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Abstract

In this dissertation, we discuss the flavor changing interactions of Beyond
Standard Model (BSM) Higgs bosons, including neutral heavy Higgs (CP-even
scalar H° and CP-odd pseduo-scalar A%) and Charged Higgs (H™), with quarks at
the CERN Large Hadron Collider (LHC). Adopting a general two Higgs doublet
model (G2HDM), we investigate several different channels to study the flavor
changing interactions of BSM Higgs bosons. For flavor changing neutral Higgs
bosons, we look for t — c¢® or ¢° — t¢ followed with ¢° — 777~ or ¢* — té/tc. For
interactions of charged Higgs, we study cg/cg — bH* with H~ — bc or HT — bc.
This report presents the study of the discovery potential of these channels at the
LHC. Applying Monte Carlo simulations with VEGAS, MADGRAPH 5, PYTHIA 8
and DELPHES, we evaluate the signal and dominant physical background cross
sections after implementing realistic selection rules. We limit the parameter space
for experimental results at the LHC and discuss the discovery rate at Collider

energy /s = 13 TeV, 13.6 TeV and 14 TeV.
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Chapter 1
Introduction

1.1 Structure of Standard Model

The Standard Model (SM) is one of the most successful particle physics models
providing a description of nearly all observed phenomena in particle physics. It
is a gauge-symmetric quantum field theory that classifies the particles according
to their quantum properties and their interactions with other particles. As such,
the SM encapsulates our current understanding of the fundamental particles that
constitute the visible universe. First proposed by Abraham Pais and Sam Treiman
in 1975 [2], the SM represents the culmination of decades of work by numerous
prominent particle physicists from around the world. The model unifies three
of the four known fundamental interactions, electro-magnetic, weak, and strong,
into a coherent theoretical structure, forming the foundation of modern particle

physics.

1.1.1 Particle Content

In the Standard Model, all known fundamental particles are classified into two
broad categories: fermions and bosons. Fermions constitute the building blocks of
matter, while bosons mediate the fundamental forces among them. In addition, the
Higgs boson provides mass to the other particles via the Higgs mechanism. Fig. 1.1

provides an overview of the particle content of the Standard Model (CERN, 2025).
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Figure 1.1: Standard Model of Elementary Particles. Source: CERN (2025)
Fermions: Leptons and Quarks

Fermions are particles with half-integer spin, (2n + 1)/2 for n = 0,1,2,.. .,
and obey Fermi-Dirac statistics [3]. A distinctive property of fermions is their
adherence to the Pauli exclusion principle, which forbids two identical fermions
from occupying the same quantum state simultaneously.

Fermions come in two families: leptons and quarks, each organized into
three generations. Leptons include the charged leptons and their corresponding
neutrinos {electron (e), electron-neutrino (v.)}, {muon (x), muon-neutrino (v,)},
{tau-lepton (7) , tau-neutrino (v,)}.

Quarks are similarly grouped into pairs:

{up (u), down (d)}, {charm (c), strange(s)}, {top(¢), bottom (b)},

representing the first, second, and third generations, respectively. Particles in



higher generations are heavier than those in the lower ones, as summarized in

Table 1.1, based on PDG 2024 data [1].

Leptons Mass (GeV/c?) Quarks Mass (GeV/c?)
Ve <8x 10710 u 0.0022 &7 x 1075
e 511 x 1074+ 1.5 x 1071 d 0.0047 £7 x 107°
vy <19x107* c 1.273 £ 0.0046
W 0.10566 £ 2.3 x 107 s 0.0935 £ 0.0008
vy <1.82x 1072 t 172.56 + 0.51 £ 0.31
T 1.7769 £ 9 x 107° b 4.78 £0.06

Table 1.1: Fermion masses from PDG 2024 [1].
Leptons. Leptons differ from quarks in several ways:

e They exist freely in nature and are not subject to confinement;

e They carry integer multiples of the electric charge e;

e They interact through electromagnetic and weak forces, but not via the

strong force;

e They are relatively light (except the 7 lepton that m, > m.).

Historically, the electron was discovered in 1897 by J. J. Thomson [4], followed

by the muon in 1936, observed by Carl D. Anderson and Seth Neddermeyer [5].

The 7 lepton was first predicted by Yung-Su Tsai in 1971 [6] and subsequently

discovered between 1975 and 1977 by Martin Perl and collaborators [7, 8.

Neutrinos were first postulated by Wolfgang Pauli in 1930, in a famous letter

proposing a neutral, light particle to account for the missing energy in g decay.

Enrico Fermi later incorporated this particle into his theory of weak interactions,

3



coining the name “neutrino” [9]. Subsequent experiments confirmed the existence
of three distinct neutrino flavors, each associated with one of the three charged

leptons [10, 11].

Antiparticles. Dirac’s relativistic wave equation for the electron [12] predicts
both positive and negative energy solutions. The existence of these negative energy
states led to the prediction of antiparticles—objects identical in mass but opposite
in charge to their corresponding particles. The first antiparticle, the positron (e™),
was experimentally discovered in 1931 by Carl D. Anderson [13].

In modern notation, antiparticles are denoted by an overbar, for example p
for the antiproton and 7 for the antineutrino. Charged leptons are conventionally
labeled with a superscript “+,” such as e or u*. Charge conjugation, represented

by the operator C, transforms a particle state into its corresponding antiparticle:

C,lp) = |p), - (1.1)

Matter—antimatter symmetry arises naturally within this formalism, though
the observed dominance of matter in the Universe indicates the presence of charge-

parity-violating (C P-violating) processes beyond the Standard Model (BSM).

Quarks, Mesons, and Baryons. Quarks are fermionic constituents of hadrons
and are never observed in isolation due to the phenomenon of color confinement.
They carry fractional electric charges of i%e and j:%e. The quark model, proposed
independently by Murray Gell-Mann and George Zweig in 1964 [14, 15], successfully
explained the observed classification patterns of hadrons within the framework of
SU(3) flavor symmetry.

A meson is a bound state of a quark and an antiquark (¢g), whereas a baryon

4



consists of three quarks (qqq). Representative examples include:

e Mesons: 7t (ud), 7~ (da), K* (u3), K° (d5), and n ((ut + dd — 2s5)/+/6);
e Baryons: proton (uud), neutron (udd), A" (uud), A° (udd), and Q- (sss).

The introduction of the color quantum number resolved the apparent violation
of the Pauli exclusion principle in baryons such as the A™" (uuu). Quarks exist
in three color states—red, green, and blue—while only color-neutral (singlet)
combinations correspond to observable particles.

