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Abstract

Supersymmetry is one of the most promising extensions of the Standard Model,
addressing several of its theoretical limitations and providing a natural dark matter can-
didate in the form of the lightest supersymmetric particle. Among the various supersym-
metric production mechanisms, the electroweak production of charginos and neutralinos
is of particular interest due to its comparatively clean experimental signatures.
The supersymmetric process under investigation is

pp ! ~� �
1 ~� 0

2 ! W Z ~� 0
1 ~� 0

1.

This work targets �nal states comprising one or two charged leptons and at least one
jet deriving from the decays of either the W or Z boson, through the analysis of Monte
Carlo simulation data collected by the ATLAS detector at the Large Hadron Collider.

The primary objective of this study is to isolate the supersymmetric signal from the
Standard Model background across di�erent �nal states in channels with either one or
two charged leptons separately, assuming the SM branching ratios for the W and Z
boson decays. The core of the analysis lies in the de�nition and systematic study of
signal regions, constructed via dedicated selection cuts optimised to maximise the cor-
responding statistical signi�cance. Boosted and resolved jet topologies are considered to
target the hadronically decaying bosons for both analysis channels. The two channels
are complementary to one another given that the W boson decays leptonically and the
Z boson decays hadronically in the 1` and, vice-versa, the Z boson decays leptonically
while the W boson decays hadronically in the 2`. The adopted optimisation strategy
is the \Cut-and-Count" method, a well-established approach in which signal and back-
ground yields are compared within a signal-like phase space region after the application
of a set of sequential kinematic selection cuts.

Although the process considered has been the subject of prior investigations, this work
aims to both consolidate previous analysis strategies, improve the performance of the
boosted selection with state-of-the-art boson tagging algorithms, and assess the impact
of incorporating reconstructed events from the Run 3 Dataset in terms of statistical
signi�cance.
Furthermore, a boosted topology in the dilepton channel is studied for the �rst time
alongside the resolved channel, extending the scope of the previous analysis and providing
complementary sensitivity to the targeted supersymmetric signal.
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Overview

The Standard Model (SM) of particle physics is a highly successful quantum �eld theory
that describes the electromagnetic, weak, and strong interactions through the principle
of local gauge invariance. Its particle content consists of fermionic matter �elds, grouped
into quarks and leptons, and bosonic force carriers, namely the photon, the W� and Z
bosons, and the gluons. The uni�cation of the electromagnetic and weak interactions
within the electroweak theory represents a cornerstone of the SM and has been experi-
mentally validated with high precision. Despite its success, the SM is widely regarded
as an e�ective theory, as it fails to account for several experimentally established phe-
nomena, most notably the existence of dark matter (DM).
Astrophysical and cosmological observations provide overwhelming evidence for a non-
luminous, non-baryonic component of matter that constitutes approximately 27% of
the total energy density of the Universe, while ordinary baryonic matter accounts for
only about 5%. The absence of a viable DM candidate within the SM motivates the
exploration of theories beyond the SM. Supersymmetry (SUSY) o�ers a particularly
compelling framework in this context, providing both a natural DM candidate and a
solution to the hierarchy problem associated with the Higgs boson mass.

SUSY postulates a symmetry between fermionic and bosonic degrees of freedom, re-
alized through the introduction of a superpartner for each SM particle, di�ering in spin
by one half-unit but sharing identical gauge quantum numbers. The Minimal Super-
symmetric Standard Model (MSSM) represents the simplest phenomenologically viable
implementation of this symmetry. One of its principal theoretical motivations is the
stabilization of the Higgs boson mass against large radiative corrections. In the SM, the
Higgs mass parameter receives quadratically divergent contributions from high-energy
scales, necessitating severe �ne-tuning to reproduce the observed Higgs boson mass of
approximately mh = 125 GeV. In SUSY theories, these divergences are canceled by loop
contributions from superpartners, provided that their masses lie near the electroweak
scale, thereby preserving the naturalness of the theory.
A further key feature of the MSSM arises from the conservation of R-parity, a discrete
multiplicative symmetry introduced to forbid baryon- and lepton-number violating op-
erators that would otherwise lead to rapid proton decay. Under R-parity conservation,
SUSY particles are produced in pairs, and the lightest supersymmetric particle (LSP)
is stable. In many MSSM scenarios relevant to collider phenomenology, the LSP is
the lightest neutralino, ~� 0

1, which is a linear combination of the bino, wino, and hig-
gsino electroweak eigenstates. Owing to its electrical neutrality, weak-scale mass, and
weak interactions, the neutralino is a well-motivated weakly interacting massive particle
(WIMP) DM candidate.

At the Large Hadron Collider (LHC), SUSY particles can be produced either via
strong or electroweak interactions. While early LHC searches focused primarily on
strongly produced superpartners, such as squarks and gluinos, the absence of signals
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in these channels has shifted experimental attention towards the electroweak sector.
Electroweak production of charginos and neutralinos, collectively referred to as elec-
troweakinos, proceeds via the exchange of electroweak gauge bosons and is characterized
by smaller production cross sections but cleaner experimental signatures, particularly in
leptonic �nal states. As a result, electroweakino searches have become a central compo-
nent of the ATLAS SUSY program.

This thesis focuses on ATLAS searches for the direct production of the lightest
chargino, ~� �

1 , and the second-lightest neutralino, ~�02, in proton{proton (pp) collisions
at centre-of-mass energies of

p
s = 13 TeV and

p
s = 13:6 TeV. In the simpli�ed MSSM-

inspired scenarios considered, these electroweakinos subsequently decay into the lightest
neutralino ~� 0

1, assumed to be the LSP, and SM vector bosons. In particular, decay chains
involving W and Z bosons can give rise to �nal states with isolated leptons and missing
transverse momentum, which provide experimentally accessible and well-controlled sig-
natures within the ATLAS detector.
The experimental strategy employed by ATLAS aims to maximize sensitivity to such
signals by exploiting the kinematic properties of the �nal-state leptons, jets, and missing
transverse momentum, while suppressing SM background production. In this thesis, a
�nal state requiring either one or two charged leptons and jets is considered, and a Cut
and Count (C&C) approach based on Resolved or Boosted jet topologies is employed
for signal-background separation. In the Boosted channel, Boosted jet taggers are also
employed.

