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Abstract

Accurate background estimation is crucial for precision measurements in high-energy
physics. This thesis presents a study on the estimation of the dijet background in the
measurement of the hadronic vector boson plus jets (V + jets) cross section using Monte
Carlo (MC) simulated data from the ATLAS experiment at the Large Hadron Collider
(LHC).

In this analysis, hadronically decaying W and Z bosons are reconstructed as large-
radius jets. Their identification is particularly challenging due to the overwhelming
background from Quantum Chromodynamics (QCD) multijet processes, whose produc-
tion cross sections are several orders of magnitude larger than those of the signal. To
model this background, MC simulations are employed, focusing on the boosted regime
where theoretical and modeling uncertainties are significant. Smooth, analytically func-
tions are fitted to the MC-derived background distributions in control regions adjacent
to the signal region. This approach allows for a flexible and robust modeling of the QCD
background, which is crucial for accurate signal extraction. The results provide insights
into the reliability of background estimation methods, which are critical for precision
measurements and for enhancing the sensitivity of searches for new physics phenomena
involving boosted vector bosons.
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Chapter 1

Introduction

The production of vector bosons (W or Z) in association with jets (V+jets) represents
a key process in the phenomenology of the Standard Model (SM) at hadron collid-
ers. In particular, measurements of the cross section for hadronically decaying vector
bosons provide a stringent test of perturbative Quantum Chromodynamics (QCD), as
they involve both electroweak boson production and QCD-induced jet radiation, making
them sensitive to higher-order corrections and parton shower modeling [1]. Furthermore,
V +jets processes represent a significant background in several SM measurements. Accu-
rate modeling of these processes is therefore crucial not only for improving the accuracy
of Higgs property measurements but also for controlling uncertainties in multi-boson and
top-quark associated production processes. For instance, they contribute substantially
to backgrounds in studies of Higgs boson production—such as in the H — WW™* |2]
decay channel—where the final states include jets and missing transverse momentum.
Moreover, since V+jets processes also constitute a dominant background in searches
for heavy resonances and Beyond the Standard Model (BSM) phenomena, achieving a
precise understanding of their behaviour is essential.

At the Large Hadron Collider (LHC), proton—proton (pp) collisions at centre-of-mass
energies of up to 13.6 TeV enable the production of vector bosons with high transverse
momentum. When such bosons decay hadronically, the resulting quarks hadronize into
collimated sprays of particles, referred to as jets. In the highly boosted regime, the two
quarks from the decay of a W or Z boson may be reconstructed as a single, large-radius
jet. The identification of these so-called "W /Z jets" plays a critical role in extending
the sensitivity of a variety of different searches for BSM physics, for instance Ref. |3, 4].

Thus far, research has predominantly concentrated on the leptonic channels of vector
bosons, such as W — ev, W — uv, and Z — (¢, where ¢ denotes an electron, muon, or
tau, for example Ref. [5]. This preference persists despite the smaller branching ratios
of leptonic modes compared to hadronic decays, as reported by the Particle Data Group
(PDG) [6]. Moreover, these leptonic decay modes yield final states that are relatively
easier to identify and reconstruct within particle detectors. The presence of high-energy



charged leptons provides clear experimental signatures, enabling the selection of signal
events with comparatively low background contamination. This facilitates the accurate
determination of fundamental parameters, including coupling constants and branching
ratios. In contrast to leptonic final states, hadronic decays of vector bosons—where the
bosons decay into jets formed from quarks and gluons—pose considerable experimental
challenges |7].

A major experimental challenge in the hadronic V +jets final state is the overwhelm-
ing presence of background from QCD multijet production, which originates from strong
interaction processes and features significantly larger cross sections. These QCD-induced
jets can mimic the topology of hadronic V +jets events, making event-by-event discrim-
ination extremely difficult. Consequently, a reliable estimation of the QCD background
is essential to extract meaningful physical results and ensure a correct interpretation of
the data.

One of the experiments dedicated to studying V+jets events is ATLAS, a general-
purpose detector at the LHC designed to accurately measure a wide variety of final
states. Its sophisticated calorimetry and tracking systems enable the reconstruction of
jets with different algorithms and radius parameters, allowing for detailed investigations
of both standard and boosted event topologies [8].

This thesis focuses on the estimation of the dijet background in the context of a
V+jets cross section measurement, where the vector boson decays hadronically and is
reconstructed as a large-radius jet. The analysis is based on simulated data samples
produced for the ATLAS experiment at the LHC and involves fitting the background
distribution using smooth analytical functions in dedicated control regions adjacent to
the signal peak. Further studies investigate the use of machine learning techniques—
particularly Adversarial Neural Network (ANN) [9]—to suppress the overwhelming QCD
background and to study their impact on the shape of the background distribution. This
allows for a more accurate estimation of the background in the Signal Region (SR) and
helps quantify potential biases introduced by such methods.

The structure of this thesis is as follows. Chapter 1 will introduce the theoretical
framework fundamental to this work. An overview of the SM will be provided, in-
cluding the fundamental interactions it describes. Relevant kinematic variables used in
high-energy collisions will then be discussed, followed by a description of jet formation
mechanisms.

Chapter 2 provides an overview of the experimental setup, beginning with the general
features of the LHC and proceeding to a detailed description of the ATLAS detector and
its principal components. Key collision parameters essential to the study will also be
introduced.

Chapter 3 describes the simulation samples used throughout the analysis and outlines
the procedure for deriving signal and background distributions. In addition, it introduces
the ANN classifier, which will be employed in Chapter 5.



Chapter 4 will then focus on the methods used to estimate the QCD background. The
sideband fitting procedure will be introduced, followed by a discussion of fit performance
and model comparisons.

Chapter 5 will present the studies conducted using an ANN classifier applied to
the background distribution. This includes the sideband fitting procedure, signal-plus-
background fits, and a series of validation tests—such as spurious signal and signal
injection tests—designed to assess the robustness and stability of the results.



Chapter 2
The Standard Model

The Standard Model of Particle Physics, developed in the early 1970s, represents one
of the greatest achievements of modern science, providing a clear and comprehensive
description of fundamental particles and their interactions—also called forces. In 2012,
the first observation of the Higgs boson at the LHC marked the experimental confirmation
of the last undiscovered particle predicted by the SM, which had been theoretically
complete for decades [10].

The SM encapsulates our understanding of the fundamental structure of matter,
offering profound insights into the elementary building blocks of the universe [11].

Since its first formulation, the SM has been supported by extensive experimental
evidence. Although it is a remarkably successful theory, it still leaves many fundamental
questions unanswered, such as:

e the origin of neutrinos masses;
e dark mass and energy existence explanation;

e the explanation of the dominance of baryonic matter over the anti-baryonic one in
the Universe.

Moreover, the formulation of the SM does not incorporate the gravitational interac-
tion. Despite these limitations, experimental results obtained over the last decade seem
to point toward the existence of physics BSM.

In the following, the elementary particles will be introduced in Section 2.1, followed
by a discussion of the the fundamental forces as described by the SM in Section 2.2.
Section 2.3 will then cover the relevant kinematic variables used in high-energy collisions.
Finally, Section 2.4 will present the concept of jets and highlight their relevance in high-
energy physics, as they play a central role in the analysis conducted in this work.



2.1 Particles

According to the SM, fundamental particles are divided in two main families: the matter
constituents (fermions) and those responsible for mediating the fundamental interactions

(bosons).

A schematic representation of the fundamental particles of the SM and their main

properties can be found in Figure 2.1.
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Figure 2.1: Fundamental particles of the SM with their main properties |12].

Fermionic particles are characterized with spin 1/2 and behave according to the
Fermi-Dirac statistics, and therefore to Pauli’s exclusion Principle [13]. Fermions are
divided in two families according to the interaction they "respond" to and their charge:



leptons and quarks. The former are subjected to the electromagnetic (EM) and weak
interactions, while the latter are also subject to the strong interaction.

In the SM, fermions are composed of six leptons (electrons, muons, taus and three
neutrinos) and six quarks (up, charm, top, down, strange, bottom) divided in three
generations according to their weak interaction properties:

Vr
() -

e () ()
o () () O e

Each of the fermions listed in Equation 2.1 and 2.2 has a corresponding antiparticle
with identical mass, spin and half-life, but opposite internal charge.

These internal charges, or quantum numbers, are fundamental properties that de-
termine how particles interact through the fundamental forces. In the SM, particles
are characterized by several quantum numbers, including the electric charge @, color
charge— introduced in Section 2.2.1—weak isospin T3, and hypercharge Yy—both dis-
cussed in Section 2.2.3—as well as lepton and baryon numbers.

These quantities are conserved in most interactions and are essential for classifying
particles and predicting allowed processes. The electric charge @) is expressed in units
of the elementary charge e'. Electrons, muons, taus, and all quarks carry a non-zero
electric charge, while neutrinos are electrically neutral.

The baryon number B is a conserved quantum number that prevents the transforma-
tion of baryons into non-baryonic particles. Quarks are assigned a baryon number of —i—%,
while antiquarks carry —%. Since baryons—such as the proton— are composed of three
quarks, they have B = 41, whereas antibaryons have B = —1. Mesons, which consist of
a quark-antiquark pair, carry a baryon number of zero. Similarly, leptons, which do not
interact via the strong interaction, also have a baryon number of zero.