In the late 1960s, deep-inelastic scattering experiments at SLAC [16, 17] revealed
that the proton possesses an internal substructure consisting of three point-like
constituents, providing the first direct experimental evidence for the quark model.
Subsequent discoveries of the charm, bottom, and top quarks between 1974 and
1995 [18-21] established the three-generation structure of quarks, mirroring that of
the leptons. The concept of isospin was introduced earlier to distinguish the nearly
degenerate nucleons, with the proton and neutron forming an isospin doublet of

total isospin [ = %

Gauge Bosons

Gauge bosons are spin-1 particles belonging to the class of bosons, which
possess integer spins and obey Bose-Einstein statistics [22], originally developed
by Satyendra Nath Bose and Albert Einstein. Unlike fermions, bosons are not
subject to the Pauli exclusion principle. In the Standard Model, gauge bosons

mediate the fundamental forces:
e Photon () — mediator of the electromagnetic interaction;

e W* and Z bosons — mediators of the weak interaction;

5



e Gluons (g) — eight massless gauge bosons mediating the strong interaction.

The concept of the photon originated from Planck’s quantization of light [23] and
was further developed by Einstein to explain the photoelectric effect [24]. The weak
gauge bosons W= and Z were predicted within the electroweak theory formulated
by Glashow, Weinberg, and Salam [25]. They were subsequently discovered at
CERN in 1983: the W* boson by the UA1 and UA2 collaborations [26], followed
about five months later by the discovery of the Z boson [27]. Their measured
masses,

My =81+5 GeV/c?, My =952+25 GeV/c?,

were in excellent agreement with the theoretical predictions,

My =8242 GeV/c?, My =92+2 GeV/c?,

marking a major experimental validation of the Standard Model.

Higgs Boson

The Higgs boson (h) is a scalar (spin-0) particle associated with spontaneous
symmetry breaking in the electroweak sector. It provides mass to the W= and
Z boson, as well as the fermions, through Yukawa couplings. Discovered in 2012
at the LHC [28, 29] with a measured mass of approximately 125 GeV, the Higgs
boson completes the Standard Model particle spectrum. Its properties continue to

be studied with increasing precision as a potential window to new physics beyond

the Standard Model.



1.1.2 Theoretical Framework

The formulation of the SM is based on two fundamental principles: local gauge
imvariance and spontaneous symmetry breaking. It is a gauge quantum field theory

constructed upon the symmetry group
Gsm :SU(3)C®SU(2)L®U<1)Y (1.2)

which governs all known non-gravitational interactions: the electromagnetic, weak,
and strong interaction. The electromagnetic and weak interactions are unified
within the electroweak theory [30-32], while the strong interaction is described by
the theory of quantum chromodynamics (QCD) [33, 34].

Gauge invariance dictates the structure of the interaction Lagrangian, guar-
antees renormalizability, and constrains the possible couplings among fermions,
gauge fields, and scalar fields. Together, these principles determine the form of
the fundamental interactions, the particle content of the SM, and the mechanism

through which particle masses arise.

The Strong Interaction: SU(3)¢

The color gauge group SU (3)¢ describes Quantum Chromodynamics (QCD) [33,
34], the theory of the strong interaction between quarks and gluons. The generalized

form of the Lagrangian [1, 25, 35] is,

E Z¢qa Z’Y Hflb mq ab Q/qu ZF:LFA‘LW. (1.3)

Here, 1), , represents the quark fields with mass m, with a color-index a from 1

to N. = 3. For convenience, the summation symbol (}) will be omitted when

7



summing over repeated indices with identical superscripts. The 4* are the Dirac

v-matrices and D,, 4 is the covariant derivative:
Dyab = Oubap + igs(to,) Gy - (1.4)

where g denotes the strong coupling constant, and Gﬁ (A=1,...,8) are the
gluon fields. The t4 are the generators of the SU(3) group in the fundamental
representation, expressed as eight 3 x 3 Hermitian matrices. A convenient choice is
t4 = A /2, where A\* are the Gell-Mann matrices. The corresponding field-strength

tensor F ;3/ is defined as

F;ﬁ/ = 0,Gy) — &,Gﬁ - gszBchGf . (1.5)

fABC

where are the structure constants of the SU(3) group, defined through the

commutation relation

[t4, 8] = i fABOC (1.6)

The QCD Lagrangian remains invariant under local SU(3) gauge transforma-

tions of the quark fields:
Y = Y =Tt 0Ny (1.7)

where 04 (z) are the local gauge parameters. The non-Abelian nature of the SU(3)
symmetry introduces nonlinear terms in the gluon field-strength tensor, leading
to self-interactions among the gluons. These gluon self-couplings give rise to two

hallmark phenomena of QCD:

e Asymptotic freedom: the effective coupling decreases with increasing
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energy scale, allowing for perturbative calculations at high energies;

e Confinement: color-charged particles cannot exist in isolation—only color-

singlet bound states (hadrons) are observed experimentally.

Both properties have been firmly established through experimental evidence,
notably in deep inelastic scattering and jet production processes, and form the

cornerstone of our modern understanding of the strong interaction [1].

The Electroweak Interaction: SU(2);, x U(1)y

The electroweak theory unifies the weak and electromagnetic interactions within
the gauge group SU(2);, x U(1)y [31, 36-38]. The left-handed fermions form weak

isospin doublets, while right-handed fermions are singlets:

QL = b LL = ) UR, dR? €R- (1'8)

L L

Here, SU(2);, symmetry acts exclusively on left-handed fermions under this group.
This chiral structure gives rise to the maximal violation of parity observed in weak
interactions. The additional U(1)y factor corresponds to the weak hypercharge,
which, together with the weak isospin, determines the electric charge of each
particle through the Gell-Mann—-Nishijima relation (see Eq. 1.13).

One can separate the electroweak Lagrangian into two main components: the
Yang-Mills (symmetric) and fermion matter fields part, Leymm, and the Higgs fields
sector, Lpiges, Which includes the dynamics of the scalar field and its couplings to
gauge bosons and fermions.

The Lgymm describes the kinetic and interaction terms of the gauge and fermion

fields. It embodies the non-Abelian gauge theory based on the group SU(2); ®
9



U(1)y with fermionic matter content:

1
/Csymm = Z FA FAMV - B/u/B +¢L27 D,u,lva

+¢RZ’Y”DM¢R : (1.9)

Here, the Dirac spinor ¢ collectively represents all quark and lepton fields. To
incorporate with the chiral nature of weak interactions, the fermion fields are

decomposed into left- and right-handed components using the projection operators:

1F s
2

L+

1/)7 &L,R - 775 9

YR =

(1.10)

The operators (1 F v5)/2, conventionally denoted as P, and P, project ¢ onto
its left- and right-handed chiral states, which transform differently under the
electroweak gauge group. In particular, only left-handed fermions participate in
weak charged-current interactions. Notice that the mass term ma violates the
invariance under the SU(2), gauge transformation.

The tensors F) ;3, and B, represent the field strength tensors of SU(2); and

U(1)y, respectively. Their explicit forms are given by

By, =98,B, —9,B, and Fj, =08,W;' —0,W! — geapc WPWS, (1.11)

ABC are the structure constants of the

where g is the SU(2),, gauge coupling and €
SU(2) Lie algebra. The gauge fields B, and W;‘ correspond to the generators of
the groups U(1)y and SU(2)y, respectively. The U(1)y field B, is associated with
the hypercharge operator Y7, g, while the three SU(2), fields W/’f (A=1,2,3) are

associated with the weak isospin generators té R

10



The commutation relations among the generators of the SU(2) algebra take
the form

[ 2] =i MPOhG, [eh 8] = e, (1.12)

Adopting the normalization convention Tr [tAtB] = %5‘43 , the generators in the
fundamental representation are expressed in terms of the Pauli matrices as ¢4 =
%UA. Right-handed fermions, being singlets under SU(2), transform only under
the abelian U(1)y group.