The structure of the thesis re
ects this progression: Chapter 1 introduces the SM
and its limitations, followed by a discussion of SUSY and the electroweak sector relevant
to this analysis; Chapter 2 describes the ATLAS detector and object reconstruction;
Chapter 3 presents the data analysis methods and results.
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Chapter 1

Theoretical Introduction

This chapter provides a theoretical background of the Standard Model by brie
y re-
viewing its historical development and highlighting its connections to other foundational
frameworks, including Quantum Field Theory (QFT), group theory and symmetry prin-
ciples, and Lagrangian formalism.
We begin by reviewing the structure and key features of the Standard Model, highlight-
ing its successes and intrinsic limitations.
Subsequently, we introduce the principles of Supersymmetry and discuss its key features.
The chapter concludes by outlining the unResolved questions within the Standard Model
and illustrating how SUSY addresses them, thereby motivating the study of supersym-
metric particles in the following sections.

1.1 The Standard Model of Particle Physics

The SM of particle physics, developed during the late 1960s and early 1970s, has re-
mained, for the past 30 years, the cornerstone of particle physics, and has been con�rmed
by a wide range of stringent experimental tests.
The SM is a gauge QFT that describes all known particles and three out of the four
fundamental interactions currently known.
A major accomplishment of the SM lies in providing a uni�ed framework for the strong,
weak, and electromagnetic interactions through quantum gauge �eld theories. In ad-
dition, it merges the weak and electromagnetic forces into a single electroweak gauge
theory, echoing Maxwell's uni�cation of electricity and magnetism.

QFT o�ers a framework wherein quantum mechanics and special relativity merge
seamlessly, allowing for a precise and accurate description of the mechanics of micro-
scopic bodies within relativistic regimes such as particles moving at close to the speed
of light.
Within the QFT setting, particles are viewed as excitations of a related �eld: particles
are no longer considered the \building blocks" of matter but rather arise as excitations
of the corresponding �elds, which therefore constitute the fundamental elements of the
theory.
QFT is formulated using the Lagrangian formalism. More speci�cally, the theoretical
framework of the SM arises by requiring the equations to be invariant under certain
symmetry groups.

The Lagrangian of the SM is invariant under the group:

U(1) � SU(2) L � SU(3) (1.1)
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Electroweak interactions arise from the U(1) � SU(2)L symmetry. Similarly, strong
interactions are described by quantum chromodynamics (QCD), which emerges from
SU(3) symmetry group.

1.1.1 Constituents of the Standard Model

All elementary particles can be described and classi�ed within the SM. Firstly, it is im-
portant to note that a major distinction is made by diversifying particles with half-integer
spin, also known as \fermions", from those with integer spin, also known as \bosons".
This preliminary distinction is of crucial importance because fermions behave according
to the Fermi-Dirac statistics while bosons obey the Bose-Einstein distribution.
Furthermore, within the theoretical model, each fermion is associated with an antiparti-
cle, having the same mass but opposite electric charge.

ˆ Fermions

Fermions are the particles constituting matter and are further subdivided into quarks
and leptons.
Quarks are organised into three generations, each consisting of one positively charged
quark with electric charge q = +2

3 and one negatively charged quark with q = �13 and
arranged in order of increasing mass. The quark counterparts, known as antiquarks,
di�er from the former by having opposite electric charge; more speci�cally, antiquarks
carry charges of � 2

3 and + 1
3 .

The �rst generation comprises the up (u) and down (d) quarks, the second generation
the charm (c) and strange (s) quarks, and the third generation the top (t) and bottom
(also known as beauty, b) quarks.
Quarks participate in the strong, weak, and electromagnetic interactions. Notably,
quarks are never observed as free particles due to colour con�nement; instead, they
exist exclusively in bound states called hadrons, which can be either mesons (composed
of a quark-antiquark pair) or baryons (composed of three quarks).
Familiar examples of baryons are the proton and neutron, which are composed of up and
down quarks.

Leptons are similarly organised into three generations of increasing mass: the elec-
tron (e), the muon (�), and the tau (� ), each carrying a single unit of negative electric
charge.
Associated with each charged lepton is a corresponding neutrino of de�nite 
avour: the
electron neutrino (�e), the muon neutrino (� � ), and the tau neutrino (� � ).
Within the SM framework, neutrinos are treated as massless, although experimental evi-
dence from neutrino oscillations indicates that they possess tiny, nonzero masses beyond
the minimal SM.
Unlike quarks, leptons interact only via the electromagnetic and weak interactions and
do not participate in the strong interaction.

ˆ Bosons

Unlike fermions, bosons do not constitute matter but are known as force carriers.
Among the bosons, the gauge bosons mediate the fundamental interactions and all have
spin 1. The photon (
) mediates the electromagnetic interaction, while the gluons (g,
eight in total) mediate the strong interaction. The charged W+ and W� bosons mediate
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the weak interaction via charged currents, and the Z boson mediates the weak interaction
via neutral currents.
Among these gauge bosons, only the mediators of the weak interaction possess nonzero
mass, arising from the mechanism of spontaneous symmetry breaking.
Notably, the Higgs boson (h), with spin 0, is associated with the Higgs �eld.
It is through interactions with this �eld that elementary particles in the Standard Model
acquire their masses, providing a consistent explanation for the mass generation of both
fermions and weak gauge bosons.
A schematic overview is shown in Fig. 1.1.