The lepton number L conservation forbids the transformation of leptons into bosons
or baryons. There are three lepton numbers, one for each lepton family: the electronic
lepton number L., the muonic lepton number L,, and the tauonic lepton number L.
For instance, L. = +1 is assigned to the electron e~ and its neutrino v., while their
antiparticles et and 7, have L, = —1. Leptons of the other two families have L, = 0.
The same logic applies for L, and L.

The baryon and lepton numbers are strictly conserved in all known physical processes,
regardless of the type of interaction involved. Other quantum numbers—such as isospin
or parity—are conserved only under specific forces, like the electromagnetic or strong
interaction, but not necessarily under weak interactions [14].

le ~1.6022 x 10719 C



2.2 Fundamental Interactions

The SM describes interactions between particles as a Quantum Field Theory (QFT),
corresponding to the exchange of characteristic bosons [11]. These bosons are the medi-
ators of the fundamental forces; they have integer spin and therefore obey Bose-Einstein
statistics. The SM predicts several types of gauge bosons:

e Photons (): They are the carriers of the electromagnetic force, described by Quan-
tum Electrodynamics (QED). They are massless, electrically neutral boson with
spin 1.

e W+ W~, and Z bosons: They mediate the weak interaction. The W and W~
bosons have positive and negative electric charge, respectively, while the Z boson
is neutral. All three of them are massive.

e Eight gluons: They are the mediators of the strong interaction. They are massless
but carry color charge, which causes them to self-interact.

In addition to these, there is the scalar Higgs boson, which is massive, has zero spin,
and carries neither electric nor color charge. It mediates the Higgs field, which interacts
with other elementary particles through the Brout-Englert-Higgs (BEH) mechanism,
providing them with mass [15].

2.2.1 Quantum Chromodynamics (QCD)

QCD is a non-Abelian QFT based on the SU(3) gauge symmetry group. It describes the
strong interaction, which governs the behavior of quarks and gluons and is responsible for
the binding of nucleons within atomic nuclei. The theory is mediated by eight massless
gluons, each corresponding to one of the eight generators of SU(3). QCD introduces three
conserved "color" charges—red, blue, and green—which label the orthogonal states in
SU(3) color space. Only particles that possess a non-zero color charge can couple to
gluons and interact via the strong interaction.

An important consequence of gluons themselves carrying color charge is the emer-
gence of two key phenomena characteristic of the strong interaction: confinement and
asymptotic freedom. Confinement refers to the fact that at low energies, only color-
neutral particles can exist; in nature, quarks are never observed in isolation but always
in bound (hadronic) states with a net color charge of zero ("colorless") |16, 17]. Asymp-
totic freedom, on the other hand, describes how the strength of the strong force decreases
at high energy scales, allowing quarks to behave as if they were nearly free when probed
at very short distances.



2.2.2 Quantum Electrodynamics (QED)

The electromagnetic (EM) interaction is the only long-range fundamental force described
by the Standard Model. Well known in classical physics through Maxwell’s equations,
it is formulated at the quantum level by QED-—the relativistic quantum field theory
that describes the interaction between light and matter. QED provides a comprehensive
framework for understanding how electrically charged particles interact via the electro-
magnetic field and is one of the most precisely tested theories in physics.

The photon’s zero mass allows the electromagnetic force to have an infinite range,
while its lack of electric charge prevents photons from self-interacting. Consequently,
electromagnetic processes involving the emission or absorption of photons always con-
serve electric charge.

As discussed in Section 2.1, all SM particles interact electromagnetically, with the
exception of neutrinos, which are electrically neutral and thus unaffected by this force.
The strength of the electromagnetic interaction is characterized by the fine-structure
constant:

e? 1
Oem = ~ o=
dmeghe 137

where €y is the vacuum permittivity and A? is the reduced Planck constant. This di-
mensionless constant provides a measure of the coupling strength between electrically
charged particles and the electromagnetic field [14].

2.2.3 Electroweak Theory (EWT)

The electroweak interaction, or electroweak force, is the unified theoretical framework
that combines two of the four fundamental forces in nature: electromagnetism and the
weak nuclear force. While these forces appear very different at low energies, they are un-
derstood to be two manifestations of a single interaction at higher energy scales. Accord-
ing to the electroweak theory, above the unification energy (approximately 246 GeV?),
the electromagnetic and weak forces merge into a single force [17].

The first theoretical attempt to describe the weak interaction was proposed by Enrico
Fermi to explain beta decay? [14]. The weak force is mediated by the massive gauge

2h=h/2m ~1.054 x 1073 J - s [18].
3This corresponds to the vacuum expectation value of the Higgs field v = (\@Gp)il/2 ~ 246 GeV,
where Gr is the Fermi constant.
4Beta decay is a process in which a neutron decays into a proton, an electron, and an electron
neutrino:
n—p+e 4+,

The continuous energy spectrum of the emitted electron was the first indication that beta decay is a
three-body decay, suggesting the existence of an additional, invisible particle—later identified as the
neutrino.



bosons W, W=, and Z°. Their non-zero mass explains the short-range nature of the
weak interaction, in contrast to the infinite range of the electromagnetic force. According
to QFT, the mass of a force carrier determines the range of the force it mediates: massive
bosons lead to exponentially suppressed interactions at long distances, as described by
the Yukawa potential [17].

A distinctive feature of the weak interaction is that it violates several symmetries
that are conserved in both electromagnetic and strong interactions. These include parity
(P) violation®, charge conjugation (C) violation, and flavor non-conservation. In nature,
the only stable hadrons observed are the proton and the neutron—the latter being stable
only within the atomic nucleus.

The weak interaction is also responsible for quark flavor mixing, a phenomenon de-
scribed by the Cabibbo—Kobayashi-Maskawa (CKM) matrix [20, 21], which encodes the
probability amplitudes of transitions between different quark flavors during weak pro-
cesses:

d/ Vud Vus vub d
sl = Vea Ves Val |s (2.3)
b Via Vis V| b

In Equation 2.3, the flavor eigenstates, denoted with primed letters, are related to
the mass eigenstates through the matrix elements V;;.

It was the interdependence between electric charge and weak charge that led Glashow,
Salam, and Weinberg to develop a unified theory of the electromagnetic and weak inter-
actions: the Electroweak Theory (EWT). The charge associated with this interaction is
called the weak hypercharge Yy, defined via the Gell-Mann—Nishijima relation:

Y =2(Q — T3) (2.4)

where () is the electric charge and 73 is the third component of the weak isospin. The
values of the weak hypercharge Yy for the various fermions, along with their electric
charge () and weak isospin T3, are shown in Table 2.1. For quarks and antiquarks, the
first value corresponds to up-type quarks, while the second refers to down-type quarks.

2.3 Relevant Kinematic Variables

In high-energy collisions, kinematic variables play a crucial role in characterizing the
interaction, providing insights into the energy, momentum, and angular distribution of
the resulting particles. This section describes some of the kinematic variables relevant
for the purposes of this thesis:

SParity violation was experimentally confirmed in 1956 by physicist Chien-Shiung Wu, through her
groundbreaking work on the beta decay of cobalt-60 nuclei. Her results provided direct evidence that
the weak interaction does not conserve parity symmetry [19].



Table 2.1: Quantum numbers @, T3, and Yy for different fermion types.

Leptons Antileptons Quarks Antiquarks

Q ~1 +1 +3,-5  —5.+3
T3 _% +% +%7_% _%7_’_%

e Invariant mass m
m2 = Et20t - |I§icot|2
This quantity is obtained from the relativistic energy-momentum relation, where
Elo: and pio are respectively the total energy and total 4-momentum vector of the
system (in natural units, ¢ = 1). In high-energy physics, the invariant mass is a

key observable, often used to search for new particles or resonances.

e Transverse momentum pr

pr = /P2 + D2

where p, and p, are the momentum components orthogonal z-axis along the beam
pipe [22].

e Rapidity y

11 E+p,
= —=1In

where p, is the momentum component along the beam axis and FE is the particle’s
energy.

e Pseudorapidity 7 is used to describe the angle between a particle and the beam

axis:
= —Intan Q

where 6 is the angle between the particle’s momentum p and the beam axis.

Rapidity depends on the particle’s energy and longitudinal momentum and is
Lorentz invariant under boosts® along the beam axis, while pseudorapidity depends
only on the emission angle, reflecting the detector geometry. In the ultra-relativistic
limit (E > m) n approximates y.

6A Lorentz boost is a Lorentz transformation without a rotation [23].

10



2.4 Jets

As discussed in Section 2.2.1, particles that carry color charge—such as quarks and glu-
ons, collectively known as partons—cannot exist in isolation in nature. Instead, they are
bound into color-neutral particles due to the phenomenon of confinement. In high-energy
pp collisions, the colored partons inside the protons interact and exchange color charge.
To satisfy confinement, these color-charged fragments undergo further interactions, gen-
erating additional partons that eventually hadronize into color-neutral particles. The
result is a collimated stream of particles moving in approximately the same direction,
forming a narrow, localized structure known as a jet.

