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Abstract
In the first project, we examine recent studies that have identified growing excesses
in scalar resonances with diphoton (γγ) final states at the Large Hadron Collider
(LHC). These results suggest the presence of scalar particles beyond the Standard
Model (BSM), motivated by multi-lepton anomalies observed in Run 2 data from the
ATLAS and CMS experiments. Phenomenological studies of the Higgs spectrum side-
bands have indicated the presence of a new scalar S with a mass of 152 ± 1 GeV,
originating from a heavier scalar H, with a global significance of 5.3σ. ATLAS has
launched a new analysis using the easyjet analysis framework with Run 3 data. This
analysis searches for scalar resonances produced via γγ channels in association with
leptons, inspired by the Two-Higgs Doublet with a Singlet (2HDM+S) and triplet
models. Given the complexity of the signal, we carefully account for the dominant
background processes, including γγ +multijets, V γγ and tt̄γγ production. The study
uses Monte Carlo (MC) samples corresponding to the 2022 ATLAS Run 3 data, with
an integrated luminosity of 35.7 fb−1 at

√
s = 13.6 TeV. The objective is to provide a

comprehensive analysis of the significance of this channel, to develop and implement
advanced multivariate analysis techniques including deep neural networks, and to con-
tribute to the understanding of potential new scalar particles and their implications
for physics beyond the SM.

In the second project, we build upon the ATLAS and CMS discovery of the Higgs boson
(h) decaying into a Z boson and a photon (γ), a rare process within SM that occurs at
next-to-leading order (NLO) with a 3.4σ significance. Even with NLO quantum chro-
modynamics (QCD) corrections and signal-background interference, SM predictions
exceed the observed signal rate by 2.2σ ± 0.7, indicating possible new physics effects
or systematic uncertainties that validate further investigation. We investigate this rare
process using machine learning (ML) techniques. We use the XGBoost classifier to
analyse the production modes of the h → Zγ process, particularly the gluon-gluon
fusion (ggF). We use the kernel density estimation (KDE) technique to visualise and
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compare the probability density functions of the classification scores for the generated
signal and background events. This provides insights into their separation and overlap
within the framework of the Standard Model Effective Field Theory (SMEFT). We
aim to constrain the six-dimensional Wilson coefficients and shed light on potential
deviations from SM prediction. These methodological innovations demonstrate the
effective integration of advanced ML techniques in precision Higgs physics and BSM
searches.

Keywords: ATLAS, Large Hadron Collider, scalar resonances, diphoton final states,
Higgs boson, machine learning, Deep neural networks, XGBoost, kernel density esti-
mation, SMEFT, physics beyond the Standard Model.
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Chapter 1

The Standard Model of Particle
Physics and Beyond

1.1 Introduction

Particle physics constitutes the study of the fundamental constituents of matter and
the interactions that govern their behaviour at subatomic scales. Its primary objec-
tive is to elucidate the underlying structure of the universe, spanning from elementary
particles to the fundamental forces that shape cosmic phenomena, with the Stan-
dard Model (SM) [1] providing the prevailing theoretical framework. A crowning
achievement of the SM was the discovery of the Higgs boson (h) [2–4] in 2012 by
the ATLAS [5] and CMS Collaborations [6] at the European Organization for Nu-
clear Research (CERN). This discovery completed the predicted spectrum of particles
within the SM, marking a significant milestone in our understanding of particle physics.
However, despite its remarkable success, the SM is not without its limitations. Exper-
imental observations have shown deviations from its predictions, raising the possibility
that there is more to the subatomic world than what the SM can account for. These
include its inability to incorporate gravity and explain the evidence for non-baryonic
dark matter.

The quest for answers has resulted in several theoretical frameworks, including su-
persymmetry (SUSY), extra spatial dimensions, and various dark matter candidates.
Collectively, these theories seek to overcome the limitations of the SM and enhance
our understanding of beyond the Standard Model (BSM) physics, sparking significant
theoretical and experimental efforts in this field.
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Within this broader context, multi-lepton anomalies have emerged as intriguing in-
dications of potential new physics. They are statistically significant deviations from
SM predictions in final states containing multiple leptons, missing transverse energy
and possibly b-jets [7–14]. These anomalies predict the presence of a resonant scalar
with a mass of 150 ± 5 GeV [8] and Refs. [15–17] found excesses in the sidebands of
SM Higgs searches from ATLAS and CMS experiments [18–25]. These results suggest
the presence of a resonance at 152 ± 1 GeV [26] with a global significance of 5.3σ [17].
Motivated by these results, this dissertation focuses on the study of Run 3 data since
the 5σ observation was made using Run 2 data to explore the possible existence of
such a scalar resonance.

In the coming years, the Large Hadron Collider (LHC) [27] at CERN is set to undergo
substantial upgrades. These upgrades will enable the LHC to produce proton-proton
(pp) collisions at higher energies and luminosities than ever before. This enhanced
performance will significantly improve the data processing capabilities and elevate the
precision of current and future physics measurements, paving the way for new discov-
eries in particle physics.

This dissertation is divided into five chapters. It begins with chapter 1, which in-
troduces the SM and examines the study of multi-lepton anomalies. This is followed
by chapter 2, which describes the ATLAS detector and its integration within the LHC
environment. An overview of the object selections used in this study is provided
in chapter 3. The first project, presented in chapter 4, focuses on diphoton studies
in association with leptons and taus. The second project, discussed in chapter 5,
presents an in-depth analysis involving Machine Learning (ML) techniques within the
framework of the Standard Model Effective Field Theory (SMEFT). Finally, chapter 6
summarises the two studies, highlighting the key findings and broader implications of
this work.

1.2 Fundamental Particles and Interactions

The SM provides a unified theoretical description of the known elementary particles
and their interactions. It is formulated as a relativistic quantum field theory (QFT)
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based on the gauge symmetry group SU(3)C × SU(2)L × U(1)Y . This structure in-
corporates the strong, weak, and electromagnetic forces, each associated with its own
set of gauge bosons. The photon mediates electromagnetic interactions; eight gluons,
which carry color-anticolor combinations and are self-interacting, are responsible for
the strong interaction, while the W± and Z bosons govern the weak force, shown
in Figure 1.1.

This chapter provides a concise summary of the SM, its limitations and potential ex-
tensions. The SM’s particles and interactions are described in subsection 1.2.1. The
Higgs boson production and decay modes are outlined in subsection 1.3.1 and subsec-
tion 1.3.2. The shortcomings of the SM are explained in section 1.4, with section sec-
tion 1.5 detailing multi-lepton anomalies at the LHC and sections subsection 1.5.1
and subsection 1.5.5 highlighting the simplified and triplet models as potential expla-
nations of BSM phenomena.

1.2.1 Elementary SM Particle Content

Elementary particles are classified as either fermions, named after Enrico Fermi, or
bosons, named after Satyendranath Bose, based on their spin quantum numbers.
Fermions have half-integer spins and obey Fermi-Dirac statistics, while bosons have
integer spins and obey Bose-Einstein statistics. According to the Pauli exclusion prin-
ciple, fermions cannot occupy the same quantum state, whereas multiple bosons can.
As a result, fermions constitute matter particles, while bosons act as force carriers.
Fermions are grouped into leptons and quarks based on their interaction characteris-
tics. The charged leptons: the electron (e±), muon (µ±), and tau (τ±) each have an
associated neutral partner: νe, νµ and ντ , respectively. Electrons and muons are stable
within the LHC detectors, while tau leptons decay before they reach the detector. The
tau lepton can decay into an electron or a muon, accompanied by their corresponding
antineutrino, or into one or two pions.

In the minimal SM, neutrinos are treated as massless, non-decaying particles that
interact only via the weak force. This was a valid assumption, but the observation
of neutrino oscillations confirms that neutrinos have small, nonzero masses, requiring
extensions of the SM such as the see-saw mechanism to account for them. The quarks
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Figure 1.1: Schematic representation of SM, illustrating the fun-
damental particles. The first three columns correspond to the three
fermion generations, followed by a column depicting the gauge bosons
responsible for mediating fundamental interactions, while the final entry
denotes the Higgs boson. The illustration also includes the hypothetical
graviton, a BSM particle postulated as the carrier of the gravitational

interaction [28].

carry a color charge and are the only fermions that participate in the strong interaction.
They can carry one of three color charges: red, blue, or green, while antiquarks carry
the corresponding anti-color charges. A combination of red, blue and green quarks, or
a colored quark and its anti-colored quark, results in a color-neutral particle. Gluons
carry both color and anti-color charges and mediate the strong interaction between
quarks. Each fermion has a corresponding antiparticle, which is identical to the spe-
cific fermion except for opposite charge. Quarks are confined within hadrons, forming
bound states with integral electric charge, whereas leptons occur as free elementary
particles in nature (see subsection 1.2.3).
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Force Strength Boson JP Charge [e] Mass [GeV]
Strong 1 Gluon (×8) 1− 0 0
EM ∼ 10−3 Photon (γ) 1− 0 0
Weak ∼ 10−8 W± 1− ±1 80.4

Z 1− 0 91.2
H 0+ 0 125.1

Table 1.1: Summary of the gauge boson properties in SM. JP indi-
cates the particle’s spin J and parity P . The listed force strengths of the
vector bosons are given relative to the strong interaction and should be
regarded as order-of-magnitude estimates, not fixed ratios. These ap-
proximate values (e.g, ∼ 10−3 for electromagnetism and ∼ 10−8 for the
weak force) depend on the energy scale and the coupling constants α.
The value for gravity (∼ 10−37) makes it weaker than the weak inter-

action. Values are taken from [29].

The electroweak interaction combines the weak and electromagnetic forces under gauge
symmetry SU(2)L ×U(1)Y . In this framework, the subscript L signifies that the weak
force acts exclusively on left-handed particles, which transform as doublets under
the SU(2)L gauge symmetry. In contrast, right-handed fermions are singlets under
SU(2)L, hence not participate in weak interactions mediated by the W± and Z bosons.
They interact only through the U(1)Y gauge symmetry, carrying weak hypercharge
but no weak isospin. The symbol Y represents the weak hypercharge, which should
not be confused with the Gell-Mann–Nishijima hypercharge (the latter differing by a
factor of two). The weak hypercharge is defined through the fundamental relation:
Q = T 3 + 1

2Y , with Q electric charge operator and T 3 third term of weak isospin. A
summary of all properties of the bosons in the SM and their associated forces is shown
in Table 1.1.
The complete SM Lagrangian, incorporating the Higgs, gauge, fermionic and Yukawa
sectors, is expressed as Equation 1.2.1:

LSM = LH + LG + LF + LY , (1.2.1)

where the components in Equation 1.2.1 can be written in full:

LSM = |Dµϕ|2 − V (ϕ) − 1
4FµνF

µν + iψ̄Dψ+ h.c+ ψ̄iyijψjϕ+ h.c. (1.2.2)
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The Higgs boson interactions are represented by the notation LH . In addition, the
kinetic energies of the gauge fields are indicated by LG. For the fermion couplings,
we use the notation LF , while the Yukawa couplings are denoted by LY . Together,
these various components form a crucial part of the SM Lagrangian. Equation 1.2.2
describes this Lagrangian. It is important to note that this Lagrangian is invariant
under the gauge symmetry, which is expressed as the product of three groups: U(1)Y ,
SU(2)L and SU(3)C . The gauge symmetry group serves as the foundation for the
SM Lagrangian. The SU(3)C symmetry group brings about the formation of gluons
responsible for conveying the strong nuclear force. The SU(2)L symmetry group
generates three gauge fields, W 1

µ , W 2
µ , and W 3

µ , while the U(1)Y group contributes
the gauge field Bµ. After electroweak symmetry breaking, these fields mix to form the
physical weak bosons W+, W−, and Z, which mediate the weak nuclear force, and the
photon Aµ, associated with electromagnetism. The one notable absent force in nature
is gravity, which is not included in the SM. This invariance is a fundamental feature
that ensures consistency in the theoretical framework describing particle interactions.

1.2.2 Gauge transformations and Quantum Electrodynamics

Having introduced the particle content and gauge symmetry of the SM in subsec-
tion 1.2.1, we now turn to Quantum Electrodynamics (QED), the simplest case, to
illustrate how gauge invariance dictates interaction structure. The QFT of electromag-
netism serves as the archetype of Abelian gauge theories, and this subsection explores
the mathematical structure underlying QED, namely, its foundation in local U(1)Y

gauge invariance. The dynamics of spin-1
2 fermions are governed by the Dirac equation.

The corresponding free-field Lagrangian density is:

LD = iψ/∂ψ −mψψ, (1.2.3)

where ψ(x) is the Dirac spinor field describing the fermion, ψ = ψ†γ0 is its Dirac
adjoint, and m is the fermion’s mass. The notation /∂ = γµ∂µ uses the Feynman slash
convention, with ∂µ = ∂/∂xµ the spacetime derivative and γµ (µ = 0, 1, 2, 3) the 4 × 4
gamma matrices, which satisfy the Clifford algebra {γµ, γν} = 2gµνI; here gµν =

diag(+1, −1, −1, −1) is the Minkowski metric and I the 4 × 4 identity matrix. This
Lagrangian is invariant under global U(1)Y phase transformations ψ(x) → eiqαψ(x),
where q is a real constant interpreted as the particle’s electric charge (in units of the
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elementary charge e) and α is a spacetime-independent real parameter. By Noether’s
theorem, this symmetry implies conservation of electric charge. However, demanding
invariance under local transformations ψ(x) → eiqα(x)ψ(x), with α(x) an arbitrary
real function of spacetime, is essential for consistency with relativity and locality.
Under such a transformation, the derivative term ∂µψ acquires an extra contribution
proportional to ∂µα(x), which breaks invariance and necessitates the introduction of
a real vector field Aµ(x), the electromagnetic four-potential, replacing the ordinary
derivative with the covariant derivative:

Dµ = ∂µ + iqAµ. (1.2.4)

The gauge field Aµ(x) must transform as Aµ → Aµ − ∂µα(x) to cancel the unwanted
term, ensuring the Lagrangian remains invariant. This procedure naturally introduces
the photon as a massless, spin-1 gauge boson, the quantum excitation of the field Aµ.
The complete QED Lagrangian is then:

LQED = iψ /Dψ −mψψ − 1
4FµνF

µν , (1.2.5)

where /D = γµDµ = γµ(∂µ + iqAµ) and Fµν = ∂µAν − ∂νAµ is the electromagnetic
field tensor. The contraction Fµν = gµαgνβFαβ ensures Lorentz invariance of the ki-
netic term for the photon field. Expanding the first term yields an interaction of the
form q ψγµψAµ, where the coupling constant q, often denoted ge or simply e for the
electron, is identified with the particle’s electric charge.