The electric charge operator @) is related to the weak isospin and hypercharge

through the Gell-Mann—Nishijima [39, 40] relation,

1 1
Q:t§+§ L:t?§+§YR, (1.13)

which unifies the description of the electromagnetic and weak interactions within
the electroweak framework. The corresponding weak quantum numbers for the

Standard Model fermions are summarized in Table 1.2.
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t ty Y Q
vy, % ; -1 0
er | 3 -3 -1 -1
er| 0 0 -2 -1
wl|d 3§ 3
AT I
ur | 0 0 3§ 2
dp | 0 0 -2 -3

Table 1.2: Weak quantum numbers of Standard Model fermions.

The covariant derivatives are defined as

. 1
D,=0,+ zgtéRW:‘ + Zg/§ T.rRBy, (1.14)

where ¢’ is the coupling of U(1)y group.

Expanding the term tAW;:‘ using

Wizi(wj:mwj), =

"= (' £it?), (1.15)

Sl

we obtain

AYr7A _ 4+ -1/~ 31173
AW =W+ W+ W (1.16)

Here, Wf correspond to the charged W bosons, while ¢+ act as the raising and

lowering operators of the weak isospin algebra.
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To unify the electromagnetic and weak interactions, the neutral gauge fields
Wj and B, must combine to yield the physical photon and Z boson fields. The
interaction term involving the neutral components, i(g t3W3 +4 %YBM), can
be identified with the electromagnetic coupling teQQA,. This correspondence is
achieved by introducing a rotation between the weak eigenstates (Wj’, B,) and

the physical mass eigenstates (Z,, A4,):

Z, cosfy  sinfy Wj’
= , (1.17)

A, —sinfy cosby B,

where fy is the weak mixing angle (also known as the Weinberg angle). From this

rotation, the couplings are related by
g sinfy = ¢ cosby = e, (1.18)

which establishes the link between the electroweak gauge couplings (g, ¢') and the
elementary electric charge e.
Thus, the interaction part of the Lagrangian Lgymm can be expressed in terms

of the physical gauge fields as

1
—L=eJ' Ayt (JL'WE+ I W) + 92052, (1.19)
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where the corresponding fermionic currents are defined as

T =9A"Q,
JLiM = \/515 ’Y“tfl/%

Jy =" (8] — sin®Oy Q) .

Here, J* represents the electromagnetic current, JLi“ correspond to the charged
weak currents, and J% is the neutral weak current. The coupling constants satisfy
the relation

gz sinfy cosby = e, (1.20)

Higgs Mechanism

Mass terms are forbidden in the Lgymm sector by the requirements of gauge
invariance and renormalizability. However, the experimental observation that the
weak gauge bosons W and Z are massive implies the existence of an additional
mechanism responsible for generating these masses, as well as those of the fermions.
This mechanism is incorporated through the Higgs sector of the electroweak
Lagrangian.

To generate the mass terms for the vector bosons W= and Z, a scalar doublet
¢ is introduced [41],

¢ = " : (1.21)
"

The Lagrangian for the scalar field is given as,

Ly = (Dud)'D'é —V(¢'9), (1.22)
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where the potential V (¢¢) is invariant under SU(2); ® U(1)y gauge symmetry.
To preserve renormalizability, the potential includes at most quartic terms in the

scalar field,

V(616) = 512610 + AP (1.23)

where p? and )\ are real parameters, with A\ > 0 ensuring that the potential is
bounded from below.

For u? > 0, the potential does not have a global minimum at |¢°] = 0, as
illustrated in Fig. 1.2. Instead, it attains degenerate minima at |¢°| = v, where
v = y/p?/A, indicating that the vacuum expectation value (VEV) of the neutral
component of the scalar field is nonzero. Expanding the Higgs field around this

vacuum configuration selects a particular ground state,

(9) = — : (1.24)

which spontaneously breaks the SU(2); x U(1)y gauge symmetry down to the
electromagnetic subgroup U(1)ey,. This spontaneous symmetry breaking mecha-
nism gives rise to masses for the weak gauge bosons and fermions while preserving

the renormalizability of the theory.
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Figure 1.2: Higgs potential with fixed A and p? for (a) & ¢ = 0 and (b) general
0.

We can now define the scalar doublet as [25],

(1.25)

¢ o) (v + h(z))/V2

where h(x) and £4(z) (A = 1,2,3) are real scalar fields, each having a vanishing
VEV. The fields ¢4 () represent the would-be Goldstone bosons, which are absorbed
by the gauge fields to provide the longitudinal components of the now massive
vector bosons W= and Z [25, 42].

In the Unitary gauge, the three Goldstone bosons £4(x) are “eaten” by the
gauge fields, leaving only the physical neutral scalar field h(z). The Higgs doublet

then reduces to
1 0

¢(w)=E ol (1.26)

where, for convenience, we denote h(z) simply as h.

To determine the masses of the gauge bosons and their couplings to the Higgs
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field, we examine the term (D, ¢)" D¢ in Eq. 1.22, where the covariant derivative

is given by

: 1 ey 1 :
D,¢ = |0, +ieQA, + zﬁg(t+W: +tTW, ) + @gz(§t3 —sin®OwQ)Z,| ¢.

(1.27)
Requiring that the photon remain massless is equivalent to imposing the condition

of an electrically neutral vacuum:
3 1
Qlv) = (t° + §Y)|v> =0. (1.28)
Applying the covariant derivative to ¢(z) yields

WYY+ (v + h)

1

Dub =7 Ve . (1.29)
’ Oph — igTZZu(U +h)

Substituting this into the kinetic term leads to

1 1 1
Ly = 5(8Mh)(8"h) + ZQQU2W+W_ + gg%UQZZ

1 1 1 1
+ PR WIW ™ + —g2h*ZZ + —g*vhW W™ + Zg%thZ

4 8 2
1 2 2 1 4
- §u( +h) +ZA(v+h) :

which explicitly displays the gauge boson mass terms, the Higgs self-interaction,
and the trilinear and quartic couplings between the Higgs field and the gauge
bosons. From the quadratic terms in the gauge fields, we obtain the masses of the

weak bosons:

My, = 29V, My = —gzv. (1.30)
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These relations show that the W* and Z bosons acquire masses proportional to
the vacuum expectation value v, with v = 246.1 GeV, while the photon remains
massless, consistent with the unbroken U(1)e, gauge symmetry.

Fermion masses are given by the Yukawa interaction term Ly . As discussed
earlier, in the SU(2), ® U(1)y electroweak theory, a direct fermion mass term of
the form m (Ypyg +Yriby) would explicitly violate gauge invariance, since vy, and
g transform differently under the gauge group. When the Higgs doublet acquires
a nonzero vacuum expectation value and spontaneously breaks the electroweak
symmetry, it simultaneously induces effective mass terms for the fermions through
the Yukawa interaction.