Jets manifest in particle detectors as localized clusters of energy and serve as ex-
perimental signatures of quarks or gluons produced in high-energy collisions. Their
reconstruction is essential for interpreting the underlying physics processes and is car-
ried out using dedicated algorithms that cluster detector signals into jets. Depending on
the chosen reconstruction approach, various types of inputs can be employed, including
energy deposits in the calorimeter, charged particle tracks from the inner detector, or a
combination of both.

After reconstructing inputs, sequential recombination algorithms are commonly used.
These algorithms define a set of distances between input objects, iteratively combining
them until all jets are formed. A crucial requirement for any jet clustering algorithm
is that it satisfies infrared and collinear safety (ICS), meaning the algorithm’s output
should remain unchanged under the emission of a soft particle or the collinear splitting of
a particle. These properties ensure the theoretical robustness of jet definitions and allow
for meaningful comparisons between experimental data and perturbative QCD predic-
tions. Several algorithms satisfy these requirements, including the k; algorithm [24], the
Cambridge/Aachen (C/A) algorithm [25, 26], and the anti-k; algorithm [27]. Each of
these algorithms is characterized by a parameter p, which determines the distance met-
ric and, consequently the clustering behavior. The clustering procedure involves defining
distances d;; between entities ¢ and j, and d;p between entity ¢ and the beam B. At each
step, the smallest distance is identified: if it is d;;, entities 7 and j are recombined; if it
is d;p, entity 7 is declared a jet and removed. This repeats until no entities remain. The
distance is defined as:

A2

dij = min (p75, p) o3 din = kil (2.5)

where A?; = (y; — y;)* + (¢i — ¢5)%, with pri, y;, and ¢; the transverse momentum,

rapidity, and azimuth of particle i. The parameter R sets the effective clustering radius in

rapidity—azimuth space. It determines how close particles must be to be merged into the

same jet and thus controls the angular extent and capture area of the resulting jet. The

exponent p determines the behavior of the algorithm and defines the specific clustering
scheme.

11



For p = 1 the distance measure corresponds to the inclusive k; algorithm; for p = 0
it reduces to the inclusive Cambridge/Aachen algorithm. The anti-k; algorithm, cor-
responding to p = —1, is widely adopted at the LHC due to its tendency to produce
geometrically regular, conical jets that are less sensitive to soft radiation, making them
easier to calibrate and cluster into jets [27]. Consequently, the anti-k; algorithm was
employed in this analysis to reconstruct jets.

In the anti-k; algorithm, since distances scale as the inverse square of transverse
momentum in the anti-k; algorithm, particles with higher p; have smaller d;z, and thus
are clustered earlier in the algorithm.

Figure 2.2: Sketch of pp collision and resulting jet development [28|.

Jets are powerful tools for probing the underlying physics, but they remain approxi-
mations of the actual partonic processes. Depending on the analysis goals, different jet
definitions may be more appropriate. At ATLAS, small-radius (small-R) jets—defined
with a radius parameter R = 0.4—are typically used to study quarks and gluons, whereas
large-radius (large-R) jets—with R = 1.0—are particularly useful for identifying hadron-
ically decaying heavy particles, such as W and Z bosons. This extended radius is essen-
tial for capturing all decay products within a single jet, as the angular separation AR
between the decay products of a massive particle x scales approximately as

Thus, for jets with pr > 200 GeV, most of the decay products from hadronically decaying
W and Z bosons are expected to be contained within a jet radius of R = 1.0.
In both cases, jets require proper calibration to accurately reflect the event’s kinemat-
ics, after which tagging techniques can be applied to infer their likely particle origin [29].
Section 2.4.1 provides a more detailed description of large-R jets.

2.4.1 Large Radius Jets

A boosted particle refers to a particle y produced with pp > m,. In the laboratory
frame, the decay of such a particle (e.g., jets) results in its products being emitted
within a narrow cone, due to Lorentz boosting |23| compressing the decay angles. This
collimation makes standard jet reconstruction techniques insufficient, as multiple partons
may merge into a single, large-R jet [30].
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To identify the origin of these boosted particles, advanced jet substructure techniques
are employed. These are especially important in identifying merged jets from highly
boosted W /Z bosons, as illustrated in Figure 2.3, enhancing the sensitivity of heavy
resonances and potential BSM signatures.

In ATLAS, the reconstruction of large-R jets relies on a specific type of input objects
called Unified Flow Objects (UFOs), designed to capture the broader and more complex
structure of such jets. UFOs combine information from both the inner tracking detectors
and the calorimeters, effectively integrating the strengths of both subsystems. Tracking
detectors provide excellent angular resolution and superior moment resolution at low
pr, making them particularly effective for resolving fine jet substructure. However, their
momentum resolution degrades at high py, where the curvature of charged particle tracks
becomes harder to measure precisely in the magnetic field. In contrast, calorimeter-
based measurements become increasingly effective at higher py. By combining both
types of measurements, UFOs enhance jet reconstruction across a wide kinematic range
and significantly improve the ability to identify the internal structure of jets arising from
boosted hadronic decays, such as those of W /Z [31, 32, 33, §|.

In the following analysis, UFO jets reconstructed with a radius parameter R = 1.0
were used, combined with soft drop declustering [34] to reduce contamination from pile-
up and soft radiation. This procedure improves the accuracy of jet property measure-
ments and enhances tagging performance’.

Figure 2.3 also illustrates the distinction between signal jets and QQCD background
jets. Signal jets typically arise from the hadronic decays of heavy, boosted resonances
such as W or Z bosons. Due to Lorentz boosting—denoted by A,(8)—their decay prod-
ucts become highly collimated and are often contained within a single large-R jet. These
jets tend to display a relatively simple and symmetric substructure. In contrast, QCD
jets originate from the fragmentation of quarks and gluons via strong interactions. They
generally show a broader and more irregular energy distribution, with a more complex
and less correlated substructure. The substructure of jets can be used to distinguish
between signal jets and background jets, but this task becomes more challenging at high
pr when the decay products become even more collimated and overlapping [36].

A key distinguishing feature is the jet mass: jets originating from W/Z decays typ-
ically have a mass close to the boson mass, around 80 GeV for W to 90 GeV for Z,
whereas quark- or gluon-initiated jets tend to have a lower, but non-zero mass, arising
from wide-angle radiation in the parton shower. This mass difference provides a powerful
discriminator between signal and background [37].

"Tagging performance refers to the ability to correctly identify the jet’s origin, distinguishing jets
from hadronic decays of boosted massive particles (such as W or Z) from background jets [35].
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Figure 2.3: Illustration of non-boosted (left) and boosted (right) jets in high-energy
particle collisions. In the upper part of the image, a heavy particle (such as a Higgs,
W, or Z boson) decays into two partons that give rise to jets. In the non-boosted
scenario, the decay products are well-separated, resulting in two distinct small-R jets.
In the boosted regime (right), due to a large Lorentz boost A,(5), the decay products
are collimated into a single, large-R jet. In the lower part of the image, quark- or gluon-
initiated jets are shown under similar non-boosted and boosted conditions [36].
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Chapter 3
The ATLAS experiment at LHC

The Large Hadron Collider (LHC) is the world’s largest and most powerful particle
accelerator. Located at the Conseil Furopéen pour la Recherche Nucléaire (CERN) in
Geneva, it first started up on 10 September 2008, and remains the latest addition to
CERN'’s accelerator complex [38].

The accelerator complex consists of a sequence of devices that progressively accelerate
particles—typically protons—to higher energies, as well as detectors that record the
products of the collisions between these accelerated particles. The layout of the complex
is shown in Figure 3.1 and includes LINAC2, a linear accelerator, followed by four circular
accelerators: the Proton Synchrotron Booster (PSB), the Proton Synchrotron (PS), and
the Super Proton Synchrotron (SPS), which inject the particle beams directly into the
LHC. At each stage of the acceleration process, the beam energy is progressively increased
until it reaches the maximum value achieved in the LHC, namely 6.8 TeV per beam. This
corresponds to a center-of-mass energy of /s = 13.6 TeV, attained during the most recent
data-taking period, known as Run 3, which is presently ongoing [39].

Looking ahead, CERN is exploring the next generation of particle accelerators through
the Future Circular Collider (FCC) study. The FCC aims to significantly extend the
physics research beyond the LHC by first implementing a high-luminosity electron-
positron collider (FCC-ee) for precision studies, followed by a pp collider (FCC-hh),
capable of reaching collision energies up to 100 TeV, far beyond LHC. Located in a new
90.7 km circular tunnel, this facility would enable physicist to investigate key open ques-
tions in fundamental physics, such as the nature of dark matter and the role of the Higgs
boson in the evolution of the universe [40].

3.1 Large Hadron Collider (LHC)

LHC is the largest particle accelerator ever built. It is located on the site of the former
Large Electron-Positron Collider (LEP) and serves as the final stage of proton accelera-
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Figure 3.1: The CERN accelerator complex showing the different accelerators and de-
tectors [41].

tion in CERN’s accelerator complex. It is an circular ring with a circumference of 27 km,
located underground at depths ranging from 50 to 175 meters. Inside the accelerator, two
high-energy particle beams travel in opposite direction at velocities close to the speed of
light before colliding with each other. The separated tubes in which the beams travel
must be maintained at an ultra-high vacuum condition, corresponding to the extremely
low pressure of about 107! torr—comparable to the pressure in the Interstellar Medium
(ISM)—to prevent collisions between the beam particles and the gas molecules inside
the tube [42].

