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Abstract

This thesis focuses on three interconnected studies investigating the presence of
an additional scalar particle, S, of mass around mg ~ 95GeV. In the initial study,
we explore the notion that an SU(2) triplet scalar, characterised by a hypercharge
Y = 0, could be the origin of the observed 95 GeV di-photon (%) excesses seen at
ATLAS and CMS. By thoroughly examining its properties, particularly the neutral
component, and considering a small mixing angle with the Standard Model Higgs
boson, we uncover that this scalar naturally exhibits a substantial branching ratio
to 7. Additionally, we find that its Drell-Yan production via pp — W* — HH*
adequately accounts for the observed excess. The second study examines how
recent measurements of the W bosons’s mass by experiments such as ATLAS and
CDF affect the theoretical predictions of the Two Higgs Doublet Model augmented
with a Singlet Scalar 2HDM+S) model. It addresses how this model’s parameter
space is further constrained by the inclusion of vector-like leptons, focusing on
their impact on the muon ¢ — 2 measurements. The third study involves exploring
the potential discovery of the aforementioned scalar at future electron-positron
colliders. Employing several methodologies, including the recoil mass method in
ete collisions (ete™ — ZS, where Z — utu~ and S — bb), we leverage a Deep
Neural Network to refine the differentiation between the Standard Model background
and the targeted signal. The outcomes not only reinforce the potential for detecting
the proposed scalar, but also enhance the scientific argument for the establishment of
future electron-positron colliders like CEPC, FCC-ee or ILC. Together, these studies
contribute valuable insights into the evolving landscape of particle physics.
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Chapter 1

Introduction

Our universe consists of baryonic matter and an invisible component known as dark
matter. Photons, neutrons, electrons, and other building blocks in everyday objects
are examples of baryonic matter. Dark matter, on the other hand, remains mysterious
and is yet to be directly observed. To understand the universe’s fundamental building
blocks and how they interact, physicists developed the Standard Model (SM). This
theoretical framework serves as a comprehensive explanation for elementary particles
and the forces that govern their interactions.

The constituents of the SM include Leptons, which are fundamental particles like
electrons, muons, and taus, and quarks, which are the building blocks of protons,
neutrons, and other hadrons. Finally, force carriers mediate the fundamental forces,
including photons (electromagnetism), W and Z bosons (weak nuclear force), and
gluons (strong nuclear force) [1]. For several decades, scientists have constructed
increasingly powerful particle accelerators to test the predictions of the SM with
exceptional accuracy. These experiments have repeatedly confirmed the strength
and viability of the model. The discovery of the Higgs boson by the CMS [2, 3]
and ATLAS [4] collaborations at CERN’s Large Hadron Collider (LHC) marked a
significant milestone in this ongoing quest. This elusive particle, independently
predicted by Peter Higgs [5] and Robert Brout and Frangois Englert [6], played a
crucial role in explaining how elementary particles acquire mass.

While the SM has successfully described known particles and their interactions,
some mysteries remain. The model needs help explaining certain aspects of the
universe, such as the hierarchy problem, dark matter and quantum gravity. The
hierarchy problem discusses why some particles have vastly different masses from
others [7]. The surprising part is that the Higgs field, according to the theory itself,
should create a very "sticky" environment (large mass for the field), yet some particles
(like the Higgs boson itself) experience it as much less sticky (relatively small mass).
This discrepancy between the predicted "stickiness" and the observed masses is the
crux of the hierarchy problem. The SM does not encompass dark matter, which is
thought to constitute a significant portion of the universe’s mass [8]. The description
of quantum gravity remains elusive within the framework of the SM [9]. These
limitations have fueled extensive research into physics beyond the SM (BSM) [10].
High-energy collider experiments [11], neutrino physics investigations [12], and
astronomical observations [13] are vital in this ongoing pursuit. Collectively, these
efforts aim to address the shortcomings of the SM and provide a more complete
picture of the universe’s underlying principles.

This intriguing situation presents two possibilities: the SM needs to be expanded
to include an as-yet-unknown realm of new physics valid within a particular energy
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frontier, and a more comprehensive theory governs nature beyond that boundary.
Particle colliders play a pivotal role in our quest to unravel these mysteries by
enabling us to explore elementary particles [14] at previously uncharted energies.
These colliders generate vast datasets, harnessing the potential to harbour crucial
insights into new physics phenomena that lie beyond the scope of the SM. In this way,
they offer us a unique window of opportunity to better understand the universe’s
inner workings.

The LHC's utilisation of superconducting magnets to rotate two counter-rotating
bunches of protons results in four collisions taking place at the ring’s location. To
measure and identify particles resulting from the collisions, many particle detectors
are strategically positioned around these collision points: these include the Compact
Muon Solenoid (CMS) [2, 3] and the A Toroidal LHC Apparatus (ATLAS) [4]. When
two particles collide with enough energy, a heavier particle can be created. One
method for studying some of the heaviest and most novel particles in the SM and
possibly beyond the SM (BSM) particles is to use the LHC, the world’s highest-
intensity proton collider. The goal of ATLAS and CMS collaborations is to shed light
on the nature of the cosmos and find a new particle that the SM does not predict.
There are increasing indications of new physics. An increasing number of excesses at
specific mass ranges have been seen when examining the ATLAS and CMS databases,
which is encouraging for the BSM particles.

Conversely, existing and upcoming electron-positron (e*e™) colliders present an
opportunity for investigating BSM particles, such as extra scalar bosons. Accelerators
such as the Large Electron-Positron Collider (LEP) [15] and the Circular Electron-
Positron Collider (CEPC) [16, 17] (which is a future project) offer key advantages
when searching for BSM particles. They provide a clean experimental environment
in the sense that the collision between electrons and positrons produces relatively
simple final states. This simplicity allows for precise measurements and a better
understanding of the underlying physics. The eTe™ colliders enable precision mea-
surements of fundamental parameters in the SM, and these include measurements of
the masses, lifetimes, and couplings of particles like the Brout-Englert-Higgs boson,
W and Z bosons, and the top quark. The fact that ete™ colliders are especially use-
ful for researching the characteristics of the Higgs boson gives them an advantage
over proton-proton colliders. A clean experimental environment allows for exact
measurements of the Higgs boson’s interactions with other particles, revealing its
properties in greater detail. Furthermore, these colliders have adjustable collision
energies, enabling experimentation at various energy scales and, consequently, the
study of weak interactions at these accelerators. These investigations advance our
knowledge of electroweak symmetry breaking [18].

In an attempt to shed light on new and mysterious phenomena discovered at
particle colliders, this thesis explores the exciting world of particle physics beyond
the SM [10], as more and more searches employ the BSM models. Even though
the SM has been incredibly effective in explaining elementary particle interactions,
fascinating oddities continue to entice us to investigate new areas. BSM models are
proposed to account for scientific anomalies not explained by SM, such as Dark matter
candidates, which can be explained by Supersymmetry [19] and Weakly Interacting
Massive Particles (WIMPs) [20], which is incorporated into the SM’s extension, the
Minimal Supersymmetric Standard Model (MSSM) [21], Grand Unified Theories
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(GUTs) [22], and Axions [23].

1.0.1

The phenomenological investigation of additional scalar bosons seen in experiments
is the focus of this thesis. A brief review of the SM of particles is given in section 1.1,
which also presents a BSM framework, the Two Higgs Doublet with an Additional
Scalar model (2HDM+S). These hypotheses account for the experimentally observed
95GeV excess. The Higgs Triplet Model with hypercharge of 0 (Y = 0) and its
functions in explaining the 95GeV di-photon excess is introduced in chapter 2.
Chapter 3 discusses the muon g-2 and W boson mass observations in the context of the
2HDM+S parameter space, including the contributions from Vector-Like leptons [24].
The possibility of finding the 95 GeV scalar boson at future e*e™ colliders is discussed
in Chapter 4. Chapter 5 serves as the thesis’s conclusion, highlighting the application
of complex phenomenological analyses and sophisticated theoretical frameworks
to unlock nature’s mysteries and expand our knowledge of the universe’s basic
components.

1.1 The Standard Model of Particle Physics

The Standard Model of particle physics provides an extensive explanation of the
behaviours of known particles. Developed in the 1970s, this model has consis-
tently proven effective in accurately predicting phenomena, demonstrating resilience
through rigorous high-precision testing [5, 6, 25-27]. This model is framed within
quantum field theory, primarily through constructing a Lagrangian. The develop-
ment of the theory hinges on establishing a set of symmetries, leading to the creation
of a detailed, renormalisable Lagrangian, which is in accordance with the symmetries
and the particle configuration inherent in the model.

The SM exhibits inherent symmetries independent of the reference frame cho-
sen for observation. These encompass spacetime symmetries, which consist of
translational symmetry (unchanged under spatial translations), rotational symme-
try (unchanged under rotations) and Lorentz boosts (unchanged under changes
in reference frame velocity). Gauge symmetries are described by the group struc-
ture SU(3)c x SU(2), x U(1)y [28]. In particle physics, C, L and, Y correspond
to colour-charge, which is responsible for the strong force acting on quarks [29],
left-handed helicity, which describes the handedness of fundamental particles [30]
and hypercharge (Y), which is a combination of electric charge and baryon number.
The charm (C) is a quantum number associated with the weak interaction and refers
to the "charm" of a particle. The lepton number (L) is a quantum number that is asso-
ciated with the weak interaction and lepton number conservation. Each symmetry
within this group is associated with a fundamental force due to its invariance under
gauge transformations. A key feature of the SM is the unified electroweak theory.
This theory arises from the requirement of gauge invariance under the combined
SU(2)r x U(1)y gauge. It unifies the weak force and electromagnetism, showcasing
an elegant aspect of the SM.

The electroweak theory achieves gauge invariance through the SU(2); x U(1)y
gauge group, unifying the weak and electromagnetic forces. The abelian U(1) group,
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represented by hypercharge (Y), gives rise to a single gauge field, B,,. The non-abelian
SU(2)y group defines the theory’s chirality structure. Chiral projection operators
are used to describe these chiral properties'. Chirality refers to the handedness of
fundamental particles, a key concept in the electroweak theory. The chiral projections

are defined as:
1 5 1 5
PL:§(1—7 ), PR:§(1+7 ), (1.1)

where the four-component Dirac spinors can be projected onto the chiral states
that are left- and right-handed. The electroweak theory interacts differently with
left-handed and right-handed particles, a phenomenon known as parity violation.
The Dirac spinors, which describe fundamental particles, can be separated into left-
handed (LH) and right-handed (RH) states using chiral projection operators. The
gauge fields in the electroweak theory interact only with doublets of LH fermion
fields. For example, the electron and its corresponding electron neutrino (both
left-handed) form a doublet.

Similarly, left-handed up-and-down quarks form another doublet. On the other
hand, the right-handed fermion fields don’t participate in these interactions and
remain singlets under the SU(2); symmetry. The SU(2); group, with its three
generators often represented by Pauli matrices, leads to the existence of three gauge
boson fields, denoted as Wﬁ.

The electroweak theory describes the force carriers, or gauge bosons, through
the SU(2); x U(1)y gauge group. However, the physical observable bosons are
the photon (A,,), the neutral Z boson (Zg), and the charged W bosons (Wyi). These
physical bosons are related to the initial four gauge fields from the symmetry group
via the electroweak symmetry breaking mechanism and characterised by a parameter
known as the Weinberg angle (6yy). The Weinberg angle, also referred to as the weak
mixing angle, is defined by the ratio of two coupling constants (g; and g, which are
related to the SU(2) and U(1) gauge groups, respectively) as tan 6y = g1/ [31].
The gauge fields are described by the following equations:

Ay = sin HWWS + cos OBy, (1.2)

Z2 = Cos GWW§ — sin Oy By, (1.3)
1 .

W, = —= (W, TiW;). (1.4)

V2

This theory incorporates interactions between gauge bosons themselves, fermions
(matter particles) and charged W and Z bosons (charged and neutral current interac-
tions), and charged fermions and photon field (electromagnetic interactions).

In the Standard Model (SM), explicit mass terms for bosons and fermions are
forbidden by gauge invariance. This raises the question of how particles acquire
mass while maintaining gauge symmetry. The solution lies in the mechanism of
Electroweak Symmetry Breaking (EWSB), achieved by introducing a complex scalar
tield to the theory. EWSB occurs when the scalar field, called the Higgs field, acquires
a nonzero vacuum expectation value (vev), spontaneously breaking the electroweak

0~1,243

n this notation one defines 7> = iy 192y
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symmetry. This process generates mass terms for particles while preserving gauge
invariance for the remaining forces.

This idea, developed independently by Peter Higgs [5], Robert Brout, and Francois
Englert [6] in 1964, is central to explaining how particles gain mass. The scalar field,
denoted as ¢, is charged under the U(1)y gauge group and represented as a doublet
under the SU(2); gauge group. Through EWSB, the SM maintains gauge invariance
while allowing particles to acquire mass, solving one of the fundamental challenges
in particle physics.

The scalar field, ¢, interacts with the U(1)y and SU(2); gauge groups. The
Lagrangian for this field, Ly, is described by the following equation:

Ly = (3"9)"(9up) — V(¢9), (1.5)
where , )
V(g) = —5#¢" + ;A(07) (1.6)

where the first term in the potential is the mass term, y is a parameter with
dimensions of mass squared. The negative sign in front of y? is crucial because it
makes the potential unstable at the origin (¢ = 0), leading to spontaneous symmetry
breaking. If 4> > 0, the potential has a minimum away from zero, causing the Higgs
tield to acquire a non-zero vev, which breaks the electroweak symmetry. The second
term is the self-interaction term, where A is a dimensionless parameter determining
the strength of the scalar field’s self-interaction. This term ensures that the potential
is bounded from below, preventing the Higgs field from running off to infinity and
making the potential stable at large values of ¢. The minimum of the potential is at a
non-zero value of ¢, driving spontaneous symmetry breaking.

