, 05 (€5) and op (ep) represent the cross section (selection efficiency) of the

signal and backgrounds, respectively. The integrated luminosity is denoted as L, while

ey’

no Monte Carlo background events fulfill the selection criteria, we conservatively assume

stands for the systematic uncertainty in the background rate. In situations where

a background rate indicated by op/nyc, where nyc = 2 x 10°, the count of simulated

background events.

4.4 Results and Discussions

The Table 8 and Table 9 display the optimal cuts for certain Z’ masses for the
3-3-1 and Z’ leptophilic models, respectively. Here were analyzed the following kinematic

variables: the electron and positron transverse momentum pz, the electron and positron



Chapter 4. The 331LHN, 831RHN and Z' Leptophilic in the Compact Linear Collider 66

Table 8 — The best kinematic cuts for different Z’ masses in the 3-3-1 models.

Mz | pr> | |nl < | |Me— M| <bpm | €s(%)
500 | 189 | 2.00 485 £ 65 11.1
1000 | 387 | 1.69 1043 £ 52 37.4
1500 | 444 | 0.92 1461 + 88 20.1
2000 | 777 | 0.86 1970 £ 59 30.4
2500 | 991 | 0.45 2547 £+ 64 15

Table 9 — The best kinematic cuts for different Z’ masses in the Z’ leptophilic model.

Mz | pr> | |n| < | |Mee— M| <dn | €s(%)
500 | 207 | 2.23 458 + 57 1.9
1000 | 420 2.1 1041 £+ 51 9.3
1500 | 641 | 2.65 1554 + 52 17
2000 | 531 | 0.85 1940 £ 80 16
2500 | 1032 | 1.96 2391 + 84 10

pseudorapidity n and the invariant mass of a electron-positron pair M,.. In the table,
M. represents the central value on the invariant mass that increment the significance
and ¢y, is a number around the central value. So the algorithm gives as result the cut
dar < M. < 0y on the invariant mass. All the units are in GeV. The selection of the ete™
mass cut involved identifying the most suitable window around the signal peak to isolate
events. For that, for every Z’ mass, a total of 4 x 10° random searches were conducted
within the parameter space of cut thresholds encompassing the kinematic variables pr, ||,
and the eTe™ proximate to the signal peak. Notably, the background efficiencies remain
minimal across all Z’ masses, while the signal efficiency demonstrates an ascending trend
from lighter to heavier Z' bosons, culminating around masses of 2.5 TeV across all model
variations. From the same tables, we see that higher signal efficiencies are achieved by harde-

ning the pr threshold and selecting events that are more centrally produced in the detector.

The Figure 10 illustrates the luminosity required to exclude a Z’ at 95% confidence
level (C.L.) or to discover its signal in the 3 TeV CLIC. A 331 Z’ will demand around one
order of magnitude more data compared to leptophilic counterparts. Nevertheless, the less
favorable scenario can be accomplished with 1 ab™! of data, whereas the more promising
scenarios may necessitate luminosities as modest as 100 pb~!. Notably, there exists
potential for enhancement by accounting for final state muons, which could potentially

lead to nearly a twofold amplification of the signal cross section after implementing
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Figure 10 — Luminosity that the CLIC experiment needs to reach to detect a new Z’ boson
with 95% C.L. (in blue) and 50 (in red) for the 3-3-1 models (left panel) and
the Z' leptophilic model (right panel).

appropriate selection criteria, contingent upon the Z’ mass.
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5 Conclusions

The first part of this thesis focused on qualitatively and quantitatively explaining
the concept of gauge invariance in abelian and non-abelian gauge theories. Subsequently,
we detail the different sectors of the standard model lagrangian, with the aim of establishing
the theoretical bases and necessary tools to describe the 331LHN and 331RHN models

that will be studied in subsequent sections.

In the second part of this thesis, we established constraints from the LHC on two
distinct 3-3-1 models, specifically the 3-3-1 RHN and 3-3-1 LHN frameworks. Our analysis
involved evaluating the influence of the different exotic Z’ decay modes in the determina-
tion of lower mass bounds using dilepton data. For that we analyze different benchmark
models. Subsequently, we derived robust lower mass limits spanning from 3.9 TeV to
4.1 TeV, which exhibit notable reduction compared to prior investigations. Additionally,
we projected the potential mass reach for the HL-LHC, HE-LHC, and FCC-hh experiments.

After obtaining the lower mass bounds of a Z’ boson in the 3-3-1 models for
different benchmarks and different future colliders, the third part of this thesis was focused
on two particular models and on another experimental setup, where one of these models
corresponds to one of the cases studied in the previous analysis. In the first case we
analyze again the 3-3-1 models for the case where the Z' boson decays exclusively into
standard model particles (BM 1 from the previous analysis). On the other hand, for the
second case, we analyze a sequential Z’ leptophilic model, where the couplings of the Z’
with the fermions are SM like and it only couples to leptons. Analyzes were performed
for the CLIC experiment. Within these theoretical frameworks and using 400K random
search, we find the best kinematic cuts for the pseudorapidity n, transverse momentum pr
and invariant mass M (eTe™) that maximizes the statistical significance of the signal for
different mass values of Z’. Finally, with these data, we were able to obtain the expected
integral luminosity in the CLIC experiment to see a signal of a Z’ with 95% C.L. or the

discovery of a Z’ with 5o of statistical significance.
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6 Perspective

In the future, we would like to delve further into phenomenological analyses and
more advanced computational techniques in the context of future colliders. In particular,
we intend to focus on the new physics reach of the Future Circular Collider (FCC) planned
to be built at CERN. We will derive the FCC reach to new gauge symmetries such as
U(1)p—r and dark matter particles. Moreover, we will assess FCC potential to probe
lepton flavor violating interactions and compare our findings with searches for lepton flavor
violation in muon decays. All these tasks will be conducted within the context of the FCC
working group headed by CERN.
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