For the leptons, the Yukawa Lagrangian in unitary gauge can be written as [25]

Eygz—%U(@LgR—FERgL)—ﬂh(ngR—i-gRgL), (131)

V2

where ¢ = e, u, 7. The first term generates the lepton masses,

_

my = \/57 (132)

while the second term describes the coupling of the physical Higgs boson to
fermions, with a strength proportional to the fermion mass. Here, y, denotes the
lepton Yukawa couplings.
For quarks, the weak eigenstates in the unbroken gauge phase are defined as
U;

QiL = ) U;R, diR7 1= 17 27 3.

d;
L

It is important to note that, in the interaction basis, these weak eigenstates are
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not identical to the physical quark mass eigenstates observed experimentally. The
most general SU(2);, ® U(1)y—invariant Yukawa Lagrangian for the quark sector

is given by [25]

3

Ly, =— Z Z {Yg Uir ' Qjr + Y dind'Q;r| + Hee. (1.33)
i=1 j=1
where
¢0*
p=it?¢" =
—é

is the charge-conjugated Higgs doublet.
After spontaneous symmetry breaking, when the Higgs field acquires its vacuum

expectation value, the Yukawa interactions generate the quark mass terms:

Uy dy

(1, 1, u3)p MY uy |+ (dy, dy, d3)gp MP dy | +Hec,

L L

where

(Y (%
—Yy,  MP=—YF
v2 Y ToveY

are the up- and down-type quark mass matrices, respectively. These matrices are,

U _

in general, complex and non-Hermitian. They can be diagonalized by independent

unitary transformations on the left- and right-handed quark fields, which rotate
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from the interaction (weak) basis to the physical (mass) basis in the broken phase:

U U dy d
U =Urr|c|, ds =Drr|s|- (1.34)
Us t d3 b

LR LR

The mass matrices are diagonalized by bi-unitary transformations of the form

m, 0 0 mg 0 0
UbMU=10 m, 0|, DiMPDr=|0 m, 0
0 0 my 0 0 my

The weak eigenstates u; and d; are thus linear combinations of the mass eigenstates
u,c,t and d, s, b, with different unitary transformations for left- and right-handed
components.

In the broken phase, rewriting the Yukawa Lagrangian in terms of the quark

mass eigenstates gives

1
ﬁyq:—ﬁ Z Ky, Guu (0 + h) + Z Ky Gaqa (v +h) |

Qu=1u,C,t qa=d,s,b

where the Yukawa couplings are related to the quark masses by

U — \/§mQu K/D — \/§de.

R
qu v qd v

The diagonalization of the mass matrices eliminates mixing between weak and mass
eigenstates in the fermion sector, resulting in flavor-diagonal Yukawa interactions

at tree level in the Standard Model.
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However, the misalignment between the weak and mass eigenstates manifests

in the charged-current interactions. Specifically,

dy d
(@1, g, Gs) V" | dy | = (@, & DL ULDLA" | s
ds . b .
We define
V=U}D,,

which is the Cabibbo—Kobayashi-Maskawa (CKM) matrix. This unitary matrix

encodes all flavor-changing effects in the charged-current weak interaction.

1.2 Needs for New Physics

Despite its remarkable success, the Standard Model (SM) is widely regarded
as an incomplete description of nature. Although it accurately accounts for an
enormous range of experimental observations, it does not incorporate gravity,
dark matter, or dark energy. In addition, several fundamental phenomena remain
unexplained within its framework. Two of the most striking open issues are the
observed baryon asymmetry of the Universe and a series of flavor anomalies in the

decays of heavy mesons. Both point toward the need for new physics beyond the

SM (BSM).

1.2.1 Baryon Asymmetry of the Universe

Cosmological and astrophysical observations indicate that the present Universe
is overwhelmingly composed of matter, with an exceedingly small abundance of

21



antimatter. This imbalance is quantified by the baryon-to-photon ratio, defined as

np = "B ~ 2.75 x 1078 Q,h% ~ 6.16 x 1071°, (1.35)

Ty

where np is the baryon number density and n, = 4.11 x 107® cm™ is the photon
number density. The parameter ,h? = 0.0224 4 0.0001, denotes the baryon
density of the Universe, determined from measurements of the cosmic microwave
background and Big Bang nucleosynthesis [43].

Within the Standard Model, the generation of such an asymmetry requires

three conditions, known as the Sakharov criteria [44):

1. violation of baryon number (B);
2. violation of charge conjugation (C') and charge—parity (C'P) symmetries;

3. departure from thermal equilibrium.

Although the Standard Model satisfies these conditions in principle, the mag-
nitude of C'P violation and the strength of the electroweak phase transition are
insufficient to explain the observed baryon asymmetry of the Universe, falling
short by several orders of magnitude [45]. This discrepancy strongly indicates the
need for additional sources of C'P violation or new dynamics beyond the Standard
Model—such as extended Higgs sectors, heavy neutrino mechanisms (leptogenesis),
or new interactions at the TeV scale that could strengthen the electroweak phase

transition.

1.2.2 Flavor Anomalies

In parallel, precise measurements of flavor-changing processes in the quark and

lepton sectors have revealed several tensions with SM predictions. Particularly
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notable are anomalies observed in semileptonic B-meson decays, such as the lepton

flavor universality ratios

B(B — K®yutu~) _ B(B— DWry)
B(B — K®ete~)’

Ry = (1.36)

where ¢ = e, 1. Experimental results from LHCDb (Large Hadron Collider beauty),
Belle, and BaBar show deviations at the level of 2-30 from SM expectations [46, 47].
In addition, angular observables in B — K*utu~ decays, along with anomalies
observed in rare processes such as b — s ¢~ transitions, suggest possible violations
of lepton flavor universality and hint at contributions from new vector or scalar
interactions [48].

If confirmed with higher statistics, these anomalies could point toward new
degrees of freedom, such as leptoquarks, Z’ bosons, or extended Higgs sectors that
couple non-universally to fermions. Together with the baryon asymmetry of the
Universe, these observations provide strong motivation for exploring extensions of
the Standard Model, including scenarios with additional Higgs fields, new gauge

interactions, or flavor-dependent couplings.

1.3 General Two Higgs Doublet Model

To address the observed deviations from the Standard Model, one of the
simplest and most well-motivated approaches is to extend the scalar sector by
introducing an additional SU(2);, Higgs doublet. After electroweak symmetry
breaking, this framework yields five physical Higgs bosons: two CP-even scalars,
the lighter h° and the heavier H"; one CP-odd pseudoscalar, A°; and a charged

pair, H*. The presence of two scalar doublets allows for new sources of CP
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violation and introduces an additional set of Yukawa interactions, which can give

rise to flavor-changing neutral currents (FCNCs).