The key to EWSB lies in the potential energy term (V(¢)) of the scalar field
Lagrangian. This term has a specific structure that leads to a non-zero vacuum expec-
tation value (vev) for ¢, which has been experimentally measured. By expanding the
field around its minimum value, we can express ¢ in terms of its components. This
expansion reveals four degrees of freedom associated with the field. EWSB breaks the
initial SU(2); x U(1)y gauge symmetry down to electromagnetic (EM) U(1)gps sym-
metry. This symmetry violation, however, is compatible with the principle of gauge
invariance through the introduction of covariant derivatives. As a consequence of
EWSB and non-zero vev, the SM bosons (W* and Z") acquire mass. The relationship
between their masses and the coupling constants of the theory is described by the

following equation:
_ 170 ¢+ ig?
__E(v)+<h0+ia0 ' 1.7)

Three of the initial four scalar field components transform into the longitudinal com-
ponents of the massive W and Z bosons. These components, known as Goldstone
bosons, are not directly observable as physical particles due to the Higgs mechanism
in the SM since they are massless. The Higgs mechanism removes the Goldstone
bosons associated with the broken symmetry, and these excluded Goldstone bosons
become part of the longitudinal components of the massive W and Z bosons. The
remaining degree of freedom corresponds to the physical Higgs boson (h°). The
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Standard Model of Elementary Particles

three generations of maner interactions / force carriers
[fermions ) [hosons)

r

gluon

photon

SCALAR BOSONS

muon tau

W =
neutrino neutrino W boson

GAUGE BOSONS

VECTOR BOSONS

LEPTONS

FIGURE 1.1: Representation of the Standard Model particles [33].

unbroken U (1)gp symmetry ensures that the photon () remains massless. Addition-
ally, since the scalar field doesn’t interact with the strong force mediated by gluons,
they, too, remain massless. The final step in generating fermion masses involves
Yukawa interactions. These interactions are introduced between fermions and the
scalar field in the Lagrangian:

Ly = AJgiipdhy — Algiguly — AT el (1.8)

The coupling strengths associated with these interactions determine the masses of
the fermions. In summary, the SM incorporates two fundamental building blocks:
fermions and bosons [32]. Fermions are matter particles with half-integer spin, while
bosons (including the spin-0 Higgs boson) are force carriers with integer spin. The
Higgs mechanism, arising from EWSB, plays a crucial role in explaining how these
particles acquire mass within the framework of the SM.

This segment delves into the foundational components of the SM, encompassing
leptons, quarks, gauge bosons, and the fundamental interactions in which they
engage. Despite the considerable success of the SM, it is widely recognised as
incomplete. This serves as a catalyst for continuous investigations into physics
beyond the SM (BSM), aiming to elucidate phenomena that remain unexplained
within the existing model.
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Fermions
Leptons Quarks
Particle Charge Mass [GeV/ c?] | Particle Charge Mass [GeV/c?]
tau -1 1.78 top +2/3 173 £+ 0.30
T neutrino 0 <107? bottom —1/3 4.2 4+0.03
muon -1 0.106 charm  +2/3 1.2 +0.025
y neutrino 0 <107 strange —1/3 0.095 + 0.0005
electron -1 511 x 10~* up +2/3 2 x 1073 40.00026
e neutrino 0 <107° down —1/3 5x 1073 40.00056

TABLE 1.1: SM Fermion Overview: Leptons and Quarks (charges in g,
units) with approximate masses from Ref. [35]).

1.1.1 Fermions

Within the structure of the SM, there exist three varieties of electrically charged
leptons: the muon (u), the electron (e), and the tau (7) [34]. These particles are
ordered by ascending mass and are matched to their respective mass eigenstates.
Each type of charged lepton bears a negative electromagnetic charge, and there is
a corresponding antiparticle for each lepton with a positive charge. These charged
leptons are known to engage in interactions governed by electromagnetic and weak
forces [35]. Some leptons, termed neutrinos, do not carry an electric charge. Distinct
from their charged counterparts, neutrinos have neutral charges, and their flavour
eigenstates are not aligned straightforwardly with their mass eigenstates [36]. This
discrepancy leads to the phenomenon where neutrinos oscillate among different
flavour states during their journey through the cosmos. Neutrinos are elusive to
detection because they interact almost exclusively via the weak force.

Like leptons, the SM also categorises quarks into three families, each partaking in
strong and weak force interactions and possessing an electric charge. Quarks of the
up-type hold a charge that is +-2/3 of the elementary charge (g.), whereas down-type
quarks have a charge equal to —1/3 of g, [37]. There are six distinct flavours of
quarks: up, down, charm, strange, top, and bottom. Each quark is also associated
with a colour charge, labelled as either blue, green, or red, and their corresponding
antiparticles carry complementary anti-colours. Figure 1.1 shows an overview of the
SM particles and their respective properties.

Observations in nature do not reveal isolated quarks, a phenomenon ascribed
to colour confinement; quarks are perpetually found in groups. Consequently, sta-
ble particles within the Standard Model exhibit no net colour charge. Composite
particles of quarks that result in a colour-neutral state are termed hadrons. Those
hadronic states composed of a quark and an antipark of contrasting colour charges
are identified as mesons, while baryons are made up of three quarks, each a different
colour, culminating in a neutral colour combination. A detailed enumeration of
the fermions in the Standard Model, including their respective electric charges and
masses, can be found in Table 1.1 provided in the subsequent section.

A fascinating aspect of the SM is the concept of antiparticles, which posits that for
every SM fermion, there exists an antiparticle that mirrors all of its characteristics
but carries an opposite electric charge [38]. Yet, the nature of neutrinos remains an
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enigma. The debate revolves around whether neutrinos are similar to quarks and
charged leptons, classified as Dirac fermions, or whether they are Majorana fermions,
distinct in that they would be identical to their own antiparticles. This subject remains
an area of active research and discussion (for further details, see ref. [39]). The idea of
antiparticles has its roots in the Dirac equation, a pivotal element in particle physics
that maintains compatibility with the principles of Lorentz invariance:

(iv"9y —m)p(x) = 0. (1.9)

Within this framework, the field corresponding to Dirac fermions is symbolised by
{(x), while the collection of gamma matrices, represented by y* where u varies
from 0 to 3, embodies the Lorentz algebra. The term 0, represents the spacetime
derivatives, including temporal and spatial components. Those interested in a deeper
understanding of how particle fields are described within quantum field theory
should refer to subsection 1.1.2. The gamma matrices are structured as 4 x 4 entities to
ensure the equation upholds Lorentz covariance. The field i(x) is conceptualised as
a four-component spinor that characterises spin-1/2 particles, with two components
depicting positive energy states and two for negative energy states, which correlate
to the particles and their corresponding antiparticles, respectively.

Initially, the negative energy solutions from the Dirac equation were considered
non-physical. However, their true physical interpretation was eventually realised
within quantum field theory, where they are understood to denote antiparticles. The
Dirac equation is a relativistic wave equation that incorporates special relativity into
quantum mechanics. In quantum field theory, we introduce the concept of the Dirac
sea which is a filled state of negative energy electrons that permeates all of spacetime
and by the Puali exclusion principle, the negative energy states will be already filled.
Therefore, when we observe an electron in a positive energy state, it’s not a particle
created from nothing. Instead, it’s a vacancy, or "hole", in the filled Dirac sea. This
hole behaves like a positively charged particle with the same properties as an electron
(except for charge) and is called a positron. The historical detection of the positron in
1932 [40] marked the first identification of an antiparticle. It was distinguished by its
unique path in a bubble chamber that curved in the opposite direction to that of an
electron under a magnetic field, signifying a opposite electric charge. Present-day
particle accelerators routinely generate antiparticles, and advanced experiments are
dedicated to examining the attributes of antimatter, probing for subtle discrepancies
in the behaviour of antimatter relative to its matter counterparts.

1.1.2 Gauge Bosons

The SM categorises the fundamental particles that make up our universe and de-
scribes the forces governing their interactions. These forces arise from the require-
ment of consistency with various symmetries within the SM Lagrangian. While
observed as distinct, the electromagnetic and weak forces stem from a unified elec-
troweak force. The process of EWSB separates this unified force into the familiar
electromagnetism and weak interaction. Mediated by the massless photon, this force
interacts with electrically charged particles and is well-described by Quantum Elec-
trodynamics (QED) due to its long-range nature. Carried by the gauge bosons (Z and
W), the weak force acts on all fermions (fundamental particles with half-integer spin).
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The Z boson interacts with both left-handed and right-handed fermions, while the
W boson interacts specifically with left-handed fermions. Notably, the W boson has
an electric charge, allowing it to interact with photons. The masses of these bosons
have been experimentally determined: 80.357 GeV for the W and 91.188 GeV for the
Z boson [41].

The strong force responsible for the interactions between quarks is governed by
Quantum Chromodynamics (QCD). This force is mediated by gluons (g), unique
particles that carry colour charge. Unlike electric charge, which comes in positive and
negative, colour charge comes in three types (red, green, blue) and their anti-colour
counterparts. This combination leads to eight possible gluon configurations. A crucial
feature of the strong force is its dependence on distance. Unlike electromagnetism,
a force known as confinement explains why quarks are never found isolated but
rather bound together in composite particles like protons and neutrons. The strength
of the strong force is described by the coupling constant, x5, which increases with
decreasing energy according to the equation:

as(p) = L2m , (1.10)
(32 — 2n)In( )
Tlf n AZQCD

where 7 is number of active quarks at the scale y, and AzQCD is experimentally deter-
mined cutoff scale (usually ~ 0.2 GeV). The number of active quarks determines the
strong coupling at a given scale, denoted by 7y, and the experimentally determined
cutoff scale, AéCD, usually around 0.2 GeV. This coupling arises from two features
of the strong force: colour confinement and asymptotic freedom. Stable particles
must have a neutral colour charge in colour confinement because the coupling con-
stant increases with distance. For example, consider a quark-antiquark pair in a
meson. As the distance between the two quarks increases, more energy is required
to continue the separation. Eventually, producing a second quark-antiquark pair
becomes more energetically favourable, resulting in two neutral-charged hadrons.
In asymptotic freedom, the strength of the coupling constant decreases at minimal
distances. Quarks within hadrons reach a state where they do not experience any
resistance from the strong force, allowing them to move freely. Table 1.2 provides an
overview of the forces, their associated bosons, and their respective characteristics.
It's important to note that the interaction of a particle with a particular force depends
on the values of specific charges or quantum numbers, which vary among different
particle types within the Standard Model.

The coupling constant becomes small at high energies, allowing QCD predic-
tions to be made through perturbation theory. Conversely, processes become non-
perturbative when the coupling constant is large. The energy region that separates
these two is known as the Agcp. When determining a cross-section for an LHC
process, we divide the calculation into perturbative and non-perturbative processes.
For instance, QCD can be used to describe the behaviour of high-energy quarks
and gluons. However, the process of quarks and gluons forming colourless com-
posite particles, known as hadronisation, is non-perturbative. During high-energy
collisions at the LHC, quarks and gluons are produced, radiating coloured particles
through a phenomenon known as fragmentation or parton showering. This process
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Bosons
Force Particle Charge Mass [GeV/c?]
Strong gluons (g) 0 0
Electromagnetic | photon (7) 0 0
Weak W boson (W*) +1 80.357+0.012
Weak Z boson (Z) 0 91.188+0.0021
Gravitational* |  graviton? ? ?

TABLE 1.2: The Standard Model describes subatomic forces and pre-
dicts particle masses [35], but excludes gravityx, explained by general
relativity.

continues until energies reach approximately 1 GeV, and the resulting spray of parti-
cles produces colourless composite particles known as jets. Instead of detecting the
constituents (quarks and gluons), the ATLAS detector detects these jets.

1.1.3 Brout-Englert-Higgs Mechanism

The Higgs mechanism explains how particles acquire mass through their interaction
with a field called the Higgs field [5, 6]. Initially, in the very hot early universe,
the Higgs field is symmetric, and particles are massless. As the universe cools and
undergoes a phase transition, the Higgs field adopts a specific non-symmetrical
configuration, breaking the electroweak symmetry. This non-symmetrical state,
described mathematically as a doublet in SUj, isospin symmetry, can be pictured as
the Higgs field acquiring a non-zero vev. Here’s the equation representing the Higgs

field doublet: ) N
- . 1.11
(P \/i < 4)0 ) L ( )

The Lagrangian of the SM before electroweak symmetry breaking is the sum
of two terms: the Lagrangian for leptons (fundamental particles like electrons and
neutrinos) and the Lagrangian for gauge bosons (force carrier particles). After the
EWSB, an additional term is added to the Lagrangian specifically for the Higgs field:

Lhiggs = (Du)T(DFp) — 1 (¢7¢) + A(9T¢)?, (1.12)

where Dy, = 0, — (ig/2)Wyo" — (ig’/2)B,Y. The term D, represents a covariant
derivative. This mathematical tool ensures that under a gauge transformation, the
result maintains the gauge symmetry when you take a derivative of a field (like the
spinor field ¢, here). The partial derivative (d,,) is modified by the gauge field (W
that is associated with the SU(2) gauge group, with a = 1, 2, 3 and ¢* being the
generators of the SU(2) gauge group. B, is associated with the U(1) group, and
Y is the hypercharge operator (that is related to the electric charge of the field). ¢
and ¢’ are the coupling constants associated with the SU(2) and U(1) gauge groups,
respectively.