What distinguishes QED from non-Abelian gauge theories such as Quantum Chromo-
Dynamics (QCD) or the electroweak sector is its simplicity: the U(1)Y gauge group is
Abelian, so the photon is neutral and does not self-interact. Moreover, electric charges
are not fixed by representation theory; they are free parameters that must be mea-
sured experimentally. In contrast, non-Abelian symmetries like SU(2)L or SU(3)C

impose rigid relationships among couplings due to the non-commuting nature of their
generators and the resulting self-interactions of their gauge bosons. Moreover, while
QED appears as a standalone theory, it is actually embedded within the larger SM
Lagrangian LSM (Equation 1.2.2) as the unbroken U(1)EM subgroup that remains af-
ter spontaneous symmetry breaking of the electroweak gauge group SU(2)L ×U(1)Y .
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Thus, QED is not merely a phenomenological description of electromagnetic interac-
tions; it is the low-energy remnant of a deeper, unified gauge-invariant structure that
unifies electromagnetism with the weak force.

This subsection reinforces a central theme of modern particle physics: "gauge symme-
try dictates interaction structure". QED, as the simplest and most precisely tested
gauge theory, provides the blueprint for understanding more complex forces in nature.

1.2.3 Quantum Chromodynamics

Having introduced quarks and gluons in subsection 1.2.1, we now turn to the un-
derlying gauge theory of the strong interaction, QCD. Unlike QED, QCD is a non-
Abelian gauge theory based on local SU(3)C symmetry, where the subscript C denotes
color charge. This non-Abelian structure is encoded in eight massless gluon fields Ga

µ

(a = 1, . . . , 8), each associated with a generator Ta = 1
2λa of the SU(3)C Lie algebra,

where λa are the Gell-Mann matrices and the structure constants fabc defined by the
commutation relations [Ta,Tb] = ifabcTc govern triple and quartic gluon vertices. The
dynamics of quark fields qi (with flavour index i = 1, 2, 3, color index and mass mq)
and gluons are governed by the QCD Lagrangian density:

LQCD = q̄i

{
iγµ (Dµ)ij −mqδij

}
qj − 1

4G
a
µνG

µν
a , (1.2.6)

where the covariant derivative (Dµ)ij = ∂µδij − igs(Ta)ijG
a
µ ensures local gauge in-

variance via the strong coupling constant gs, and the gluon field strength tensor:

Ga
µν = ∂µG

a
ν − ∂νG

a
µ + gsf

abcGb
µG

c
ν (1.2.7)

contains a nonlinear term proportional to fabc that directly reflects gluon self-interactions.
As a consequence, the running coupling gs(µ) is large at low energy scales (of order
unity below ∼ 100 GeV), rendering perturbative methods ineffective in this regime.
Yet, it becomes small at high momentum transfers, a property known as asymp-
totic freedom, enabling first-principles calculations in deep-inelastic scattering and jet
production at the LHC. Conversely, at low energies, the strong interaction confines
color-charged particles, quarks and gluons cannot exist as free asymptotic states but
are permanently bound into color-singlet composite particles called hadrons. Quarks
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achieve color neutrality in two primary ways: by forming quark–antiquark pairs known
as mesons (with integer spin: 0 or ±1), or by combining three quarks (or three an-
tiquarks) with complementary color charges into baryons (with half-integer spin: ±1

2
or ±3

2); familiar examples include the proton (uud) and neutron (udd). This phe-
nomenon, color confinement, arises non-perturbatively from the formation of a chro-
moelectric flux tube between separating quarks, whose energy grows linearly with
distance until it becomes energetically favorable to produce a new qq̄ pair, leading to
hadronisation, where partons form observable jets of hadrons in collider experiments.
Moreover, QCD Lagrangian admits topological θ:

Lθ = θ
g2

s

32π2 Tr(GµνG̃
µν), (1.2.8)

where G̃µν = 1
2ϵ

µνρσGa
ρσ is the dual gluon field strength tensor and θ is a dimension-

less parameter. Although this term vanishes for perturbative field configurations that
decay at infinity, it contributes in topologically non-trivial sectors, such as instantons,
and violates Charge Parity (CP ) symmetry, potentially generating a measurable neu-
tron electric dipole moment. The physical value of θ is constrained to be extremely
small (|θ| < 10−10), a puzzle known as the strong CP problem. The θ-term is periodic
under θ → θ+ 2πn for integer n, and while a chiral rotation of massless quarks could
in principle eliminate θ, the presence of quark masses in the SM ties θ to the com-
plex phase of the quark mass matrix, rendering it a physical, observable parameter
highlighting the deep interplay between symmetry, topology and phenomenology in
QCD.

1.3 Higgs Boson

Hypothesised in 1964, discovered in 2012 at CERN by the ATLAS [30] and CMS [31]
Collaborations. The Higgs boson the final particle predicted by the SM. The Higgs
boson is a neutral scalar particle that explains how particles, such as fermions, W±,
and Z bosons, acquire mass through the Brout-Englert-Higgs (BEH) mechanism [32–
34], and its properties remain consistent with the SM’s predictions.

The BEH mechanism generates mass for fermions (quarks and leptons) through their
interaction with the Higgs field, which emerges via spontaneous symmetry breaking.
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However, the mass of everyday objects, such as protons and neutrons, is predominantly
due to the binding energy of quarks and gluons, described by QCD. In popular cul-
ture, the Higgs boson is often referred to as the "God particle." This term originated
when Leon Lederman humorously called it the "Goddamn Particle," which was later
shortened [35].

As the only scalar boson (a particle with zero spin) in SM, it was introduced to recon-
cile the massless photon, responsible for the long-range electromagnetic force, with the
massive W/Z bosons that mediate short-range weak force. This theoretical frame-
work was developed independently by Peter Higgs [36, 37], François Englert, Robert
Brout [32], Gerald Guralnik, Carl Hagen and Tom Kibble [33], drawing inspiration
from the Anderson [38] mechanism for superconductivity.

1.3.1 Higgs Boson Production

The SM Higgs boson is produced through several mechanisms at the LHC, varying
with the initial-state particles and center-of-mass (

√
s) energy. The four main pro-

duction modes, shown in Figure 1.2, are gluon-gluon fusion (ggF), vector boson fusion
(VBF), Higgs Strahlung (V H, where V = W ,Z) and associated production with top
quarks (tt̄H).

Gluon-gluon fusion is the most dominant mode, driven by a high cross-section (σ)
(see Table 1.2) from top quark loops that exploit the top quark’s large mass. However,
contributions from other quark loops are greatly suppressed. Vector boson fusion ranks
second, producing a Higgs boson through quark scattering mediated by vector bosons.
Higgs Strahlung, represented as qq̄ → ZH or WH, involves the production of a Higgs
boson with a W or Z boson. Lastly, the tt̄H process generates a Higgs boson alongside
a pair of top quarks, which is essential for examining the top Yukawa coupling. These
mechanisms highlight the diverse interactions of the Higgs boson with gauge bosons
and fermions in SM.

1.3.2 Decay Modes of the Higgs Boson

The Higgs boson, an unstable particle with an extremely short lifetime of O(10−22) s,
decays predominantly into fermions or gauge bosons. Its decay mechanisms and
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(a) (b)

(c) (d)

Figure 1.2: Feynman diagrams for the production of the SM Higgs
boson at leading order via: (a) ggF, (b) VBF, (c) V H and (d) tt̄H [39].

branching ratios are governed by both the strength of its couplings and the kine-
matics of the final states. The leading decay modes are illustrated in Table 1.3.
Even though the top quark having the strongest coupling to the Higgs boson, the
decay h → tt̄ is kinematically forbidden when mh < 2mt, as it violates energy-
momentum conservation. Instead, the Higgs boson predominantly decays into a bb̄

pair, with a branching ratio of Br(h → bb̄) = 58.2 ± 0.7%. This is followed by
Br(h → W+W−) = 21.4 ± 0.3%. The third-most dominant decay channel is into
gluons via top quark loops, yielding Br(h → gg) = 8.53 ± 0.85%.

Decays into off-shell gauge bosons, such as h → ZZ∗, also play a significant role.
These decays occur with branching ratios of Br(h → ZZ∗) = 2.9% and Br(h →
WW ∗) = 22.1%, leading to final states like h → ZZ∗ → 4ℓ. Rare decays into
photons and gluons are mediated by virtual particles (W bosons and top quarks),
with Br(h → γγ) = 0.22% and Br(h → gg) = 8.5%, respectively [29, 41].
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Production Mode Process σ @ 13 TeV pb
ggF (gg → H) 48.60 ± 2.40
VBF (qq′ → Hqq′) 3.78 ± 0.08
WH (qq′ → WH) 1.37 ± 0.03
ZH (qq/gg → ZH) 0.88 ± 0.04
tt̄H (qq/gg → tt̄H) 0.51 ± 0.05
bbH (qq/gg → bbH) 0.49 ± 0.12
tH (qq/gg → tH) 0.09 ± 0.01
Total 55.10 ± 3.30

Table 1.2: Cross-section summary for primary Higgs productions at√
s = 13 TeV [29, 40].

Decay Channel Br [%]

h → bb̄ 58.20 ± 0.70
h → WW ∗ 21.40 ± 0.30
h → gg 8.57 ± 0.85
h → ττ 6.27 ± 0.10
h → cc̄ 2.89 ± 0.24
h → ZZ∗ 2.62 ± 0.04
h → γγ 0.23 ± 0.01
h → Zγ 0.15 ± 0.01
h → µµ 0.02 ± 0.001

Table 1.3: Summary of the branching ratios of the Higgs boson decay
channels [29, 42].

1.4 The Shortcomings of the Standard Model

Despite its tremendous success in describing fundamental particles and their interac-
tions, the SM has several limitations. One key limitation lies in the mass hierarchies
and parameters: the SM contains 24 free parameters, such as particle masses and cou-
plings which must be experimentally determined rather than theoretically predicted.
It fails to explain why particles have their observed masses, why there are three gen-
erations of fermions with increasing masses, and the hierarchy problem, which arises
from the large difference between the electroweak scale and the Planck scale. This
issue stems from the quadratic sensitivity of the Higgs boson mass to high-energy
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corrections, meaning that maintaining its observed value requires an unnatural degree
of fine-tuning. In other words, quantum corrections tend to drive the Higgs mass
toward the cutoff scale, making the stability of the electroweak scale appear highly
unnatural without additional theoretical mechanisms such as supersymmetry or other
forms of new physics. Additionally, the SM does not incorporate gravity, since general
relativity, which is our best theory of gravity, is fundamentally incompatible with the
framework of QFT. Attempts to quantise gravity result in non-renormalisable theo-
ries, producing uncontrollable infinities that cannot be removed without introducing
infinitely many parameters, making them unpredictable, leaving gravity unexplained
within the SM.

Another limitation of the SM arises from its failure to incorporate dark matter and
dark energy, which together constitute roughly 27% and 68% of the universe’s total
mass–energy content, respectively. These components are essential for understand-
ing phenomena such as the universe’s accelerated expansion and galactic rotation
curves [43, 44]. The SM also cannot account for the observed matter-antimatter asym-
metry in the universe. It incorporates CP violation but remains insufficient to account
for the baryon asymmetry observed today [45]. Furthermore, the SM fails to achieve
a Grand Unified Theory that unifies the strong, weak and electromagnetic forces, nor
does it unify all fundamental forces at high energy scales. This limitation is not an
internal inconsistency but rather an expected feature of the SM, as such unification
would require embedding its gauge group SU(3)C × SU(2)L × U(1)Y into a larger,
more symmetric gauge structure such as SU(5) or SO(10). These extended frame-
works aim to combine the three gauge couplings at a single unification scale, offering
a more comprehensive description of the fundamental forces.
The properties of neutrinos pose another challenge for the SM. Neutrino oscillations
have demonstrated that neutrinos have mass, contrary to SM’s original assumption
of massless neutrinos [46–48]. The potential existence of sterile neutrinos lies beyond
the SM’s scope. Another issue is aesthetic and fine-tuning problems, such as the little
hierarchy problem, which involves the apparent fine-tuning required to stabilise the
Higgs boson mass. The inability of the SM to predict key parameters raises questions
about its completeness as a fundamental theory.
Efforts to address these shortcomings include exploring BSM physics. SUSY, for exam-
ple, proposes the existence of superpartners for every SM particle, offering solutions to
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the hierarchy problem and a viable candidate for dark matter [49]. Despite these chal-
lenges, the SM remains a cornerstone of modern physics, providing a strong framework
that guides ongoing efforts to explore new physics beyond its boundaries.

1.5 Multi-lepton anomalies at the LHC

The Higgs boson discovery completed the SM, however it also opened new avenues for
exploration. Certain features and excesses observed in the LHC Run 1 data suggest
potential deviations from SM predictions, hinting at the existence of additional scalar
states. These findings motivate further investigation through precision measurements
and searches for BSM physics. Such studies include measurements of the differential
transverse momentum of the Higgs boson (ph

T) [50–53], searches for di-Higgs boson
resonances [54–57], tt̄H [58–61] and searches for resonances decaying into pairs of
electroweak gauge bosons V V (where V = Z,W±) [62–64].

1.5.1 The Simplified Model

To accommodate these excesses, a simplified model was formulated in 2015 [7], and its
parameters were fixed in 2017 to avoid tuning to subsequent data; in particular, it pre-
dicted multi-lepton excesses that were later observed (already in Run 1 and with early
Run 2 data) [8]. The model extends the SM by introducing a heavy scalar H and a
lighter Higgs-like scalar S that couples to both H and h. To minimise free parameters,
S is assumed to decay predominantly via S → W+W− → ℓ+ℓ−νν̄ (ℓ = e,µ), while
H decays almost exclusively as H → Sh with a 100% branching ratio. These anoma-
lies, consistent across independent channels, motivated fixing the model parameters
to mS = 150 ± 5 GeV before the release of Run 2 results, in order to avoid fine-tuning
and look-elsewhere biases. The model also predicted additional multi-lepton excesses
in final states not originally used for its construction as a method of validation [11].

The total Lagrangian describing the simplified model that incorporates both H and S
can be expressed as:

L = LSM + LBSM, (1.5.1)
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where LBSM contains all contributions from new physics, including additional interac-
tions and particle state. This BSM component is further decomposed as:

LBSM = LH + LS . (1.5.2)

The components of the Lagrangian are defined as follows:

LH =
1
2∂µH∂

µH − 1
2m

2
HH

2 + LG + LY , (1.5.3)

LG = −
βgk

SM
Hgg

4 Ga
µνG

aµνH + βV k
SM
hV V VµV

µH, (1.5.4)

LY = − 1√
2
[yttH t̄tH + ybbH b̄bH ] . (1.5.5)

The singlet scalar sector is expressed through the Lagrangian:

LS = LK + LSV V + LSff̄ + LhHS , (1.5.6)

where the terms are defined as:

LK = −1
2∂µS∂

µS − 1
2m

2
SS

2, (1.5.7)

LSV V =
1
4kSgg

αs

12πvSG
aµνGa

µν +
1
4kSγγ

α

πv
SFµνF

µν

+
1
4kSZZ

α

πv
SZµνZ

µν +
1
4kSZγ

α

πv
SZµνF

µν

+
1
4kSW W

α

πv
SW+µνW−

µν , (1.5.8)

LSff̄ = −
∑
f

KSf
mf

v
Sf̄f , (1.5.9)

LHhS = −1
2v [λhhShhS + λHHSHHS + λHSSHSS + λHhSHhS] . (1.5.10)

The neutral and charged weak bosons, Z and W±, are collectively denoted by V ,
with their corresponding field-strength tensors expressed as W±

µν = DµW
±
ν −DνW

±
µ ,
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where the covariant derivative is defined by DµW
±
ν = [∂µ ± ieAµ]W±

ν . In the gauge-
field Lagrangian, LG, the first term describes the effective interaction between the
gluons and the SM Higgs boson H, characterised by the coupling kSM

Hgg = αs/(3πv)
and modulated by the parameter βg. Likewise, the term βV k

SM
V in LG corresponds to

the Higgs coupling to vector bosons. The branching fraction for the process H → V V

is governed by kSM
V = m2

V /v. The Yukawa sector, represented by LY , contains the
top-quark Yukawa coupling in its first term, whereas the subsequent term encodes
bottom-quark coupling. The decay H → bb̄, associated with the bottom Yukawa
interaction ybbH , is typically suppressed because bottom-quark production through
ggF is relatively rare. Additionally, the decay channel H → Sh can yield final states
comprising leptons, jets, photons and missing transverse energy (Emiss

T ).