Figure 1.1: The �gure summarizes all particles of the Standard Model, grouped accord-
ing to their fundamental properties. For each entry, the lower part of the box indicates
whether the particle carries color charge (represented by three blue, red, and green dots)
and whether it participates in the strong (gray square), electromagnetic (yellow square),
or weak interaction (central light-blue squares, distinguishing charged and neutral cur-
rents). For completeness, the hypothetical graviton is also included.

1.1.2 Spontaneus Symmetry Breaking: The Higgs Mechanism

As mentioned, the Higgs boson is the fundamental particle associated with the Higgs
�eld and responsible for giving mass to other fundamental particles such as electrons
and quarks.

Although the predictions of the SM have been extensively con�rmed, the question of
how the W and Z gauge bosons acquire mass whilst the photon remains massless was
left open for many years untill the Spontaneus Symmetry Breaking mechanism explained
it.
The Higgs boson was �rst proposed in 1964 by Peter Higgs advancing the hypothesis
that spontaneous symmetry breaking in gauge theories could be achieved through the in-
troduction of a scalar �eld. Applying this mechanism to the electroweak theory, through
a complex scalar doublet �eld, leads to the generation of the W and Z masses and to
the prediction of the existence of the SM Higgs boson (h). It has since been shown that
the Higgs scalar �eld also gives mass to the fundamental fermions through the Yukawa
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interaction.
Its existence was �rst con�rmed by scientists in 2012 through the ATLAS and CMS
experiments at the Large Hadron Collider (LHC) at CERN, registering a mass of ap-
proximately mh = 125 GeV , con�rming theoretical predictions.

The Higgs potential is a scalar function of the �eld � given by the expression

V (�) = �
1
2

� 2(�� � )2 +
1
4

�(�� � )4; (1.2)

where:

� Higgs �eld (with � � being the complex conjugate of the �eld);

� is a mass parameter related to the �eld;

� is a dimensionless parameter that expresses the intensity of the interaction.

For values of �2 < 0 the potential has two symmetric minima at � = � �
� = � 6= 0

(see Fig. 1.2). Said values are the vacuum expectation values.
From this potential, the Higgs boson is predicted to have a mass

m2
h = �2� 2 = 2�� 2: (1.3)

Figure 1.2: The Higgs �eld potential V (�) is shown for � 2 > 0 (left) and � 2 < 0 (right).
In the right-hand plot, it is evident that the minima of V (�), corresponding to the
vacuum expectation values, occur at non-zero values of �.

As the system evolves spontaneously toward the minimum of the potential, it adopts
a nonsymmetric con�guration, giving rise to the process known as spontaneous symme-
try breaking.
In this process, by requiring the Lagrangian to be invariant under local gauge trans-
formations, the associated vector �eld acquires a nonzero mass. This phenomenon is
known as the Brout-Englert-Higgs (BEH) mechanism. Consequently, it is the interac-
tion of these particles with the Higgs �eld that endows them with mass, providing a
natural explanation for the origin of mass within the framework of the Standard Model.
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1.2 Limitations and open issues of the Standard Model

While the Standard Model successfully accounts for most subnuclear phenomena, it still
fails to address several outstanding questions. Among these, the most pertinent to this
thesis are:

ˆ The nature of Dark Matter: the observable matter in our universe accounts
for only about 5% of the total mass. Experimental measurements estimate that
roughly 27% of this mass is composed of dark matter, which does not interact elec-
tromagnetically and is, therefore, not directly detectable; to date the SM framework
does not provide a viable candidate for dm.

ˆ The hierarchy problem and the mass of the Higgs Boson: based on the
theoretical predictions, the mass of the Higgs Boson is expected to be much larger
than the value experimentally observed.

ˆ The uni�cation of all fundamental interactions: a simple group framework
that uni�es all the particle interactions, a so-called Grand Uni�ed Theory (GUT)
has yet to be found. Speci�cally, there is still no way of including gravity in the
framework of the SM. In fact, due to the weakness of gravity at the energetic scales
of particle physics, the gravitational interaction is negligible at such scales.

The following section provides a more detailed analysis of the open issues associated with
the Standard Model discussed above. The section also introduces SUSY, highlighting
how the framework is related to these problems and o�ers potential solutions.

1.3 Supersymmetry

In theoretical physics, the identi�cation of symmetries with conservation laws is for-
malised by Noether's theorem, which states that every di�erentiable continuous symme-
try of the action of a physical system corresponds to a conserved quantity, and conversely,
conserved quantities imply underlying continuous symmetries of the Lagrangian.
This principle forms a cornerstone of modern theoretical physics, providing a unifying
framework for understanding conservation of energy, momentum, electric charge, and
other fundamental quantities. Within the Standard Model such symmetry principles
underpin the structure of particle multiplets, for example, the organisation of fermions
into isospin doublets arises naturally from symmetry considerations.

In 1974, building on these ideas, physicists Wess and Zumino introduced a new sym-
metry that connects particles whose intrinsic spins di�er by one-half.
This symmetry, now known as Supersymmetry, is a space-time symmetry mapping par-
ticles and �elds of integer spin (bosons) into particles and �elds of half integer spin
(fermions), and viceversa. The generators Q act as

Q jfermioni = jbosoni (1.4)

and viceversa [1].
By de�nition, this operator possesses two immediate yet profound properties, which can
be summarised as follows:

ˆ It alters the spin of a particle, implying that Q transforms as a spin-12 object
and consequently modi�es the particle's space-time characteristics. For this rea-
son, supersymmetry is classi�ed as a space-time symmetry rather than an internal
symmetry.
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ˆ In any theory where SUSY is realised, each one-particle state necessarily has at least
one superpartner. As a result, in a supersymmetric framework, physical states are
organised not as individual particles but as multiplets (supermultiplets) containing
both bosonic and fermionic components.