This term consists of two parts: A kinetic energy term that ensures the Higgs
tield interacts with the other particles in a way that respects the principles of gauge
invariance. A potential energy term, often visualised as a "Mexican hat" due to its
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FIGURE 1.2: This graph depicts the Higgs Potential as a function of ¢

in both the real and imaginary planes when p? < 0. Its characteristic

shape bears resemblance to a well-known analogy often referred to as a
"Mexican hat" [42].

shape, which has a key role in mass generation (Figure 1.2). Imagine a ball placed
exactly at the peak of the Mexican hat. This represents the state of the electroweak
force before symmetry breaking. In this high-energy state, the W and Z bosons,
mediators of the weak force, have no mass. Due to the unstable nature of the
peak, the ball (representing the Higgs field) "rolls down" the potential towards the
lower energy minimum. There are many possible directions to roll down within the
ring-shaped minimum. This "rolling down" process is called spontaneous symmetry
breaking. As the Higgs field settles at a specific point within the minimum, it acquires
a non-zero value. This breaks the initial symmetry of the electroweak force. The
interaction of the W and Z bosons with the Higgs field, now having a non-zero
value, gives these bosons mass. This explains why the weak force is much weaker
than the electromagnetic force at low energies. The W and Z bosons, unlike the
massless photon of electromagnetism, need to "interact” with the Higgs field to move,
effectively giving them mass.

The LHC experiments, CMS [2, 3] and ATLAS [4], marked a significant milestone
with the uncovering of the Higgs boson. This particle, with a mass around 125 GeV,
is a cornerstone of the Higgs mechanism. Run 2 data from the LHC provided
strong validation for the SM’s predictions regarding the Higgs boson. The SM
portrays electroweak interactions through SU(2); x U(1)y gauge theory. The Higgs
mechanism, involving a Higgs field doublet, plays a crucial role in assigning mass W
and Z bosons, the carriers of the weak force. This mechanism gives rise to the Higgs
boson itself. Measurements from the LHC experiments place the Higgs boson mass
at approximately 125.09 & 0.21(stat) = 0.11(syst) GeV.

The Higgs field interacts with other particles through Yukawa couplings. This
interaction, along with EWSB, is responsible for giving mass to fermions. The
Higgs boson also interacts with itself and gauge bosons, with the strength of these
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interactions depending on the mass of the particles involved:

2

2 2m? m
Shvv = _’Zv’ Shhvv = %, Shff = Tf, (1.13)
3m? 3m2
8hhh = %, Shhhh = % (1.14)

Equation 1.13 and Equation 1.14 are the couplings of the SM Higgs boson with
gauge bosons and fermions, where V.= W, Z, f = e, u, T and my is the mass of
the gauge bosons. The vacuum expectation value is represented as v, and miy is the
fermion mass.

Production Modes of the SM Higgs

Gluon-gluon fusion is the dominant mechanism for Higgs boson production, re-
sponsible for roughly 65% of Higgs creation events at the Tevatron. This process
is represented by the g¢ — H (Figure 1.3 A) [43]. Vector boson fusion is another
significant Higgs production method. Here, two quarks annihilate (99 — gg) to
produce a pair of vector bosons (V'V), which then radiate a Higgs boson (qa — gqH).
Vector boson fusion contributes about 10-15% to the total-cross-section, depending
on the specific Higgs mass (Figure 1.3 B) [44].

For lighter Higgs bosons (below 135 GeV), Higgstrahlung becomes more impor-
tant. In this process, a Higgs boson is produced alongside a massive vector boson
(V) through the process qj — V* — VH (Figure 1.3 C). This mechanism is similar to
how an electron emits a photon during bremsstrahlung radiation. The Higgs boson
can also be created alongside a pair of top quarks (¢f) through a process such as g3 or
gg — ttH (Figure 1.3 D) [45].

SM Higgs decays

The strength of the Higgs boson’s interaction with other particles, called gauge
bosons, is proportional to the masses of those gauge bosons squared. Due to its own
mass, the Higgs boson predominantly decays into bottom quarks, accounting for
roughly 58% of all decay events. These decays can also occur through intermediate,
short-lived W and Z bosons (off-shell). In a much smaller fraction of cases (around
0.23%), the Higgs boson can decay into photons, either directly through quark inter-
actions or indirectly through virtual W boson loops. A comprehensive breakdown of
the Higgs boson’s decay modes can be found in Figure 1.4.

1.2 The Two Higgs Doublet Model with an Additional
Scalar

The Two Higgs Doublet with an additional Scalar (2HDM+-S) extends the SM by
introducing a new scalar particle, a singlet denoted by (S). This model builds on the
existing CP-conserving 2HDM, but with a key difference. The 2HDM+S relaxes a
specific symmetry constraint, allowing for a wider range of theoretical possibilities
and potential observable effects. The crucial addition is the singlet field (¢s). This
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FIGURE 1.3: Production modes of the Higgs boson [46].

tield is a real scalar, meaning it has no complex component, and it doesn’t acquire a
vev. This property makes it a strong candidate for dark matter particles, which are
theorised to exist but haven’t been directly observed yet.

While previous studies explored scenarios where the singlet field in the 2HDM+S
model has a non-zero vev, they often relied on simplifying assumptions. For instance,
they might have neglected the possibility of the singlet contributing to the properties
of the recently discovered 125 GeV Higgs boson. This work takes a different approach.
It avoids such limitations and considers the full potential of the 2HDM+S model.
This model is described by two Higgs doublets (¢; and ¢,) and the singlet field (¢s),
as detailed in the equation [47, 48]:

A
V(®1,Pa, Ps) = miy |P1]* — m3y|Psf* — miy (P2 +hc) + T (@)

A
+ 72@5@2)2 + A3(PID1) (PIDy) + Ay (D] D,) (P D)
A 1 A A
+ 75[(<I>{<1>2)2 +hel+ Emgcpg + fcbg + 77@{@1)@%
A
+ 78(c1>§<1>2)<1>§. (1.15)

The 2HDM+S model introduces a softly broken symmetry term (m3,) to prevent
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FIGURE 1.4: This graph depicts the SM Higgs boson decay branching
ratios and total decay width [41].

unwanted interactions at the fundamental particle level. This symmetry can further
be extended to the sector responsible for fermion masses (Yukawa sector) to ensure
specific interactions don’t occur at the tree level. The model incorporates two key
symmetries, Z, and Z’2. These symmetries dictate how the Higgs doublets and
singlet scalar transform. One symmetry transforms ¢; and ¢, in opposite directions
while leaving ¢s unchanged. The other transforms them identically but flips the sign
of (PS .

The second symmetry is spontaneously broken, meaning it’s not enforced by
the underlying physics. This breaking, along with the presence of the singlet field,
modifies the properties of neutral particles compared to standard 2HDM. Instead of
a 2 x 2 matrix describing the masses of these neutral particles, the 2HDM+S uses
a 3 X 3 matrix due to the additional singlet field. This matrix considers various
parameters that influence the masses and interactions of the particles.

A rotation matrix is applied to this matrix to arrive at the physical mass eigen-
states, which are the actual particles observed in experiments. These eigenstates
are denoted as Hy, Hp and H3, with masses increasing from H; to H3. The model
treats m3, parameter as independent, resulting in a set of parameters that define the
properties of the particles in this scenario. This set includes properties like masses,
mixing angles, and vevs:

2
tang, v, vg, k1, ko, a3, My, , 5, MA, Mpgs, M. (1.16)

where tg is the ratio of the vacuum expectation values of the doublets, v and v; is
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FIGURE 1.5: The p-values of the individual high-mass channels, as well
as their combination, are shown as a function of mg [58].

the SM and singlet vev, respectively, a1, a», a3 are the mixing angles, my, , , are the
masses of the doublets, m 4 is the mass of the pseudoscalar, my= is the mass of the
charged scalar and m3, is the soft Z; breaking parameter.

1.3 Multi-lepton anomalies at the LHC

The anomalies involving multiple leptons (electrons and muons) observed at the LHC
pertain to distinct processes marked by their outcome, which includes two or more
charged leptons [24, 49-56]. These processes may or may not involve the presence of
hadronic b-jets, giving rise to topologies reminiscent of Higgs boson decays. Instances
like these stand out significantly because they exhibit notable deviations from the
SM predictions [52, 54-56]. Furthermore, this theoretical framework identifies a
potential unique candidate, designated as S [52]. When coupled with a candidate
Dark Matter [57], this model offers valuable perspectives on numerous astrophysical
anomalies.

The detection of the Higgs boson at the LHC by the CMS [2, 3] and ATLAS [4]
experiments has ushered in a new era in particle physics. With measurements
placing the Higgs mass at 125 GeV and aligning with SM predictions, the possibility
of additional or Higgs-like scalar bosons is considered, emphasising the need for
minimal mixing with the SM. Multi-lepton anomaly final states at the LHC, as
detailed in refs. [50, 52], are investigated within a Two-Higgs doublet model with
an additional singlet scalar. In this model, the CP-even scalars /1, S, H have masses
of 125, 150 [52], and 270 GeV [49, 57], respectively. The primary anticipated decays
involve H — Sh, S§S*, SS/, prompting a search for scalar resonances related to
S — 77, Z7v in conjunction with missing transverse energy, light- and b-jets. The
coupling details between scalar S and vector boson pairs are established through
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FIGURE 1.6: Profile likelihood ratio for the individual fits [54].

observed decays of S in channels such as WW, ZZ, Z, or . The first prediction
of the mass of S was determined to be mg = 150 5 GeV [52]. The predictions were
confirmed in later studies on narrow resonances and di-lepton searches [57-60].

In recent times, there has been a notable emergence of what is referred to as
"multi-lepton anomalies". These anomalies are characterised by several discrepancies
observed in channels involving multiple electrons and/or muons in the final states.
These disparities exhibit a significant level of statistical significance and suggest the
potential existence of new scalar particles at the electroweak scale [50, 52, 54, 55,
61]. The 2HDM+S model under examination raised several important concerns. It
demonstrates the ability to effectively account for the observed excesses in data using
just one parameter, ﬁé. A study [54] involved simultaneous fitting for all measure-
ments depicted in Figure 1.6. The most favourable fit resulted in a combination of all
measurements with 5§ = 2.92 +£ 0.35, achieving a corresponding significance value
of 8.040.The detailed characteristics of these anomalies are outlined in Table 1.3.

Previous research has suggested the possibility of an anomaly in high-energy
proton-proton collisions. This anomaly involves the production of multiple leptons
at a rate that isn’t fully explained by the SM of particle physics. One potential
explanation for this anomaly is the existence of a new heavy boson with a mass in
the range of the electroweak force. This hypothetical boson would primarily decay
into a known Higgs boson from the SM and a theorised singlet scalar particle. A
study (Ref. [24]) investigated the long-standing discrepancy in the muon’s anomalous
magnetic moment. They explored a theoretical framework called the Two Higgs
Doublet model with an additional singlet scalar (2HDM+S to see if it could explain
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FIGURE 1.7: This is a representative Feynman diagram of the ggF pro-
duction of H [54].

| Final State | SM background | Significance |
(0~ + bAjets 00,621 tE+ Wt > 50
(0%, 0F 070 (no bjets)> 05 041 [ WER(125), WWW > 4o
(0~ +(no bets)>% ©°1 WTW- ~ 30
ECE, (20 (1D-jets 56 7] (W, it > 30
Z(— ££)£(no b-jets)l> o] ZW* > 30

TABLE 1.3: Anatomy of the multi-lepton final states [69].

this anomaly. However, their findings suggested that the contribution from the
2HDM+S was insufficient. The study then introduced the concept of Vector-Like
Leptons as an alternative explanation for the observed discrepancy.

Specifically, these multi-lepton anomalies align with the hypothesis of direct
production of a scalar particle, denoted as H, with an approximate mass of ~ 270 GeV.
This particle predominantly undergoes decay into a pair of lighter scalar particles,
denoted as S. In Figure 1.7, the production of H is depicted. For the case where
H — Sh, we are able to produce a SM Higgs boson h and a singlet scalar [52]. In
this configuration, S can be considered to be Higgs-like, with a mass ~ 150 GeV and
can decay into multi-lepton final states. This was the first instance of a potential
151.5GeV scalar, and various resonant searches have been made.

Scientists recently conducted a search for a theorised particle called the singlet
scalar (S). This particle is predicted to be produced alongside SM gauge bosons,
specifically through the combined channels of ¢y and Z. The analysis [57], favoured
a simplified model with a new scalar particle around 151.5 GeV mass. This finding
held a local significance of 4.3¢ and a global significance of 3.9¢, suggesting a strong
possibility of a new scalar resonance (S’). This particle, decaying into photons
with associated missing energy, could be connected to the mystery of dark matter.
The search also explored a mass window between 90 and 200 GeV. Around 95 GeV,
researchers observed a preference for a new scalar decaying into a pair of W bosons
through leptonic interactions. This finding reached a significance of 2.5¢. This
suggests that a hypothetical heavy boson (H) could potentially decay into two scalar
bosons (§'S*), with S’ being ~95 GeV and S$* being the off-shell scalar at 151.5GeV.
The scalar S* decays into a W boson pair (W W), while the scalar S’ decays into a
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Experiment | Final state | Significance (¢)
CMS YY 290
ATLAS Y 1.70
CMS TT 2.80

TABLE 1.4: Local significance of the 95 GeV scalar at different final states.
bottom quark-antibottom quark pair (bb) [59].