1.5.2 The 2HDM+S Model

This model allows for studies of S production and decay, and predicts nontrivial scalar
interactions. An illustrative example is the process gg → H → SS′, where S → γγ

yields a γγ resonance, while S′ produces lepton-rich final states. These signatures
arise from the model’s extended scalar sector and vacuum structure, distinguishing it
from simpler SM extensions.
The particle spectrum of the 2HDM+S consists of three CP -even scalars, h, S′, H and
the singlet-like scalar S, one CP -odd scalar A, a charged Higgs boson H±. Each state
leads to characteristic experimental signals: S → γγ generates the observed γγ excess,
S′ produces high-multiplicity lepton final states, and processes such as H± → W±S

open additional discovery channels. The scalar potential extends the 2HDM by adding
the singlet field φS , giving:

V (φ1,φ2,φS) =m2
11|φ1|2 +m2

22|φ2|2 −m2
12(φ

†
1φ2 + h.c.)

+
λ1
2 (φ†

1φ1)
2 +

λ2
2 (φ†

2φ2)
2 + λ3(φ

†
1φ1)(φ

†
2φ2)

+ λ4(φ
†
1φ2)(φ

†
2φ1) +

λ5
2
[
(φ†

1φ2)
2 + h.c.

]
+

1
2m

2
Sφ

2
S +

λ6
8 φ

4
S +

λ7
2 (φ†

1φ1)φ
2
S +

λ8
2 (φ†

2φ2)φ
2
S . (1.5.11)

The fields φ1 and φ2 correspond to the SU(2)L Higgs doublets, while φS denotes
a real scalar singlet. The potential’s first three components are associated with the
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2HDM sector, whereas the last term introduces singlet-specific contributions. Flavour-
changing neutral currents (FCNCs) are tree-level processes where a neutral Higgs bo-
son mediates transitions between different fermion generations (e.g., b → s), which
are highly suppressed experimentally. To avoid such unwanted effects at tree level, a
discrete Z2 symmetry is imposed on the Higgs sector, under which φ1 → +φ1 and
φ2 → −φ2. This symmetry is extended to the Yukawa sector, ensuring that each
type of fermion couples with one of the two Higgs doublets. As a result, dangerous
tree-level FCNCs are naturally forbidden. However, the Z2 symmetry is allowed to be
softly broken by the m2

12 term, which introduces a bilinear coupling φ†
1φ2 with dimen-

sionful coefficient m2
12, preserving the benefits of the symmetry at high energies while

allowing for richer phenomenology. The singlet field φS , being a gauge singlet, does
not couple directly to fermions and can acquire a vacuum expectation value (VEV)
without affecting electroweak symmetry breaking dynamics. If an additional Z2 sym-
metry (e.g., φS → −φS) is imposed on the singlet, it remains stable and can serve as a
viable dark matter candidate, provided it does not acquire a VEV and the symmetry
remains unbroken.

We take m2
12 ̸= 0, corresponding to soft Z2 breaking, and assume all λi are real (no

explicit CP violation). Minimising the potential with φ1 → v1/
√

2, φ2 → v2/
√

2 and
φS → vS yields the conditions:

∂V

∂[v1, v2, vS ]
= 0, (1.5.12)

leading to

m2
11 = −1

2
(
v2

1λ1 + v2
2λ345 + v2

Sλ7
)
+
v2
v1
m2

12, (1.5.13)

m2
22 = −1

2
(
v2

2λ2 + v2
1λ345 + v2

Sλ8
)
+
v1
v2
m2

12, (1.5.14)

m2
S = −1

2
(
v2

1λ7 + v2
2λ8 + v2

Sλ6
)

, (1.5.15)

where λ345 = λ3 + λ4 + λ5.
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The Yukawa interactions of the scalar mass eigenstates with SM fermions are:

−L2HDM+S
Yukawa =

∑
f=u,d,ℓ

mf

v

[
yh

f hf̄f + yH
f Hf̄f + yS

f Sf̄f − i yA
f Af̄γ5f

]
+

√
2VudH

+ū
(
mu

v
yA

u PL +
md

v
yA

d PR

)
+

√
2mℓ

v
yA

ℓ ν̄PRℓ+ h.c.

(1.5.16)

Here, yh
f , yH

f , yS
f and yA

f are the normalised Yukawa couplings with the three CP -even
scalars and the CP -odd pseudoscalar. The term proportional to γ5 encodes pseu-
doscalar interactions, while the charged Higgs boson H± couples to quarks through
the CKM matrix Vud and to leptons via yA

ℓ . Projection operators PL and PR isolate
left and right-handed fermion components, and the Hermitian conjugate ensures the
Lagrangian remains real.

Without additional constraints, the general potential from Equation 1.5.11 allows for
tree-level FCNCs. To avoid these, fermions with identical quantum numbers must
interact to one Higgs doublet, which can be enforced by imposing additional discrete
Z2 symmetries.

1.5.3 The Multi-lepton Anomalies

When searching for new physics at the LHC, one must control biases across the col-
lider’s vast, multi-dimensional phase space, where SM fluctuations can mimic 3–5σ
excesses unless a procedure is fixed a priori. Guided by Run 1 features such as the
Higgs pT spectrum and hints in the hh, tt̄H and bb̄ channels. The most prominent
excess was found in ℓ+ℓ− + (jets, b-jets) events with mℓℓ < 100 GeV, dominated by tt̄
and W±t backgrounds, and exceeding 5σ significance. Additional anomalies included
e+e− events without jets (mℓℓ < 100 GeV, ≈ 3σ), same-sign dileptons and trileptons
with b-jets and moderate HT (> 3σ), same-sign dileptons and trileptons without b-
jets, often in association with h (≈ 4σ), and Z(→ ℓ+ℓ−)ℓ± without b-jets and with
pZ

T < 100 GeV (> 3σ). Subsequent Run 2 analyses confirmed these predictions. The
originally observed anomalies persisted, and new excesses appeared in the predicted
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Figure 1.3: An overview of the chronological development of the
multi-lepton anomalies, which ultimately led to the prediction of a nar-
row resonance with a mass of mS = 150 ± 5 GeV. The figure also con-
tains a table summarising the corresponding final states, their main fea-
tures, the dominant SM backgrounds, and the respective significances

of the observed anomalies [14].

channels, with a combined global significance exceeding 8σ [9]. These anomalies pre-
dict the existence of a scalar boson with a mass of mS = 150 ± 5 GeV [8], which is
summarised in Figure 1.3 and to be discussed in the next section.

1.5.4 The 152 GeV Scalar Candidate

An analysis of the invariant-mass distribution of eµ pairs in non-resonant WW events
measured mS = 150 ± 5 GeV [8], motivating searches for S near this mass-especially
in diphoton (γγ) final states. Indeed, ATLAS and CMS Run 2 Higgs side-band stud-
ies [18–24] show hints of a narrow resonance around 150 GeV produced with lep-
tons, missing energy, b-jets and electroweak bosons [65]. A 2021 search [65] in the
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130–160 GeV window targeting S→ γγ and S→Zγ reported a global significance of
3.9σ at mS ≈ 151.5 GeV, and a subsequent Run 2 side-band analysis of γγ, Zγ and
WW spectra identified a resonance at mS = 152 ± 1 GeV with a global significance of
5.3σ, while the ZZ channel remained consistent with the SM (no excess).

The statistical significance of the resonance has grown steadily with increasing inte-
grated luminosity, scaling proportionally to the square root of the data, consistent
with signal rather than a fluctuation. The evolution of the global significance follows
a clear timeline: in 2021, an excess was observed at mS ≃ 151.5 GeV with 3.9σ, pri-
marily from final states such as S → Z(ℓ+ℓ−)γ + ℓ, S → h+Emiss

T , S → γγ +Emiss
T ,

S → γγ + b-jet, and S → γγ +W ,Z (with some indications in γγ alone). By
2023, additional data and extended final states, including S → γγ+ ≥ 4 jets [66],
S → WW ∗ + Emiss

T [67, 68] and S → γγ+ ≥ 1ℓ+ 1b-jet [66], raised the combined
global significance to 4.7σ at mS ≈ 151.5 GeV. In 2024, further updates including
channels such as S → γγ + τ and S → γγ + 2(ℓ, τ ) increased the total global signif-
icance to 5.33σ at mS ≈ 152.0 GeV [65] (see Figure 1.4). This decay pattern aligns
with the Real Higgs Triplet (RHT) model with hypercharge Y = 0, where S does
not interact with ZZ at tree level; in such scenarios, triplet scalars can be Drell–Yan
produced and decay to electroweak bosons, enhancing triboson signatures (WWZ,
WZZ, WWW ), where ATLAS and CMS have reported systematic excesses, including
in V V Z and WWZ topologies [7, 9, 10, 69–71]. A summary of the final states selected
by the aforementioned procedure from publicly available results provided in Table 1.4.



21

2021 (Group 1) 2023 (Group 2) 2025 (Group 3)

γγ +Emiss
T [22, 23] γγ+ ≥ (1ℓ+ 1b-jet) [66] γγ + τ [72]

γγ +W , Z [18, 73] γγ+ ≥ 4 jets [66] γγ + 2(ℓ, τ ) [72]

γγ + b-jet [20, 21] WW ∗ +Emiss
T [67, 68]

γγ + 2b-jets [74]

Z(→ ℓ+ℓ−)γ + ℓ, jj [75]

Table 1.4: List of final states predicted by the simplified model used to
interpret the corresponding experimental results. The initial combina-
tion performed in 2021 incorporated all channels belonging to Group 1.
The subsequent combination in 2023 extended to include channels from
both Groups 1 and 2. The most recent combination in 2025 includes

all channels from Groups 1, 2, and 3.
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Figure 1.4: The p-values of the individual channels, together with
their combined result and the corresponding local significance, are pre-
sented. The best-fit value is found at 152 GeV, corresponding to a

global (local) significance of 5.33σ (5.6σ).
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1.5.5 The Triplet Model

The absence of deviations in the ZZ spectrum motivates extending the SM scalar
sector in a way that custodial symmetry is violated. A particularly well-suited model
is the RHT model with hypercharge Y = 0 (hereafter ∆SM). This model extension
naturally accommodates the W mass shift found in the current global electroweak fit
and reproduces the observed pattern of collider excesses.
The ∆SM adds to the SM a real scalar SU(2)L triplet whose spectrum has a CP -even
neutral Higgs boson ∆0 and two singly charged Higgs bosons ∆±, which are quasi-
degenerate in mass. In the small-mixing limit with the SM Higgs, ∆0 decays predomi-
nantly into W+W−, with loop effects inducing a potentially sizable branching fraction
into γγ. Notably, ∆0 does not couple to ZZ at tree level, explaining why the ZZ spec-
trum remains SM-like even in the presence of other anomalies. The triplet scalars at
the LHC are mainly produced via Drell-Yan processes: pp → ∆0∆±, pp → ∆+∆−.
Subsequent decays are ∆0 → W+W−, ZZ, bb̄, τ+τ−, ∆± → W±Z, tb̄, cs̄, τ±ν. In
the low-mass regime, ∆± decays predominantly into τν, producing τ+τ− + /pT final
states similar to supersymmetric τ̃ -pair signatures, leading to current ATLAS and
CMS bounds of m∆± ≳ 110 GeV at 95% C.L. In this model the multi-lepton final
states arise from processes such as: γ∗ → ∆+∆− → W+W−ZZ and W ∗ → ∆±∆0 →
W±ZW+W−, and associated γγ production occurs via pp → W ∗ → ∆±(∆0 →
γγ) [76–79].
The scalar triplet ∆ and doublet φ are represented as:

φ =

 h+φ
1√
2(vφ + h0

φ + iG0)

 , ∆ =
1
2

 h+∆
√

2h++
∆

v∆+h0
∆√

2 −h+∆

 , (1.5.17)

where h0
φ,∆ are real scalars, h±

∆ = (h∓
∆ )

∗, and vφ, v∆ are their VEVs, satisfying v2 =

v2
φ + 2v2

∆ = (246 GeV)2. The scalar potential:

V = −µ2
φΦ†φ+

λφ

4 (φ†φ)2 − µ2
∆Tr(∆†∆) +

λ∆

4 [Tr(∆†∆)]2

+Aφ†∆φ+ λφ∆φ
†φTr(∆†∆), (1.5.18)
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leads to minimisation conditions for µ2
φ and µ2

∆. Substituting these into the Lagrangian
gives the CP -even and charged mass matrices:

M2
0 =

 λφv2
φ

2

(
λφ∆v∆ − A

2

)
vφ(

λφ∆v∆ − A
2

)
vφ

λ∆v2
∆

2 +
Av2

φ

4v∆

 , M2
± =

Avφ

2
Avφ

4v∆
Avφ

4v∆

Avφ

2

 .