1.3.1 Modified Higgs Potential

With two Y =1 SU(2), Higgs doublets (®; 5), the most general gauge invariant
Higgs potential for the general two-Higgs doublet extension of the SM is given
by [49]:

V = m2, ®l®; + m2, &b, — [m§2 oDy + H.c.]
+ IN(P]D1)7 + Ao (RFD)7 + Na(B]D1) (D] D) + Ny (D] Do) (PLE1)

+ {325(@[02)% + (@ @) + Ar(@h0;)] @[ 0, + Hec. |, (1.37)

In general, m?, and s ¢7 can be complex, whereas the remaining parameters
are real. The Higgs doublets ®; and ®, are defined in the interaction (Yukawa)
basis as

+ +
. o e 2

(07 + v+ ilme?) 75(69 + vz + ilmg)

Y

with non-vanishing vacuum expectation values (VEVs)

<CI)1> - _2 g <(I)2> = =

The two vacuum expectation values satisfy v? + v2 = v?, where tan 8 = vy /v;.
1 2 )

Here, v denotes the electroweak vacuum expectation value in the Higgs basis. This
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transformation can be expressed as

v cosB —sinf v
" = . (1.38)
Vg sinf  cospf 0

Applying this transformation to the charged and CP-odd scalar components, we

can write the two Higgs doublets as [50]

o 1 V2 (G* cos B — H sin 3)
1 = = ;
2 veos B+ @Y + i (G° cos B — Asin )
o 1 V2 (G*sin B+ H™ cos 3)
, = —
V2 vsin 8+ @3 + i (G%sin 8 — A° cos 3)

Defining a mixing angle o for the CP-even neutral components,

Cb? cosa —Ssino H°
= , (1.39)

9 sina  coso ho

the electroweak symmetry breaking (EWSB) results in five physical scalar states:
two neutral CP-even scalars (H® and h°), one CP-odd pseudoscalar (AY), and a
pair of charged Higgs bosons (H*). The remaining fields, G* and G, are the
three Goldstone bosons that are absorbed as the longitudinal components of the
weak gauge bosons W+ and Z°.

Finally, the two Higgs doublets can be expressed in terms of the physical fields
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as

1 \/§ (GJFCB - H+85)
E )

H%, — h%, + veg 4+ i (GOcs — AYsp)

o, = (1.40)

1 \/§ (G+Sl3 + H+C5)
Oy = — , (1.41)

V2 H, 4+ hPco +vs5 + i (GYsg + A%p)

where sg, = sin 8, a and ¢, = cos 3, a.

Then the tree-level Higgs masses can be expressed according to the remaining
potential parameters of Eq. (1.37). For the CP-odd scalar A°, the mass is given
by

— 507 . (1.42)

The CP-even Higgs mass matrix in the (¢?, ¢9) basis is

s2 —sge M+ Ass2 (A3 + \y)sge
M=t | P 99 | 2| Mot Qe h)secs . (1.43)

—sgcs (3 (As+ M)sges Aash + Asch

Diagonalizing this matrix yields the CP-even Higgs boson masses:

1

iy = 5 |Mh 0O v a0me] e
1

wt = |Mh 0, Jom g a0me], @)

corresponding to the heavier (H°) and lighter (h) CP-even scalar states, respec-

tively.

26



Finally, the charged Higgs boson mass is given by

1
m%’i = mi + 5?}2 ()\5 — )\4) (1.46)

At tree level, the mass relations enable the quartic couplings A;_5 to be re-
expressed in terms of the physical parameters—namely, the four Higgs boson
masses and the neutral-sector mixing angle sin(5 — «). This substitution provides

a more convenient set of physical input parameters for phenomenological analysis.

1.3.2 The Yukawa Sector

Assuming CP conservation, the general Yukawa Lagrangian of the G2HDM,

written in the interaction basis, takes the form [50]:

—Ly = @L&HW?UR + QP Dr + Ly ®uiyy L

+ @L&)QngUR + Q Py’ D + L ®any L, (1.47)

where the n/" (i = 1,2) with F' = {U, D, L} denote real 3 x 3 Yukawa coupling

matrices. They can be combined into the effective matrices x!", defined as
k" =nf cos B+ nl sin 3, (1.48)

which are real and positive. The x' matrices are related to the fermion mass

matrices My via

V2

k= = Mp,
v

generating the mass to fermions.
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Orthogonal to k', we define the matrices p’ as

pf'=-—nfsinB+nf cosp, (1.49)

which describe additional Yukawa structures beyond those responsible for fermion
mass generation.

Performing a rotation to Higgs basis (H;, Hy)—where only H; acquires a
nonzero vacuum expectation value (VEV)—the Yukawa Lagrangian can be rewrit-

ten as

—Ly :@LﬁUiUUR + @LHPKJDDR + @LHIHLLR (1.50)

+ Q Hop"Up + Q,HopPDr + Q Hop" L. (1.51)

Here, H; (with vev v; = v) is responsible for fermion mass generation and couples
through %, while Hy (with vy = 0) couples through p and mediates potential
flavor-changing effects.

Transforming to the physical (mass) basis, the Yukawa interactions of the

neutral and charged scalars can be expressed as

Sl

. .
—Ly = [ﬁDsﬁ—a + pDCﬁ—a} Dh+ —D [%Dcﬁ—a - PDsﬁ—a} DH + —

V2 V2
1 — i —
kYsg o+ pUc _Q}Uh—i- —U|:I£UC o —pYs _Q]UH— —U~sp"UA
[ B P Ca \/5 B P S3 \/§ V5P
1

V2

DvyspP DA

=

+

_ 1 — _
+ L [/@L%,a + pL05,a} Lh+—L [K;LCg,a — pL55,a] LH + L’)/g)pLLA

V2

+ (VCKMPDPR - pUVCKMPL)DH+ + ?pLPRLH—’— + h.C.].

g=iRniie el

(1.52)
The general structure of Eq. (1.52) leads to tree-level flavor-changing neutral

currents (FCNCs) unless the p!” matrices are diagonal. A common way to eliminate
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Type Ur Dr Lg  pY p” p"

I + + 4+ kYcotB KPcotp  klFcotp

II + — — kKYcotB —kPtanpB —rPtanp
myy + - 4+ kYcotB —kPtanp  wklcotp
V/X + 4+ - kYcotf kPcotB —kFtanp

Table 1.3: Assignment of Z5 charges for the right-handed fermions, and the
resulting relations among Yukawa coupling matrices in the Z-symmetric types
of 2HDM Yukawa sectors. The Higgs doublets have Z, quantum numbers — (®;)
and + (D2).

such FCNCs is to impose a discrete Z; symmetry that forbids certain Yukawa
terms in Eq. (1.47). Under this symmetry, one Higgs doublet and selected right-
handed fermion fields are odd, while all others are even. Models implementing
this symmetry are classified into the four canonical 2HDM types, following the

convention of Ref. [51]. The corresponding Z, charge assignments and resulting

Yukawa coupling structures are summarized in Table 1.3.

1.4 Summary of Chapter 1

Chapter 1 provides the theoretical framework for this dissertation by reviewing
the structure of the SM and introducing the G2HDM as a motivated framework
for new physics.