1.3.1 The 95 GeV Scalar Candidate

Particle physics experiments, especially those conducted at the LHC , are increasingly
focused on a potential new light scalar particle with a mass around 95 GeV. This
interest is driven by several observations of unexplained excesses in particle collisions
at this energy range. The Large Electron-Positron (LEP) experiment reported an
excess of events around 90-100 GeV with a statistical significance of 2.3¢.. This excess
was observed using a specific process called Higgstrahlung at centre-of-mass energies
from 91 to 210 GeV [70]. During Run 2, the CMS experiment observed a localised
excess of events with a significance of 2.90 at a di-photon invariant mass of 95.4 GeV.
Their analysis focused on searching for a SM-like Higgs boson decaying into two
photons within a mass range of 70-110GeV [71, 72]. Similar to CMS, the ATLAS
experiment also conducted a search for resonances in the di-photon region using
their Run 2 data. They found a slight excess with a significance of 1.7¢ in the broader
mass range of 66-110 GeV [73].

Analysing the tau lepton (7) final states, CMS identified an excess of 2.8¢ at
95.3 GeV, aligning with their previous di-photon findings [72]. This excess wasn't
observed by ATLAS. A local excess of 2.5¢ was reported by CMS in the W W™ final
state decaying into electron or muon pairs, during their search for new scalar particles
around 95GeV and 151 GeV [59]. A combined analysis by CMS and ATLAS of the
SM Higgs decaying into W bosons within the 90-200 GeV mass region is ongoing.
The Table 1.4 summarises the observed excesses around 95 GeV from various LHC
searches.

Currently, a local (global) significance of the excess at 95GeV is evaluated to
be 4.10 (3.80) [58], illustrated in Figure 1.8. The ATLAS and CMS vy data were
merged under the assumption of equal signal sensitivity, and this combined result
was subsequently integrated with the 7t and S — WW™ signals using Fischer’s
combined probability test [74] with three degrees of freedom. It's important to
consider the possibility that the 95GeV scalar might originate from the decay of H
in the presence of multi-lepton anomalies observed at the LHC [50, 52, 54, 55]. In
such a scenario, the decay pathway is H — SS’, S could be responsible for lepton
production and S’ for the generation of b-quarks. The lack of an S — ZZ* — 44
signal also hints at S potentially being the neutral component of an SU(2) triplet
with Y = 0.

New findings from the CMS experiment hint at the existence of a new scalar
particle around 95 GeV [71, 72]. While previous ATLAS studies didn’t definitively
exclude this possibility, their latest results show a weaker limit on the presence of
such a particle at this mass compared to earlier expectations. Additionally, earlier
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FIGURE 1.8: The p-value is shown as a function of mg for the low-mass
channels mg [58].

LEP data suggested a process involving the production of a similar particle (S')
through electron-positron collisions, followed by its decay into a Z boson and a pair
of bottom quarks. Interestingly, CMS also observed a possible signal for the resonant
production of tau lepton pairs at a similar mass.

Initial hints of a particle around 150 GeV came from studies of di-photon ex-
cesses [52]. The first evidence for a narrow resonance in this region was published
elsewhere [57]. A recent combined analysis of ATLAS and CMS data explored the
possibility of scalar resonances at the electroweak scale [58]. This analysis found
consistent evidence for excesses around 96 GeV (denoted as S’) and 152 GeV (de-
noted as S). The 95GeV particle (S') appears to have a stronger presence compared
to SM predictions, with a significance of 3.8¢. A simplified model interpretation
of the 152 GeV excess suggests it could be due to the resonant pair production of
the S particle via a new, heavier scalar particle H (with a mass of about 270 GeV).
This scenario would result in a global significance of around 4.7¢ (Figure 1.5). In
this model, the S particle would be produced through the decay of the heavier H
boson, potentially explaining the observed multi-lepton anomalies at the LHC. The
production mechanism could involve processes like pp — H — S5* or H — SY/,
where S decays further into a pair of W bosons or a lighter scalar particle S’. The
associated production of the S particle could be a link to the observed multi-lepton
anomalies at the LHC.
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Chapter 2

Investigation of a Triplet Scalar in
SU(2); as the Source of the 95 GeV
Excess

The recent detection of an excess around 95 GeV in the di-photon channel at the LHC
has sparked excitement in the physics community. This excess hints at the existence
of a new scalar particle not predicted by the SM. Scientists are actively exploring
possible explanations for this anomaly.

One intriguing possibility involves an SU(2) triplet scalar with zero hypercharge
(Y = 0). This type of scalar, when mixed slightly with the SM Higgs boson, could
naturally have a significant decay rate into two photons. This characteristic allows
it to be produced abundantly through the Drell-Yan process (pp — W* — HH¥)
at the LHC, where H™ represents the charged component of the triplet, potentially
explaining the observed signal strength as proposed in Ref. [75].

The discovery of the SM Higgs boson marked a milestone, but the possibility
of other scalar particles remains open, especially if they play a more subtle role in
EWSB and have weaker production cross-sections compared to the SM Higgs. The
basic structure of the SM Higgs sector, consisting of a single SU(2); doublet scalar,
lacks strong theoretical justification. Many alternative models have been proposed,
including models with additional singlets, doublets, and triplets of scalars [76, 77].
The 95 GeV excess has become a major focus of research due to its potential to reveal
new physics beyond the SM. While the findings are still preliminary, they have
opened exciting avenues for exploring the fundamental nature of the universe and
our understanding of particle physics.

The CMS experiment has reported strong evidence for a neutral scalar (H) de-
caying into two photons at 95 GeV [71, 72]. These findings align with recent ATLAS
regarding Z-strahlung with H decaying into b-quarks at LEP [70] as well as searches
for the particle decaying into tau leptons 77 [78] and W bosons (WW) [79] by CMS.
A combined analysis of these channels, detailed in chapter 1, suggests a global signif-
icance of 3.8¢. Previous studies have explored explanations for the 95 GeV excess
using models with additional singlets and doublets. For example, the natural Next-
to-Minimal Supersymmetric Standard Model (NMSSM) predicts a CP-even Higgs
boson with a mass less than 120 GeV that could explain the di-photon excess within
1o limits without violating known constraints [80]. Similarly, the Type I Yukawa Two
Higgs Doublet Model has been proposed as a framework capable of explaining the
excess [81]. This model achieves this by introducing a moderately-to-strongly fermio-
phobic CP-even Higgs boson (1) primarily produced through vector boson fusion or
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through cascade decays in processes like top quark-antiquark (¢f) production.

However, there are constraints on the properties of new scalar particles. The
measured value of a parameter called the p-parameter restricts the vev of any new
scalar with higher dimensional representations under SU(2); to be less than about
1GeV [82]. This constraint excludes most other triplets with Y = 0, and the presence
of multiple charged scalars at the same mass scale would make them difficult to detect
at the LHC. The SU(2) triplet is known to introduce a positive shift in the predicted
mass of the W boson compared to the SM. This deviation is being investigated in
light of the current global electroweak fit results [83, 84]. Similar deviations are
expected for other types of new particles, including electroweak triplets (scalar or
vector), singlet Z' bosons, and heavy neutral leptons. A recent result from the CDF II
experiment reporting a 70 deviation [85] in the W boson mass from the SM prediction
also motivates this exploration. This work examines the possibility of the Y = 0
triplet as an alternative explanation for the observed hint of a scalar particle around
95GeV.

2.1 Higgs Triplet Model with Y, =0

We extend the SM by introducing a new scalar field, denoted by A. This scalar field
transforms as a triplet under the weak isospin gauge group (SU(2)1) and carries
zero hypercharge (Y = 0) [86]. The Lagrangian for this extended scalar sector can be
expressed as follows:

& = (DyH)Y(D*H) + Tr(DuA) (DFA) — V(H, A) + Brukawa- 2.1)

The covariant derivatives for the Higgs doublet () and the Higgs triplet (A) are
given by:

/
DM = 3y H +igT*WiH + 5B, (2.2)

DyA = 9,A + ig[T* W5, Al (2.3)

The gauge bosons associated with the weak isospin (SU(2)r) and hypercharge
U(1)y symmetries are denoted by Wy and By, respectively. Their couplings are
represented by T*, which are related by the Pauli matrices (¢0;;). The scalar potential,
V(H, D), incorporating the newly introduced Higgs triplet (A), can be expressed as:

A
V(H,A) = —m3HH + Z(”H*”H)Z + miTr(ATA) + yHYAH)
F A (HIH)Tr (ATA) + A Tr(ATA)? + A3Tr(ATA)? + AV HTATAH,

(2.4)

where the Tr denotes the trace of a matrix, H represents the Hermitian conjugate of
the Higgs doublet (H) and A' represents the Hermitian conjugate of the Higgs triplet
(A). The Yukawa Lagrangian (-Zy,x.0,) €ncompasses the SM'’s Yukawa interactions
and introduces an additional term. This term, after spontaneous symmetry breaking,
allows for the generation of neutrino masses (of the Majorana type) without requiring
right-handed neutrino states. The electric charge (Q) is defined using isospin (I) and
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hypercharge (Y)as Q = I3 + % The two Higgs multiplets, H and A, can be expressed
in terms of their component fields:

_1 50 \/§5+ B 4)4-
asl( VY, e () es

Here, ¢° and &° represent the vevs of the neutral components in the doublet (H) and
triplet (A), respectively. We will assume these vevs to be positive for now. Assuming
spontaneous EWSB occurs at a point with zero electric charge, the vevs of the Higgs
tields take on specific values:

w=(% %) oo=(,,z) 26

Minimising the scalar potential (Equation 2.4) with respect to these vevs leads to two
key conditions:

A uo?
M3 = 7”05 — 4—0‘: + Ap0?, (2.7)
m3 :—vz—&—l—&vz (2.8)
Hogd o o2l ’

The Equation 2.7 relates the mass parameter (M%) of the Higgs Triplet to the vevs
(v4, vt), the coupling constants (A;, Ap), and the p term. Equation 2.8 relates the mass
parameter (m%l) of the Higgs doublet to the vevs (v, v;), the coupling constant (1),
and the u term. The complete squared mass matrix (M) for all the scalar fields can
be constructed by taking the second derivative of the potential with respect to the
Higgs field components. Due to the specific VEVs and the conditions derived from
minimisation (Equation 2.7, Equation 2.8), this mass matrix can be reorganised into a
block diagonal form:
9V
= WM:(A),H:(H)' (2.9)

This block diagonal form consists of three 2 x 2 matrices. The M3 corresponds to
the singly charged Higgs bosons (H®). Its specific form is shown in Equation 2.10.
The M%, ., block is associated with the CP-even Higgs bosons (h° and HY). A
separate term represents the neutral Goldstone boson (G°). The equation below
provided outlines the structure of the M3 block for the singly charged Higgs bosons:

2 Ot vd/2
w5, ), 210

To determine the masses of the physical Higgs bosons, we diagonalise the M2
block using a 2 x 2 rotation matrix denoted by R (6+), where 0. is the rotation angle.
This process essentially separates the Higgs doublet and triplet components that
contribute to the singly charged Higgs bosons (H*) and neutral Goldstone boson (G°).
Diagonalisation reveals two eigenvalues for M3 . One eigenvalue is zero, confirming
the presence of the massless Goldstone boson, which arises due to the breaking of
electroweak symmetry. The other eigenvalue corresponds to the mass squared (m3.)
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of the singly charged Higgs bosons and is given by the following equation:

2 2
9 (v +407)

= U——. 2.11
M = H 40, ( )
After performing the diagonalisation process, we can express the physical Higgs
bosons and the Goldstone boson in terms of the original Lagrangian fields (¢~
and §¥) using a rotation. This rotation is described by the angle 6. The resulting

expressions for the mass eigenstates are:

2
v
% = cos’ OiM%{i, (2.12)
t
v sin 2604+
pt = I (2.13)
pop = sin® 04 M7 (2.14)

Since the Goldstone boson is massless, the equations obtained from diagonalisa-
tion have a unique solution for the rotation angles (sin 0+ and cos 6+.), with a possible
overall sign ambiguity (¢ = £1). This solution ensures a positive mass squared (m%{i)
for the singly charged Higgs bosons (H*), as required to avoid hypothetical particles
with unphysical properties (tachyons) [87]. One key implication from this solution
is that the signs of sin 6+ and cos 8+ must be opposite. This leads to the following
expressions for the rotation angles:

cosfL = e—m——, (2.15)
03 + 407
2
sinfy — —e——=2t (2.16)
03 + 407

where € represents the sign ambiguity and leads to a negative tangent of the angle
(tan 6+). Moving on to the CP-even Higgs bosons, their mass matrix is denoted by
MZp 0 This matrix is a 2 X 2 square matrix defined as:

A B
MzCP—even = ( B C ) ’ (2.17)

where the elements of this matrix (A, B, and C) are expressed in terms of the scalar
potential parameters, the vacuum expectation values (v; and v;), and the coupling
constants. The specific definitions for A, B, and C are provided below:

a=Mi p_ valmpt 2] o pogt 8
, ’ 8Ut '

2 242

Similar to the singly charged Higgs bosons, the CP-even Higgs bosons require
diagonalisation to determine their physical masses. This process involves a 2 x 2

(2.18)
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matrix denoted by R(a), where « is the rotation angle within the CP-even sector.
Diagonalisation of the CP-even Higgs mass matrix M2, _ . yields two physically
relevant states with even parity. These states are denoted by h° and H° and can
be expressed as linear combinations of the original Higgs fields (h; and hy) with
coefficients determined by the rotation angle («). The specific combinations are
shown in the following equations:

W0 = 4cuhy + saho, (2.19)

H = +cyhp — suh, (2.20)
where ¢, and s, represent the cosine and sine of the rotation angle («), respectively.
The diagonalisation process also provides the masses (mflO and m%lo) of the physical

Higgs bosons, which are the eigenvalues of the M% P—even Matrix. These masses are
expressed in the following equations:

2 _A+C—/(A-C)?+4B?

m2, . , (2.21)
A+C++/(A—-C)?+4B2
miy = VA 5 ) . (2.22)

Within the model, it’s crucial to consider that the lighter CP-even Higgs boson (1°)
might not be the absolute lightest Higgs boson. This highlights the importance of a
more comprehensive analysis. Diagonalisation, a mathematical technique, confirms
the existence of a massless Goldstone boson. This particle arises due to the broken
CP-even symmetry within the model. The z; field is identified with this massless
Goldstone boson.