Diagonalising with mixing angles α and β, h
h0

 = R(α)

h0
φ

h0
∆

 ,
G±

∆±

 = R(β)

h±
φ

h±
∆

 ,

where R(θ) is the rotation matrix, yields physical masses:

m2
h =

λφv
2
φ

2 + tanα
(
λΦ∆v∆ − A

2

)
vΦ, (1.5.19)

m2
∆0 =

λ∆v
2
∆

2 +
Av2

φ

4v∆
− tanα

(
λφ∆v∆ − A

2

)
vφ, (1.5.20)

m2
∆± =

Av2
φ + 4v2

∆
4v∆

, (1.5.21)

and mixing angles:

tan 2α =
4vφv∆(2λφ∆v∆ −A)

2λφv2
φv∆ − 2λ∆v

3
∆ −Av2

φ
, (1.5.22)

tan 2β = − 4vφv∆

v2
φ − 4v2

∆
. (1.5.23)

We identify h with the SM-like 125 GeV Higgs boson; G± andG0 are Goldstone bosons.
All Lagrangian parameters may be written as physical observables (m∆0 ,m∆± ,α, v∆):

λφ =
2
v2

φ

(
cos2 αm2

h + sin2 αm2
∆0

)
, (1.5.24)

λ∆ =
2
v2

∆

[
sin2 αm2

h + cos2 αm2
∆0 −

v2
φ

v2
φ + 4v2

∆
m2

∆±

]
, (1.5.25)

λφ∆ =
1

2vφv∆

[
sin 2α

(
m2

h −m2
∆0

)
+

4vφv∆

v2
φ + 4v2

∆
m2

∆±

]
, (1.5.26)
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A =
4v∆

v2
φ + 4v2

∆
m2

∆± . (1.5.27)

Therefore, the model has four free parameters beyond the SM: m∆0 ,m∆± ,α, and v∆,
and the electroweak precision data constrain v∆, favoring v∆ = 3.4 ± 1.0 GeV [80–
83] when including the CDF II resultt [84], or 2.3 ± 1.7 GeV otherwise. In the limit
α, v∆ → 0, the neutral and charged triplet components (∆0, ∆±) are mass-degenerate,
with perturbativity and stability limiting their mass splitting. The model provides a
predictive and electroweak framework that simultaneously accounts for the W mass
anomaly, the 152 GeV γγ excess, and the absence of deviations in the ZZ channel.
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Chapter 2

The Large Hadron Collider and the
ATLAS Experiment

The ATLAS experiment [5], located at CERN, is one of four main detectors at the
LHC [27]. The LHC uses a state-of-the-art accelerator chain to produce high intensity
proton or heavy ion beams at unprecedented energies, which collide at four specific
points along the beamline. Each collision point is surrounded by advanced detectors,
including ATLAS, which is designed to measure the properties of resulting particles
with remarkable precision. This chapter provides the structure of the LHC’s acceler-
ator system along with a brief summary of the ATLAS experimental setup.

2.1 The Large Hadron Collider

The LHC operates as the world’s leading high-energy particle accelerator. It was built
by CERN and is situated about 100 m underground near the French-Swiss border
in Geneva. This double-ring superconducting hadron collider has a circumference of
26.7 km and uses advanced superconducting magnets to accelerate particles to high
energies and luminosities, making it crucial for modern particle physics.

The LHC primarily collides beams of protons or heavy ions at high
√
s energies, allow-

ing the exploration of fundamental physics phenomena. Proton beams are accelerated
through a series of pre-accelerators and directed into two parallel beam pipes circulat-
ing in opposite directions. Collisions occur at four interaction points, each housing one
of the LHC’s major detectors: ATLAS, CMS [6], ALICE [85] and LHCb [86]. ATLAS
and CMS are multipurpose detectors focused on precision measurements and searches
for new particles BSM. ALICE investigates quark-gluon plasma, while LHCb studies
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Figure 2.1: Sketch of CERN accelerator complex in 2022. Light
(dark) grey arrows indicate the typical flight direction of protons (heavy

ions) through the complex [87].

b-physics and CP violation to explore matter-antimatter asymmetry.

Protons are prepared through a complex chain of accelerators. Negatively charged hy-
drogen atoms are ionised to extract protons, which are first accelerated to an energy
of 160 MeV using a linear accelerator known as LINAC 4. Then they are directed
to LINAC 2, where their energy increases to 50 MeV. They then progress through
the Proton Synchrotron Booster (PSB), Proton Synchrotron (PS) and Super Proton
Synchrotron (SPS), reaching energies of 2 GeV, 26 GeV, and 450 GeV, respectively.
Once injected into the LHC, protons are further accelerated to the TeV scale. The
beams are organised into high density bunches, with each beam containing up to 2835
bunches spaced 25 ns apart, and each bunch holding approximately 1011 protons, en-
abling a collision rate of up to 40 MHz. The LHC’s superconducting dipole magnets,
operating below 2 K and cooled with superfluid helium, maintain the beams’ circular
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Figure 2.2: The mean number of interactions per bunch crossing for√
s = 13.6 TeV pp collisions data from 2022–2024, weighted by lumi-

nosity [88].

paths by generating magnetic fields of up to 8.3 T. Additional quadrupole and higher-
order magnets are used for beam focusing and stabilisation.

Integrated luminosity measures the total data collected by the experiments over time.
The LHC has undergone several operational phases. During Run 1 (2010-2013), it
delivered a total integrated luminosity L = 5.46 fb−1 at

√
s = 7 TeV and an additional

22.8 fb−1 at
√
s = 8 TeV. After a maintenance period known as Long Shutdown 1

(LS1), the LHC resumed operations in 2015 at
√
s = 13 TeV, achieving its design

luminosity and delivering 156 fb−1 by the end of Run 2 in 2018. Run 3 began in
2022, reaching

√
s = 13.6 TeV and targeting peak luminosities of 2 × 1034 cm−2s−1.

Luminosity is calculated as:

L =
fN1N2nb

4πσxσy
, (2.1.1)

where f is the collision frequency, N1 and N2 are the particle counts in each beam, nb

is the number of bunches, and σx and σy represent the beam dimensions.
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Each bunch in the LHC contains approximately 1011 protons, essential for achieving
the required luminosity (Equation 2.1.1). When two bunches collide at an interaction
point, multiple proton-proton (pp) collisions occur. Pileup arises when these collisions
happen simultaneously, generating additional particle debris that complicates the de-
tection of primary events. This extra energy makes it challenging for detectors to
identify relevant physics events. The pileup interactions are quantified by the aver-
age interactions per bunch crossing ⟨µ⟩. During Run 3, the average ⟨µ⟩ in ATLAS
was 47.7. Figure 2.2 shows the luminosity-weighted average density ⟨µ⟩. The mean
interactions per crossing is calculated as µ = Lbunch × σinel/fr, where Lbunch is the
instantaneous luminosity per bunch, σinel = 80 mb is the inelastic cross-section, and
fr is the LHC revolution frequency.

The 2023 luminosity calibration is preliminary and based on van der Meer scans, a
method in which the two beams are transversely displaced to measure their overlap
and thus determine the absolute luminosity, while the 2024 data uses an initial online
calibration. The integrated luminosity, mean µ and most probable value of µ are also
reported. Future plans include the High Luminosity-LHC (HL-LHC) upgrade [89], set
for completion in 2029, which aims to increase peak luminosity by a factor of 5 to 7.5
and deliver up to 4 ab−1 of integrated luminosity over 12 years, enhancing the LHC’s
capacity to address fundamental physics questions.

2.2 The ATLAS Experiment

The ATLAS (A Toroidal LHC ApparatuS) detector is one of the two general-purpose
detectors at the LHC, aimed at exploring a broad spectrum of physics, from validating
the SM to searching for new physics. With over 5500 scientists from 245 institutions
across 42 countries, ATLAS is one of the largest scientific projects globally. The de-
tector measures 25 m in diameter, 44 m in length, and weighs around 7000000 kg. Its
design accommodates the detection of critical signals for new physics while enduring
a harsh radiation environment. ATLAS’s capability to measure particle properties
with precision is enhanced by its nearly full 4π solid angle coverage, allowing for the
reconstruction of most physics processes. This includes the study of the Higgs boson
production and decay, and searches for BSM physics. The detector is designed to with-
stand radiation damage and includes powerful cooling and magnetic field generation
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Figure 2.3: The layout of the ATLAS Experiment [90].

systems to ensure optimal performance.

ATLAS has concentric sub-detector systems arranged cylindrically around the proton
collision point, each serving specific functions:

• Inner Detector (ID): Closest to the beam pipe, the ID identifies charged par-
ticles and reconstructs their trajectories which is essential for precise momentum
measurements and secondary vertex reconstruction.

• Calorimeters: Surrounding the ID, these systems measure particle energy.
The electromagnetic (EM) calorimeter targets photons and electrons, while the
hadronic calorimeter focuses on hadrons.

• Muon Spectrometer (MS): The outermost sub-detector identifies and mea-
sures muon momenta while using a magnetic field from large superconducting
magnets for high accuracy trajectory tracking.

A sophisticated trigger system selects relevant events from the high collision rate,
ensuring that only applicable data is recorded. The detector captures all particles
produced in pp collisions except neutrinos, which escape detection.
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Figure 2.4: Sketch of the coordinate system used in ATLAS [91].

ATLAS uses a right-handed Cartesian coordinate system (Figure 2.4) for spatial mea-
surements, with the interaction point being the origin. The cylindrical detector design
facilitates cylindrical coordinates:

r =
√
x2 + y2, ϕ = tan−1

(
y

x

)
, θ = tan−1

(
r

z

)
. (2.2.1)

The polar angle θ is sometimes used. The pseudorapidity η, however, is preferred for
its Lorentz invariance under boosts along the beam direction:

η = − ln
(

tan
(
θ

2

))
(2.2.2)

The angular separation between two objects is measured using the distance metric in
η − ϕ space:

∆R =
√

∆η2 + ∆ϕ2. (2.2.3)

As part of the LHC program, ATLAS has undergone significant upgrades during long
shutdowns, improving sub-detectors and electronics to enhance data acquisition and
analysis capabilities. These advancements keep ATLAS at the forefront of particle
physics research as it delves deeper into the universe’s mysteries.
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2.2.1 The Inner Detector

The ID is the innermost component of the ATLAS experiment, designed to identify
and track charged particles [92, 93]. It offers high precision momentum resolution and
vertex measurements for particles with pT > 500 MeV within the |η| < 2.5 pseudora-
pidity range. Particles with lower momentum cannot be reconstructed as they do not
fully traverse the ID. The ID operates in a 2 T magnetic field generated by a super-
conducting solenoid, which bends the trajectories of charged particles for momentum
measurement. The ID is housed in a cylindrical envelope measuring 3512 mm in length
and 1150 mm in outer radius, comprising of three main sub-detectors:

• Pixel Detector: Located closest to the beam axis, this detector features four
concentric layers of silicon pixel sensors, including the innermost Insertable B-
Layer (IBL) installed during LS1 [94, 95]. It contains around 92 million pixels,
with outer layers measuring 50µm × 400µm and the IBL measuring 50µm ×
250µm. Charged particles ionise the silicon, generating electron-hole pairs that
drift towards electrodes due to a voltage bias, where they are detected and
amplified.

• Semiconductor Tracker (SCT): The SCT has four barrel layers and nine
endcap discs, using narrow silicon strip sensors to detect charged particles [96–
98]. Each strip is 80µm wide and 120 mm long, providing a spatial resolution
of 17µm radially and 580µm longitudinally. It features approximately 6 million
readout channels for high granularity.

• Transition Radiation Tracker (TRT): The TRT is the outermost ID compo-
nent, it consists of about 3 × 105 gas-filled straw tubes, each 4 mm in diameter
with a gold-plated tungsten wire [99–101]. The tubes are aligned parallel to
the beamline in the barrel and perpendicular in the endcap. The TRT detects
charged particles by ionising a Xe/Ar gas mixture, and transition radiation from
relativistic particles helps distinguish electrons from hadrons, with a spatial res-
olution of 130µm in the r− ϕ direction.

Each sub-detector includes a barrel region with concentric cylindrical layers around
the beam axis and endcap discs that extend coverage in η without increasing the de-
tector’s footprint. Materials in the ID are chosen to optimise radiation tolerance and
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Figure 2.5: The Inner Detector of the ATLAS experiment [90].

minimise energy loss for traversing particles.

The overall resolution of the ID decreases with increasing pT due to reduced track
curvature, expressed as:

σpT

pT
= 0.05% · pT ⊕ 1%. (2.2.4)

During LS3, the ID will be replaced by an all-silicon Inner Tracker, which will enhance
the pixel system, introduce a more segmented strip detector, and ensure optimal per-
formance under high-luminosity conditions at the HL-LHC.

2.2.2 The Calorimeter System

The ATLAS calorimeter system [102] measures hadrons, photons, and electrons ener-
gies within |η| < 4.9. It consists of multiple sampling calorimeters that use alternating
layers of active and absorbing materials to determine particle energies and provide
directional information. These calorimeters are categorised as EM or hadronic based
on their design and function.
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Sampling calorimeters feature high-density absorbers to enhance interaction probabili-
ties and active materials that generate measurable electronic signals from deposited en-
ergy. This design allows compact structures with high granularity, facilitating precise
energy measurements and particle identification. Compared to homogeneous calorime-
ters, sampling calorimeters offer superior lateral and longitudinal segmentation.

The ATLAS calorimeter system comprises four main components:

• Electromagnetic Calorimeter (ECAL): The ECAL is a lead/liquid argon
(LAr) calorimeter divided into barrel (EMB) and endcap (EMEC) modules, cov-
ering |η| < 3.2 range. Its absorber layers range from 1.1 to 2.2 mm in thickness
and is separated by 4 mm LAr gaps. The accordion geometry ensures rapid
signal collection which is crucial for high collision rates. The ECAL’s thickness
is ≥ 22X0 across all regions, where X0 is the radiation length. It provides a fine
segmentation to distinguish photons and electrons from background processes,
especially in the barrel region (|η| < 1.475).

• Hadronic Calorimeter (HCAL): The HCAL consists of the Tile Calorimeter
(TileCal) and the Hadronic Endcap Calorimeter (HEC). The TileCal, using steel
absorbers and scintillating tiles, covers |η| < 1.7 with granularity of ∆η × ∆ϕ =

0.1 × 0.1. The HEC spans 1.5 < |η| < 3.2, using copper and liquid argon
with similar granularity. These calorimeters are essential for measuring hadronic
showers, identifying jets, and assessing the missing transverse energy (Emiss

T ).

• Forward Calorimeter (FCal): The FCal completes the pseudorapidity cov-
erage up to |η| < 4.9. It consists of three modules with copper and tungsten
absorbers, optimised for both EM and hadronic measurements, with a total
depth of 10 interaction lengths (λ).

The calorimeter system’s intrinsic energy resolution is parameterised as:

∆E
E

=
a√
E

⊕ b

E
⊕ c, (2.2.5)

where a is the stochastic term, b is the noise term, and c is the constant term for cali-
bration and uniformity. The ECAL achieves a resolution of σE/E = 10%/

√
E⊕ 0.7%,

while the HCAL provides σE/E = 50%/
√
E ⊕ 3% in the barrel and endcap regions
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Figure 2.6: Cut away sketch of the ATLAS Calorimeter [90].

and 100%/
√
E ⊕ 10% in the forward region. Surrounding the ID, the calorimeter

system ensures accurate energy containment before particles reach the MS.

2.2.3 Muon Spectrometer

The MS is the outermost part of the ATLAS detector [103], and it detects and iden-
tifies muons produced in LHC collisions with energies from a few hundred MeV to
several hundred GeV. With a mass about 200 times that of an electron, a long mean
lifetime (cτ ≈ 660 m), and weak interactions with matter, muons lose minimal energy
while traversing the detector, making them ideal for momentum measurement using a
magnetic spectrometer.