Moreover, under a SUSY transformation, a scalar �eld � and a spinor �eld  are
rotated into one another via a spinor parameter �. A fundamental consequence of the
symmetry is that each Standard Model particle and its supersymmetric partner must
share the same mass prior to SUSY breaking.
Similar constraints appear when extending SUSY transformations to spin12 and spin 1
particles, highlighting that SUSY inherently links the properties of fermions and bosons.
In addition, supersymmetric partners share the same electric charge, weak isospin, and
colour quantum numbers, preserving the internal consistency of gauge interactions in the
SM .

A crucial feature in phenomenologically viable SUSY models is the introduction of
R-parity, a discrete symmetry de�ned as

Rp = (�1) 3(B�L)+2s

where B and L denote baryon and lepton numbers, and s is the particle spin. R-parity
di�erentiates SM particles (Rp = +1) from their supersymmetric partners (Rp = �1)
thereby ensuring the stability of the LSP and preventing rapid proton decay.
From the perspective of Noether's theorem, although R-parity is a discrete symmetry
rather than a continuous one, it still corresponds to a conserved quantum number asso-
ciated with the SUSY Lagrangian, governing which interactions and decays are allowed.
This feature makes R-parity theoretically natural and essential for phenomenological
consistency in supersymmetric theories [2].

The MSSM is de�ned as the most economical supersymmetric extension of the Stan-
dard Model that remains consistent with gauge invariance, while introducing the smallest
necessary number of particle content and interactions.
In this framework, every Standard Model fermion �eld is paired with a scalar superpart-
ner collectively termed sfermions, whose name re
ects that of their SM counterparts with
a preceding tilde (e.g., squarks ~q and sleptons~̀; ~�). Conversely, the gauge bosons of the
SM are accompanied by fermionic superpartners, the gauginos, such as the bino, winos,
and gluinos, which are denoted by the su�x \-ino" to indicate their spin 1

2 character
relative to the spin-1 gauge �elds.
The electroweak gauginos and the fermionic partners of the Higgs �elds mix to form
charginos and neutralinos, which are the mass eigenstates of the MSSM electroweakino
sector. In addition to the superpartners of SM �elds, the MSSM requires two Higgs
doublets.
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Particle Spin Sparticle Spin

quark q 1
2 squark ~q 0

lepton ` 1
2 slepton ~̀ 0

gluon g 1 gluino ~g 1
2

W � ; h+
u ; h�

d 1; 0 charginos ~��1;2
1
2

Z; h0
u; h0

d 1; 0 neutralinos ~�01;2;3;4
1
2

Table 1.1: Supersymmetric partners of the Standard Model particles in the MSSM. The
charginos ~��1;2 and neutralinos ~�01;2;3;4 arise from the mixing of the electroweak gauginos
and higgsinos after electroweak symmetry breaking.

We now procede to adress the issues previously discussed, investigating them within
the SUSY framework.

1.3.1 Dark Matter

The existence of DM, accounting for one-fourth of the content of the Universe has been
con�rmed by numerous experimental evidences such as the fact that the galactic rotation
speed curves do not follow the expected Copernican fall-o� with distance from the center.
An analysis of galactic dynamics reveals that, if Newtonian mechanics is assumed to hold,
the observed visible matter is inadequate to explain the motions of galaxies, implying
the existence of a signi�cant additional matter component. From Newtonian mechanics,
we expect the rotational velocity at a distance r from the centre of the disk to be related
to the enclosed mass M(r) by

v(r) =

r
GM(r)

r
(1.5)

Assuming a typical exponential mass distribution, physicists derived a velocity curve
decaying at large radii. Surprisingly, however, observational data showed the curve

attening out instead (see Fig. 1.3a). Similarly, by using the rotation velocity distribution
to infer the enclosed mass as a function of radius, consistent discrepancy between the
expected and the measured pro�les emerge (see Fig. 1.3b)[3].

(a) (b)

Figure 1.3: Comparison between the expected and measured rotation curves. The black
dashed line represents the Keplerian trend, while the red solid line shows the measured
one Fig.(a). Mass distribution as a function of distance. The dashed line represents the
visible mass, while the red line shows the mass inferred from the rotation curves Fig.(b).
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An attempt to solve this issue is by postulating the presence of additional matter
inside galaxies. Like other Beyond Standard Model (BSM) theories, SUSY naturally
contains a viable candidate for DM: LSPs such as neutralinos are ideal candidates for
cold dark matter.
Astrophysical and cosmological data gathered on dark matter can be summarised by
saying that we expect dark matter to be a cold, stable, non-interacting matter.
The term cold indicates that dark matter particles were non-relativistic at the epoch of
matter{radiation equality, and therefore behaved e�ectively as a pressureless 
uid.
Non-interacting means that dark matter's interactions with any other kind of matter can
be cosmologically negligible which is what makes dark matter so hard to detect.
The term stable refers to a particle that has existed since the early universe and has
persisted up to the present time without decaying.

The LSP is stable due to the conservation of R-parity. This symmetry forbids the
decay of the LSP into Standard Model particles and, moreover, prevents direct couplings
between the LSP and ordinary matter. As a consequence, the LSP emerges as a well
motivated candidate for dark matter and, as such, is believed to constitute a substantial
fraction of the total mass-energy content of the Universe. In this framework, the mass
of dark matter particles is typically expected to lie below the TeV scale [4, 5].