Once the masses of the CP-even Higgs bosons are established, we can proceed to
solve for the rotation angle. This specific angle plays a crucial role in determining the
degree of mixing between the initial Higgs field and the physical states that emerge.
The relationships between the elements of the mass matrix (A, B and C), the rotation
angle, and the masses of the physical Higgs bosons can be expressed through the
following equations:

A= cﬁm%o + siméo, (2.23)
sin2n

B = (0 — mip) =, (2.24)

C = samyy + camyy. (2.25)

We can solve for the rotation angle («) using Equation 2.23 and Equation 2.25.
Additionally, we utilise the trigonometric identity sin®(«) 4 cos?(#) = 1 and the mass
eigenvalues for the Higgs bosons (mi0 and méo) obtained through diagonalisation
(Equation 2.21 and Equation 2.22). While both equations provide solutions for «, the
signs of sin(w) and cos(«) depend on the value of element B in the mass matrix.

The specific value of the y term within the scalar potential plays a crucial role
in determining the relative signs of sin(a) and cos(«). This relationship is evident
in Equation 2.18 and Equation 2.24. Under typical conditions, a positive y term
combined with common ranges for coupling constants (A; and A;) often leads to a
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FIGURE 2.1: Feynman diagram showing di-photon decay.

positive tangent of the rotation angle (tanx). However, there’s a noteworthy exception:
a specific region within the parameter space exists where the y term becomes very
small. Tan (x) can take on a negative value in this unique scenario.

By combining Equation 2.23 and Equation 2.25 and utilising the definitions for
the elements of the mass matrix (Equation 2.18), we can arrive at a convenient form
for expressing both sine and cosine of the double angle as:

sin2a = 2B cos2u = 2B 2.26
- J(A=C)2+4B2’ V(A—=C)2+4B? (2.26)

2.2 Examining SM and BSM Signal Strengths in Con-
nection with the Di-photon Excess

Experimental data on the properties of the SM Higgs boson (/1) has been extensively
collected at the LHC. This data, particularly measurements of the Higgs decaying
into two photons (h — %), as shown in Figure 2.1, offers valuable constraints on the
allowed values for the parameters within the Higgs Triplet Model. The di-photon
signal strength is typically denoted by y,+ and is expressed as:

N rlg M
YY tot

X , (2.27)
Hyy = [SM T

h=yy

where FSM 4.07 MeV. Modifying the hv<y coupling, we are able to determine the
scaling factor as:

h
Ky = gS—VM”. (2.28)

Shyy
Within the SM, the decay of the Higgs boson into two photons involves loops contain-
ing either fermions or W bosons. Introducing a new charged scalar particle associated
with the triplet scalar modifies the SM Higgs boson’s di-photon decay rate. This
modification reduces in value as the mass of the charged scalar increases. The effect
is directly proportional to the square of this mass.
The resulting couplings are defined as [75]:

4m3 4m? A _ -0 4m?
S = ENGIY 1 () + sy (0 ) e, (S ),
h

h
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4m2 4
St = ZNCQfﬁm( )+ﬁH< mW), (2.30)

m; m,
where Qy is the electric charge of fermion f, N. is the colour factor (3 for quarks, and
1 for leptons), the normalised couplings g? f and gl are defined as:

gff cos «, gjlff = —sing, (2.31)
40y sin & + Vg)\f COS & 404 cos e — Ugpf SIN &
Sw = — ;8w = — , (232
Usm Usm

where specific loop functions employed in calculating the di-photon decay rate are
detailed in Ref. [88]:

Blx,y) = (1—x —y)* —4xy, (2.33)
Brr(x,y) = [(x +y)(1 —x —y) —4xy]\/ B(x,y), (2.34)
L 1 L-5x [, g 2v-1 5 |1
Bs(x) =(x—1) (2 2logx) + _4x_1{ta 1 o1 ta ——4x—1]'
(2.35)
Bi(x,y) = Z—§(4xy + 3x — 4y) log y(xx—_—yl) + (3x% —4x —3y* +1) x log ;
; ! x_zy(3x3 —xy —2xy* +4y°) +y <4 - —y) (2.36)
Bh(x) = —x[1—xf(x)], (2.37)
V2(x) =2x[1+ (1 —x)f(x)], (2.38)
BL(x) = —[243x+3x(2 — x)f(x)], (2.39)
Blz (x,y) =T (x,y), (2.40)

1z (xy) =L(xy) — h(xy), (2.41)
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Bl (x,y) = cos by [(1 + %) tan? 6;, — <5 + ;)} I (x,y) + 4 cos 0,(3 — tan® 6;,)
h(x,y). (242)

The di-photon decay width is expressed as:

2 52,3
&My 2
P91 = L0 rm, i 24)
We can express the signal strength in terms of the scaling factor ., as:
2
[ (2.44)

v ™ 0.9977 +0.0023]x, [2°

Recent measurements from CMS [89] and ATLAS [90] on the signal strength of the
Higgs boson decaying into two photons is:

CMS 0.09 , ATLAS _ 0.10
ey = 1127000, uha 7Y = 1.0475 oo (2.45)

Combining these measurements, we obtain a weighted average of:
pod = 1.081007. (2.46)

The Figure 2.2 illustrates the allowed parameter space for the model at the 1¢ and 2¢c
confidence levels. While the measurement of the Higgs decaying into two photons is
remarkably precise, its interpretation can be complex. This complexity arises from
the interplay between the SM Higgs, the mixing with the Higgs Triplet states, and
potential loop contributions from the singly charged Higgs bosons (HF). These
effects can sometimes cancel each other out, making it challenging to draw definitive
conclusions solely from this channel.

Therefore, to obtain a more comprehensive picture, we consider the second most
precisely measured decay channel for the SM Higgs boson: i — ZZ*. References [91,
92] report an experimentally measured signal strength, yzcg »+ = 1.02 + 0.08 for this
channel. This decay channel is primarily sensitive to the mixing angle within the
model. The right section of Figure 2.2, beyond the solid vertical line, represents
the parameter consistent with the measured h — ZZ* signal strength at the 1c
confidence level.

In Ref. [75], it was found that the decay modes of the H with a mass of 95 GeV
are determined by rescaling the widths of a SM-like Higgs using sin? a. The process
H — WW* takes place at tree-level via the triplet vev (v;), while the decay of the
decay of the photons (H — 77y) involves contributions from charged Higgs and W
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FIGURE 2.2: The 10 and 20 preferred regions for the h — 7 and 95 GeV
(H — 77) signal strengths in the &« — Am plane for two values of triplet
vev are shown here [75].
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FIGURE 2.3: The Drell-Yan process of pp — W* — H*HC.

loops. The numerical approximation of a,, at g> = 0 is effective for Next-To-Leading-
Order (NLO) QED corrections:

2 2.3 2
4 4 4o, dm
I'(H — vy) ~ —“emng’:nl-é -3 sinaBl/? (—mn;t> + <—smzx + %cosoc) BL ( W)
W H "H

102473

(2.47)

Disregarding the VBF contribution (since it is subdominant), and using the cross-
section for the Higgs at 95GeV, o[pp — hgs| ~ 68 pb [93-96], we have:

olpp — H — ] = Br[H — y7] x (2 + 68a%) pb. (2.48)

Normalising the signal strength to the one of a hypothetical SM-like Higgs with
the same mass, we find numerically:

iy = (215 4719a2) x Br[H — 7). (2.49)
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This should be contrasted with the amalgamation of the low-mass <y searches
conducted by ATLAS and CMS analyses:

K., = 027040, (2.50)

The resulting preferred regions are shown in green in Figure 2.2. The Higgs Triplet
model with a hypercharge of 0, shares similarities with the Two-Higgs Doublet Model
where a 95 GeV excess was outlined in Ref. [81]. In the fermiophobic limit described
there, the dominant production mode is pp — W** — H* H. However, it’s crucial
to note distinctions; Ref. [81] predicts an additional pseudoscalar with a mass of
approximately 80GeV, and the Higgs potential in that scenario allows for more
flexibility than our current setup.

If the neutral component of the SU(2), triplet with hypercharge 0 is the origin
of the 95 GeV excess observed at the LHC, it would have significant consequences
for particle physics. Confirmation would likely come from two sources: a stau-like
excess observed in LHC Run 3 data, which aligns with the predicted decay of this
new Higgs boson, and a positive shift in the measured W boson mass caused by
interactions with this new particle. Additionally, the predicted production of this
Higgs boson in association with jets and tau leptons provides a specific signature for
researchers to target.

Furthermore, the theory suggests the existence of a charged partner to this Higgs
boson with a mass below 100 GeV. This particle would be ideally suited for study
at future electron-positron colliders, machines designed for precise measurements.
Detecting this charged Higgs would be a strong confirmation of an extended Higgs
sector beyond the Standard Model. In conclusion, this scenario not only explains the
95 GeV excess but opens doors for a deeper understanding of the Higgs mechanism
and the potential existence of new particles.
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Chapter 3

W-boson Mass and Muon ¢ — 2 in
2HDM+-S

The precise measurement of the W boson mass is a crucial topic in particle physics.
Recent findings, particularly a 7¢ deviation from the experiment, suggest potential
new physics beyond the SM might be at play [97]. One promising approach to explore
these discrepancies involves the impact of BSM models on Electroweak Precision
Observables, specifically the Peskin-Takeuchi oblique parameters [98, 99].

Motivated by these anomalies and recent findings of excesses around 95 GeV at
CMS, we aim to investigate a BSM model’s parameter space to explain the W boson
mass discrepancy. Additionally, discrepancies observed in multi-lepton channels
during the decay of SM Higgs boson by the CMS and ATLAS experiments have
been linked to the possible existence of a low-mass scalar particle. This work focuses
on a 2HDM+-S model and analyses the primary decays of H — Sh and SS*. This
analysis paves the way for further exploration of potential new decay channels for
the additional scalar (S), including S — <7y, Z<, potentially accompanied by missing
transverse energy, light jets, or b-jets.

Our analysis of the 2HDM+-S model’s parameter space prioritises physically
realistic scenarios. We ensure the electroweak minimum is either stable or meta-
stable for a given set of parameters. A meta-stable state has a very long lifetime,
much longer than the age of the universe. To achieve this, we impose restrictions on
the couplings between the scalars in the model. These restrictions prevent situations
where the potential energy of the system could become infinitely negative. To assess
the stability of the electroweak minimum for various parameter configurations, we
utilise a software tool called SCANNERS [47].

To ensure our chosen parameter points are compatible with existing measure-
ments of the 95GeV Higgs boson, we leverage publicly available software tools.
The SCANNERS tool plays a central role in our analysis. It incorporates constraints
from various theoretical requirements to identify physically viable parameter space
regions within the 2HDM+S model. To ensure the stability or meta-stability of the
electroweak minimum for a chosen set of parameters, one important constraint is
implemented. This constraint is enforced using HIGGSTOOLS [100] software, which is
integrated within SCANNERS. This tool allows us to compare our model’s predictions
for the Higgs boson’s properties (such as branching ratios and total widths) with
current experimental data around 95 GeV. It includes the latest advancements in the-
oretical calculations, including QCD corrections and off-shell effects. SCANNERS also
utilises pre-calculated data (parametrisations) to accurately estimate cross-sections
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for various Higgs production processes. These parametrisations incorporate next-
to-next-to-leading order (NNLO) calculations in QCD, ensuring high accuracy. The
data originates from tools like SUSHI [101, 102] and HIGGSBOUNDS [103].

HIGGSBOUNDS is another valuable tool employed in our analysis. It compares
our model’s predictions for Higgs Boson production cross-sections with exclusion
limits set by collider experiments like LEP, Tevatron, and the LHC. This allows us to
identify parameter space regions incompatible with current observations. Conversely,
HIGGSSIGNALS [100] utilises the same input data as HIGGSBOUNDS to calculate a X2
value. This value indicates how well our model’s predictions for the properties of
the 125 GeV Higgs boson (h15) at the LHC agree with experimental measurements.
A lower x? value suggests better agreement. HIGGSSIGNALS interprets the x? value
using a profile likelihood ratio test, comparing our model to the SM as the alternative
hypothesis. Based on these various tools and their outputs, SCANNERS identifies
parameter points that satisfy the theoretical constraints of the 2HDM+S model (such
as vacuum stability, perturbative unitarity), points that are consistent with existing
measurements of the Higgs boson properties at the 95% confidence level and points
that do not violate exclusion limits set by collider experiments searching for Higgs
bosons.

SCANNERS offers different levels of applying these constraints, namely Skip,
Ignore, and Apply. The Skip level ignores the constraint entirely. No calculations
are performed, and the parameter point is not tested against this constraint. In the
Ignore level, calculations are performed for the parameter point, but the constraint
is not enforced. The results are stored for further analysis. Finally, in the Apply
level, only parameter points satisfying the constraint are retained. For a detailed
explanation of each constraint and its corresponding level in SCANNERS, please refer
to Appendix A.