The MS spans a pseudorapidity range of |η| < 2.7 and includes a barrel region and
two endcap regions. It operates within a toroidal magnetic field produced by eight
large superconducting coils, offering bending powers between 1 and 7.5 Tm, facilitat-
ing high-resolution momentum measurements by deflecting muon tracks.

The MS uses various chambers for precision tracking and triggering, each optimised
for specific detector regions:
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• Monitored Drift Tube Chambers (MDT): These primary tracking devices
measure muon track curvature with a spatial resolution of about 35 µm longitu-
dinally. MDTs range from 0.85 to 6.5 m in length and 3 cm in diameter, covering
most of the η range.

• Cathode Strip Chambers (CSC): Positioned in the forward region (2.0 <

|η| < 2.7), CSCs offer higher granularity with a resolution of 40 µm × 5 mm in
the z × r direction which is crucial for high-luminosity environments.

• Resistive Plate Chambers (RPC): Used for trigger purposes in the barrel
region (|η| < 1.05), RPCs provide fast responses and coarse position measure-
ments.

• Thin Gap Chambers (TGC): Used for triggering in the endcap regions
(1.05 < |η| < 2.4), TGCs deliver fast timing and sufficient position resolution.

The MS’s toroidal magnetic field facilitates muon deflection, with a large barrel toroid
in the barrel region (|η| < 1.4) and smaller toroids in the endcap regions (1.4 < |η| <
2.7). The transition region (1.4 < |η| < 1.6) benefits from combined fields of the
barrel and endcap magnets, ensuring uniform bending power, minimising scattering,
and maintaining resolution. The chamber layout provides nearly complete coverage,
with barrel chambers arranged in three concentric cylinders (approximately 5 m, 7.5
m and 10 m in radius) and endcap chambers in four disks located at |z| ≈ 7.4, 10.8,
14 and 21.5 m from the interaction point, covering 1 < |η| < 2.7. Open spaces in the
layout allow for cable routing and access to the ID and calorimeters. Chambers are
classified as small or large, with small chambers near the barrel toroid coils and large
chambers between them, optimising coverage and resolution.

During LS2, the Small Wheel in the MS was replaced with the New Small Wheel
(NSW) [104, 105], which integrates Small-Strip Thin Gap Chambers (sTGC) and
Micromegas detectors, achieving a position resolution of 50 µm and an angular resolu-
tion of 1 mrad. This upgrade enhances efficiency and resolution in the high-luminosity
environment of the HL-LHC. The overall pT resolution of the MS is pT -dependent,
approximately 10% for muons with pT = 1 TeV.
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Figure 2.7: Cut away sketch of the ATLAS Muon system [90].

2.2.4 Forward Detectors

ATLAS is equipped with several forward systems that play a crucial role in enhancing
both physics measurements and ongoing monitoring efforts [106]. Among these systems
are the Minimum Bias Trigger Scintillators (MBTS), Zero-Degree Calorimeter (ZDC),
Absolute Luminosity For ATLAS (ALFA) Roman pots and the advanced Luminosity
measurement system, which uses the Cerenkov Integrating Detector known as LUCID.

The Minimum Bias Trigger Scintillators are designed with a configuration that in-
cludes 32 scintillation paddles, each with a thickness of 2 cm. These paddles are
strategically arranged in two separate disks, positioned symmetrically on either side
of the interaction point. The MBTS effectively covers an |η| range that extends from
2.09 < |η| < 3.84, allowing for high precision in detecting minimum bias events.

In terms of luminosity measurement, the LUCID detector functions as a specialised
Cerenkov device. This detector spans 5.61 < |η| < 5.93. Its primary function is to
capture data from proton scattering events, which are essential for calculating both
the integrated and instantaneous luminosity. This information is important for under-
standing and maintaining optimal conditions of the particle beams.

The ZDC is specifically designed to detect photons and neutrons that are produced
in both pp and heavy-ion collisions [107]. It operates effectively within a range of
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|η| < 8.3, which is particularly useful for searching neutral particles.

The ALFA system is comprised of four Roman pot [108] stations that are spaced at
intervals of 4 m apart, with two stations positioned on either side of the collision point.
These stations are installed roughly at |z| = 240 m downstream of the interaction point
and are carefully placed just 1–1.5 mm from the LHC beams. This precise positioning
of the detectors is vital for conducting accurate measurements of elastic scattering and
beam optics, both of which are critical to understanding the underlying physics of the
collisions.

The forward detectors are installed beyond the main ATLAS detector, located on both
sides of the experimental setup. Their strategic positioning is intended to optimise
the efficiency of their operation and maximise the measurement coverage they provide,
ensuring that the data collected is as comprehensive and informative as possible.

2.2.5 The ATLAS Magnetic System

The ATLAS detector’s magnetic system creates fields that bend charged particle tra-
jectories, allowing for precise momentum measurements based on track curvature. This
system measures 26 m in length and 22 m in diameter, generating a magnetic field in
an approximately 12000 m3 volume using four large superconducting magnets cooled
to about 4.5 K with helium circulated through surrounding tubes. Comprising four
superconducting coils arranged parallel to the beam line, the central solenoid pro-
vides an axial field of approximately 2 T for the ID, peaking at 2.6 T. The solenoid
is designed with minimal material thickness to limit its impact on calorimeter energy
measurements.

The toroidal magnet system has the central barrel magnet and two endcap magnets,
located outside the calorimeters yet enclosed within the muon spectrometer. These
magnets generate toroidal fields of 0.5 T for the barrel and 1 T for the endcap, covering
pseudorapidity ranges of |η| < 1.4 and 1.6 < |η| < 2.7, respectively. In the transition
region 1.4 < |η| < 1.6, the overlap of the barrel and endcap fields reduces bending
power. This magnetic field configuration provides effective particle deflection, ensuring
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Figure 2.8: The ATLAS magnet configuration, displaying the central
solenoid together with the barrel and end-cap toroids.

accurate momentum resolution while minimising interference with calorimeter energy
measurements.

2.2.6 Trigger System

The LHC operates at a bunch crossing rate of 40 MHz, resulting in approximately 1.7
billion pp collisions per second, at an average of 33.7 interactions per bunch crossing
from 2015 to 2018. Due to storage and processing constraints, it is impractical to retain
all events, especially since many involve well-understood SM processes. To manage
this data effectively, ATLAS uses a multi-level trigger system to filter unwanted events
while preserving those of potential significance.

During Run 2, ATLAS used a two-level trigger system consisting of a hardware-based
Level-1 (L1) trigger and a software-based High-Level Trigger (HLT) [109]. The L1
trigger, with a latency of 2.5 µs, decreases input rate from 40 MHz to 100 kHz by
processing coarse data from the calorimeters and muon system to identify high pT

leptons, jets, and other Regions of Interest (ROIs). Events that pass this trigger are
sent to the HLT for further analysis.
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The HLT operates on approximately 40000 CPU units, reconstructing physics objects
like photons, electrons and jets, similar to offline reconstruction. It maintains an op-
timal latency of 100 ms, imposing strict requirements on the presence of interesting
physics objects. This system decreases event rate from 100 kHz to 1 kHz, allowing
storage of only the most relevant events, generating an output stream of about 1 GB/s.

The trigger and data acquisition (TDAQ) system tackles a challenge of rare physics
processes with low cross-sections by filtering vast amounts of data to identify signif-
icant events through three selection levels: L1, L2 and Event Filter (EF). The L1
trigger uses specialised electronics to quickly process detector data. The L2 refines
these choices with more detailed criteria for the ROIs defined by L1. The EF, which
integrates L2 and HLT, conducts a comprehensive analysis using complex algorithms,
reducing event rates to approximately 200 Hz, making them suitable for storage.

This hierarchical method ensures that only events with notable physics relevance, such
as those involving high pT objects, are archived for further analysis. The system’s ef-
ficiency allows ATLAS to document and investigate rare processes at the LHC’s high-
luminosity while effectively managing computational and storage limitations.
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Figure 2.9: The ATLAS Trigger Systems with its interfaces to the
detector and readout systems [90].
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Chapter 3

Object Reconstruction

Proton-proton collisions at the LHC primarily involve interactions among the con-
stituent quarks and gluons within the protons. These collisions can be categorised as
either elastic or inelastic. In elastic collisions, the protons retain their initial energies,
and no new particles are produced. In contrast, inelastic collisions result in changes
to the protons’ momenta and often lead to the creation of new particles, which are
processes governed by QCD and electroweak theory [110, 111].

Inelastic collisions are significant in particle physics, as they provide the rich event
data needed for most analyses. Experimental observations begin with raw detector
signals such as track hits and energy measurements within calorimeters generated by
the particles produced in these collisions. From this data, physicists reconstruct phys-
ical objects like electrons, muons and jets, applying specific selection criteria outlined
in later sections.

A key step in this reconstruction is identifying the primary vertex of the collision.
This is typically defined as the vertex with the highest sum of squared transverse mo-
mentum (∑ p2

T ) from associated tracks, where each track has pT > 0.4 GeV. Accurate
vertex reconstruction is crucial for distinguishing the main collision interaction from
additional overlapping collisions and for correctly associating reconstructed particles
to their origin.

3.1 Photons and Electrons

The photon is reconstructed by using the supercluster method with the energy de-
posits in the EM calorimeter. The photon candidate is required to have pT > 25 GeV
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and |η| < 2.37. Photons inside the transition region 1.37 < |η| < 1.52 are rejected due
to the overlapping geometric coverage and changing detector characteristics between
the barrel and endcap subdetectors. This region presents reconstruction challenges
as particles may traverse gaps or boundaries between detector components, such as
the electromagnetic calorimeters, leading to reduced precision in tracking and energy
measurements. The photon candidate must also pass the Loose cut-based photon
identification selection which is based on the longitudinal and transverse shower pro-
files measured in the calorimeter. In addition, the photon candidate is required to be
non-isolated and pass the FixedCutLoose working point (WP). A candidate event is
required to have at least two good non-isolated photons. To match the trigger thresh-
old, the leading photon muat have transverse energy ET > 35 GeV and subleading
photon with ET > 25 GeV. The diphoton triggers used in the 2022-2023 period can be
found in [112]. They are carefully designed to balance signal efficiency and background
rejection, taking into account pile-up effects and optimising for different experimental
conditions. The use of varying energy thresholds, identification criteria, and Level-1
requirements ensures that the triggers are versatile and robust, capable of capturing
a wide range of diphoton events while minimising noise.

Electron reconstruction is performed by matching ID tracks to energy clusters in
the EM calorimeter. Electrons must be reconstructed within |η| < 2.47, excluding
1.37 < |η| < 1.52, and have transverse momentum above 15 GeV. The identification
of electrons relies on the MediumDNNLooseVarRad WP, which uses a deep neural
network (DNN) that combines calorimeter shower-shape information with track-based
variables from the ID. Additional non-isolated WP selections are applied to account
for electrons in dense environments. Track-quality requirements impose that the trans-
verse impact parameter significance, |d0|/σ(d0), to be less than 5 and the longitudinal
impact parameter, |z0 sin θ|, to remain below 0.5 mm. These requirements help to
ensure that selected electrons originate from the primary interaction vertex.

3.2 Hadronically decaying taus

Tau leptons decay via 1-prong and 3-prong topological modes. A 1-prong τ , decays
into one charged hadron (such as a pion) along with neutrinos, resulting in a single
track in the detector and missing energy. A 3-prong τ , on the other hand, decays into
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three charged hadrons (typically pions) and a neutrino, producing a more complex
but distinct signature with three visible tracks. We are only interested in the visible
hadronic tau (τhad) candidates, as they decay before reaching the detector. They are
reconstructed from clusters in the calorimeters and associated ID tracks. We consider
candidates with pT > 20 GeV and |η| < 2.5, excluding 1.37 < |η| < 1.52. We use the
Recurrent Neural Network (RNN) loose identification because we want to include more
τhad candidates, aiming to maximise signal efficiency, even if it means accepting more
background [113, 114]. Specifically, RNN was used because taus decay into prongs,
and their decay products form a sequence of tracks that can be modeled sequentially.
RNNs are good at capturing dependencies in sequences. The chosen WP used in
γγ +ML channel has an efficiency of 85% (75%) for 1 (3) prong τhad decays.

3.3 Muons

Muons are reconstructed by using track information from the ID and MS [115]. The
candidates must lie within the well-instrumented detector region, corresponding to a
pseudorapidity of |η| < 2.5, where tracking and trigger performance remain optimal.
Each candidate must also have a transverse momentum exceeding 15 GeV. Identifi-
cation of muons relies on the MediumPflowLooseVarRad WP, which applies a set of
criteria involving the number of hits in the ID and MS subsystems and the level of
agreement between the momentum measurements from both detectors. An additional
isolation requirement is imposed, based on the characteristics of ID tracks in the vicin-
ity of the muon, to ensure that the candidate is not produced within a jet. The track
quality selections further demand that |d0|/σ(d0) < 3 and |z0 sin θ| < 0.5 mm. These
impact-parameter constraints suppress contributions from non-prompt muons and are
defined consistently with those used for electron identification.

3.4 Jets and b-jets

Jets are reconstructed via the anti-kt technique [116] with a radius parameter of
R = 0.4, applied to inputs from the particle-flow (PFlow) reconstruction [117]. The
PFlow algorithm combines information from both calorimeter energy deposits and
charged-particle tracks to improve the overall jet resolution. Energy corrections are
subsequently applied to account for residual effects from noise and the underlying
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event, ensuring that the jet energy corresponds to the true particle-level scale. In this
analysis, only jets with pT > 25 GeV and |η| < 4.4 are included. To suppress the influ-
ence of multiple pp interactions within the same pile-up, candidates with pT < 120 GeV
and |η| < 2.4 must also pass a dedicated pile-up rejection algorithm based on the
jet-vertex-tagger [118]. This requirement enhances the likelihood that selected jets
originate from the primary hard-scattering vertex. Additional jet-quality selections
are imposed to remove spurious jets arising from calorimeter noise, non-collision back-
grounds, or reconstruction artefacts [119]. B-jet identification (“b-tagging”) is achieved
using the MV2c10 multivariate discriminant [120], which exploits data from track im-
pact parameters and reconstructed secondary vertices.

3.5 Missing Transverse Momentum

Missing transverse momentum (Emiss
T ), represents any imbalance in the total transverse

momentum of an event. It is obtained by taking the negative vector sum of the
transverse momenta of all calibrated and reconstructed physics objects, together with
contributions from ID tracks that are not matched to these objects but are associated
with the primary vertex [121]. Tracks used in this computation are required to have
pT > 0.4 MeV and must be linked to the hard scatter vertex. The Emiss

T measurement
covers |η| < 2.5, which is smaller than the calorimeter acceptance of |η| < 4.9.
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Chapter 4

Diphoton studies in association
with leptons

This chapter provides supporting material for the diphoton studies in association with
leptons and taus using 35.7 fb−1 pp collision data at

√
s = 13.6 TeV. The current

data set and the MC samples relevant for this analysis are described in section 4.1.
The event selections are summarised in subsection 4.1.4. The sensitivity of the various
backgrounds and signal is discussed in section 4.2.