1.3.2 The Hierarchy Problem

The discovery of the Higgs boson was the great triumph of the �rst run of the LHC.
Within the framework of the SM, the Higgs boson mass is subject to radiative corrections
arising from quantum 
uctuations at all energy scales up to the ultraviolet cuto� at
which the theory ceases to be valid. A natural choice for this cuto� is the Planck scale,
MPl ' 10 19 GeV.
The enormous disparity between the electroweak scale, characterized by the masses of
the W, Z, and Higgs bosons (MW;Z;h � 100 GeV), and the Planck scale constitutes the
essence of the so-called \hierarchy problem".
This hierarchy spans approximately seventeen orders of magnitude and implies that, in
the Standard Model, the Higgs mass parameter must be extraordinarily �ne-tuned in
order to reproduce the experimentally observed Higgs boson mass, mh ' 125 GeV.
The origin of this problem can be traced to the Higgs mass term in the Standard Model
Lagrangian,

L SM � L Higgs � �� 2 � y� � �(� y�) 2; (1.6)

which is invariant under both gauge and global transformations of the Higgs �eld [6].
As a consequence, the Higgs mass parameter is not protected by any symmetry against
large radiative corrections and receives additive contributions proportional to the square
of the energy scale of the particles circulating in the loops.
These corrections are quadratically sensitive to the ultraviolet cuto�, potentially extend-
ing up to MPl , thereby driving the natural expectation for the Higgs mass to diverge.
The existence of new SUSY partners, di�ering by1

2 unit of spin, for every SM particle
provides a simple way to stabilise the Higgs potential, as their amplitude in the quantum
corrections come with an opposite sign and cancel the SM contributions (see Fig. 1.4),
e�ectively protecting the Higgs mass from diverging. As a result, the Higgs mass is
stabilized near the electroweak scale, provided that the masses of the SUSY particles do
not lie far above the TeV scale.
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Figure 1.4: Virtual contributions to the Higgs mass from SM fermions and SUSY
sfermions.

1.3.3 Uni�cation of the Fundamental Forces

Only three of the four known forces in the universe are described in the SM. The theory
of gravity is general relativity. As anticipated earlier, it can be neglected at the energy
scale of today's experiments in particle physics but if we want to �nd a theory of every-
thing then there should be one model for all of the four forces.
At present, each of the four fundamental interactions is characterised by a distinct cou-
pling constant that quanti�es its interaction strength. The strongest of these is the strong
interaction, whose coupling constant �s is of order unity at low energies, re
ecting the
nonperturbative nature of Quantum Chromodynamics in this regime.

The electromagnetic interaction is described by the �ne-structure constant

� =
1

137
� 10 �2 ;

which governs the strength of electromagnetic processes and is accurately measured
across a wide range of energy scales.

In the case of the weak interaction, the de�nition of a single dimensionless coupling
constant is less straightforward due to the massive nature of the weak gauge bosons.
Nevertheless, at low energies the interaction strength can be e�ectively parameterised
by the Fermi constant,

GF ' 10 �5 GeV�2 ;

which sets the scale of weak processes such as beta decay.
The gravitational interaction is by far the weakest of the four and is characterised by

Newton's universal gravitational constant,

G = 6:674 � 10 �11 m3 kg�1 s�2 :

The hierarchy between these scales is worrisome: we have two scales that di�er by more
than ten orders of magnitude, and the extreme weakness of the gravitational force relative
to the other interactions renders quantum gravitational e�ects negligible at experimen-
tally accessible energies.

Within the Standard Model, the values of the coupling constants are not �xed
but evolve with the energy scale according to the renormalisation group equations.
This running of parameters a�ects not only particle masses but also the interaction
strengths. However, when extrapolated to the Grand Uni�ed Theory (GUT) scale, of
order 1015 GeV, the renormalisation group evolution of the gauge couplings associated
with the strong, weak, and electromagnetic interactions does not lead to their conver-
gence to a common value. It turns out that within the SUSY model perfect uni�cation
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can be obtained if the SUSY masses are of the order of one TeV (see Fig. 1.5). The SUSY
particles are assumed to contribute e�ectively to the running of the coupling constants
only for energies above the typical SUSY mass scale, which causes the change in the
slope of the lines near one TeV.

Figure 1.5: Evolution of the inverse of the three coupling constants in the SM (left) and
in the MSSM (right). The uni�cation of the coupling constants is obtained only in the
latter case.

1.4 Charginos and Neutralinos in the MSSM

We now consider another important sector of the MSSM: the electroweakin sector, which
is made up of neutralinos and charginos. The electroweakino sector of the MSSM is of
great signi�cance in phenomenology, because the lightest neutralino represents a valid
candidate as dark matter constituent.
As mentioned above, the electroweak theory uni�es two basic forces of nature: the weak
force and electromagnetism. Within the electroweak framework, the W� , Z, and 

bosons emerge as linear combinations of the gauge �elds, derived by requiring invariance
of the Standard Model Lagrangian under local gauge transformations.
The U(1) invariance leads to the emergence of the vector boson B, while the SU(2) in-
variance gives rise to three vector bosons, W1, W2, and W3. Together, these four bosons
form the mediators of the electromagnetic and weak interactions.
Within supersymmetry, each gauge boson is assumed to have a corresponding supersym-
metric partner. In particular, this leads to the introduction of the bino ~B and the three
winos ~W 0, ~W 1, ~W 2. The neutral gauge bosons~B and ~W 0 combine with the neutral
higgsinos~h0

u and ~h0
d to form four neutralino states, labeled ~�0i (i = 1; 2; 3; 4). Their

theoretical mass spectrum can be derived from the following mass matrix

M ~� 0 =

0

B
B
@

M 1 0 �M Z c� s� W MZ s� s� W

0 M2 MZ c� s� W �M Z s� s� W

�M Z c� s� W MZ s� c� W 0 ��
MZ s� s� W �M Z s� s� W �� 0

1

C
C
A : (1.7)

The elements of the matrix are de�ned as:

M 1 Mass for the bino;

M 2 Mass for the wino;
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� Higgsino mass parameter;

MZ Mass of the Z boson;

c� , s� Trigonometrical functions for cos � and sin �. � is known as the higgsino mixing
angle. tan � is the ratio of Higgs vacuum expectation values, tan � = (vu

vd
), where

vu and vd are the vacuum expectation values for the~h0
u and ~h0

d �elds;

c� W , s� W Trigonometrical functions for cos� W and sin� W , where �W is the Weinberg angle
(aprox. 29� ).