The beams are guided by an intense magnetic field provided by superconducting
magnets. To operate efficiently and without significant energy loss, these magnets are
kept at a temperature of 1.9 K using a helium-based refrigeration system [43]. After
reaching the maximum energy value, the two counter-rotating beams are brought to
collision at four interaction points, corresponding to the four main experiments:

e ATLAS (A Toroidal LHC Apparatus): It is an multi-purpose detector ded-
icated to investigating a wide range of physical processes, from precision mea-
surements of Standard Model bosons—such as the Higgs boson—to the search for
particles that could constitute dark matter, through collisions between protons or
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heavy ions [44].

e CMS (Compact Muon Solenoid): It serves the same purpose as ATLAS but
employs different detection technologies [45].

e ALICE (A Large Ion Collider Experiment): It focuses on heavy-ion physics,
investigating conditions of extremely high energy density in which a state of matter
known as quark-gluon plasma is formed [46].

e LHCb (Large Hadron Collider beauty): 1t is dedicated to studying the beauty
quark, with the goal of exploring the differences between matter and antimat-
ter [47].

3.1.1 Beam Structure and Collision Parameters at the LHC

Each of the two proton beams circulating in the LHC is composed of 2808 bunches,
with each bunch containing approximately 10! protons. These bunches are spaced 25 ns
apart, resulting in a bunch crossing rate of 40 MHz. However, due to operational gaps,
the average crossing rate is about 30 MHz [48].

Two key parameters define the performance of a particle accelerator: the center-of-
mass energy (y/s) and the instantaneous luminosity (L).

According to Einstein’s mass-energy equivalence principle, £ = mc?, a portion of
the energy released during a collision can be transformed into mass, resulting in the
creation of new particles. Therefore, the greater the collision energy, the more massive
the particle that can be produced. Additionally, the Heisenberg uncertainty principle,
expressed as Ax - Ap ~ g, implies that probing smaller distance scales requires higher
momenta, and thus higher energies [14].

The invariant mass squared (s) of a two-particle system is given by the square of the
sum of their four-momenta:

s = (pi +13)" = Ei (3.1)
where p; and p} are the four-momenta of the colliding particles, and E.,, is the total
energy in the center-of-mass frame. The LHC achieved a center-of-mass energy of /s =
13.6 TeV during Run 3, enabling the production of massive particles and the exploration
of phenomena at unprecedented energy scales [49].

The instantaneous luminosity L is a measure of the collision rate per unit area and
time. It is related to the event rate N for a process with cross-section ¢ by:

N=o-L (3.2)
For a circular collider like the LHC, the instantaneous luminosity can be expressed

in terms of beam parameters as:
- inleNerev

I ol (3.3)
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where ny is the number of bunches per beam, N; and N, are the number of particles
per bunch in each beam, f,., is the revolution frequency, ¢y is the normalized transverse
emittance, and * is the beta function at the interaction point [50].

The LHC was designed to reach an instantaneous luminosity of 1x 10%* cm=2s~!. This
target was achieved and even surpassed during Run 2, with peak luminosities reaching
up to 2 x 103 em 27! [51].

3.1.2 LHC Run Conditions and Pile-Up Environment

The LHC’s data-taking activities are structured into operational phases known as runs,
which are alternated with extended periods called long shutdowns. These shutdowns
are dedicated to major upgrades of the accelerator complex and the detectors. During
Run 1, between 2011 and 2012, pp collisions occurred at the centre-of-mass energy of
Vs = 7TeV in 2011 and /s = 8 TeV in 2012. Over this period, the LHC delivered an
integrated luminosity of 22.8fb™", with 21.3fb™" recorded by the ATLAS detector and
20.3fb™"! certified as suitable for physics analyses [52].

In Run 2, from 2015 to 2018, the collisions energy increased to /s = 13TeV. The
LHC delivered an integrated luminosity of 165fb™" during this phase, of which 147 fb™*
were recorded by the ATLAS detector and 139 fb™! were certified as suitable for physics
analyses [53]. The difference between delivered and recorded luminosity is due primarily
to inefficiencies in the data acquisition system and the startup of the detectors.

Following Long Shutdown 2 (2019-2021), the LHC resumed operations in 2022 with
Run 3, which is scheduled to continue through June 2026 [54]. Run 3 operates at
13.6 TeV [55] and is designed to accumulate even higher luminosity in preparation for
the upcoming High-Luminosity LHC (HL-LHC) phase.

In high-luminosity conditions, multiple proton—proton interactions can occur in the
same bunch crossing, a phenomenon known as pile-up. Pile-up is measured by the mean
number of interactions per bunch crossing.

Figure 3.2 shows the luminosity-weighted distribution of the mean number of inter-
actions per bunch crossing ((u)) for Run 2 and Run 3, where (u) is derived from the
instantaneous per-bunch luminosity using the relation

§= Lyunch * Oinel
=
fr

with oje = 80mb and f, the LHC revolution frequency [53]. The mean number of
interactions per bunch crossing corresponds to the mean of the Poisson distribution
describing the number of interactions per crossing, computed separately for each colliding
bunch pair [55].

To ensure Monte Carlo (MC) simulations accurately reflect data, pile-up reweighting
is applied to correct the MC pile-up profile to match that observed in data, as the true
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Figure 3.2: The distributions of the luminosity recorded by the ATLAS experiment as a
function of the mean number of interactions per bunch crossing are shown for the entire
Run 2 period and its individual years (left) [53|, as well as for Run 3 data (right) [55].
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profile may only be known after data-taking and can vary depending on the analysis
conditions [56].

For this thesis, simulated MC events were generated under Run 2 conditions, includ-
ing realistic pile-up modeling.

3.2 ATLAS Experiment

ATLAS is a general purpose detector whose goal is to cover a wide range of physical
processes, from precision measurement of the SM, to search for events beyond the SM [48].
The ATLAS experiment is installed in its experimental cavern at Point 1 of the LHC,
corresponding to one of the four interaction points [51].

ATLAS is a cylindrical detector measuring 46 meters in length and 25 meters in
diameter, positioned 100 meters underground and weighing approximately 7,000 tonnes.
The detector, as shown in Figure 3.3, is composed of multiple subsystems arranged in
concentric layers around the collision point, designed to record the trajectories, momenta,
and energies of particles in order to identify them individually.

To ensure precise momentum measurements, ATLAS employs a system of magnets
that bend the paths of charged particles. While the detector observes over one billion
interactions per second, only about one in a million is selected as potentially interesting
and retained for further analysis.

ATLAS consist of four principal components, arranged in layers around the interac-
tion point:

e Magnet system: responsible for deflecting the trajectories of charged particles;
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e Inner detector: reconstructs interaction vertices and tracks the motion of charged
particles;

e Calorimeters: measure the direction and energy of electrons, photons, and hadrons;

e Muon spectometer: identifies muons and determines their momentum.

Figure 3.3: Cut-away view of the whole ATLAS detector with its main components [57|.

The ATLAS coordinate system is based on polar coordinates, with the origin located
at the nominal interaction point of the beams. The z-axis is defined along the beam
direction, while the z—y plane is perpendicular to it. The polar angle () is defined with
respect to the beam axis, and the azimuthal angle (¢) is measured around this axis.

3.2.1 DMagnet System

The magnet system is designed to measure the momentum and electric charge of particles
produced from the proton-proton collision by analyzing the curvature of their trajecto-
ries. ATLAS employs two types of superconducting magnet systems—solenoidal and
toroidal—which bend the path of charged particles. The magnetic field lines produced
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by the solenoidal and toroidal magnets are shown in Figure 3.4. These systems are
maintained at a temperature of 4.5 K through a liquid helium cooling circuit.

The main components of the magnet system are the Central Solenoid Magnet, pro-
viding an axial magnetic field of 2 T for the inner tracker, the Barrel Toroid, and the
End-cap Toroids together generating a toroidal magnetic field of 1 T [58].

Figure 3.4: ATLAS solenoidal and toroidal magnetic system [59].

3.2.2 Inner Detector

The ATLAS Inner Detector (ID) is a compact and highly sensitive cylindrical tracking
system, 6.2 m long and 2.1 m in diameter, covering the pseudorapidity range |n| <
2.5. Positioned between the beam pipe and the calorimeters, and immersed in the 2 T
solenoidal magnetic field, the ID is designed for precise reconstruction of charged-particle
tracks, momentum measurement, and identification of both primary (pp interaction) and
secondary (decay) vertices. Charged particles crossing the ID deposit ionization energy,
which is recorded to reconstruct their trajectories. The ID enables efficient pattern
recognition, excellent momentum resolution, and provides electron identification over
In| <2.0 for energies between 0.5 and 150 GeV [60]. A cut-away view of the detector,
with its main components, is visible in Figure 3.5.

The ID consists of four independent, but complementary sub-detectors, shown in
Figure 3.6:
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Figure 3.5: Cut-away view of ATLAS Inner Detector [61].