4.1 Data samples

This section introduces the channels: S′ → 1ℓ1τhad and S′ → 0ℓ1τhad, along with
the relevant MC samples. Since this study relies heavily on photon performance, it
is performed using the γγML package in the easyjet analysis framework with 2022
Run 3 ATLAS data corresponding to L = 35.7 fb−1 at

√
s = 13.6 TeV.

4.1.1 Signal Sample

We used MadGraph5_aMC@NLO [122] for matrix element calculations and Pythia
8 [123] for parton showering and hadronisation. For event generation, we used ver-
sion 23.6.23 AthGeneration release to obtain an EVNT File. At truth level, the signal
sample was generated using Athena release version 25.0.9, with the derivation_tf.py
algorithm used to produce the TRUTH1-level ROOT files. Details of the signal pro-
duction process and simulation configuration are provided in Figure 4.1 and Table 4.1.
The photon and tau filter criteria applied during event generation are summarised
in Table 4.2. The signal was produced via the ggF production mode, with systematic
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H Mass (GeV) S Mass (GeV) S′ Mass (GeV) Cross-sections (fb) Events

250 150 95 1.15 120000
260 160 100 0.412 120000
300 175 125 0.053 120000
350 225 125 0.01 120000
400 275 125 0.004 120000

Table 4.1: Summary of the simulation parameters for different scalar
masses and cross-sections for the γγτ+τ− signal.

Figure 4.1: The H → SS′ decay Feynman diagram, H [250 − 400], S
[150 − 270] and S′ [95 − 125] GeV.

uncertainties included in the process. The centre-of-mass energy was set to 13.6 TeV,
and a total of 120000 events were requested, divided into 20000 events for MC23a,
20000 for MC23d, and 80000 for MC23e. Following the generation of the job options,
the total filter efficiency was determined, as illustrated in Figure 4.2.
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Selection Criterion Photon filter Tau filter

Minimum Transverse Momentum (pT ) 25 GeV pTℓ=e,µ = 12 GeV, pThad = 25 GeV
Maximum Pseudorapidity (η) 2.5 2.7
Number of Objects Required 2 photons 2 visible taus
Identification Loose RNN Medium
Isolation Requirement None None

Table 4.2: The photon and tau Filters used in event pre-selection for
the signal.

Total events Events passing the Photon filter Events passing the Tau filter
Categories
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Figure 4.2: Event Filtering Histogram for γγτ+τ− signal. Total Filter
Efficiency = 0.187.

4.1.2 MC Background Samples

Continuum backgrounds considered in this analysis originate from the following pro-
cesses: γγ + multijets, V (V V ) + γγ and γγtt̄. Events for γγ + multijets process are
generated with Sherpa 2.2.4 [124] at NLO accuracy in QCD up to 1 additional parton
and at LO accuracy up to 3 partons. Events are generated with NNPDF3.0NNLO
PDF [125] along with the dedicated parton shower tuned parameters developed by the
Sherpa authors. The multijets samples do not have real leptons in the channels, so
these samples can be treated as a fake background since the lepton originates from
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Description V γγ γγtt̄ γγ + multijets

Generated Events 523 302 396 278 977 820

Table 4.3: Number of events generated for the V γγ, γγtt̄, and γγ +
multijets background samples.

a misidentified jet. As the misidentified component, the yield and the shape are not
consistent with the data behavior. The total number of events for each background
sample is given in Table 4.3. All MC samples used in this analysis are weighted and
the reweighting procedure is explained in appendix A.1.

4.1.3 Overlap removal

Since different algorithms reconstruct physics objects in parallel, conditions are applied
to remove objects that are spatially close to one another, thereby preventing double-
counting. The overlap removal procedure is performed immediately after the full
object definitions and the selection of two loose photons, ensuring consistency across all
samples, including those produced with reverse identification or reverse isolation. The
two leading photons are always kept in each event. Electrons within ∆R(e, γ) < 0.4
are excluded, as are jets within ∆R(jj, γ) < 0.4. Jets located within ∆R(jj, e) < 0.2
are removed, while muons overlapping with photons or jets, defined by ∆R(µ, γ) < 0.4
or ∆R(µ, jj) < 0.4, are also rejected. In addition, electrons within ∆R(e, jj) < 0.4 of
a jet are excluded. The overlap removal criteria can be found in Ref [126].

4.1.4 Object Selection

After removing overlapping objects, a baseline preselection is applied to the relevant
physics candidates — namely photons, hadronically decaying τ -leptons, electrons, and
muons. These selection criteria are designed to suppress obvious background pro-
cesses while retaining events most consistent with the targeted γγ + 1ℓ 1τhad and
γγ + 0ℓ 1τhad final states.

For diphoton candidates, events are required to pass diphoton triggers and to con-
tain two reconstructed photons that satisfy the Loose identification WP and are non-
isolated. The leading and subleading photons must have transverse momenta of at least
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Description Background Signal
Total Events 1897400 28692
Events Passing the Trigger 1897400 28692
Pass Photon WPs 1466317 25099
Pass Photon Selections 1466156 24792
Pass Electron Selections 203000 4792
Pass Muon Selections 198071 4723
Pass Hadronic Tau Selections 7617 3251
Pass 1 Lepton 1 Tau State 6906 2045

Table 4.4: The γγ + 1ℓ1τhad channel event selection for γγtt̄, γγ +
multijets, V γγ background and the γγτ+τ− signal samples.

35 GeV and 25 GeV, respectively. In addition, photons falling within the calorimeter
barrel–endcap transition region 1.37 < |η| < 1.52 are excluded, and both photons
must lie within |η| ≤ 2.37.

Hadronic τ -lepton candidates are reconstructed using the RNN algorithm and must
satisfy the Loose WP, have pT ≥ 25 GeV and exclude 1.37 < |η| < 1.52, with an
acceptance range of |η| < 2.5.

Electrons are selected using the MediumDNNLoose VarRad WP. They must have
pT ≥ 10 GeV, satisfy |η| ≤ 2.5, and are excluded if located in the transition region
1.37 < |η| < 1.52. Muon candidates must pass the MediumPflow Loose VarRad WP,
including pT ≥ 10 GeV and |η| ≤ 2.5.

After applying baseline preselection, which ensures that all physics objects satisfy
consistent quality, kinematic, and geometric acceptance criteria, the signal and back-
ground events that meet the channel requirements (Table 4.4 and Table 4.5) are used
for the subsequent analysis.
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Description Background Signal

Total Events 1897400 28692
Events Passing the Trigger 1897400 28692
Pass Photon WPs 1466317 25099
Pass Photon Selections 1466156 24792
Pass Hadronic Tau Selections 713815 17036
Pass 0 Lepton 1 Tau State 713815 17036

Table 4.5: The γγ + 0ℓ1τhad channel event selection for γγtt̄, γγ +
multijets, V γγ background and the γγτ+τ− signal samples.

4.2 Multivariate Analysis Strategies

For the classification task, multiple discriminatory variables are chosen as inputs to
train the Deep Neural Network to separate between signal and background. The DNN
output, which reflects an optimal combination of these inputs, determines the signal
regions of the two channels in order to have good significance

In order to improve this sensitivity with limited MC statistics, a 4-fold cross-validation
training is used, which gives a better and smoother Receiver Operating Characteristics
(ROC) curve. The training and testing samples are separated by the event number,
which is reproducible for each simulation event. The whole dataset is split into 3 parts:
training, testing and validation datasets.

These variables are described as follows, and their kinematic distributions are shown
in appendix A.3:

• Hall
T : Transverse momentum scalar sum of jets, photons, leptons and hadronic

taus.

• SphericityT : Transverse sphericity, an event-shape variable built from jet mo-
mentum.

• ∆ϕ(γ1, γ2): Azimuthal angle separation between the two selected photons.

• ∆R(γ1, γ2): Angular separation between the two photons (
√
(∆η)2 + (∆ϕ)2).
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Variable γγ + 1ℓ1τhad γγ + 0ℓ1τhad

Hall
T ✓ ✓

SphericityT ✓ ✓
∆ϕ(γ1, γ2) ✓ ✓
∆R(γ1, γ2) ✓ ✓
|yγγ | ✓ ✓
cos θ∗

γγ ✓ ✓
pℓSys

T ✓
∆ϕ(γγ, τhad) ✓
η(γ1) ✓ ✓
η(γ2) ✓ ✓
∆ϕ(γγ, ℓ) ✓

Table 4.6: Input variables used for DNN training in the γγ + 1ℓ1τhad
and γγ + 0ℓ1τhad channels.

• |yγγ |: Absolute rapidity of the diphoton system.

• cos θ∗
γγ : Cosine of the scattering angle of the diphoton system in the Collins–Soper

frame.

• pℓSys
T : Lepton system transverse momentum (γγ + 1ℓ1τhad).

• ∆ϕ(γγ, τhad): Azimuthal angle difference between the diphoton system and the
hadronic tau candidate.

• η(γ1,2): The leading and subleading photon pseudorapidity.

• ∆ϕ(γγ, ℓ): Azimuthal angle difference between the diphoton system and the
lepton.

The variables used as input features for DNN in the γγ + 1ℓ1τhad and γγ + 0ℓ1τhad

channels are listed in Table 4.6. Table 4.7 lists the separation power (∆AUC) of DNN
variables to separate signal and background. The correlation matrices of the two
channels are shown in appendix A.2 and the hyperparameters used are explained in
appendix A.3.
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γγ + 1ℓ1τhad γγ + 0ℓ1τhad

Variable Rank ∆AUC Variable Rank ∆AUC

pℓSys
T 1 0.150 Hall

T 1 0.280
Hall

T 2 0.130 η(γ1) 2 0.018
η(γ1) 3 0.050 η(γ2) 3 0.017
∆ϕγγ 4 0.032 |yγγ | 4 0.012
η(γ2) 5 0.023 ∆Rγγ 5 0.011
∆ϕ(γγ, ℓ) 6 0.030 ∆ϕγγ 6 0.010
∆ϕ(γγ, τhad) 7 0.021 SphericityT 7 0.007
∆Rγγ 8 0.015 cos θ∗

γγ 8 0.003
|yγγ | 9 0.013
SphericityT 10 0.011
cos θ∗

γγ 11 0.002

Table 4.7: The separation power of DNN variables for the γγ + 1ℓ1τhad
and γγ + 0ℓ1τhad channels.

4.3 Estimation of Statistical Significance

To evaluate the expected significance Z, the DNN output distribution is divided into
10 bins and significance is computed in different regions of the DNN selection us-
ing Equation 4.3.1:

Z =

√√√√2
[
(Ns +Nb) ln

(
1 + Ns

Nb

)
−Ns

]
, (4.3.1)

where Ns and Nb are weighted signal and background yields (see Table 4.8 and Ta-
ble 4.9). The resulting DNN output distributions and ROC curves are shown in Fig-
ure 4.3, Figure 4.4, and Figure 4.5. The AUC scores demonstrate good separation.
For the γγ+ 1ℓ1τhad channel, the AUC scores are 86.6% for the training and 86.0% for
the testing. Similarly, for the γγ+ 0ℓ1τhad channel, the corresponding AUC values are
79.2% and 79.0% for training and testing, respectively. For the γγ + 0ℓ1τhad channel,
the best signal to background separation is best at 0.8 < DNN, as shown in Figure 4.3.
However, due to the limited statistical precision in this region, a more conservative
choice of 0.5 < DNN is used as the Tight DNN region. For the γγ + 1ℓ1τhad channel,
the best separation is observed for 0.6 < DNN, as illustrated in Figure 4.4. The ex-
pected significances are found to be 2.04σ for the γγ + 1ℓ1τhad channel and 1.63σ for
the γγ + 0ℓ1τhad channel, respectively.
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Figure 4.3: DNN response for the γγ + 0ℓ1τhad channel.
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Figure 4.4: DNN response for the γγ + 1ℓ1τhad channel.

Process ≥ γγ + 1ℓ1τhad DNN Response > 0.6
Signal 40.28 36.5
Background 600.12 284.75

Table 4.8: Weighted signal and background yields after event selection
and DNN response cut for the γγ + 1ℓ1τhad channel.
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Process ≥ γγ + 0ℓ1τhad DNN Response > 0.5
Signal 560.17 521.75
Background 2.06 × 105 1.02 × 105

Table 4.9: Weighted signal and background yields after event selection
and DNN response cut for the γγ + 0ℓ1τhad channel.
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Figure 4.5: ROC curves for the γγ + 1ℓ1τhad (left) and γγ + 0ℓ1τhad
(right) channels.
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Chapter 5

Constraining SMEFT Wilson
Coefficients in the h → Zγ decay at
the LHC

As mentioned in chapter 1, the Higgs boson (h) [2–4] was discovered by the LHC in
2012 [5, 6] and this marked a cornerstone in our understanding of electroweak sym-
metry breaking and mass generation in the SM. Subsequent precision measurements
of its mass, spin, and parity have confirmed consistency with SM expectations, with
mass of mh = 125.09 ± 0.21 (stat) ± 0.11 (syst) GeV [127]. Further analyses using
Run 2 data [128–130] have refined these results, reinforcing the SM interpretation of
the Higgs boson. However, several rare decay channels remain partially investigated,
among them the loop-induced process h → Zγ (see Figure 5.1), which has not yet
been observed with high statistical significance. This decay proceeds through quan-
tum loops involving charged fermions and W bosons, making it particularly sensitive
to virtual effects from heavy, BSM particles that could alter the coupling structure of
the Higgs sector.

Within SM, h → Zγ branching ratio is predicted to be Br(h → Zγ) = (1.54 ± 0.09)×
10−3 at mh = 125.09 GeV [131], which is set 3.6 times the SM prediction, while 2.6
times is expected in the presence of SM Higgs. Experimental searches by ATLAS
and CMS using the full Run 2 pp collision data collected at

√
s = 13 TeV, with

L = 139 fb−1 and 137 fb−1 respectively, have not observed a statistically significant
excess above the expected background. ATLAS observed (expected) significance of
1.9σ (1.6σ), while the CMS Collaboration found a similar significance of 1.9σ (2.0σ).
ATLAS and CMS set upper limits on the production cross section times branching
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Figure 5.1: Feynman diagrams for the h → Zγ decay [75].

ratio of 6.6 (5.2) at 36.1 fb−1 and 7.4 (6.0) at 35.9 fb−1 times the SM prediction
at the 95% confidence level (CL), respectively [132, 133]. Despite these null results,
the sensitivity to this decay has reached a level where even small deviations from the
SM could be probed, motivating a deeper theoretical investigation into possible new
physics effects.

5.1 Model independent analysis in SMEFT

The h → Zγ process is a loop-induced decay in SM, making it particularly sensitive
to effects from physics BSM. Its small branching ratio and dependence on heavy vir-
tual particles make it a powerful probe for new interactions. To interpret potential
deviations from SM predictions in a model-independent manner, this analysis adopts
SMEFT framework [134].