By diagonalising this matrix, the masses of the four neutralinos are obtained.

The charged winos and higgsinos,~W � , ~h+
u , and ~h�

d , linearly combine to form the two
charginos, ~��i (i = 1; 2). Their masses can be found by diagonalising the associated mass
matrix

M ~� � =

0

B
B
@

0 0 M2

p
2c� mW

0 0
p

2s� mW �
M 2

p
2s� mW 0 0p

2c� mW � 0 0

1

C
C
A : (1.8)

The masses appearing in the mass matrices are free parameters of the theory. There
are three main scenarios associated with the possible values of these parameters, which
strongly a�ect the kinematics of supersymmetric processes. In the case where � �
M 2 > M 1, one obtains the so-called \wino{bino" hierarchy. Under this assumption, the
higgsino-like electroweakino states acquire masses of order � and are e�ectively decoupled
from the low-energy spectrum.
Under these conditions, the lightest chargino, ~��1 , and the second-lightest neutralino, ~�02,
are nearly mass-degenerate and correspond almost entirely to wino eigenstates. These
are heavier than the lightest neutralino, ~�01, which is predominantly a bino and serves as
the LSP.
There are four main mass hierarchies, each one associated to a di�erent ordering of the
sparticle masses, as can be seen in Fig. 1.6.

Figure 1.6: Schematic mass spectra of the electroweak sector of the MSSM for di�erent
neutralino LSP scenarios: (a) pure bino, (b) wino NLSP, (c) higgsino LSP, and (d) bino-
higgsino mixed scenario. The mass levels of the neutralinos ~�0

i , charginos ~��i , and third-
generation squarks~t1 and ~b1 are shown. The vertical axis represents the supersymmetric
particle masses.
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In the wino-bino scenario, the chargino and neutralino masses are given by:

m~� 0
1

= M 1 � M 2
Z s2

� W

(M 1 + � sin 2�)
� 2 + M 2

1
+ : : : ; (1.9)

m~� 0
2

= M 2 � M 2
� W

(M 2 + � sin 2�)
� 2 + M 2

2
+ : : : ; (1.10)

m~� �
1

= M 2 � M 2
W

(M 2 + � sin 2�)
� 2M 2

2
+ : : : ; (1.11)

In this scenario, the typical decay modes are

~� 0
2 ! ~� 0

1Z; ~� 0
1h; ~̀̀ ; ~� �; (1.12)

~� �
1 ! ~� 0

1W � ; ~� 0
1h; ~� `; ~̀�: (1.13)

The wino{bino scenario represents the mass hierarchy upon which the analysis in this
thesis is conducted [2, 7, 8].
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Chapter 2

LHC and the ATLAS Apparatus

Particle physics aims to investigate the microscopic structure of matter, with the spe-
ci�c objective of understanding the fundamental laws governing elementary particles. As
microscopic phenomena cannot be directly observed with the unaided human eye, their
investigation requires the use of specialised experimental instruments, with the LHC be-
ing the prominent example.
To date, the Standard Model represents the most successful theoretical framework for
describing particle properties and their interactions. Its success is largely attributable
to the extensive body of experimental data accumulated in particle physics. Such ex-
periments not only provide strong empirical support for the SM but also expose its
limitations and o�er insights into possible physics beyond the Standard Model.

There are several types of particle accelerators, with a fundamental distinction be-
tween �xed-target accelerators and colliders.
In a �xed-target accelerator a particle is accelerated towards a stationary target in the
laboratory frame of reference, whereas in a collider, two particle beams with equal and
opposite momenta are brought into collision.
Charged particles in an accelerator are propelled using electric and magnetic �elds, which
may be constant or varying in space and time. In general, an accelerator consists of three
main components: an ion source, an accelerating structure and a guiding system. The
guiding system constrains the particles to follow predetermined trajectories and acceler-
ation occurs in an ultra-high vacuum, in order to minimise collisions with residual gas
molecules which could otherwise destabilise the particle beams.

2.1 The Large Hadron Collider

The LHC stands as a marvel of modern scienti�c engineering and proof of the pursuit of
understanding the fundamental structure of the universe.
Located at the European Organisation for Nuclear Research (CERN) near Geneva,
Switzerland, the LHC is the world's largest and most powerful particle accelerator.
It was designed to address some important and unresolved questions in physics. Its pri-
mary aim is to explore the validity and limitations of the Standard Model of particle
physics and additionally, it seeks to discover new particles and phenomena, leading to
insights into the nature of matter and energy and serving as a foundation for modern
physics, pushing the boundaries of our understanding of the universe.

It is housed in a circular tunnel approximately 27 km in circumference, located at
an average depth of about 100 km beneath the Franco-Swiss border near Geneva. The
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tunnel was originally constructed to host the Large Electron-Positron Collider (LEP),
which operated until the year 2000, and was later modi�ed to accommodate the LHC
so as to overcome the previous fundamental limitations associated with synchrotron
radiation. In fact for charged particles undergoing circular acceleration, the radiated
power scales as

dE
dt

/
E 4

m4
; (2.1)

implying that lighter particles su�er substantially greater energy losses. Consequently,
the maximum centre-of-mass energy attainable at LEP was limited to 209 GeV due to
the low electron mass, whereas the use of protons (nearly 2000 times heavier) allows the
LHC to reach centre-of-mass energies currently up to

p
s = 13:6 TeV [9].

While electron-positron collisions provide a cleaner experimental environment, proton-
proton collisions enable access to a wider range of energy scales and physical phenomena,
albeit with increased complexity arising from the composite nature of the proton and
associated QCD backgrounds.