Our analysis considers constraints arising from electroweak precision observables
(EWPO). These observables are sensitive to the properties of particles involved in
electroweak interactions. They provide important checks on the validity of our
chosen BSM model (2HDM+-5). To ensure our model aligns with EWPO, we focus on
the Peskin-Takeuchi parameters (U, S, and T). These parameters quantify potential
deviations from the SM in the electroweak sector [104, 105]. For models with extended
Higgs sectors, new particles can significantly impact these parameters, particularly if
they contribute to gauge boson self-energies. Consequently, the predicted mass of the
W boson becomes a function of the U, S, and T parameters in our model. SCANNERS
calculates one-loop corrections to these parameters specific to the 2HDM+-S, allowing
us to determine the W boson mass as a function of U, S, and T [106]:

2 52
M3, = (MM <1 + v Ar’) , (3.1)
( w ) 2 —s2
with ) )
o 1 cs, — S
A = = (——S—l—czT—l— w WU> (3.2)
s2, \ 2 @ 452
and
CoSt

sin? fog = sin® 93}4 - T, (3.3)

4(cf, — s%)
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2
SM
where MM = 80.537 GeV, sin? 05 = 0.231532, 5, = {/1 — ( Ifg; ) e =1/1—52
and My = 91.1876 GeV.

3.1 Performing a fitting procedure for the excesses ob-
served at 95 and 152 GeV

We employ a x? technique to analyse the reported excesses in the di-photon (), tau
lepton (t77), and bottom quark (bb) decay channels at around 95 GeV. This analysis
aims to assess the compatibility of these excesses with the 2HDM+S. Furthermore,
we investigate whether the parameter space of the 2HDM+S model can predict an
upward shift in the mass of the W boson compared to the SM prediction. This is of
particular interest because recent measurements have hinted at a possible deviation
from the expected W boson mass.

It was found that the experimental signal strengths for the three distinct channels
at 95 GeV were [58, 107, 108]

UEP & ApF = 0.6 £0.25, (3.4)
Moy £ Apiyy = 027 g, (3.5)
py,” £ Apy,” = 0.117 £ 0.057. (3.6)

The signal strength, denoted by i xx, is a metric used to quantify how well a
model’s prediction for the production rate of a particle (X = v, 7, b) through a
specific process aligns with experimental observations. It is calculated as the ratio
of the predicted production cross-section for the new physics process (c5°M) to the
corresponding production cross-section in the SM (c°M). Both are multiplied by
their respective branching ratios (BR) for the particle X. The equation for the signal
strength is defined as:

ocBM(gg — H) - BRESM(H — XX)

fxx= oSM(gg — H(mpsm)) - BRSM(H (mpsy) — XX)' 3.7)

We leverage SCANNERS to perform parameter scans within the 2HDM+S model.
This allows us to identify parameter combinations that reproduce the experimentally
observed signal strengths for the excesses in the 7+, bb, and T+1~ decay channels
around 95 GeV. For each channel, we can compute a contribution to the x? value. The
specific form of these x? contributions depends on the details of the model and the
experimental data. We can express them mathematically as:

_ exp 2
2 B (lu'y')/,bh,ﬂf - ]/t')/’y,bE,TT) 38
X')/’)’,T+T7,bl_7 - ( exp )2 ( M )
H ¥y,bb,TT
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SCANNERS facilitates the calculation of these x? contributions by providing the
predicted signal strengths (31, y,5 and p+,-) for each parameter combination. In
order to evaluate the full representation of the three detected excesses, we compute
the aggregate contribution to the x? value as follows:

2 2 2 2
Xy oto=pb — Xy + X+ Xipe (3.9)

Since we're analysing three independent channels, a good fit to the data is indi-
cated by a total x? value less than a specific threshold. This threshold is chosen based
on the number of degrees of freedom in the fit, which in this case is three. Here, a
commonly used criterion for three independent measurements is:

XKooy S 4 (3.10)

We conduct a haphazard search for a 95 GeV and 152 GeV scalar in the 2HDM+S.
The definition of the parameter ranges for a 95 GeV is:

my, = 94 GeV — 98 GeV, my, = 125.09 GeV,
200 GeV < my, < 500 GeV 400 GeV < m4 < 1000 GeV,
—t/2<wyp3 < /2, 400 GeV < mye <1500 GeV, (3.11)
0.5 < tanp < 4.0, 0 < m3, <5x10°,

1 GeV < vg <1500 GeV.

The parameter ranges for a 152 GeV scalar is therefore provided by:

my, = 125.09 GeV, my, = 148 GeV — 153 GeV,
250 GeV < my, < 800 GeV, 400 GeV < my4 < 1500 GeV,
—7/2 < w103 <7/2, 400 GeV < my: < 1500 GeV, (3.12)
0.5 < tanp < 1.0, 0<m? <5x10°,

1 GeV < vg <1500 GeV.

Our primary goal is to identify regions within the 2HDM+-S model’s parameter
space where the additional scalar particle (Sgs) interacts strongly enough with gauge
bosons and fermions. This could potentially explain the observed excesses in Higgs
boson searches around 95 GeV. We focus on parameter points that satisfy two key
criteria: theoretical consistency and agreement with the experiment. The parameter
points must adhere to all the theoretical constraints imposed on the 2HDM+-S model.
The model’s predicted signal strengths for three channels must be within the 2
uncertainty range of the latest experimental measurements. By focusing on parameter
points meeting these criteria, we can narrow down the most promising regions in the
2HDM+-S model that could explain the observed excesses.

Figure 3.1 shows the predicted W boson mass within our 2HDM+S parameter
space compared to various experimental measurements. The coloured contours
represent parameter points satisfying our criteria. We find good agreement with
the ATLAS experiment, the Particle Data Group (PDG), and the global average W
boson mass. This agreement holds for both the 95GeV and 152 GeV scalar masses. In
contrast, the predictions from the CDF and LEP experiments fall outside our viable
parameter space. This suggests that the 2HDM+-S model with these parameters
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cannot explain their W boson mass measurements.

Figure 3.2 explores the relationship between the predicted W boson mass and
the effective mixing angle sin? B¢ within the 2HDM+S. Notably, all parameter
points with a negative S value satisfy a x? test (X?VFHDM +s < 4), indicating good

W

compatibility with W boson mass measurements. Our analysis suggests that the
2HDM+S model with the chosen parameter space can reproduce the W boson mass
reported by ATLAS and other experiments but not the measurements for CDF and
LEP. Additionally, when the predicted W boson mass aligns with the world average,
the corresponding effective mixing angle closely resembles the SM prediction.

3.2 The muon ¢ — 2 with contributions from Vector-Like
Leptons

The anomalous magnetic moment of the muon (a;) is a highly sensitive probe for
physics beyond the SM. The a,, is a unique quantity that allows for the high precision
test of the SM. A persistent discrepancy of 3.5¢ exists between the value of 4, and the
SM prediction. This deviation suggests potential contributions from new particles or
interactions not accounted for in the SM [112-118]. We explore the 2HDM+S + f’
model’s ability to explain the a;, anomaly. This model extends the 2HDM+S scenario
by introducing additional BSM fermions. These new fermions can contribute to the
a, value through one-loop diagrams (Equation 3.13). The equation for this BSM

contribution (Aa{,/) is defined as [24]:
1 i \2,i (i
Amy, = W12‘(3/},) rEi(re), (3.13)

wherei =h,S,H, A, r., = m%,/M?, and r!, = m?% / M?. The function F; is defined as:
f i 12 12 i

1> —6r? +3r +6In(r) +2

Fi(r) = 6(1—r)4

(3.14)

By incorporating this additional contribution from BSM fermions, we aim to
assess whether the 2HDM+S + f’ model can provide a better explanation for the
observed a, compared to the SM.

To gain insights into the 2HDM+S + f’ model, the numerical analysis examines
a specific region of its parameter space. This choice ensures our calculations remain
theoretically sound and consistent with existing experimental constraints. We fix the
masses of the scalar bosons (1, S, H, A, and H™) at specific values (125 GeV, 150 GeV,
270 GeV, and 400 GeV, respectively). We limit the value of tanp to lie between 0.5 and
1.0. This parameter space aligns with the one in Ref. [47] which considers:

¢ Chosen parameters satisfy requirements for perturbative unitarity (avoiding
calculations that become unreliable at high energies) and vacuum stability
(ensuring the model predicts a stable lowest energy state).
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¢ The model’s predictions for the S, T and U parameters (quantifying deviations
from the Standard Model in the electroweak sector) are compatible with current
experimental measurements.

By carefully selecting the parameter space, we can ensure the validity and rele-
vance of our numerical calculations within the context of the 2HDM+S + f’ model.

This analysis suggests that the CP-odd scalar particle (S) within the 2HDM+S + f’
model has a limited impact on explaining the observed difference in the muons’s
magnetic moment. One-loop contributions from the newly introduced fermions
(f’) in this model are found to be more significant than the contributions arising
from the existing CP-even scalars (h, H*, A) within the base 2HDM+S model.
The inclusion of these extra fermionic particles, interacting with the particles of
the 2HDM+S model, substantially enhances the contribution of one-loop diagrams
to the muon’s ¢ — 2 anomaly compared to contributions from two-loop diagrams.
Notably, the presence of these fermions, with masses ranging from 50 GeV to 300 GeV,
can potentially explain the observed discrepancy in the muon’s magnetic moment.

Figure 3.3 (A, B) and Figure 3.4 (A) illustrate the Aa, contributions from various
coupling scenarios using Equation 3.13. We concentrate exclusively on the one-loop
terms, disregarding the minor contributions from the 2HDM+-S model without
BSM fermions, as well as the two-loop diagrams involving SM fermions. The BSM
fermions interact with the muon through the Lagrangian described in Ref. [119].
These interactions can potentially alter the muon’s mass. However, specific flavour
symmetries within the model help suppress quantum corrections to the masses of
other Standard Model leptons from these new Vector-Like Leptons.

The strength between the muon and the BSM fermion (f’) is mediated by a
Yukawa coupling. Loop corrections usually lead to a suppression factor of approxi-
mately for this coupling. Consequently, we select coupling values (\y}, |) that adhere
to both perturbativity limits and allowable mass corrections for the muon, as shown
in Figure 3.4 (B).
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FIGURE 3.2: These figures depict how the predicted W boson mass and

effective mixing angle sin? O vary within the 2HDM+-S model for two

scalar masses (95 GeV (A) and 152 GeV (B)). The variations are shown

as a function of the Peskin-Takeuchi parameters (T). A dashed line
indicates the SM prediction for sin? ..
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Chapter 4

Additional Scalars at Future e e~
Colliders

4.1 Future ee~ Colliders

The hint of new scalars (at ~95GeV) [60, 107, 120-136] directly at the electroweak
scale gives further motivation to build e*e™ accelerators in the future. Numer-
ous eTe” accelerators have made substantial progress towards practically and are
considered promising candidates for a future accelerator. The CERN-based Cir-
cular Electron-Positron Collider (CEPC) [16, 17], the International Linear Collider
(ILC) [137, 138], the Compact Linear Collider (CLIC) [139], and the Future Circular
Collider (FCC)-ee [140, 141] are a few of these.

The comparatively simple final states produced by the collision of electrons
and positrons at the e*e™ colliders provide an ideal experimental environment for
accurate measurements and a deeper understanding of the physics involved. Exact
measurements of fundamental parameters in the SM, including the masses, lifetimes,
and couplings of particles like the Higgs boson, W and Z bosons, and the top quark,
are made possible by the simplicity of eTe™ colliders. Figure 4.1 shows the various
production cross-sections for the for the Higgs boson.

When compared to proton-proton colliders, eTe™ have certain significant advan-
tages, particularly when it comes to the in-depth investigation of the Higgs boson’s
properties. Accurate evaluations of the Higgs boson’s characteristics, such as its
coupling to other particles, are made possible by the environment. Moreover, the
collision energies of these colliders are flexible, allowing experimenters to work at
different energy scales. As a result, weak interactions can be examined at these
accelerators, advancing our understanding of the breaking of electroweak symmetry.

Circular Electron-Positron Collider (CEPC)
A particle accelerator called CEPC is being developed with the goal of serving as a
factory for Higgs bosons. Operating at a centre-of-mass energy of ~ 240 GeV, which
coincides with the peak of Higgs boson synthesis via electron-positron collision, the
tunnel will span around 100 km [143]. With the recoil mass approach, the CEPC can
detect Higgs bosons without observing their decay, enabling a model-independent
disentanglement of Higgs boson synthesis from its decay [144]. The CEPC can
effectively probe Higgs boson properties because of its pristine environment, which
allows for exact measurements of Higgs boson decay channels. It is anticipated that
the CEPC will yield more than a million Higgs bosons, which will enable precise
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FIGURE 4.1: This graph illustrates the production cross-sections for three
key Higgs boson production processes: Higgstrahlung, WW fusion, and
ZZ fusion. The processes are plotted as functions of the centre-of-mass
energy. The dashed black line indicates the possible working energy
range of the Circular Electron-Positron Collider (CEPC) [142].

measurements of the Higgs boson coupling to the Z boson. A schematic view of the
CEPC is shown in Figure 4.2.

Moreover, the CEPC has a high sensitivity down to 0.3% for the detection of the
Higgs boson decays that are not immediately observable.

Compact Linear Collider (CLIC)

A high luminosity e*e™ collider with a multi-TeV capacity is called the CLIC. Its
goal is to reach very high centre-of-mass energies, well above what is presently
possible. High energies are essential for creating heavy particles and investigating
novel physics phenomena. It is anticipated that the CLIC will function at three
different energy levels: /s = 380 GeV, 1.5 TeV, and 3 TeV [139]. Phase one will enable
measurements of the Higgs couplings and Higgs widths with previously unheard-of
accuracy, as well as investigations on the characteristics of Higgs bosons through
phenomena like Higgstrahlung and WW-fusion [145]. High-precision research on
top-quark physics [146] is also made possible at this energy level. A threshold scan
to top-quark pair production at approximately 350 GeV will occupy a segment of the
operational period.
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FIGURE 4.2: A diagram depicting the configuration of the Super Proton-
Proton Collider (SppC) and the CEPC [143].