SMEFT provides a systematic way to parameterise the effects of new physics appearing
at an energy scale Λ much higher than that directly accessible at the LHC. In SMEFT,
SM Lagrangian is augmented through the inclusion of higher-dimensional operators
that respect SM gauge symmetries, with each operator suppressed by Λ. Each operator
O(d)

i is associated with a Wilson coefficient C(d)
i that quantifies the deviation from SM

prediction:

LSMEFT = LSM +
∑
d>4

C
(d)
i

Λd−4 O(d)
i , (5.1.1)
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Deviations from SM values in Higgs decay can be expressed in terms of the signal
strength:

µh→X =
Γ(SMEFT,h → X)

Γ(SM,h → X)
= 1 + Γ(BSM,h → X)

Γ(SM,h → X)
= 1 + δRh→X , (5.1.2)

where Γ(BSM) denotes the contribution to the decay width arising solely from new
physics, and δRh→X encodes SMEFT correction to SM prediction. New physics effects
would therefore shift µh→X from unity.

For the h → Zγ decay, the relevant SMEFT operators modify the Higgs couplings to
electroweak gauge bosons, therefore affecting both the decay rate and associated kine-
matic distributions. Following the theoretical studies in Refs. [135–137], the leading
dimension-six operators contributing to the h → Zγ decay are:

OϕB = (ϕ†ϕ)BµνB
µν , OϕW = (ϕ†ϕ)W I

µνW
I µν , OϕW B = (ϕ†τ Iϕ)W I

µνB
µν .

(5.1.3)

Here, ϕ denotes the Higgs doublet field, Bµν and W I
µν are the field-strength tensors

of U(1)Y and SU(2)L gauge symmetries, respectively, and τ I are the Pauli matrices
acting in SU(2)L space. These operators directly modify the h → Zγ vertices and are
key to probing BSM effects in Higgs–gauge interactions. The ggF production process,
another loop-induced mechanism in SM, the dominant SMEFT contribution arises
from the operator:

OϕG = (ϕ†ϕ)GA
µνG

A µν , (5.1.4)

where GA
µν is the field-strength tensor of SU(3)C gauge group and A runs over the

adjoint color indices. The corresponding Wilson coefficient CϕG modifies the effective
Higgs–gluon coupling and directly affects the gg → h production rate.

Together, these operators form the dominant subset of SMEFT parameters relevant for
constraining BSM effects in the h → Zγ and gg → h sectors. By comparing SMEFT
predictions to experimental limits on h → Zγ and related Higgs observables, one
can constrain combinations of Wilson coefficients and translate current experimental
precision into quantitative bounds on new physics.
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The model presented here uses one-loop corrections to the h → Zγ amplitude within
the {GF ,MW ,MZ} input scheme [138–141], where the electroweak parameters are
fixed to:

GF = 1.166 × 10−5 GeV−2,MW = 80.39 GeV,MZ = 91.19 GeV. (5.1.5)

Using these inputs, the amplitude is evaluated to extract bounds on the Wilson co-
efficients {CϕB, CϕW , CϕW B} and associated third-generation quark operators that
enter through loop corrections. The best-fit values are obtained through a global χ2

minimisation incorporating both Higgs decay and production observables, as detailed
in section 5.3.

5.2 Signal and Background Simulation

The MC samples were generated using tools such as MadGraph5_aMC@NLO [122],
which computes matrix elements for gg → h production at NLO accuracy in QCD.
Pile-up events were generated using Pythia 8.186 [123] with NNPDF2.3LO PDFs
and A3 tune [142]. The detector simulation was incorporated via Delphes [143]. The
model file was obtained using the SMEFT@NLO package, which automates SMEFT cal-
culations through models generated with FeynRules [144]. The latter is a tool used
to define particle interactions in the SM and its possible extensions.

The samples were normalised using the latest SM production cross-section calculations
at mh = 125.09 GeV for the ggF process [145–150]. The branching ratio was computed
at leading order in QCD [145, 151, 152].

The Zγ backgrounds (pp → Zγ) were simulated using Sherpa v2.2.2 with a fast
calorimeter simulation. The production modes analysed are summarised in Table 5.1,
with the associated cross-sections and event weights provided in Table B.1 and Ta-
ble B.2.
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Production Mode Signal Background

ggF
gg → h → Z(ℓ+ℓ−)γ

gg → h → Z(jj)γ

gg → h → Z(νν̄)γ

pp → ℓ+ℓ−γ (leptonic)
pp → jjγ (jet)
pp → νν̄γ (neutrino)

Table 5.1: The ggF production mode and its corresponding signal and
background processes.

5.3 Constraining SMEFT Wilson Coefficients

To constrain SMEFT Wilson coefficients, we first identify the most sensitive kinematic
variable using a Random Forest classifier (see appendix B.2). This variable, selected
as the optimal feature, is then used to refine the resolution of the differential distri-
butions by optimising the invariant mass window. Two complementary strategies are
adopted: an inclusive approach, integrating over all relevant kinematic regions, and
a bin-by-bin analysis, which examines individual bins of the differential distribution
to enhance sensitivity to potential deviations from SM expectations. The differential
distributions are subsequently reweighted using corrected cross sections obtained from
the constrained Wilson coefficient values. The comparison between the theoretical
predictions and experimental data is performed through a χ2 minimisation procedure
defined as:

χ2 =
n∑

k=1

(
σBSM

k (Ci) − σSM
k

∆σk

)2

, (5.3.1)

∆σk =

√√√√σSM+Bkg
k

L
+
(
δs σ

SM+Bkg
k

)2
, (5.3.2)

Here, σk represents the cross-section in the k-th bin, Ci are the Wilson coefficients and
δs corresponds to the systematic uncertainty which is assumed to be 5%. The cross
section in the presence of new physics can be expressed as [153–156]:

σBSM = σSM +
∑

i

CiAi +
∑
i,j
CiCjBij , (5.3.3)

where Ai and Bij represent the interference and quadratic BSM contributions, respec-
tively.
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A multi-parameter fit is then performed by simultaneously varying all relevant Wilson
coefficients within the benchmark range [−2, 2]. The posterior distributions are ob-
tained through a Markov Chain Monte Carlo scan. The GetDist package [157] is used
to extract credible intervals, visualise parameter correlations, and determine 95% CL
exclusion limits on the Wilson coefficients. The most sensitive observables identified
for the ℓℓγ, jjγ and νν̄γ channels, respectively are shown in Figure B.1, Figure B.2
and Figure B.3. Using these observables, we obtain the two-dimensional 95% CL con-
tours for different combinations of Wilson coefficients within SMEFT, as presented
in Figure 5.2, Figure 5.3 and Figure 5.4 These contour plots illustrate the allowed
parameter regions for the inclusive and multi-bin analyses. As expected in Figure 5.2,
the inclusive and multi-bin are more or less the same in constraining the Wilson co-
effiecnts. Meanwhile in Figure 5.3, the inclusive case provides tighter constraints on
the coefficients and in Figure 5.4 the multi-bin approach provides tighter constraints
on the coefficients.
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Figure 5.2: Two-dimensional 95% CL contours for the Wilson coeffi-
cients CϕW , CϕW B, and CϕB obtained from the ℓℓγ channel using the
dominant observable pγ

T . The red regions correspond to the inclusive
analysis, while the blue regions represent the multi-bin approach.
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Figure 5.3: Two-dimensional 95% CL contours for the Wilson coeffi-
cients CϕW , CϕW B, and CϕB obtained from the jjγ channel using the
dominant observable pγ

T . The red regions correspond to the inclusive
analysis, while the blue regions represent the multi-bin approach.
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Figure 5.4: Two-dimensional 95% CL contours for the Wilson coef-
ficients CϕW , CϕW B, and CϕB obtained from the νν̄γ channel using
the dominant observable m

(γ,MET)
T . The red regions correspond to the

inclusive analysis, while the blue regions represent the multi-bin ap-
proach.

5.4 Signal and Background Discrimination using
Machine Learning

To optimise the signal over background events, minimal cuts are applied, including ob-
ject and channel-specific selections, based on transverse momentum , invariant masses,
pseudorapidity, missing transverse energy and jet reconstruction. The event selections
are summarised in Table 5.2.

From appendix B.1 we use the weighted signal and background yields, calculate sig-
nificance and apply ML (see Figure 5.4). In appendix B.2, we present the feature
importance and the correlation matrices of the input variables, with detailed explana-
tions provided in Table B.3, Table B.4 and Table B.5. The normalised distributions
that are used as input variables for this analysis and the procedure for hyperparameter
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Selection Criteria

Photon requirement One photon (γ) candidate.
Lepton requirement (ℓ) Two same-flavour opposite-charge leptons.
Muon (µ) selections |ηµ±| < 2.7 and pµ±

T > 25 GeV.
Electron (e) selections |ηe±| < 2.47, excluding 1.37 < |ηe±| < 1.52,

with pe±
T > 25 GeV.

Photon selections |ηγ | < 2.47, excluding 1.37 < |ηγ | < 1.52,
with pγ

T > 10 GeV.
Jet reconstruction anti-kt algorithm, R = 0.4.
Jet–photon separation Jets within ∆R < 0.4 of any photon are excluded.
Dilepton (ℓℓ) mass window 81 < mℓ+ℓ− < 101 GeV.
Zγ system pT (Zγ) > 50 GeV.
Photon–lepton separation ∆R(γ, ℓ) > 0.4.
Missing transverse energy Emiss

T < 40 GeV.

Channel-specific cuts
Leptonic (ℓ+ℓ−γ) 100 < mℓ+ℓ−γ < 140 GeV,

with mℓℓ +mℓ+ℓ−γ > 182 GeV.
Jet (jjγ) 50 < mjjγ < 200 GeV.
Neutrino (νν̄γ) 30 < Emiss

T < 100 GeV.

Table 5.2: Summary of object selections for the three ggF channels.

tuning are explained in appendix B.3.

For the ggF production channels we use the XGBoost classifier and the resulting XG-
Boost response and ROC curves are shown in Figure 5.5, Figure 5.6, and Figure 5.7.
The AUC scores representing the XGboost’s ability to separate signal and background
events are found to be 92.6%, 93.5% and 96.0%, respectively. This shows that the
XGBoost can distinguish the signal from the background without overfitting. From
the XGBoost response of the three figures, we consider an XGBoost score of 0.8 to
be the best score for separation. The aim is to compare the results obtained using
XGBoost with those reported in Ref. [158].
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Figure 5.5: Comparison of the ROC Curve with its associated AUC
score (left), and a KDE plot with XGBoost classification score (right)

for the ggF production (jjγ) channel.
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Figure 5.6: Comparison of the ROC Curve with its associated AUC
score (left), XGBoost classification score (right) for ggF production

(νν̄γ) channel.
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Figure 5.7: Comparison of the ROC Curve with its associated AUC
score (left), and a KDE plot with XGBoost classification score (right)

for the ggF production (ℓ+ℓ−γ) channel.

Machine Learning model: We calculate Z-scores using the Machine-Learned Likelihood
(MLL) method [159, 160], which combines ML classification outputs with likelihood-
based inference tests to estimate the experimental sensitivity of high-dimensional data
sets. To improve the performance of the method, we further include Kernel Density
Estimation (KDE) [161] technique, following the approach outlined in [159]. The
MLL+KDE method provides a smooth and continuous approximation of both signal
and background probability distributions from MC samples, without requiring explicit
binning of classifier outputs. The smoothness of the approximation is controlled by
the bandwidth parameter ϵ of the chosen kernel. In our implementation, we adopt the
Epanechnikov kernel, defined as:

κϵ(u) =


3
4ϵ

(
1 −

(
u
ϵ

)2)
, if |u| ≤ ϵ,

0, otherwise,
(5.4.1)

with ϵ = 0.1 in line with [159]. In practice, bandwidth optimisation (e.g. via cross-
validation) plays a crucial role: smaller ϵ values give finer resolution but risk overfitting,
while larger values provide smoother approximations but may underfit. In our Python
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Jet Neutrino Lepton

Z (10 bins) 2.69 2.85 3.24
Z (25 bins) 2.81 2.93 3.26
Z (50 bins) 2.87 3.02 3.29
Z (100 bins) 2.95 3.09 3.37
Z (MLL+KDE) 3.22 3.41 3.72

Table 5.3: The Z-scores for ggF production channels obtained using
binned likelihoods with different binning choices, compared with the

MLL+KDE approach.

code, a fixed bandwidth (ϵ ≈ 0.14) was also tested, consistent with the methodology.
For comparison, we also evaluate the classifier outputs using traditional binned likeli-
hoods. The classifier score o(x) is divided into Nbins uniform bins over the range [0, 1],
with edges:

xi =
i

Nbins
, i = 0, 1, . . . ,Nbins, (5.4.2)

such that each bin has a width:

∆x =
1

Nbins
. (5.4.3)

The expected background and signal histograms are normalised to the anticipated
event counts (see appendix B.3), and the binned significance is then calculated as:

Z =

√√√√2
∑

i

[
(Si +Bi) ln

(
1 + Si

Bi

)
− Si

]
, (5.4.4)

where Si and Bi denote the normalised bin counts of weighted signal and background
yields in the ith bin, respectively. We evaluate Z for Nbins = 10, 25, 50, 100. The
Z-scores obtained for the ggF production jet, neutrino and lepton channels are sum-
marised in Table 5.3 . As expected, the binned likelihood method improves moderately
with finer binning, but the MLL+KDE method consistently outperforms all binning
choices by providing a continuous likelihood estimate. This behaviour is further sta-
bilised by ensemble averaging over multiple ML trainings in our implementation, as
also suggested in [159].
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Chapter 6

Summary and Outlook

6.1 Summary

Building on the motivations discussed in chapter 1, this dissertation presents two com-
plementary studies. The first study investigated diphoton studies in association with
leptons and taus, while the second investigated constraining SMEFT Wilson coeffi-
cients in h → Zγ decay at the LHC.

The first part of the work explored possible BSM scalar resonances that decay into
diphoton final states accompanied by leptons and hadronically decaying tau leptons.
The analysis was done using easyjet analysis framework on the 2022 Run 3 ATLAS
data corresponding to L = 35.7 fb−1 at

√
s = 13.6 TeV. We examined the process

gg → H → SS′, particularly on the channels S → γγ and S′ → [1ℓ1τhad, 0ℓ1τhad]

which was motivated by the previously observed multi-lepton anomalies. The sig-
nal considered was γγτ+τ−, and the dominant background contributions were from
γγ+multijets, V γγ and tt̄γγ processes. Standard object selection criteria were applied
to isolate events consistent with the target channels (see Table 4.4 and Table 4.5).