More speci�cally, the LHC is a synchrotron accelerator in which charged particles are
guided along circular trajectories by strong magnetic �elds and accelerated by oscillating
electric �elds. Proton acceleration is achieved through a multi-stage accelerator chain
preceding the LHC.
Protons are �rst produced by ionising hydrogen atoms and accelerated to 160 MeV by
the linear accelerator LINAC4. They are subsequently injected into the Proton Syn-
chrotron Booster (PSB) where their energy is increased to 2 GeV. After an intermediate
transit in the Proton Synchrotron (PS), where it is accelerated to 26 GeV, the beam is
ultimately transferred to the Super Proton Synchrotron (SPS), which then boosts the
protons to 450 GeV before their �nal injection into the LHC. A schematic view of the
LHC and its injectors is shown in Fig. 2.1
Within the LHC, radiofrequency (RF) cavities generate oscillating electric �elds synchro-
nised with the passage of proton bunches, so that particles encounter an accelerating �eld
on each revolution thereby enabling a gradual increase in energy.
Beam con�nement and stability are ensured by an extensive superconducting magnet
system, operating at a �eld strength of 8:3 T and cooled to 1:9 K to bend the beams
along circular orbits.
Lastly, the collimation system protects the accelerator against unavoidable regular and
irregular beam loss; transverse focusing is achieved with quadrupole magnets, which act
on the beam like an optical lens.
Each proton beam, circulating in an opposite direction in respect to one another, is
composed of proton bunches (p) containing approximately 1011 particles which collide
40 million times per second to provide 13.6 TeV pp collisions and are con�ned within
transverse dimensions of the order of � 10 �m [10].
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Figure 2.1: Schematic view of the LHC and its injectors.

A key quantity used to assess the performance of an accelerator is the instantaneous
luminosity, L

L =
1
�

dN
dt

[L] = cm �2 s�1 (2.2)

where:

dN
dt is the estimate of the event rate for a given physical process;

� is the cross section.

Integrating the instantaneous luminosity over time, we obtain the number of interac-
tions per unit of area, also known as Integrated Luminosity L

L =
Z

L dt [L] = fb �1 (2.3)

In the speci�c case of a collider, the istantaneous luminosity can be retrieved by
knowing speci�c parameters as follows

L =
f r nb

4�
N1N2

� x � y
; (2.4)

with:

f r is the beam revolution frequency;

nb is the number of bunches in each beam;

N1, N2 are the numbers of particles that make up the colliding beams;

� 1, � 2 are the gaussian transverse pro�les of the beams.

So, it appears that in order to increase the number of observable events, hence the
sensitivity of our analysis, it is essential to maximise the value of L, as seen in

N(t 2; t1) = �
Z t2

t1

L dt = �L (2.5)
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To give better context we summarise in Table 2.1 the values of beam centre-of-mass
energies and integrated luminosity achieved during the data-taking periods of ATLAS
(known as \Runs") between 2015 and 2026. These correspond to the \Run 2" and \Run
3" periods [11].

Run Period
p

s [TeV] L [fb �1 ]
Run 2 (2015-2018) 13 139:0
Run 3 (2022-2023) 13:6 51:5

Run 3 (2024) 13:6 109:4
Run 3 (2025-2026) 13:6 �

Table 2.1: Centre-of-mass energies and integrated luminosities achieved in the LHC's
main operational periods [12].

In the following chapter we intend to conduct an analysis based on the data collected
from full Run 2 (2015-2018) and the partial Run 3 (2022-2024), amounting to a total
integrated luminosity of about 300 fb�1 [10].

2.1.1 Detectors at the LHC

The LHC has been designed to host four experimental insertions:

ATLAS (A Toroidal LHC Apparatus) and CMS (Compact Muon Solenoid) both investigate
the proprities of the Higgs Boson and search for hints of new physics beyond the
Standard Model using pp collisions.

ALICE (A Large Ion Collider Experiment) focuses on researching the physics of strongly
interacting matter and proprerties of quark-gluon plasma, an extreme state of
matter alegedly present in the primordial stages of our universe.

LHCb (Large Hadron Collider beauty experiment) aims to study hadrons containing b
and c quarks in order to investigate the asymmetry between matter and antimatter
witnessed in our modern day universe.
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Figure 2.2: Schematic layout of the CERN acceleration complex and experiments.

2.2 The ATLAS Detector

The ATLAS detector is nominally forward-backward symmetric with respect to the in-
teraction point; it has a total length of 42 m, a diameter of 22 m and a weight of 7000 t,
making it the largest detector at the LHC. A layout of the ATLAS detector can be seen
in Fig. 2.3.
The geometry of the detector can be divided into two main regions according to the
value of the absolute pseudorapidity j�j, de�ned as

� = � ln tan
�
2

; (2.6)

where � is the polar angle measured with respect to the beam direction. It is interesting
to note that di�erences in pseudorapidity are invariant under Lorentz boost along the
beam axis.
Values of j�j < 1:05 correspond to the central region of the detector, referred to as the
barrel, while values of j�j > 1:4 de�ne the forward regions, known as the end-caps [13].
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Figure 2.3: The ATLAS detector layout.

2.2.1 The ATLAS reference Frame

To study the phenomena occurring within a circular collider, a speci�c reference frame
is typically employed. The reference system in a circular collider is de�ned as a right-
handed Cartesian coordinate system in which the z-axis is aligned with the beam di-
rection, so that the x � y plane (called the transverse plane) is perpendicular to the
particle circulation axis. For a particle produced in the collision with momentum ~p, the
transverse momentum ~pT is de�ned as the projection of ~p onto the transverse plane,
j~pT j =

p
p2

x + p 2
y.

Two angles are introduced to describe the particle direction: the azimuthal angle �, ly-
ing in the transverse plane and de�ned as � = arctan(py

px
) relative to the x-axis pointing

toward the collider centre, and the polar angle �, de�ned as � = arctan(pT
pz

) with respect
to the z-axis (see Fig. 2.4).
For two particle beams with momenta directed along the z-axis, conservation of momen-
tum implies that the vector sum of the transverse momenta of all particles produced in
the collision in the x � y plane must be zero [14, 15].