The chapter begins with an overview of the particle content of the SM, including
the fermion families, gauge bosons, and the Higgs boson. It then outlines the
theoretical structure of the model, focusing on its gauge symmetries, electroweak
spontaneous symmetry breaking, fermion mass generation, and the formulation of
charged and neutral currents. This section emphasizes how the SM successfully
describes a wide range of particle interactions with remarkable precision.

Despite its success, the SM leaves several fundamental questions unsolved.
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Section 1.2 highlights key indications for physics beyond the Standard Model.
These include the baryon asymmetry of the Universe, which cannot be explained
by SM CP violation or the electroweak phase transition, and flavor anomalies in
heavy B-Meson decays, that suggest possible contributions from new interactions or
particles. These open problems provide strong motivation to explore the extensions
of the SM.

The chapter concludes with an introduction to the G2ZHDM. The G2HDM
allows FCNH interactions and can produce extra source for C'P-violation. The
modified Higgs potential is presented, along with its physical mass eigenstates,
mixing angles, and theoretical constraints. The Yukawa sector is then discussed
in detail, illustrating how additional Yukawa matrices lead to new scalar—fermion
couplings and potentially observable flavor-changing processes, particularly in the
top-quark and Higgs sectors.

Together, these elements establish the conceptual and theoretical motivation

for the collider studies performed in the later chapters of the dissertation.
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Chapter 2

Higgs Signal Channels and Analysis Strategies

The main objective of this dissertation is to explore the discovery prospects of
BSM Higgs bosons—including the neutral scalars (H°, A°) and the charged Higgs
bosons (H*)—within the framework of the general Two Higgs Doublet Model
(G2HDM). In particular, special attention is given to flavor-changing processes,
such as the charged Higgs decay channel Ht — cb.

For the neutral sector, we focus on flavor-changing neutral Higgs (FCNH)
processes such as t — c@’ with ¢° — 777, where t and ¢ denote the top and
charm quarks, respectively, and ¢" represents either the heavy scalar (H) or
pseudoscalar (A?).

Chapter 3 focuses on the detection of the charged Higgs boson through the
decay mode H* — cb. The following Chapter 4 presents detailed study of the
discovery potential for ¢ — 777, along with an analysis of the alternative FCNH

channel ¢° — tc (ct).
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2.1 Motivations

2.1.1 Charged Higgs Flavor-changing channel

One can extract the Hc¢b interaction terms from the Yukawa Lagrangian in

Eq. 1.52 and obtain

Lireo = — ¢|[(Veapas + Vespss + Verpon) Pr — (05 Vs + piVeo + piVip) Pr] b HT
+ H.c.

~ C [p:c‘/tbPL] bH" + H.c. ,

(2.1)
where the CKM matrix elements are taken from the latest PDG review [1]:
0.97435 + 0.00016  0.22501 4 0.00068 0.00373270500092
Vexkm = [ 0.22487 4 0.00068  0.97349 & 0.00016  0.04183%39%070 | . (2.2)

0.00858+3:00019 0.04111+390077 (.999118+3:900029

It follows that the effective coupling |Ag+| is proportional to p;. Vi, (taking p
matrices as real), and is therefore not suppressed by CKM mixing. In contrast
to the flavor-changing neutral Higgs coupling |A|, this charged-Higgs coupling
depends solely on p. rather than py., making the decay channel H* — cb free from
constraints associated with pe;.

Assuming the same heavy Higgs mass degenerate state, we study the decay
channels of the charged Higgs boson H™, focusing in particular on Ht — cb,
H* —tb, and H* —t5. For p; = 0.05, the corresponding branching ratios are
calculated with the Two-Higgs-Doublet Model Calculator (2HDMC) [52], which

evaluates all kinematically allowed Higgs decay modes in the G2ZHDM framework,
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Figure 2.1: Branching ratios of H™ — XY as a function of my+ for (a) pi. = 0.1,
and (b) pre = 0.4.

and shown in Fig. 2.1 as functions of my+, for fixed values of p;. = 0.1 (left) and
pre = 0.4 (right). It can be seen that H* —tb becomes the dominant decay mode
once my+ 2> 200 GeV, while the H* — ¢b channel remains sizable, particularly
for larger p;,.. The discovery prospects of the process cg — bH' — b(cb) will be

discussed in detail in Chapter 3.

2.1.2 FCNH signal channels

Similarly, from the Yukawa Lagrangian given in Eq. 1.52, the effective in-
teraction terms for the neutral Higgs bosons h°, HY and A° can be written

as

e e AteA _
Lo = — 210 4 2 5 10 4 74 5 A0 4 Hec. (2.3)

V2 V2 V2

where |Ai| (with ¢ = h, H, A) denote the effective Yukawa couplings between the

neutral Higgs bosons and the (¢, ¢) quark pair. These couplings are approximately
given by

|)\tch| X ﬁtc CB—a; |)\tcH’ X ﬁtc SB—a; |)\tcA‘ X ﬁtc- (2-4)
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To reproduce the observed properties of the Standard Model (SM) Higgs boson,
we invoke the alignment limit [53, 54|, in which one of the two CP-even Higgs
mass eigenstates in the G2ZHDM is aligned with the direction of the scalar field
vacuum expectation value v. By convention, we identify A" as the SM-like Higgs
boson, corresponding to cos(f — «) ~ 0 and sin(f — «) ~ 1.

The effective coupling p,. can be related to the fundamental Yukawa couplings

as

. |ptel? + | pet|?
Pre ™ % (2.5)

which follows from separating the Yukawa interaction into its CP-even and CP-odd
components, denoted respectively by XZ" and Y{"7, where X¥ and Y* are 3 x 3
matrices in flavor space. The general form of the effective Lagrangian is then

written as

L= ) F[X§+YJy|®PF, (2.6)

F=UDL
where ® = h°, H?, A° denotes the physical neutral Higgs fields.

For each Higgs eigenstate, the explicit forms of X} and Y} are given as follows:

(i) For ® = h°:
XF - F Y Cu YF - Cu
NG {/ﬁ S8—a Tt 5 cs ; NG 5 cg
(ii) For ® = H:
XF - F o — Cu YF il Cu
\/§ {Fd Cp 9 SB s \/5 9 SB
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(iii) For ® = A°:

. F _ _Ft i Fo pFT
X = —sgn _[u] YF = — s _[p_}
Next, consider the decay process ®(p) — fi(ki) fij(ks) for ® = H® or A°. The

squared matrix element, summed over spins and colors, is

M@ = fif)IP = AN [(IXS P+ [V ) (k- ko) = (IXS P = [V [)mamy]
spin, color 27)
where N, is the color factor and ko are the fermion momenta. The relevant
kinematic relations are

Q(kl-k‘g):m%{,—m?—mg, |]€1|_

? J )‘1/2(m(1>7mz27 m?),

2me

)\(ZE,?/,Z) E$2+92+22—2xy—2xz—2yz

The partial decay width is then obtained as

N. Al/Q(mé,mf,m?)

3
8mmy

YR = (mi = my)?) |

D@ — £if;) = [1X5 2 (m3 = (mi +m,)?)