Insertable B-Layer (IBL): the innermost layer, added in 2014, features radiation-
hard sensors (50x250 pm) for high-luminosity conditions and improves vertex res-
olution [51].

Pixel Detector: first detection point of the ATLAS experiment. It is made of 4
layers of silicon pixels, and it is characterized by a high granularity for accurate
vertex and track reconstruction.

Semiconductor Tracker (SCT): located around the pixel detector, it consists of
more than 6 millions micro-strips of silicon sensors

Transition Radiation Traker (TRT): made of many layers of straw tubes filled with
Xe/CO4/04 gas mixture, each with a diameter of 4 ym, interleaved with transition
radiation material. The TRT allows electron identification via transition radiation
processes.

3.2.3 Calorimeters

As shown in Figure 3.7, the ATLAS experiment employs two cylindrically nested sam-
pling calorimeters. The innermost is designed to measure the electromagnetic (EM)
shower generated by electrons and photon interacting with the absorber material. The
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Figure 3.6: The structure of the ATLAS Inner Tracking Detector based on highly gran-
ular silicon pixels, silicon strips and straw tubes [61].

outer calorimeter measures hadronic shower, which results from hadron collisions with
atomic nuclei. The wide range covered by both calorimeters corresponds to |n| < 4.9.

The depth of the calorimeter is a critical factor for its design, to ensure effective con-
tainment of both EM and hadronic showers. For EM calorimeters the relevant parameter
is the radiation length (Xj), which corresponds to the average distance a high-energy elec-
tron cross through a material before its initial energy is reduced by a factor 1/e through
bremsstrahlung. For hadronic calorimeters, the key parameter is the nuclear interaction
length ()), defined as the mean free path covered by the hadron before undergoing an
inelastic interaction with a nucleus.

In the barrel region, the electromagnetic calorimeter has a total thickness exceeding
22 Xy, while in the end-cap regions it surpasses 24 X,. The active calorimeter contributes
approximately 9.7 A in the barrel and 10 X in the end-caps, providing sufficient depth to
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achieve accurate energy measurements for high-energy jets.

The electromagnetic calorimeter (ECAL) is a lead-liquid argon (LAr) detector that
features accordion-shaped Kapton electrodes and lead absorber plates throughout its
entire coverage. This accordion design ensures full azimuthal (¢) symmetry, eliminating
any discontinuities in the ¢ direction [60]. The ECAL is segmented into a barrel section
(covering the region |n| < 1.475) and two end-cap sections (1.375 < |n| < 3.2), each
housed in its own cryostat, maintained at a temperature of —184°C to keep the argon
in a liquid state.

The hadronic calorimeter (HCAL) surrounds the ECAL and is responsible for mea-
suring the energy of hadrons, which are not fully absorbed by the inner layers. It consists
of a central section, the Tile Calorimeter, covering || < 1, and two Hadronic End-cap
Calorimeters (HEC) that extend coverage in the forward regions.

The Tile Calorimeter, positioned just outside the ECAL barrel, is a steel-scintillator
sampling calorimeter covering up to |n| < 1.7 with a barrel and extended barrels seg-
mented into 64 azimuthal modules and three radial layers, totaling up to 9.7 interaction
lengths at n = 0. The HEC, located behind the end-cap ECAL and sharing its cryostat,
spans |n| = 1.5 to 3.2 and uses copper plates interleaved with liquid argon in modular
wheels. Finally, the Forward Calorimeter (FCal), integrated within the same cryostat,
provides up to 10 A\ of coverage using dense copper and tungsten modules with narrow
LAr gaps, ensuring efficient energy measurement in the forward region and minimizing
background radiation in the muon system [60].

3.2.4 Muons Spectometer

The outermost layer of the ATLAS detector is the Muon Spectrometer (MS), designed
to identify muons, which traverse the calorimeters with minimal energy loss. It also
measures the muon momentum by tracking the curvature of their paths in the presence
of a magnetic field—typical values in the range of 0.5-2 T. For |n| < 1.4, the magnetic
field is generated by a large barrel toroid, while in the region 1.6 < |n| < 2.7, the muon
trajectories are bend by smaller end-cap magnets [63].

The layout of the MS is presented in Figure 3.8. This configuration corresponds to
the detector setup used during Run 2 of LHC operations.

The MS is composed of over 4,000 individual muon chambers, divided into separate
system: trigger and tracking chambers.

The trigger chambers include Resistive Plate Chambers (RPCs) and Thin Gap Cham-
bers (TGCs), covering a range of |n| < 2.4. Both chamber types deliver prompt signals,
with nanosecond-level time resolution, enabling Level-1 triggering and precise bunch
crossing determination.

An RPC is a gaseous detector with a simple structure. It consists of a gas mixture
containing CoHsF4 enclosed between two bakelite plates separated by polycarbonate
spacers. When a muon passes through an RPC, ionization electrons undergo avalanche

24



Figure 3.7: Cut-away view of ATLAS Calorimeter [62].

multiplication, producing a signal that is read out by orthogonal strips to measure the
n and ¢ coordinates. The spatial resolution is approximately 1 cm, while the time
resolution is about 1 ns.

TGCs are multi-wire proportional chambers operating near saturation with a
COy-C5H, gas mixture, and are used to measure the azimuthal coordinate (¢).

The tracking chambers are responsible for reconstructing the muon trajectory and
are divided into Monitored Drift Tubes (MDTs) and Cathode Strip Chambers (CSCs).
The system is designed to ensure full coverage, such that each muon passes through at
least three chambers.

MDTs, which operate in the region |n| < 2, are filled with a gas mixture that ionizes
when traversed by a muon. By measuring the drift time, the trajectory and momentum
of the muon can be reconstructed. In the region 2.0 < || < 2.7, CSC chambers are
used, offering higher granularity in the innermost layers to handle the higher event rates.
CSCs provide a spatial resolution of 40 um in the ¢ direction and 5 mm in 7, with a
time resolution of 7 ns [63].
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Figure 3.8: Cut-away view of ATLAS Muon Spectometer and main components [64].

3.2.5 Other Detectors

In addition to its main components, ATLAS includes four smaller detectors positioned
at high rapidity within the ATLAS coordinate system. The primary function of the first
two is the measurement of luminosity:

e LUCID (LUminosity measurement using a Cherenkov Integrating Detector), is sit-
uated at approximately 17 meters from the interaction point. It is designed for
high-precision luminosity measurements, both in real time and offline for physics
analyses. LUCID is able of providing per-bunch absolute luminosity across vari-
ous LHC beam conditions—including high-luminosity pp collisions, heavy-ion runs,
and special low-luminosity configurations. The upgraded version, LUCID-2, intro-
duced in Run 2 in 2014 and used in Run 3 as well, features improved radiation
tolerance and built-in redundancy, allowing stable and accurate performance even
at peak luminosities. It works alongside other independent luminosity monitoring
systems (e.g. ID-, and LAr-based methods) to ensure cross-checks and calibration.
Additionally, prototype detectors installed for Run 3 support both current mea-
surements and research and development for the HL-LHC upgrade, LUCID-3 [51].

o ALFA (Absolute Luminosity For ATLAS) is positioned at £240 meters from the
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collision point. It consists of scintillating fiber structures housed within Roman
pots—special devices designed to be placed as close as possible to the beam in
order to detect particles scattered at very small angles. Initially used during dedi-
cated runs in Run 2 for elastic and diffractive studies, ALFA has been upgraded for
operation in Run 3. Parts of the ALFA readout electronics were replaced due to ag-
ing and radiation damage. To mitigate further degradation in Run 3, iron shielding
was installed, halving the radiation load and extending detector longevity [51].

e ZDC (Zero-Degree Calorimeter) is located at +140 meters from the interaction
point, beyond the point where the common beam pipe splits again into two sep-
arate vacuum tubes. This detector plays a key role in determining the centrality
of heavy-ion collisions and is composed of alternating layers of quartz bars and
tungsten plates. In the ATLAS heavy-ion program, the ZDC measures the en-
ergy of spectator neutrons—those not involved in the collision—providing crucial
information on the impact parameter and nuclear breakup [51].

e AFP (ATLAS Forward Proton) is a dedicated detector system positioned sym-
metrically at £205 m and £217 m from the ATLAS interaction point, installed
inside movable beam pipe sections called Roman pots. The detector enables the
measurement of protons that remain intact after a collision and are scattered at
very small angles relative to the beam-line. AFP consists of high-resolution silicon
pixel trackers and time-of-flight detectors, which allow precise reconstruction of the
proton’s momentum and arrival time. This detector plays a crucial role in studies
of central exclusive production and diffractive processes, enhancing sensitivity to
rare interactions by tagging forward-scattered protons and suppressing background
from non-diffractive events |65, 66].

3.2.6 Trigger and Data Acquisition Systems

The ATLAS trigger system allows online processing, selection, and recording of events
with features of interest for subsequent offline physics analysis. The data selection process
through the trigger system is divided into two successive stages: Level 1 (L1) and High-
Level (HL). The triggered data are then driven by the Data Acquistion (DAQ) system
from the subdetector electronics to offline processing [67].