New physics phenomena can be discovered in the second stage when a new
energy frontier is opened [146]. It is possible to identify the ete™ — ZHH process
and to obtain new information about top-quark and Higgs features, such as the
unusual Higgs branching ratios and the Higgs self-coupling. The physics potential of
CLIC is greatly increased by stage three at 3 TeV, where new electroweak particles or
dark matter candidates may be discovered. These particles may be more detectable
at CLIC than they are at the HL-LHC. Furthermore, through indirect searches, this
stage offers ideal sensitivity to new physics processes at even higher energy scales.
The schematic overview of the CLIC is shown in Figure 4.3.

Future Circular Collider (FCC)-ee
With the help of the FCC programme, it will be possible to distinguish between the
properties of the electroweak and Higgs bosons and determine their interactions
with a precision that is orders of magnitude more than what is currently possible. By
increasing sensitivity to activities that took place between 10~1? and 1071 seconds
after the Big Bang, this effort seeks to clarify the circumstances that led to the creation
of the modern Higgs vacuum field [147]. The FCC is expected to significantly advance
our understanding of rare phenomena at or below the electroweak scale, including
dark matter, WIMPs, and neutrino mass creation, as well as our ability to find new
particles.

As a key tool for particle physics research, the FCC-ee, as part of the FCC project,
is anticipated to create significant quantities of various particles, including Z boson
pairs, Higgs bosons, and top quark pairs. The FCC-ee schematic arrangement is
displayed in Figure 4.4.

International Linear Collider (ILC)
The International Linear Collider (ILC) is a next-generation particle accelerator specif-
ically designed to shed light on the intricacies of the Higgs boson. Its primary focus
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is to characterise the Higgs boson and its interactions with exceptional precision and
minimal assumptions about underlying theoretical models [148]. While the LHC
has already made significant contributions to our understanding of the Higgs boson,
the ILC offers several advantages. Unlike the LHC, which relies on proton-proton
collisions, the ILC utilises electron-positron collisions. This approach allows for
cleaner and more controlled interactions, leading to more precise measurements of
the Higgs boson’s properties.

Furthermore, the ILC’s high luminosity and energy capabilities are expected to
make it highly sensitive to rare or weakly interacting decays of the Higgs boson.
This sensitivity could potentially unveil new weakly interacting massive particles or
shed light on alternative dark matter models that might be difficult to detect at other
colliders.

The centre-of-mass energy of the ILC is exactly specified and modifiable [149,
150]. Compared with Higgs signal processes, SM events are created at a similar
intensity and do not significantly exceed in size. This property makes the simple
selection of Higgs boson occurrences easier. A recoil Z boson uniquely identifies
Higgs boson occurrences in its first stages at /s = 250 GeV. Since order-1 parity
violation is present in all electroweak processes at energies above the Z resonance,
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the significant effects of beam polarisation provide access to important physics data.

For accurate research using polarised beams, the ILC is a versatile particle acceler-
ator that can be upgraded to greater energies. It investigates Higgs boson couplings,
precisely monitors top quark properties, and closely examines important reactions,
which may lead to the discovery of novel physics. It also makes searches for weakly
linked particles easier, which makes it an innovative tool for future discoveries in
particle physics. Figure 4.5 depicts the ILC’s layout schematically.

4.2 Additional Scalars at Future e"e— Colliders

Recent excesses detected at the LHC that point to a 95GeV mass for a possible scalar
have piqued the interest of physicists. We thus perform a detailed analysis of possible
signals in a 2HDM+S model [47, 48] and start working on a feasibility study for a
future e*e™ collider. We investigate a range of model-independent parameters in
the context of the 2HDM+S framework through comprehensive parameter scans
and statistical analysis in order to identify locations that may be responsible for the
excesses seen in the S — 7, bb, WTW~, 771~ decay channels.
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4.2.1 Statistical analysis in the 2HDM+S parameter space

In our research, we impose a number of theoretical preconditions on the parameter
space of the 2HDM+S. In order to ensure the physical feasibility of the electroweak
minimum for the parameter configuration under consideration, the electroweak vac-
uum needs to be stable or meta-stable, which implies that its lifetime is significantly
longer than the age of the universe. To be more precise, we impose constraints on
the scalar couplings in order to exclude parameter combinations in which the scalar
potential is not lower-bound restricted. To assess the electroweak vacuum’s lifetime,
we utilise the SCANNERS tool [47].

Appendix A contains an overview of the experimental constraints. The degree
of concordance between experimental data and theoretical signal rate predictions is
evaluated using a x? analysis. The experimental findings suggest that taking into
account signal rates connected to a scalar resonance of 95 GeV is the most appropriate
way to explain the excesses at that energy [58, 59, 107, 151]:

iy Ay =0.2715¢, (4.1)
£ Apy,” =0.117 £0.057, (4.2)
P & AP =0.6 4 0.25, (4.3)
Wty = Dpiyly =14.6 £6.8. (4.4)

The cross-sections and branching ratios are multiplied, and the resulting product
is divided by the corresponding predictions for the SM Higgs boson at the same mass
to determine the signal strength, which can be represented as follows:

oBM(ge — h;) x BREM(1; — XX)
Hxx = N , (4.5)
oSM(gg — H(my,)) x BR™Y(H(my,) — XX)
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where X =9, b, T, W,and i = hy, hy, h3, A, H*.

The branching ratios for a 95 GeV scalar were obtained using N2HDECAY [152],
and the cross-sections were taken from the CERN Yellow reports. The 1¢ variations
are used to report experiment uncertainty. Using parameter scans from SCANNERS,
the values ., upp, and pizr corresponding to the experimentally observed signal
strengths were obtained. Using SCANNERS, the branching ratios of the Higgs-like
bosons were also calculated. This allowed for the construction of x? contributions for
each observed excess, which are given as follows:

s (ixx — %)’
Xxx = po— (4.6)
(Aﬂxfc))

We determine the cumulative x? contribution as follows in order to assess the
complete representation of the three excesses as well as an additional excess in the
WW channel (where the signal rates were derived from SCANNERS and observed
results from experiments were obtained from Ref. [59]):

X35 = Xoy + Xovoe + Xip + Xivws (4.7)

where we can sum the four distinct x? contributions by treating the data for the
four channels where the excesses were recorded as independent measurements. In the
following quantitative analysis, we will consider parameter points to be appropriate
models of the excess phenomenon if they are able to satisfactorily describe the
combined effect of the four individual excesses at a confidence level of 1 or above.
When four measurements are taken into consideration separately, this criterion is
equivalent to the requirement that x3; < 12.

We see an apparent mismatch between the signal levels from the LEP and LHC
experiments when we look at Figure 4.6. In addition to being caused by S(95) — WW,
the excess in WW events also results from a coincidence involving S(152) — WW, in
which one lepton is produced by the WW decay and another by the decay of S(95).
This shows that WW processes are not the only cause of most of this excess. This is
because H — SS’, which are di-boson signatures, are the source of it. This clarifies
that the 95 GeV signal originates from di-boson signatures, as well as the enhanced
signal intensity of the WIW excess.

4.2.2 Discovery Potential of a 95 GeV Scalar at Future e*e~ Collider

A comprehensive set of benchmark investigations is used to evaluate the CEPC’s
capability for accurate Higgs measurements [153]. By using GEANT4 [154, 155]
simulations based on CLID SiD and CLIC ILD detector concepts [156, 157], which
are derived from the ILC, the studies take into account the beam spectrum and initial
state radiation of CEPC while taking into account ¢y — hadron backgrounds and
pertinent SM processes from e*e ™ collisions. Through the study of the Higgstrahlung
process ete” — ZH at centre-of-mass energies around /s = 250 GeV, these sim-
ulations enable accurate evaluations of the interaction between the Higgs boson
and the Z boson, as well as the consequences that arise. The coupling gr77z can be
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FIGURE 4.6: For the 95,GeV scalar, signal strengths for various final
states are plotted against the total 7(56. (A) Depicts the y7y and bb signal
strengths. (B) Displays the WW and 77 signal strengths.

found model-independently through the reconstruction of the Z recoil mass, which
is defined as follows:

Mrecoil - \/S + Mi+y, - Z(E;ﬁ + Ey,)\/g, (48)

where the muons’ energies are Elﬁ’ EV" and their invariant mass is M;ﬁ =

For a given centre-of-mass, e*e~ beams with 80% left- and right-handed po-
larisation and an integrated luminosity of 500 fb~! are used to construct the SM
backgrounds and signals from BSM models. Applying cuts on the leading and sub-
leading jets and muons improves signal events. These comprise extra cuts made
to:

Ep, > 5GeV, M;ffgjl < 120 GeV, M < 100 GeV. (4.9)

A significant dilution effect results from several background events surviving the
initial cuts, necessitating the employment of additional event selection criteria. In
order to train the Deep Neural Network (DNN) model and achieve the best possible
discrimination between the signal and the background, a second event selection
criterion is therefore necessary. Key factors like the energy of the b-tagged jets
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FIGURE 4.7: The output of the DNN after testing and training the recoil

mass is included (left), and the corresponding ROC curve (right) for
/s = 250 GeV are included.

and muons, their azimuthal and polar angles, their invariant mass, and their recoil
mass were highlighted throughout the DNN model’s training process using physical
objects. Using a grid technique for hyperparameter search, the ideal DNN structure
was found, yielding a model with four completely connected hidden layers. Certain
hyperparameters were used in the training, including the learning rate and batch size,
to name a couple. The output distributions for specific class labels were analysed on
both training and test samples in order to resolve overfitting problems. Even though
the network is very tiny, regular assessment makes sure overfitting doesn’t occur.

The normalised DNN model output distributions for the recoil mass and signal
background events in the training and testing datasets are shown in Figure 4.7
(A). For both background and signal events, significant variations are found in the
distributions between the training and validation datasets. The performance of the
model is visualised by a Receiver Operating Characteristic (ROC) curve, located on
the right side of Figure 4.7 (B). This curve compares the model’s ability to identify
positive and negative cases correctly. To summarise the model’s overall performance,
we calculate the Area Under the Curve (AUC) for the training and testing datasets.
Training AUC score are 0.884 and the testing AUC score is 0.891.

The significance of the signal over the background is calculated by:

S
\/B + (5sys * B)2

where the SM background cross-section is B = 0yxq X L, 0pkg, and the BSM signal
cross-section at 10% SM Higgs is S = 0y, X L, 0. Since it is specific to Lepton collid-
ers, the recoil mass approach may be used to tag e"e™ — ZS events regardless of the
Higgs boson decay, making it a powerful tool for model-independent observations.
These include the branching ratios of the Higgs boson and the inclusive eTe™ — Z§
with Z — u"u~ and S — bb production cross-section, which we refer to as 075, S—sbb-

We give an anticipated recoil mass at both /s = 200 (A), 250 (B) GeV at £ = 40fb~!
at CEPC in Figure 4.8. As supported by the Chinese high-energy community, the

7 (8sys) = ) (4.10)
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FIGURE 4.8: Recoil-mass distributions illustrating the anticipated signal

events with mg = 95.5GeV and pertinent background events, assessed

post DNN classification output for (A) /s = 200GeV and (B) /s =
250 GeV at an integrated luminosity of £ = 40 fb~1.

proposed CEPC will run for 10 years at 24-250 GeV with the goal of accumulating
one million Higgs events at 5ab~! integrated luminosity [158, 159].
From the recoil mass analysis, a statistical accuracy of 1.36% is found for 05 5 .5

at an integrated luminosity of 5ab~! and a centre-of-mass of s = 250 GeV; this
corresponds to a relative precision of 0.46%. The main source of uncertainty in the
measurement of scalar mass is the beam energy spread, which is 0.16% at CEPC.
A low-mass tail from radiation (8.31 GeV width, 8.75 GeV relative mass resolution)
and a Gaussian core are included in the fit of the recoil mass distribution. Estimated
statistical accuracy of mg is 6.9 MeV, which could be enhanced with knowledge of
scalar decay [142].
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Chapter 5

Conclusions

Particle physics has witnessed significant strides in understanding subatomic particle
behaviour. A key area of focus is the 95 GeV excess observed in experimental data.
This anomaly aligns with the theoretical prediction of a neutral component within an
SU(2) triplet with hypercharge Y = 0. Previously, the CDF II experiment reported a
deviation in the W boson mass from the SM predictions, and this resulted in a world

average of m%orld %8 = 80.406 & 0.015. However, recent ATLAS measurements
align more closely with the SM. This discrepancy highlights the need for a deeper
understanding of electroweak interactions.

Studying the Higgs boson’s production with jets and tau leptons provides valu-
able insights into Brout-Englert-Higgs mechanisms and their interactions. This is
crucial for validating the SM and exploring extensions like the Type II Two Higgs
Doublet (2HDM). The possibility of a charged Higgs boson below 100 GeV adds a
layer of complexity, potentially impacting the Higgs sector and electroweak sym-
metry breaking. This thesis focused on the 2HDM+S model. It investigated its
compatibility with electroweak precision observables via the Peskin-Takeuchi pa-
rameters (S, T and U). We incorporated one-loop corrections to these parameters,
allowing us to calculate the W boson mass dependence. We employed a x? analysis to
explore the observed enhancements at 95 GeV and 152 GeV across various channels.
This allowed us to assess the model’s prediction of an upward shift in the W boson
mass.