Figure 2.4: Schematic representation of the ATLAS reference frame.

2.2.2 Inner Detector

The Inner Detector (ID) constitutes the innermost tracking system of the ATLAS de-
tector and provides coverage up to j�j < 2:5. Its primary function is the measurement
of the charge, trajectory, and transverse momentum of charged particles produced at
both primary and secondary interaction vertices. Due to its proximity to the interaction
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point, the ID must operate in a high-radiation environment and is therefore designed to
be highly radiation tolerant. The system is composed of three subsystems: the Pixel De-
tector, the Semiconductor Tracker (SCT), and the Transition Radiation Tracker (TRT).
An illustration of the ATLAS ID with subsystems is provided in Fig. 2.5.

The Pixel Detector forms the innermost layer of the ID and is located at radial dis-
tances between 33:25 mm and 122:5 mm from the beam line. It comprises approximately
87.2 million pixels with dimensions of 50 � 400 �m2, distributed across 1744 silicon pixel
sensors arranged in three concentric layers. The innermost layer, known as the Insertable
B-Layer (IBL), plays a key role in the identi�cation of secondary vertices associated with
hadronic decays containing bottom quarks. As charged particles traverse the silicon sen-
sors, they produce electron-hole pairs in proportion to the deposited energy; an applied
bias voltage separates these charge carriers, allowing the reconstruction of the particle
trajectory.

Surrounding the Pixel Detector is the Semiconductor Tracker (SCT), which consists
of 4088 silicon strip modules. These are arranged in four barrel layers covering the
central region of the detector (j�j < 1:4) and in nine disks on each end-cap, extending
the coverage to 1:4 < j�j < 2:5. On average, a charged particle produces four spatial
measurements in the Pixel Detector and approximately eight additional measurements
in the SCT, providing high-precision tracking information.

The outermost component of the Inner Detector is the Transition Radiation Tracker
(TRT), which is based on straw-tube technology. The TRT is composed of cylindrical
straw detectors with a diameter of 4 mm, �lled with a gas mixture predominantly con-
sisting of Xenon and Carbon Dioxide. As charged particles pass through the straws, they
generate ionisation electrons and emit transition radiation in the form of X-rays.
Since the intensity of transition radiation is proportional to the Lorentz factor 
 = E=m,
this information, combined with measurements from the inner tracking layers, provides
an initial capability for particle identi�cation [16, 17].

Figure 2.5: Illustration of the ATLAS Inner Detector.
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2.2.3 Magnet System

The magnet system constitutes a fundamental component of the ATLAS detector. In
addition to de�ning the characteristic overall geometry of the experiment, it generates
the strong magnetic �elds required to su�ciently bend the trajectories of charged par-
ticles, thereby enabling reliable track reconstruction and precise transverse momentum
measurements as follows

pT = qj ~Bj� ; (2.7)

where:

ˆ q is the electric charge of the particle;

ˆ j ~Bj is the modulus of the magnetic �eld;

ˆ � is the radius of curvature.

The ATLAS magnet system is composed of two principal subsystems: a central solenoid
and a toroidal system, which includes a Barrel Toroid (BT) and two End-Cap Toroids
(ECTs).

ˆ the solenoidal magnet is 5:3 m long and has a diameter of 2:5 m, with its axis
aligned parallel to the beam pipe. It encloses the ID and provides a uniform axial
magnetic �eld of 2 T, enabling precise measurements of the momentum and electric
charge of charged particles. The solenoid was speci�cally designed to limit multiple
scattering and energy loss before particles enter the calorimeters.

ˆ the toroidal magnet system provides a magnetic �eld of approximately 4 T, oriented
predominantly perpendicular to the trajectories of muons, and is a key element of
the ATLAS muon spectrometer.
It consists of eight BT coils, each about 25 m in length, with an inner radius of
9:4 m and an outer diameter of 20:1 m, as well as two ECTs, each approximately
5 m long, with an inner radius of 1:64 m and an outer diameter of 10:7 m. The
BT primarily provides magnetic bending for particles in the pseudorapidity region
j�j < 1, while the ECTs cover the forward region 1:4 < j�j < 2:7. The intermediate
transition region, 1 < j�j < 1:4, is implemented using a combined magnetic �eld
from both the BT and ECTs [16].

Figure 2.6: Schematic representation of the magnet system in ATLAS.

23




	Abstract
	Overview
	Theoretical Introduction
	The Standard Model of Particle Physics
	Constituents of the Standard Model
	Spontaneus Symmetry Breaking: The Higgs Mechanism

	Limitations and open issues of the Standard Model
	Supersymmetry
	Dark Matter
	The Hierarchy Problem
	Unification of the Fundamental Forces

	Charginos and Neutralinos in the MSSM

	LHC and the ATLAS Apparatus
	The Large Hadron Collider
	Detectors at the LHC

	The ATLAS Detector
	The ATLAS reference Frame
	Inner Detector
	Magnet System
	Calorimetry System
	Muon Spectrometer
	Trigger System

	Object Reconstruction and Identification
	Electrons
	Muons
	Jets
	Boosted Jet Tagger
	Missing Transverse Energy


	Data Analysis and Results
	Overview of the Physical Processes Considered
	Signal Processes
	Backround Processes

	Statistical Significance
	Preselection
	The Single Lepton Channel
	Definition of the Signal Regions for the 1 Channel

	The Dilepton Channel
	Definition of the Signal Regions for the 2 Channel

	Results
	Methodology
	Statistical Significance Results
	Impact of Partial Run 3 Dataset on Signal Sensitivity


	Conclusions
	 Summary and Plots
	Single Lepton Channel
	Dilepton Channel

	Bibliography