First Level Selection (L1)

The Level-1 trigger is hardware-based and performs an initial selection based on data
obtained from the calorimeters and the muon spectrometer. The L1 calorimeter (L1Calo)
trigger identifies electrons, photons, and 7-leptons above a chosen threshold, select jet
candidates, and calculates the missing transverse energy; the L1 muon (L1Muon) trigger
detects the deviation of muons from the collision point.
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The L1 trigger can retain events based on certain physical quantities, such as the total
energy in the calorimeter, the number of objects above a fixed threshold (e.g., a certain
muon prp), or by applying topological requirements (e.g., invariant masses). Additionally,
L1 trigger identifies Regions of Interest (Rols) in 7 and ¢, which will be further analyzed
by the second-level trigger.

High-Level Selection (HL)

The second trigger stage, the HLT, is software-based and runs on a dedicated computing
farm of about 40,000 Processing Units (PUs). Fast algorithms first reject uninteresting
events in less than few hundred milliseconds, followed by more refined ones, similar to
offline reconstruction, for final selection. Each step processes data within Rols and ends
with a hypothesis check based on extracted features. The farm is regularly upgraded to
boost performance.
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Chapter 4

Overview of the Analysis Strategy

This chapter provides a general overview of the analysis conducted to study hadronically
decaying, boosted vector bosons (W /Z) produced in association with jets. The goal is
to identify a resonant structure in the large-R jet mass spectrum consistent with the
presence of boosted electroweak bosons, appearing as a peak on top of a smoothly falling
background dominated by QCD multi-jet production.

To give a visual example of the expected signature, Figure 4.1 show the jet mass
distribution from a previous ATLAS analysis performed at /s = 7 TeV [68], illustrating
a resonant bump in the jet mass spectrum due to hadronic W/Z decays.

To highlight the composition of the background, it is important to note the stark
difference in production cross sections: QCD multi-jet processes dominate, with cross
sections several orders of magnitude larger than those of the electroweak V +jets signal,
as visible in Figure 4.2. This disparity underscores the need for efficient background
suppression techniques in analyses targeting hadronically decaying vector bosons [69].

4.1 Data Sample from MC Simulation

The study was based entirely on MC simulated dijet events generated with PYTHIAS [70],
corresponding to proton—proton collisions at a center-of-mass energy of /s = 13 TeV.
These sample represent the full Run 2 configuration of the ATLAS detector, ensuring a
detailed and realistic modeling of the detector response.

The event selection was defined by requiring at least one small-R jet with pp >
25 GeV to identify the recoiling jet opposite the boosted large-R jet. Events with
identified electrons or muons were vetoed. Additionally, at least one large-R jet with
pr > 500 GeV was selected, a threshold chosen to ensure the events lie within the re-
gion where the lowest unprescaled jet trigger is fully efficient, minimizing trigger-related
biases. The large-R jet mass was required to lie between 50 and 400 GeV. The mass
selection m > 50GeV was applied because MC calibrations are unreliable below this
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Figure 4.1: Jet mass distribution of selected W /Z jets overlaid with the fit result [68].
The background component (dashed), signal component (dotted), and total fit (solid) are
displayed. The inset shows the difference between the data and the fitted background.

threshold due to significant detector effects and simulation uncertainties, ensuring accu-
rate modeling and robust jet mass measurements.

In general, large-R jets were required to have a minimum transverse momentum of
200 GeV and a pseudorapidity |n| < 2 to ensure the boosted boson decay products were
fully contained within the jet radius and well within the detector acceptance for reliable
reconstruction.

The signal distribution was produced with Sherpa 2.2.14 [71], comprising a total of
25,000 events.

The histograms, based on the invariant mass distribution of the reconstructed
boosted W /Z jet candidates, used in this study were generated using FastFrames [72],
a lightweight framework designed for efficient ROOT ntuple processing. The framework
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Figure 4.2: A summary of ATLAS Standard Model total and fiducial cross-section mea-
surements in pp collisions at center-of-mass energies ranging from 5 TeV to 13 TeV [69)].

applied the selection criteria described above to extract the relevant event samples.

As described in Section 3.1.2, pile-up arises in the detector due to multiple simulta-
neous proton—proton interactions occurring within a single bunch crossing. To ensure
accurate modeling, event weights were applied to account for several corrections. First,
the MC normalization weight is given by:

o-L

gen

Event weight = (4.1)

where o is the production cross section of the process, L is the integrated luminosity
of the dataset, and Ngen is the total number of generated MC events [73]. Additionally,
beam spot corrections were applied to compensate for any displacement or width dif-
ferences between the beam spot in simulation and data. Pile-up reweighting was also
performed to model realistic pile-up conditions based on expected distributions. Finally,
Jet Vertex Tagger (JVT) efficiency scale factors were used to correct for differences in
pile-up jet suppression performance between data and simulation efficiency scale fac-
tors [74, 75, 76].

In Figure 4.3, the background distribution for the leading' large-R jets in the selected

!The leading jet is defined as the jet with the highest transverse momentum pr among those with
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mass range from 50 to 400 GeV is shown, with the highlighted region indicating the chosen
SR window, which is the region where a signal is expected to appear.

Large-R Jet Mass

%10'?
o C
§ 600
i} C +D'|jets (MC)
500 — L {s =13 TeV, 140 fo
C SR: [70, 110] GeV
400—
B Ml“ﬂ
300 —
200 —
100/—
7I IiIIII|IIII|III\|I\II‘II\I|IIII><10:3
%0 100 150 200 250 300 350 400

Mass [MeV]

Figure 4.3: Background distribution with the SR [70, 110] GeV highlighted for the leading
jets.

4.2 Signal Selection and Mass-Decorrelated Tagging

To enhance the identification of hadronically decaying vector bosons, an ANN classifier
was applied in this analysis. The ANN is a machine-learning-based tagger that assigns a
score to each jet, indicating how likely it is to originate from a W or Z boson decay. The
tagger exploits a deep neural network architecture combining high-level jet substructure
variables—such as N-subjettiness ratios, jet mass, energy correlation functions—and
lower-level information like constituent kinematics, providing a rich representation of
the jet’s internal structure [33].

The classifier was operated at a working point corresponding to 50% signal efficiency,
meaning that half of the true signal events were retained after the selection. This thresh-
old was chosen as a compromise between suppressing the overwhelming QCD background

pr larger than 500 GeV.
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and retaining a statistically meaningful signal, thereby improving the overall signal-to-
background discrimination. Importantly, this operating point results in a background
rejection factor of approximately 10, reducing the QCD contamination by about 90%,
which significantly enhances the purity of the selected jet sample without excessively
compromising signal yield (see Figure 6 in [33]).

The classifier was trained to be decorrelated from the jet mass in order to avoid
sculpting the background distribution into a shape that could mimic a resonant signal
peak. While this mass decorrelation significantly reduces the risk of introducing bias,
some residual dependence on the jet mass remains, potentially causing subtle distortions
in the background shape after applying the tagger [77].
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Chapter 5

Background Estimation

Among the possible outcomes of proton-proton collisions at the LHC are events contain-
ing two jets, known as dijet events.

As described in Section 2.4.1, hadronically decaying boosted W and Z bosons pro-
duce large-R jets, characterized by collimated particle showers resulting from their high
transverse momentum. In such boosted topologies, the decay products are often merged
into a single jet. Events containing a boosted vector boson often feature a second jet
recoiling against it, balancing the transverse momentum.

In dijet analyses, the dominant background arises from standard QCD processes,
which can conceal potential signals of interest. This background generally exhibits a
smooth, rapidly falling behavior as a function of the invariant mass, whereas signals are
expected to manifest as localized excesses or "bumps". Precise background estimation
in the vicinity of the SR is therefore essential for identifying such anomalies.

This chapter focuses on background estimation using a sideband fitting technique,
which is widely used in dijet resonance searches. It involves modeling the background
using data from regions adjacent to—but explicitly excluding—the SR. In contrast, the
Control Region (CR) is defined as a region with a negligible signal contribution and
dominated by background processes. In scenarios where the signal manifests as a reso-
nance peak (e.g., in invariant mass distributions), the SR is typically defined as a window
around the resonance mass, while the CRs—often referred to as sidebands—are defined
on either side of this mass window.

By fitting these background-dominated regions, it is possible to derive analytical or
empirical model that accurately describes the background shape and can be reliably
extrapolated into the SR.
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5.1 Evaluation of Fit Performance

To evaluate how well a fit function describes the fitted distribution, the
TH1::Chisquare() method provided by the ROOT data analysis framework was
used [78]. This method computes the classical chi-squared statistic:

2
oy S’
p i

where y; is the observed value in bin 4, f(z;) is the value of the fitted function at
the center of bin ¢, and o; is the statistical uncertainty associated with y;. The reduced
chi-squared value, defined as x?/ndf, where ndf is the number of degrees of freedom, was
computed to compare the goodness-of-fit across different functional forms and fitting
ranges.

To visually complement the statistical evaluation, ratio plots beneath each histogram
were included, showing the bin-by-bin ratio of the observed distribution to the fit func-
tion evaluated at the bin center. These plots offer a direct view of systematic deviations
between the data and the model, highlighting trends or biases not immediately evident
from the chi-squared value alone. A ratio close to 1 indicates good agreement, whereas
consistent departures from 1 may suggest local mismodeling or inadequacies in the func-

tional form.