(2.8)

Therefore, for the flavor-changing process ¢ — tc, where tc denotes both t¢ and ct

for convenience, neglecting m. < my, the effective coupling satisfies

|ptc|2 + |pct|2

el o [XG? + VG2 ox 2

(2.9)
For the SM-like Higgs boson h°, the coupling |As| is strongly suppressed by

the factor sz_, in the alignment limit, which explains the absence of experimental
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signals at the Large Hadron Collider (LHC). In contrast, the couplings |Ai.z| and
| Atea| Temain unsuppressed, making the decay ¢° — tc a promising channel to
probe non-standard Higgs bosons beyond the Standard Model.

For the parameter space under consideration, the heavy Higgs states (H°,
A and H#) are taken to be degenerate in mass. We choose cs_, = 0.01 and
set pl = kf;, except for the coupling py = 0.2 X mg4/(150 GeV) [55]. Using the
2HDMC, we compute the branching ratios (BRs) of the dominant decay channels
as functions of my for both H® and A, as shown in Fig. 2.2. We take ;. = 0.1
and 0.4, neglecting all other off-diagonal elements in p’".

From Fig. 2.2, we observe that for both H? and A°, once mg > my, the ¢° — tc
channel becomes dominant, suppressing the ¢° — bb and ¢° — 7t7~ modes. When
my > 2my, the decay ¢ — ¢t opens up and begins to suppress ¢ — tc, however,
the branching ratio BR(¢" — tc) remains sizable for larger values of py,.

Therefore, we investigate two distinct FCNH final states, each targeting different
mass ranges of H° and A", Taking my = 200 GeV as a reference point, we study
pp — tt = ted® — (bjj) (ett77) + X for 130 GeV < my < 200 GeV, and
pp — t° — t(te) for 200 GeV < my, < 500 GeV, respectively. A more detailed

analysis of both discovery channels will be presented in Chapter 4.

2.2  Analysis Tools and Strategies

2.2.1 Analytical Tools

Accurate estimation of cross sections in high-energy particle collisions requires
evaluating multidimensional integrals that arise from the phase space formulation

of the scattering process. The analytical computation of these integrals is nearly
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Figure 2.2: Branching ratios of ¢° — XY as functions of mg4. The parameters
are chosen as cs_, = 0.01 and p; = 0.2 X my/(150 GeV), with: (a) H°, g, = 0.1;
(b) H07 ﬁtc = 047 (C> AO’ ﬁtc = 017 (d) AO? ﬁtc =04.

impossible for realistic final states with multiple outgoing particles. In our analysis,
typical discovery channels involve seven or eight final-state particles, leading to
integrals with more than 20 dimensions. To handle this complexity, we employ
numerical Monte Carlo (MC) integration [56] techniques combined with matrix-

element generators and detector simulations. This section provides an overview of

the computational tools we applied in our analysis.
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VEGAS

The core challenge in evaluating cross sections is dealing with the integration

over the multidimensional phase space,

I:/Qf(x)dx, (2.10)

where 2 denotes the N-dimensional integration domain. Monte Carlo (MC)
integration estimates such integrals using random sampling [56]. By generating n

random points x; within €2, the integral can be approximated as

By fw), (2.11)

where E converges to the true value I as n — 0o, according to the law of large

numbers. The variance of this estimator is

() = > S - B, (212)

1/2 independent of

and the corresponding statistical uncertainty scales as Al oc n™
the dimensionality /N. This property makes MC integration especially powerful for
high-dimensional integrals where conventional numerical quadrature methods fail.

To further improve convergence, variance-reduction techniques are employed. In
our ¢° — 777~ study, we use the VEGAS algorithm [57], developed by G. P. Lep-
age, which combines adaptive stratified sampling with importance sampling. VE-
GAS iteratively refines the sampling probability distribution based on previous

evaluations of f(z), concentrating more points in regions where the integrand

contributes most to the integral. This adaptive approach substantially enhances

38



efficiency and reduces variance, enabling accurate cross-section estimation even for
leptokurtic distributions.

In practice, VEGAS is implemented in FORTRAN and coupled to matrix-
element (ME) generators. The algorithm maps each phase-space variable to
random numbers uniformly distributed in [0, 1], allowing event generation directly
consistent with the differential cross section. Our implementation follows the

iterative phase-space factorization technique,

dq)N = (27T)71d(b]\7,1 d®12 dM122 s (2.13)

which successively reduces an N-body phase space into a series of two-body
subspaces. This iterative reduction allows efficient sampling and integration for
multi-particle final states.

To avoid divergences associated with soft or collinear emissions—common in

QCD processes—we apply basic kinematic cuts:

e Transverse momentum cut: pr = /p2 + p2,

e Pseudorapidity restriction: n = —In(tan6/2),

e Angular separation: AR;; = /(An;;)2 + (A¢y)2.

These cuts remove infrared and collinear singularities, ensuring stable numerical

convergemnce.

MadGraph 5, Pythia8, and Delphes

While VEGAS provides an efficient method for integrating phase-space weights,
the physical content of |M|*—the squared scattering amplitude—depends on

the underlying theory and process. For realistic collider studies involving many
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Feynman diagrams, manual computation of |M|? is impractical. We therefore
use a suite of automated tools that handle matrix-element generation, parton

showering, and detector simulation.

MadGraph 5. MADGRAPH5_AMCQ@NLO [58] (MG5) automatically generates
all tree-level (and optionally next-to-leading-order) Feynman diagrams for a given
process based on a chosen theoretical model file. It supports both tree-level
and next-to-leading-order (NLO) computations in perturbative QCD, making it
one of the most widely used tools in collider phenomenology. MG5 interprets
model information from Universal FeynRules Output (UFO) files, which define the
particle content, parameters, and interaction vertices derived from the underlying
Lagrangian. This modular structure allows for straightforward extensions beyond
the Standard Model (BSM), including two-Higgs-doublet models, supersymmetric
models, or other effective field theories.

For each process, MG5 employs the HELAS (HELicity Amplitude Subroutines)
library [59] to compute the corresponding matrix elements. These amplitudes are
summed over spins, colors, and helicities of the incoming and outgoing particles to
obtain |M]?. Once the matrix elements are computed, MG5 performs the phase-
space integration to evaluate total and differential cross sections, employing the
VEGAS adaptive Monte Carlo algorithm for efficient multidimensional integration
and event generation. The resulting parton-level events are stored in standard Les
Houches Event (LHE) format, which contains the full parton-level kinematics and

event weights, ready for subsequent processing.

Pythia8. The events generated by MG5 are passed to PYTHIA8 [60], which

simulates parton showering and hadronization. Since quarks and gluons cannot
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exist freely due to confinement, Pythia models their transition into observable
hadrons. The program also includes multiple parton interactions, underlying-event
modeling, and initial- and final-state radiation effects, producing realistic hadronic
final states observed in collider experiments.