Furthermore, we extended our study to the muon anomalous magnetic moment
(Aay) by introducing Vector-Like Leptons into the 2HDM+S model. This enabled the
evaluation of one-loop contributions to Aa,, potentially explaining the discrepancy
between the measured and predicted values of the muon’s anomalous magnetic
moment. Our analysis demonstrates that the 2HDM+S parameter space aligns
well with various experimental measurements, including the global W boson mass
average. However, deviations from some specific measurements, like those from CDF
IT and LEP, exist. Additionally, our results highlight the importance of Vector-Like
Leptons in enhancing the one-loop contributions to Aa,,, potentially resolving the
observed discrepancy.

We also conducted an extensive analysis of the 2HDM+-S model, showcasing its
ability to reconcile experimental findings with theoretical constraints. We demon-
strated the model’s potential to explain the observed excesses around 95GeV in
various channels (77, THt~, bb and WW). Tools like HIGGSBOUNDS and HIGGSSIG-
NALS were employed to assess the model against collider search exclusion limits and
to quantify its agreement with observed Higgs properties using x? analysis.
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The observed discrepancy between LHC and LEP experiments in WW events,
interpreted as di-boson signatures involving both S(95) and S(152), highlights the
intricate dynamics within the model and suggests avenues for further investigation.
A recent paper [136] studied a model, the Scale Invariant Scotogenic model, to explain
anomalies in W boson mass measurements and the observed 95GeV excess. This
model allows for light neutrino masses and a dark matter candidate. They found a
parameter space where the model could explain both the W boson mass anomaly
and the 95 GeV excess. However, this required the dilaton particle (mp ~ 95GeV)
to decay invisibly. While LHC di-Higgs production wouldn’t be affected, future
ete™ colliders could see significant changes (20% decrease to 70% increase) in double
Higgstrahlung compared to the SM. Future research could involve a more detailed
analysis of these discrepancies and their implications for the model’s parameter
space.

This research adds to the ongoing search for physics beyond the Standard Model.
Our findings highlight the potential of the 2HDM+S model to explain a range of
experimental observations.
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Appendix A

ScannerS

In particle physics extensions beyond the Standard Model (SM), adhering to pa-
rameter ranges consistent with existing data is crucial. SCANNERS [160] is a tool
designed for generating and verifying parameter sets in various beyond-SM models.
It performs systematic scans across a model’s parameter space on a point-by-point
basis, rather than providing broad model-wide conclusions.

SCANNERS applies individual constraints to each randomly generated parameter
point, selecting those that comply. This method does not offer a definitive best-
fit point or a complete likelihood distribution, making it unsuitable for drawing
broad conclusions about a model’s overall fit. However, it’s effective for creating
phenomenological benchmarks and focusing on specific areas within the parameter
space.

The strength of SCANNERS lies in its simplicity and ability to conduct targeted
scans, even in areas not encompassing the model’s optimal fit point. Its design allows
for easy re-evaluation of parameter points when constraints are updated without the
need for new scans.

A.1 Constraints

The tool SCANNERS operates by enforcing experimental constraints at a 95% con-
fidence level, approximately equivalent to 2 standard deviations. Unlike these
experimental constraints, the theoretical ones are mere exclusions and do not carry
a statistical interpretation. As a result, SCANNERS identifies points that conform
to the theoretical framework, yet these points are not necessarily excluded based
on observational data at around a 95% confidence level. SCANNERS incorporates
these constraints at three distinct operational levels. The first level, labeled skip,
completely disregards the specific constraint, omitting any associated computations
and consequently not subjecting any parameter points to this constraint. The second
level, ignore, involves performing all relevant calculations and retaining the results,
but without enforcing the constraint on the parameter points. The most stringent
level, apply, is where only those points that meet the specific constraint are accepted.

A.1.1 Theoretical constraints

Theoretical constraints in particle physics models serve to maintain internal coherence
and self-consistency. These constraints are binary, meaning a parameter point either
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satisfies them and is considered valid, or fails to meet them, leading to its exclusion.
SCANNERS enforces several key theoretical constraints:

¢ Perturbative Unitarity: This principle ensures the consistency of scattering
amplitudes at high energies, demanding that the sum of probabilities for all
outcomes of a scattering process equals 1. In SCANNERS, perturbative unitarity
is validated by ensuring the eigenvalues M} ., of the 2 — 2 scattering matrix
do not exceed 87. This constraint, particularly relevant in extended Higgs
frameworks, is subject to potential modifications due to loop corrections [161]
or finite-energy effects [162-164].

* Vacuum Stability: This pertains to the potential of the vacuum transitioning to
a lower energy state, which could lead to vacuum decay. For models where EW
vacuum stability is unproven or lacks analytical solutions, SCANNERS links to

the EVADE [165] library.

* Boundedness from below: This condition ensures the stability of a quantum
tield theory by requiring the potential energy to be bounded as field values
increase indefinitely. It’s essential for the stability of the vacuum state and
the definition of a well-grounded state in the theory. SCANNERS incorporates
analytical solutions to enforce this constraint.

Overall, SCANNERS implements these constraints to maintain the physical validity
of parameter points within theoretical models, focusing on principles like unitarity,
vacuum stability, and boundedness.

A.1.2 Constraints on Electroweak Precision Observables

The Electroweak Precision Observables (EWPO) consist of a collection of both theo-
retical predictions and experimental measurements that are linked to the electroweak
force. This force represents the unification of electromagnetic and weak nuclear
interactions in the realm of particle physics. These observables play a pivotal role in
assessing the consistency and precision of the SM. SCANNERS incorporates fit results
for Electroweak Precision Observables (EWPOs), specifically the oblique parameters
U, T and S. The obtained results are employed to create a correlation matrix for these
parameters. SCANNERS utilises findings from Refs. [106, 166] to compute model
predictions for the oblique parameters, applicable to any number of scalar SU(2),
doublets and singlets.

Observational measurements are vital for evaluating the reliability and precision
of the Standard Model (SM). The tool SCANNERS is designed to incorporate fit
outcomes for Electroweak Precision Observables (EWPOs), with a specific focus on
the oblique parameters, denoted as S, T, and U. These fit results are instrumental
in creating a correlation matrix for these parameters. Moreover, SCANNERS utilises
methodologies from specific references [106, 166] to compute predictions for the
oblique parameters. This computation applies to any number of scalar SU(2)
doublets and singlets, providing a broad range of modelling capabilities within the
tool.
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A.1.3 Flavour Physics

Flavour physics investigates phenomena related to transforming quarks and lep-
tons from one type to another, a process known as flavour changing. This can
occur through weak interactions, which are responsible for processes like beta decay.
Given that, every model presently employed in SCANNERS is inherently flavour-
conserving [167], charged Higgs exchange is the primary source of contributions to
the majority of flavour observables. In the Two Higgs Doublet Model (2HDM), there
is a charged Higgs sector which either does not exist or reflects the characteristics of
the model itself. For flavour constraints, our approach is similar to how we handle
Electroweak (EW) precision constraints, and we base it on fit outcomes from specific
references [104]. These fit results provide constraints at the 2 standard deviations (20)
level within the mpy= — tan f parameter space of 2HDM. Notably, these constraints
are also applicable to extended models that include additional singlets, such as in
the Two Higgs Doublet Model with an Additional Scalar (2HDM+-S), demonstrating
their broader relevance in theoretical physics modelling.

A.1.4 Higgs constraints

One of the key challenges in exploring models with extended Higgs sectors is en-
suring compatibility with the established properties of the 125 GeV Higgs boson
observed at the LHC and other experiments. The SCANNERS program tackles this
challenge by leveraging functionalities within the HIGGSTOOLS framework [100].

SCANNERS utilises HIGGSBOUNDS, a component of HIGGSTOOLS, to assess the
theoretical compatibility of a model’s Higgs sector with experimental data. This
tool takes a theoretical model as input, typically defined by parameters governing
the Higgs boson’s properties and interactions with other particles. Additionally, it
requires a set of benchmark scenarios - specific parameter configurations of particular
interest within the model. HIGGSBOUNDS performs several key tasks. It calculates
the masses of the Higgs bosons in the model and their couplings to other particles.
This involves solving the equations related to the Higgs potential and diagonalising
the mass matrix. Using the benchmark scenarios, the derived Higgs properties are
compared with data from experiments like the LHC, LEP, and others. HIGGSBOUNDS
also performs a statistical analysis to determine if the model’s predictions are consis-
tent with experimental observations. This considers uncertainties in measurements
and the overall compatibility of predictions with the data.

Similar to HIGGSBOUNDS, SCANNERS employs HIGGSSIGNALS, another compo-
nent of HIGGSTOOLS. HIGGSSIGNALS also takes a theoretical model as input, defined
by parameters affecting the Higgs sector. These parameters influence characteristics
like Higgs boson masses, production rates, and decay modes. Using benchmark
scenarios, HIGGSSIGNALS calculates various properties of the Higgs boson, including
masses, branching ratios for different decay modes, and production cross-sections
for various processes. Similar to HIGGSBOUNDS, it compares the calculated Higgs
properties with experimental data and performs a statistical analysis to assess the
compatibility of the model’s predictions with the observations.

To ensure accurate predictions of Higgs boson branching ratios and total decay
widths, SCANNERS incorporates a modified version of the HDECAY code [47, 168—
170]. This modified version allows for model-specific forecasts while incorporating
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the latest Quantum Chromodynamics (QCD) corrections and accounting for off-
shell effects, which are crucial for precise calculations. For reliable cross-sections,
SCANNERS utilises a detailed parametrisation of Next-to-Next-to-Leading Order
(NNLO) QCD calculations key processes like gluon fusion and bottom quark pair
(bb) associated Higgs production. These parametrisation are derived from tools such
as SUSH1-1.6.1 [101, 102].

Additionally, SCANNERS utilises cross-section parametrisations incorporated
within the HIGGSBOUNDS framework [103]. These parametrisations encompass
diverse cross-section calculations, including those associated with W /Z boson asso-
ciated production (VH@NNLO) and Next-to-Leading Order (NLO) QCD processes
for top quark associated charged Higgs production. By combining these tools and
functionalities, SCANNERS provides a comprehensive framework for exploring ex-
tended scalar sectors while ensuring compatibility with established experimental
data on the Higgs boson.
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Appendix B

Deep Neural Network

We simulated the Higgs-strahlung process at a future electron-positron collider
with a center-of-mass energy of \/s = 250GeV. This process is illustrated in Fig-
ure B.1 and involves the production of a Higgs boson (assumed to have a mass
of 95.5GeV) alongside a Z boson. The simulation employed a suite of software
tools: MadGraph5 [171] generated the initial particle interactions, Pythia8 [172] sim-
ulated the decay of these particles into more fundamental ones, Delphes, tuned for
the CEPC detector [173-175], modelled the detector’s response, and FastJet [176]
with the anti-k7 algorithm [177] identified jets of particles using a cone size pa-
rameter of R = 0.4. Both signal (Higgs boson) and background processes used
dynamic scales for a more accurate simulation. The processes that were generated are
ete” — 7S, S — bb, Z — utu~ for the background and ete™ — Zbb, Z — utu~
for the signal.

(a)

FIGURE B.1: This is an illustration of the signal processete™ — Z5,Z —
uru,S — bb with mg = 95GeV.

B.1 Signal and Background discrimination

We applied specific selection criteria to distinguish the Higgs boson signal from
background noise. The analysis required the detection of exactly two muons and
the identification of two jets originating from b-quarks. Additionally, minimum
energy thresholds were set for the leading and sub-leading b-tagged jets and muons
(all above 5GeV). Furthermore, we analyzed the recoil mass distribution (produced
using the Equation 4.8 function) for both signal and background (shown in Figure 4.7
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FIGURE B.2: The correlation matrices for the background (A) and signal

(B) at a mass of mgs = 95GeV. These are for both the leading and sub-

leading muons and b-tagged jets to determine the most sensitive features
that will be used in the dataset for the DNN model.

A). We imposed further cuts on the recoil mass (Myecoi1 < 120 GeV) and the invariant
mass of the b-quark pair (m,; < 100 GeV) to enhance the signal.

The chosen machine learning model is the Deep Neural Network (DNN) because
of its effectiveness in event classification. We used 16 input variables such as energy
of b-tagged jets (E,) and muons (E,), azimuthal angle of the b-tagged jets (¢;) and
muons (¢,,), polar angle of the b-tagged jets (§;,) and muons (6,,), invariant mass of the
b-tagged jets (m,;) and the recoil mass for muons (Mecoi) as motivated in Figure B.2.
The dataset is split into training and testing with 70% of the events being for used
training and the 30% for testing.

The DNN is constructed from 12 input layers, each having 39 neurons. The
batch size is set to 30, and the number of epochs is 100. The chosen optimiser is
Adam, and the learning rate is 0.0003253. In order to achieve optimal performance
for the DNN, a hyperparameter optimisation algorithm is deployed to find the
best possible hyperparameters that will maximise the accuracy of the DNN. These
hyperparameters were optimised using Weights & Biases [178]. Weights & Biases is
the machine learning platform that allows developers to build better models faster. It
provides for iteration on datasets, evaluates model performance, reproduces models,
visualises results (Figure B.3) and spots regressions.

Although the chosen network is relatively small, ensuring it doesn’t overfit the
training data is crucial. Overfitting occurs when a model memorizes the training data
too well and performs poorly on unseen data. To investigate this, we will analyze the
model’s output distributions for each class label, comparing the results from both the
training and test datasets. This comparison will help us identify potential overfitting
issues.
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