5.2 Evaluation of Background Fit Models

As introduced in Section 5, the analysis involved fitting background distributions using
various models and performing sideband fitting techniques.

The mass values within the SR were set to zero, as shown in Figure 5.1. Then
a sideband fit was performed; each function was tested on the maximum range [50 —
375) GeV, as well as on progressively narrower ranges, and the corresponding reduced
chi-squared values (x?/ndf) were computed both globally and specifically in the signal
region, defined as [70 — 110] GeV.

Functions with 4 to 7 free parameters were explored, including sums of exponentials,
polynomials, and hybrid models combining both functional forms. While increasing
the number of free parameters improves the flexibility of the model in describing the
background shape, it also introduces a greater risk of over-fitting, as a result of which
the fit begins to capture statistical fluctuations rather than the underlying physical
distribution.

Since the goal was to extrapolate the background distribution into the signal region,
the high-mass tail was not considered essential for this study. Moreover, significant
fluctuations in the ratio plot at high mass values suggest that the fit does not adequately
describe the distribution in this region, as visible in Figure 5.2d.
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Figure 5.1: Background distribution with the SR [70,110] GeV blinded.

Some examples of the sideband fit results are presented in Figure 5.2, whereas in
Figure 5.3, the fitted function is extrapolated into the SR using the parameters extracted
from the fit.

In Table 5.1, the results of the fits obtained using various functional forms over
different mass ranges are summarized. The results indicate that although many functions
achieve a good overall fit quality, as reflected by x?/ndf ~ 1, their performance within
the SR varies considerably. In particular, some functions show a substantial increase
in y?/ndf within the SR, suggesting poor local agreement. These results were used to
identify which models better capture the background shape while avoiding overfitting or
poor interpolation in the SR.

In particular, the functional form consisting of the sum of two exponential terms
(four-parameter case) provides a good description of the SR and was therefore selected
for further analysis of the background distribution, as detailed in Section 6.1.
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Figure 5.2: Examples of sideband-only fits to the large-R jet mass distribution using
Each plot includes the fitted function, the
corresponding x*/ndf, and a ratio panel showing the fit/data agreement outside the SR.

different functional forms and fit ranges.

37



Large-R Jet Mass

0:
§ eo0 —t— Dijets
- /s =13 TeV, 140 fb" —— Fit function
E Fit: C e'aﬁé s Extrapolated function
500 [— T 2
E [ Chi"2/NDF [50, 140] = 1.27
awof— [ 7 Chi"2/NDF [70, 110] = 10.67
00—
200 — e
C R
100{— e,
— a P R N RO N SRR ERT A MR SRR [
5
e
S1.05—
@«
- 1 o
Coos-
0.4 . x10°
50 100 150 200 250 300 350 400
Mass [MeV]
(a)
Large-R Jet Mass
10'2
5 o0l —t— Dijets
‘B (s =13 TeV, 140 b —— Fitfunction
E Fit: C,+ s CpCp4 Gyt Extrapolated function
SUﬂj
E |7 Chi"2/NDF [50, 300] = 1.25
awof— | 7 Chi"2/NDF [70, 110] = 14.25
00—
ZUU;
100{—
= I.|7
IS
S1.05—
@
= 1 -
Coes-
0.9 . x10°
50 100 150 200 250 300 350 400
Mass [MeV]

(c)

Evenis

Fit / Signal

Evenis

Fit / Signal

Large-R Jet Mass

Vs=13TeV, 140 fb”
Fit: C, e *"+C, e +C,

—+— Dijets
—— Fit function
Extrapolated function

Chi*2/NDF [50, 200] = 1.88
Chi*2/NDF [70, 110] = 13.12

‘H“““"‘AA..*
..,
—— |
|t T S T RSN A EE I BRI 501
1.05—
1 =
0.95—
04 . x10°
50 100 150 200 250 300 350 400
Mass [MeV]
Large-R Jet Mass
—+— Dijets
—— Fitfunction

100

Vs=13TeV, 140 fb”
8 Fit: C, e *"+C, & +Cy+C x

Extrapolated function

Chi*2/NDF [50, 375] = 35.72
Chi*2/NDF [70, 110] = 47.87

i <10
1.05—
1 - K
0.95— .
0.9 . x10°
50 100 150 200 250 300 350 400
Mass [MeV]

(d)

Figure 5.3: Extrapolation of the fitted background functions into the SR region (shown
in green), based on the same distribution as in Figure 5.2. The corresponding x?*/ndf
values are computed using only the SR.
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x?/ndf

Fit function # parameters | Fit range | x?/ndf SR [70-110] GeV
(GeV)

50-140 1.27 10.67

50-200 1.63 5.97

Cle~®% 4 Che—o27 4 50-250 1.30 6.22

50-300 1.27 4.17

50-375 1.14 4.49

50140 1.27 10.07

50-200 1.59 9.82

C1 + Cox + C32? + COy® 4 50-250 2.04 21.92

50-300 2.67 32.36

50-375 9.80 48.05

50140 1.67 7.90

50-200 1.88 13.12

Cre= 7 4 Che2% 4 5 50-250 2.10 921.11

50-300 4.87 32.95

50-375 9.53 42.87

50140 1.41 11.16

Ctascgoms| | B -

5% 50-300 1.25 14.25

50-375 1.46 921.52

50140 1.55 14.31

o 50-200 1.82 12.24

Cre " i%i ’ 6 50-250 1.38 8.32

s 50-300 1.22 7.28

50-375 35.72 A7.87

50140 1.75 17.68

o . 50-200 1.76 10.92

fgg N C:rx(’jiecwg 7 50-250 1.37 8.96

50-300 1.21 13.54

50-375 1.08 10.60

Table 5.1: Fit results with x?/ndf values in different ranges for different functional forms.
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5.3 Signal Distribution

After discussing the dominant QCD background, it is important to clarify how the signal
was identified and categorized. The signal originates from hadronically decaying, boosted
W and Z bosons, which are reconstructed as large-R jets. These jets are characterized
by a distinct mass peak near the vector boson mass, allowing them to be distinguished
from the smoothly falling QCD background.

To enhance signal-to-background discrimination, the large-R jets were further cate-
gorized using truth label selections. Events from the signal distribution were divided into
three categories: (1) jets matched to vector bosons that are fully contained within the
jet cone—meaning all decay products of the boson fall within the jet’s radius (contained
V), (2) jets matched to vector bosons whose decay products are only partially captured
by the jet (non-contained V'), and (3) jets not matched to any W/Z boson, which are
assumed to originate from QCD background. These truth-level selections were applied
during histogram generation using the FastFrames [72] framework.

By isolating the vector boson components—especially the fully contained ones—it
was possible to extract a region where the signal, comprising approximately 10* events,
becomes more distinguishable against the dominant QCD background, which reaches up
to 10* events.

Figure 5.4 displays the individual contributions of the three categories to the total
signal distribution for the leading pr jet (the highest transverse momentum), as well as
the sub-leading (the second highest) and sub-sub-leading jets (the third highest). While
events are expected to contain primarily two jets from the boson decay and its recoil,
additional jets such as the sub-sub-leading jets often arise from QCD radiation, including
hard gluon emissions from the decay quarks or initial- and final-state radiation, resulting
in extra quark- or gluon-initiated jets [79].

One notable feature is the presence of a long tail at high jet masses, particularly in the
distributions of sub-leading and sub-sub-leading jets. This tail is believed to arise from
the use of next-to-leading order (NLO) matrix element generation in the MC simulation,
which introduced additional hard parton emissions and complex multi-jet topologies,
enhancing the production of jets with higher masses and more intricate substructure.

In addiction, the overall signal distribution was analyzed with the aim of evaluating
its contribution outside the initially defined SR, corresponding to the mass range of
[70,110] GeV. Specifically, the signal histogram was integrated over some mass ranges
beyond this window. This allowed to investigate the number of signal events falling
beyond the selected mass window and better understand potential signal leakage outside
the SR.

As shown in Table 5.2, approximately 40% of the signal events fall within the previ-
ously defined SR, which was applied exclusively to the leading large-R jet. However, it
must be taken into account that the leading jet does not always correspond to the true
vector boson decay product. In many signal events, the vector boson jet can be sub-
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Figure 5.4: "Contained" jets (pink) refer to those jets matched to vector bosons whose

decay products lie entirely within the jet cone radius.