After event selection, a multivariate analysis was performed to enhance signal sensitiv-
ity. We used correlation matrices to identify the most relevant kinematic variables to
use as input features for DNN training to distinguish signal from background. To opti-
mise the DNN performance we used feature ranking to assess the relative importance of
each variable. The DNN output was subsequently used to maximise the signal signifi-
cance and to evaluate potential excesses consistent with the new scalar in the ATLAS
data, but ultimately, we did not reach a significance required for a conclusive discovery.
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The second part of the dissertation examined the rare Higgs boson decay h → Zγ,
which occurs at NLO order in the SM. The XGboost classifier was used to improve
separation of signal from background across multiple Higgs production modes, such
as ggF leptonic, jet and neutrino channels. We used the KDE to quantify statistical
differences between signal and background distributions within SMEFT, to constrain
the six-dimensional Wilson coefficients and potential deviations from SM predictions.
Overall, the work integrated theoretical modelling, simulation and modern ML meth-
ods to improve the understanding of Higgs boson properties. Our results indicate that
the KDE improves with larger ensemble sizes because it avoids output binning, while
the binning method benefits from increased bin counts; KDE consistently outperforms
binning.

6.2 Future Work

Future developments of this work will focus on a comprehensive characterisation of the
background and signal modelling. Several data-driven techniques will be compared for
estimating the background contribution in signal region, including the two-dimensional
(2D) sideband, template-fit, fake-factor, and TMVA-based multivariate methods. In
regions where there is absence of a significant signal, fits will be performed to the
sidebands. Normalisation factors will be derived from these regions, using alternative
functional forms such as exponential and polynomial parameterisations to model the
background. The most appropriate function will be chosen by evaluating the degrees
of freedom and the size of any spurious signal. A χ2 test may also be used to quantify
the accuracy of fit. The goal is to select the simplest model that provides an adequate
description of the data with minimal spurious signal.

The background characterisation will also involve determining the scale factors used
to normalise individual background components. Multiple kinematic distributions, in-
cluding pT , mγγ , Vγγ and γγ+jets variables, will be overlaid and compared between
data and MC to validate these scale factors. This study will serve as an input to the
final background model and its associated systematic uncertainty. To evaluate the
impact of potential signal contamination in the background model, a spurious signal
test will be performed. For each mass hypothesis between 130 and 200 GeV, in 5 GeV
intervals, the fitted signal yield at a given mass point (e.g, 152 GeV) will be extracted
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and treated as the spurious signal. The maximum spurious yield across the mass range
will be taken as the systematic uncertainty.

For the signal modelling, a double-sided Crystal Ball function will be used. The evolu-
tion of the shape parameters, particularly α across the simulated mass points, will be
studied, and functional forms for their analytical modelling will be investigated. Fi-
nally, dedicated control regions will be defined to constrain background normalisations
and validate the modelling. The invariant-mass window around 125 GeVwill remain
blinded during this stage of the study.

We will extend the second project to the VBF, tt̄H and V H production channels,
assessing performance both before and after optimisation using each channel’s key fea-
tures. We also plan to compare the performance of a BDT classifier against XGBoost
to explore operator structures not fully accessible in a single production mechanism.
These steps will collectively provide a more comprehensive probe of electroweak inter-
actions and possible new physics effects within SMEFT using the rare h → Zγ decay
channel. The analyses will further benefit from the larger Run 3 datasets and improved
detector calibrations, which are expected to enhance statistical precision and overall
sensitivity to new scalar resonances and SMEFT effects.
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Appendix A

Diphoton studies in association
with leptons

A.1 MC Event Weighting

For each MC event e belonging to a simulated sample s, the total event weight we

applied in the analysis is defined as:

we = wgen
e ×wPU

e ×wJVT
e . (A.1.1)

The factor wgen
e corresponds to the generator weight assigned by the event generator

and represents the per-event contribution to the theoretical cross section. In NLO
samples, these weights may be either positive or negative due to the subtraction of
higher-order corrections. The term wPU

e accounts for pileup reweighting and is intro-
duced to correct for differences in the number of simultaneous pp interactions between
data and simulation. This correction ensures that the distribution of reconstructed
vertices and other pileup-dependent observables in simulation accurately reflects the
distributions observed in recorded data. The factor wJVT

e represents the Jet Vertex
Tagger (JVT) efficiency scale factor, which compensates for small residual mismod-
elling in the efficiency of identifying jets.

No explicit normalisation to the integrated luminosity or sample cross section is ap-
plied in this formulation, as the weighting is limited to event-level corrections rather
than overall yield scaling. The weights are taken directly from the analysis trees
through the branches generatorWeight, PileupWeight, and jvt_effSF, correspond-
ing respectively to wgen

e , wPU
e , and wJVT

e . The resulting per-event total weight can
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therefore be expressed as:

we = wgen
e ×wPU

e ×wJVT
e (A.1.2)

and is stored as total weight in the output samples for use in histogram weighting and
significance calculations.

A.2 Correlation Matrices

To optimise the DNN model and be able to choose the input features for the DNN
we used the correlation between the variables and chose the least correlated vari-
ables. Figure A.1 and Figure A.2 show the correlation matrices for the γγ + 1ℓ1τhad

and γγ + 0ℓ1τhad channels respectively.
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Figure A.1: Signal and Background correlation matrices for the γγ +
1ℓ1τhad channel.
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Figure A.2: Signal and Background correlation matrices for the γγ +
0ℓ1τhad channel.

A.3 Input Features for DNN

The DNN used in this analysis is implemented as a fully connected multilayer percep-
tron with an input dimension of din. The architecture consists of three hidden layers
with 20, 15, and 10 neurons, respectively. Each layer applies a linear transformation
followed by batch normalisation and a Rectified Linear Unit (ReLU) activation func-
tion [162]. To mitigate overfitting, we applied dropout after each hidden layer with
rates of 0.2, 0.2, and 0.1. The output layer comprises a single node, providing a con-
tinuous output between 0 and 1 corresponding to an event being classified as signal or
background.

The model is trained using the AdamW optimiser [163] for up to 100 epochs, with a
mini-batch size of 128. The binary cross-entropy loss function [164] is defined as:

−f(ytrue, ypred) = ytrue log(ypred) + (1 − ytrue) log(1 − ypred), (A.3.1)

where ypred is the probability assigned by the DNN for an event being signal or back-
ground, and ytrue is the actual class label (1 for signal, 0 for background). Early
stopping is used to prevent overtraining by monitoring the validation loss, with a pa-
tience of five epochs. The model achieving the lowest validation loss is saved and used
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for evaluation. The dataset is divided into 70% for training, 20% for testing, and
10% for validation. A grid search is performed to optimise the learning rate for each
channel, yielding optimal values of 3 × 10−4 for the γγ+ 0ℓ1τhad channel and 1 × 10−4

for the γγ + 1ℓ1τhad channel.
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Figure A.3: Normalised distributions of key kinematic observables
used in the γγ + 0ℓ1τhad channel.

1 2 3
∆Rγγ

0.00

0.05

0.10

0.15

0.20

0.25

N
or

m
al

is
ed

 to
 U

ni
ty

Background
Signal

0 1000 2000 3000
H all
T [GeV]

0.0

0.2

0.4

0.6

0.8

N
or

m
al

is
ed

 to
 U

ni
ty

Background
Signal

2 0 2
ηγ1

0.00

0.05

0.10

0.15

N
or

m
al

is
ed

 to
 U

ni
ty

Background
Signal

2 0 2
ηγ2

0.00

0.05

0.10

0.15

N
or

m
al

is
ed

 to
 U

ni
ty

Background
Signal

0 1 2 3
∆φγγ [rad]

0.00

0.05

0.10

0.15

0.20

N
or

m
al

is
ed

 to
 U

ni
ty

Background
Signal

0 1 2
|yγγ|

0.00

0.05

0.10

0.15

N
or

m
al

is
ed

 to
 U

ni
ty

Background
Signal

0 200 400 600
p``T [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

is
ed

 to
 U

ni
ty

Background
Signal

0 1 2 3
∆φγγ, `` [rad]

0.00

0.05

0.10

0.15

0.20

0.25

N
or

m
al

is
ed

 to
 U

ni
ty

Background
Signal

0 1 2 3
∆φγγ, ττ [rad]

0.00

0.05

0.10

0.15

0.20

0.25

N
or

m
al

is
ed

 to
 U

ni
ty

Background
Signal

0.00 0.25 0.50 0.75 1.00
SphericityT

0.0

0.2

0.4

0.6

0.8

N
or

m
al

is
ed

 to
 U

ni
ty

Background
Signal

0.5 0.0 0.5
cos θ ∗γγ

0.00

0.05

0.10

0.15

N
or

m
al

is
ed

 to
 U

ni
ty

Background
Signal

Figure A.4: Normalised distributions of key kinematic observables
used in the γγ + 1ℓ1τhad channel.



74

Appendix B

Applications of Machine Learning
Techniques in h → Zγ

B.1 Cross-sections and weights

The generated samples are weighted to the corresponding cross-sections with inte-
grated luminosity L = 140 fb−1. Table B.1 and Table B.2 summarise the cross-sections
and weights used for the ggF production channels, respectively.
The event weights for the signal and background samples are calculated as follows:

wbkg =
σSM+bkg × L

Ngen
, (B.1.1)

and
wsig =

σsig × L
Ngen

, (B.1.2)

where σSM+bkg and σsig are cross-sections for background and signal samples, respec-
tively, and Ngen is the number of generated MC events.
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Channel Type Cross-section (pb)

νν̄γ Signal 25.71
SM 0.0019 ± 1.4 × 10−6

Background 13.97 ± 0.182

ℓ+ℓ−γ Signal 8.605 ± 0.0032
SM 0.0006 ± 6.942 × 10−6

Background 18.14 ± 0.0124

jjγ Signal 86.19 ± 0.0323
SM 0.0049 ± 4.074 × 10−5

Background 7.934 × 104 ± 638.3

Table B.1: Cross-section results for ggF production channels and their
uncertainties.

Leptonic Jet Neutrino
Background Events passing all cuts 428 010 210 125 192 425
Signal Events passing all cuts 80 000 92 000 95 000
Background Weights 25.442 13.001 1.474
Signal Weights 0.132 0.045 0.015
Weighted Background Events 10 889 387.62 2 731 751.08 283 567.10
Weighted Signal Events 10 520 4 134.48 1 425

Table B.2: Event counts, weights, and weighted event yields are sum-
marised for the leptonic, jet and neutrino channels, with selection cri-

teria detailed in Table 5.2.

B.2 Feature Importance and Correlation Matrices

After generating the MC samples, we used a random forest classifier (Figure B.3, Fig-
ure B.1 and Figure B.2) and correlation matrices (Figure B.4, Figure B.5 and Fig-
ure B.6) to choose the sensitive kinematics for our study and used the kinematics with
the highest importance to optimise the model.
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Variable Description

nleps Number of leptons.

mℓℓ Leptons invariant mass.

pℓℓγ
T The ℓℓγ system transverse momentum.

pℓ1
T , ηℓ1 , ϕℓ1 Leading lepton transverse momentum, pseudorapity and azimuthal

angle.

ηℓ2 , pℓ2
T , ϕℓ2 Subleading lepton pseudorapidity, tranverse momentum and azithmu-

tal angle.

pT ratio Transverse momentum ratio.

∆ηℓℓ Pseudorapidity separation between the two leptons.

∆ϕℓℓ Azimuthal separation between the two leptons.

∆Rγ,ℓ1 Angular distance between the photon and the leading lepton.

∆Rγ,ℓ2 Angular distance between the photon and the subleading lepton.

∆ϕZ,γ Azimuthal separation between Z boson and photon.

∆ηZ,γ Pseudorapidity separation between Z boson and photon.

pT t Transverse thrust variable (component of pT perpendicular to the Zγ
axis).

pγ
T Photon transverse momentum.

ϕγ Photon azimuthal angle.

ηγ Photon pseudorapidity.

Table B.3: Variables used as inputs to the XGBoost, with respect to
Ref. [132] in ℓ+ℓ−γ channel.
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Variable Description

mjj Jets invariant mass.
ηj1, ϕj1, pj1

T Pseudorapidity, azimuth and leading jet transverse momen-
tum.

ηj2, ϕj2, pj2
T Pseudorapidity, azimuth and subleading jet transverse momen-

tum.
pγ

T , ηγ , ϕγ Photon candidate: transverse momentum, pseudorapidity and
azimuth.

pT ratio Event-level transverse momentum ratio (dimensionless.)
pT ratiojj Dijet transverse momentum ratio (dimensionless).
pjj

T Dijet system transverse momentum.
∆ηjj Pseudorapidity separation between jets.
∆ϕjj Azimuthal separation between jets.
∆Rγ,j1 Angular distance between photon and leading jet.
∆Rγ,j2 Angular distance between photon and subleading jet.
∆ϕZ,γ Azimuthal separation between Z system and photon.
∆ηZ,γ Pseudorapidity separation between the Z system and the pho-

ton.
pT t Transverse thrust-like variable: component of pT perpendicular

to the Zγ axis.
cos θZ Angular structure variable.

Table B.4: Variables used as XGboost inputs in jjγ channel.
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Variable (math) Description

ϕ
(
Emiss

T

)
Azimuthal angle of missing transverse energy E⃗miss

T (rad).
∆ϕγ,MET Azimuthal separation between leading photon and E⃗miss

T (rad).
pγ1

T Leading photon transverse momentum (GeV).
ϕγ1 Leading photon azimuthal angle (rad).
ηγ1 Leading photon pseudorapidity.
Emiss

T Magnitude of the missing transverse energy (GeV).
pT ratio Event–level transverse momentum ratio (dimensionless).
pT balance Transverse balance of γ and MET (dimensionless).
mrecoil

T Recoil transverse mass built from p⃗γ1
T and E⃗miss

T (GeV).
mνν̄ Invariant mass of the neutrino system (GeV); truth–level or

reconstructed proxy depending on sample.
∆ϕνν̄ Azimuthal separation between the two neutrinos (rad);

truth–level in MC.
m

(γ,MET)
T Transverse mass of the γ–MET system (GeV).

Table B.5: Variables used as XGboost inputs in νν̄γ channel.
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Figure B.4: Signal and Background correlation matrix of the ggF
production (νν̄γ) channel.
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Figure B.5: Signal and Background correlation matrix of the ggF
production (jjγ) channel.
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Figure B.6: Signal and Background correlation matrix of the ggF
production (ℓ+ℓ−γ) channel.

B.3 XGboost training and Normalised Distribu-
tions

The XGBoost which is the implementation of the Boosted Decision Trees (BDT) model
that uses second-order optimisation was used. Unlike traditional BDTs that only use
first-order gradients, XGBoost takes advantage of both gradients and Hessians for bet-
ter convergence. This method includes Lasso and Ridge regularisation set to 0.0001 to
prevent overfitting. We have also added a gamma parameter to control the minimum
reduction in loss required for making additional splits in the trees. The performance
of the trained MC-simulated samples was assessed using the MLL+ KDE [161] and
the normalised distributions used in the ggF production channels are shown in Fig-
ure B.7, Figure B.8 and Figure B.9.
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Figure B.7: Normalised distributions of key kinematic observables
used in the ggF production (ℓ+ℓ−γ) channel to distinguish signal from

background events.
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Figure B.8: Normalised distributions of key kinematic observables
used in the ggF production (jjγ) channel to distinguish signal from

background events.
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Figure B.9: Normalised distributions of key kinematic observables
used in the ggF production (νν̄γ) channel to distinguish signal from

background events.
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