In contrast, "non-contained"

jets (red) jets are matched to vector bosons whose decay products are only partially
captured by the jet. The green distribution represents jets not matched to W /Z bosons,
thus considered background jets from QCD processes.
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] Event Region \ Total pr | Leading pr

SR [70 - 110] GeV 0.444 0.403

SR [70 - 110] GeV (outside) 0.556 0.597
[70 - 120] GeV (outside) 0.517 0.563
[60 - 110] GeV (outside) 0.495 0.552
[60 - 120] GeV (outside) 0.456 0.518

Table 5.2: Summary of event fractions in different regions for both total and leading pr
signal distribution.

leading or even sub-sub-leading in pr, particularly in the presence of a hard QCD recoil
jet that dominates the event’s kinematics. As a result, focusing solely on the leading
jet causes the analysis to capture only a fraction of the total signal yield. Furthermore,
for jet masses above 110 GeV, the dominant contribution to the total signal distribution
originates from QCD-like jets, as illustrated in Figure 5.4a. To preserve a clean sig-
nal region and reduce contamination from background processes, the mass window was
therefore not extended beyond this range.
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Chapter 6

Background studies with ANN 50%
Applied

The following chapter presents the results obtained from fitting the background-only
and signal-plus-background distributions of the jet mass spectrum after application of
the ANN tagger introduced in Section 4.2. These fits constitute a natural continuation
of the analysis framework outlined in the previous chapter, which focused on identifying
hadronically decaying, boosted vector bosons through their resonant signature in the
large-R jet mass distribution. The significant disparity in production cross sections
between signal and background necessitated the use of advanced background suppression
techniques, such as the ANN tagger, to enhance sensitivity to the signal.

6.1 Fit Results for Background-Only and Signal-Plus-
Background Models

In Figure 6.1, the signal-plus-background histogram is shown, after applying the ANN
tagger to the leading jet.

To evaluate the modeling performance of the background and its behavior in the
presence of a potential signal, several functional forms were tested. This section presents
selected examples of the fits using three different models applied to both the background-
only distribution and the signal-plus-background distribution.

The considered functional forms tested for fitting the mass distribution after applying
the ANN tagger were:

1. A four-parameter model consisting of the sum of two exponential functions:
B(z) = Cie ™" + Che™® (6.1)

This model was motivated by the results obtained in Section 5.2, where it demon-
strated good descriptive power in the signal region.

43



140

Events

120
100
80
60
40

20

3

*

Y

(=]
(]

Large-R Jet Mass

Had)
L3

*

P
_0_:_ ®
*

““rf’

Jendoodoshoshoshoslssssndosdosbosbocssolssdosd

—4— Dijets (MC)
—+4— Vaq (MC)
—— Sum

s =13 TeV, 140 o’
SR: [70, 110] GeV

L sdeeloshosh

%x10°

200 250

300 350

400

Mass [MeV]

Figure 6.1: The signal distribution (pink) is added to the background distribution (blue)
on a bin-by-bin basis, resulting in the total distribution shown in red, which corresponds
to the leading jets.

2. A composite model including a signal-like component S(x), with relative contribu-
tion fg, in addition to the two exponentials:

B(x)=fe-S@)+ fi-Ci- e+ (1~ fp—fi) Co-e®”

where the sigmoid-like component S(z) is defined as:

(6.2)

This model follows the approach described in Ref. [68], which successfully incorpo-
rated a signal-shaped term into the background fit.

3. A six-parameter model, which can be viewed as a simplified version of the second
model, where the contributions from the two exponential components are controlled

by a fraction parameter f:

B(CL’):fl.Cl,ea1x+(1_fE_f1)_02'6(1235
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Two different upper bounds for the fit range were considered, corresponding to mass
values of 140 and 170 GeV. This was done because, for mass values above 170 GeV,
significant fluctuations were observed in the tail of the distribution.

After performing the fit on the background-only distribution using the CRs, the re-
sulting background model was extrapolated into the signal region to estimate the back-
ground contribution under the signal peak. Subsequently, the same functional form(s)
used to model the background in the sidebands were applied to fit the combined signal-
plus-background distribution. This combined fit included an additional parameter i,
representing the signal strengh, such that the total fit function was expressed as:

f(x) = psig - S(z) + B(x) (6.4)

where S(z) denotes the signal shape and B(z) the background model.

Table 6.1 summarizes the performance of the three considered fit functions applied to
the mass distribution after the ANN tagger selection. For each function, two fit ranges
were explored, and the corresponding reduced chi-square (x?/ndf) and extracted signal
strengh i, are reported. The uncertainties on the fitted parameters were derived from
the covariance matrix, which is provided by ROOT [78] and computed using the Mi-
nuit [80] minimization engine during the fit. The four-, six-, and eight-parameter models
exhibit increasing flexibility, with the eight-parameter function explicitly modeling a po-
tential signal-like contribution. As expected, the extended fit range generally leads to a
higher x?/ndf, due to the increased difficulty of fitting a wider mass range.

Figure 6.2 shows the outcome of these fits: the left column displays the background-
only fits, while the right column presents the corresponding signal-plus-background fits
using the same functional form. A good agreement between the distribution and the
models is observed outside the signal window, which justifies the extrapolation into the
blinded region.

6.2 Spurious Signal Test

To evaluate potential biases in the fitting procedure, the full background-only distribution
was fitted using the three signal-plus-background models described in Section 6.1. Since
the data contains no true signal, this fit should ideally return a signal strength figg
consistent with zero. Any significant deviation from zero would indicate the presence of
a spurious signal, revealing possible imperfections or overfitting in the chosen functional
forms.

Figure 6.3 shows representative examples of the results obtained from this test,
demonstrating consistency with the expected outcome.
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Figure 6.2: Overview of selected fit examples using three different models. The plots on
the left show the background-only sideband fits with the extrapolation in the SR, while
those on the right display the corresponding signal-plus-background fits using the same
functional form.
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Fit f;& C)thIl # parameters Fit range x?/ndf Usig

(GeV)

50-140 3.06 | 0.997 + 0.023
Cle_a”” + Cge_“” 4

50-170 3.12 | 0.924 + 0.023
f1C M7+ ; 50-140 5.12 | 1.188 + 0.023
(1= fe — f1)Cee®” 50-170 11.67 | 1.403 + 0.023
feS(x) + fiCrem®+ q 50-140 6.06 | 1.197 + 0.029
(1= fg— fi)Cee™® 50-170 12.67 | 1.408 + 0.023

Table 6.1: Fit results for different functional forms applied to the signal-plus-background
distribution.
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Figure 6.3: Examples of results from the spurious signal test. The quantity Ngj; shown
in the plot represents the signal strength fig,.

6.3 Signal Injection Test

The signal injection test was performed by generating new distributions that combined
the background distribution with scaled versions of the signal, using scaling factors rang-
ing from 0.5 to 5 in increments of 0.5 times the original signal strength. FEach modified
distribution was refitted to extract the signal strength (jis,) using the three signal-plus-
background models described in Section 6.1. With the extracted signal strength against
the multiplicative scaling factor N, it was possible to verify the linearity and robustness
of the fitting procedure in recovering the true signal strength.
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Figure 6.4: Examples of results from the signal injection test.
in the plot represents the signal strength fig,.

Figure 6.4 presents selected examples of the signal injection test. In Figure 6.5, the
results for all signal scaling factors are shown together, covering different combinations
of fit parameters and maximum fit ranges. The model with 4 parameters corresponds
to Equation 6.1, the one with 6 parameters to Equation 6.3, and the 8-parameter model
to Equation 6.2. The maximum fit ranges considered were 140 GeV and 170 GeV. The
plot shows that while all models exhibit approximately the same slope as the bisector,
only those with fewer parameters and a lower maximum fit range produce results closer
to the bisector line, indicating better accuracy in estimating the signal strength.
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Figure 6.5: Distribution of the extracted signal strength (us;,) as a function of the signal
scaling factor (IV), shown for all fit functions and across different maximum fit ranges.
The data points corresponding to the fit functions with colors cyan, green, and magenta
have been horizontally shifted slightly for clarity. In the legend, each point indicates the
number of fit parameters followed by the maximum fit range used.
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Conclusion

This thesis has addressed the estimation of the dijet background in the context of
hadronic V+jets cross section measurements, where the vector boson (V' = W, Z) decays
into quarks and is reconstructed as a large-radius jet. The accurate modeling of this
background is crucial not only for testing predictions of perturbative QCD, but also for
improving the sensitivity of searches for new physics phenomena where V -+jets processes
represent a major background. The complexity of the dijet background arises from the
overwhelming contribution of QCD multijet processes, which produce smoothly falling
distributions that can obscure potential signals manifesting as localized excesses.

A first approach implemented in this work was based on fitting smooth analytical
functions to background-dominated CRs adjacent to the signal region. This sideband
fitting technique exploits the smoothness of the QCD background invariant mass dis-
tribution to extrapolate the background shape into the signal region. In simpler cases,
this method demonstrated robust performance and yielded good agreement with the
distribution, validating the use of parametric functions for background modeling.

To further improve the discrimination between signal and background, this thesis ex-
plored the integration of machine learning techniques—specifically ANN. This allowed to
perform a signal-plus-background fit on the full distribution, applying smooth functional
forms.

Throughout the analysis, a uniform binning strategy was adopted for all histograms
and distributions to ensure consistency across different regions of phase space. While
this approach ensures consistency, it may not be optimal in all circumstances. In fu-
ture analyses, adopting adaptive or non-uniform binning could help improve statistical
stability in low-yield regions and enhance the sensitivity to signal features.

In conclusion, this thesis lays a solid foundation for the accurate estimation of dijet
backgrounds in hadronic V +jets analyses, demonstrating the synergy between traditional
fitting methods and modern machine learning techniques. The strategies and insights

developed here contribute to the broader goal of precision measurements at the Large
Hadron Collider.
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