To ensure a consistent description between matrix-element (ME) calculations
from MGD5H and the parton shower, appropriate matching or merging schemes are
applied, such as the MLM or CKKW-L algorithms [61, 62]. These algorithms
avoid double counting of emissions between the matrix-elements (ME) and parton
showering (PS) stages while preserving the correct jet multiplicity and kinematic
distributions. The combination of MADGRAPH and PYTHIA8 thus provides
a complete simulation framework, producing fully hadronized final states that
accurately represent the physical signatures expected in proton—proton collisions

at the LHC.

Delphes. To emulate detector effects, we use DELPHES [63], a fast simulation
framework designed to approximate the performance of general-purpose collider
detectors such as ATLAS and CMS. DELPHES employs a parametrized approach
that preserves the essential features of the detector response while ensuring com-
putational efficiency. This makes it particularly suitable for phenomenological
studies and large-scale Monte Carlo event samples.

Reading the output events from PYTHIAS, DELPHES simulates the propagation
of stable particles through simplified detector subsystems—including the tracking
system, electromagnetic and hadronic calorimeters, and muon chambers. Each
subsystem is defined by its geometrical acceptance, momentum or energy resolution,
and particle identification efficiency, all specified in a configurable detector card.

These parametrized smearing and efficiency effects emulate the finite precision and
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intrinsic limitations of realistic experimental measurements, providing a fast yet
physically accurate approximation of detector performance.

Reconstruction of physics objects is performed using algorithms consistent
with those employed by the LHC collaborations. Charged-particle tracks are
reconstructed in the inner tracker, while energy deposits in the calorimeters
are clustered to form electromagnetic and hadronic energy clusters. Jets are
reconstructed from final-state particles using the FASTJET package [64], typically
employing the anti-kr algorithm [65] with a jet radius parameter R = 0.4 or 0.5.
Electrons, muons, and photons are identified based on their detector signatures,
and isolation criteria are applied to reduce contamination from nearby hadronic
activity.

In summary, DELPHES provides a critical bridge between theoretical event
generation and experimental observation, allowing for fast and realistic assessments

of detector effects in collider studies.

Event Yields and Luminosity. The total number of expected events is obtained
as

N=oxL, (2.14)

where o is the production cross section and L is the integrated luminosity. For

two colliding Gaussian beams, the luminosity is expressed as [66]

= NNy (2.15)

dro,oy

with N; o the number of particles per bunch, f the revolution frequency, N, the

number of bunches, and o,, o, the transverse bunch sizes.
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Higher-Order Corrections. In our study, leading-order (LO) matrix elements
provide the baseline cross-section estimates. To approximate next-to-leading-order
(NLO) or next-to-next-to-leading-order (NNLO) effects, we apply K-factors defined

as

i — INLO (NNLO) (2.16)

JLO
The inclusion of these factors improves agreement with experimental measurements

and accounts for missing higher-order QCD corrections.

2.2.2 Analysis Strategies

After generating simulated signal and background samples through the work-
flow described in the previous section, we employ two complementary strategies
to enhance the signal-to-background discrimination: the traditional cut-based
optimization and the modern machine-learning approach based on boosted deci-
sion trees (BDTs). Both methods aim to identify optimal event-selection criteria
that maximize the statistical significance of the signal while efficiently rejecting

backgrounds.

Cut-based Optimization

The cut-based analysis represents the most conventional and transparent ap-
proach to collider data selection. It relies on applying a series of sequential
one-dimensional selection cuts on key kinematic observables to isolate the desired
signal events from the dominant backgrounds. Typical observables used in our

analysis include:

e Transverse momentum of jets and leptons (pr),

e Pseudorapidity () and angle separation (cos6;;),
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e Missing transverse energy (FE3ss),
e Angular separation between jets and leptons (AR),
e Invariant masses of reconstructed particle combinations.

These variables are chosen to exploit the characteristic kinematic features
of the signal process while suppressing Standard Model backgrounds such as tt,
W /Z+jets, or QCD multijet production.

The optimization is performed by scanning over possible cut thresholds and
maximizing the expected statistical significance, denoted by Ngg, commonly defined

as

S
VS+ B’

where S and B denote the expected number of signal and background events after

Ngs = (2.17)

selection, respectively. For high-luminosity projections, where both signal and
background event counts follow Poisson statistics, a more accurate expression for

the statistical significance is adopted [67]:

o= o[l (1) -] s

which will reduce to S/v/B in the limit B > 1 with Gaussian distributions.

Ngs = 5 corresponds to a 5o significance — the conventional discovery threshold.

Cut-based analysis is intuitive and physically transparent, making it straight-
forward to implement and interpret. However, as the dimensionality of the input
feature space grows or when correlations among observables become significant,
multivariate techniques—such as boosted decision trees (BDTs)—provide a more

powerful and systematic framework for event classification.
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Machine Learning with BDT

To improve classification performance beyond what can be achieved with
sequential cuts, we employ a supervised machine-learning algorithm based on
Boosted Decision Trees (BDTs). BDTs are particularly well suited to collider
physics, as they combine interpretability with the ability to capture nonlinear

correlations among multiple observables [68].

Concept. A decision tree partitions the multidimensional feature space into
regions that are predominantly signal- or background-like by applying a sequence
of binary splits on input variables. Boosting—typically implemented through
the gradient boosting or AdaBoost algorithm—constructs an ensemble of weakly
correlated trees, each trained to correct the misclassifications of the previous ones.
The final model prediction is a weighted sum of the outputs of individual trees,

effectively reducing variance and bias simultaneously.

Training and Input Variables. The training dataset consists of Monte Carlo—generated
signal and background events, labeled respectively as 1 and 0. Each event is char-

acterized by a set of discriminating variables such as:

e pr, 1, and ¢ of jets and leptons,

Invariant masses of reconstructed intermediate states (e.g., m;;, M),

Event-shape observables such as Hr = ). pr,

L miss
Missing transverse energy (E5'™°),

Angular separations AR;; between jets and leptons.
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These features are preprocessed (e.g., normalized or standardized) to ensure stable

and efficient training.

Implementation. The XGBoost framework [69] is implemented with an interface
compatible with scikit-learn [70], allowing for seamless integration with standard
machine-learning workflows in Python. Training a BDT classifier thus requires
only importing the model and specifying the relevant hyperparameters. The
key parameters—such as the number of trees (Nestimators), Maximum tree depth
(max_depth), learning rate (n), and minimum child weight—are systematically
optimized using grid search and k-fold cross-validation to prevent overfitting and
to ensure robust generalization.

The dataset is randomly divided into statistically independent training and
testing subsets, typically with a 75:25 ratio. Class weights are assigned to com-
pensate for the imbalance in event yields between signal and background samples,

ensuring that both contribute effectively to the learning process.

Performance Evaluation. The performance of the BDT is quantified using the
receiver operating characteristic (ROC) curve, which plots the true positive rate
(signal efficiency) versus the false positive rate (background rejection). The area
under the ROC curve (AUC) serves as a scalar metric for classifier performance,
with AUC closing to 1 indicating nearly perfect separation. Feature-importance
scores, computed from the frequency or gain associated with variable splits, help

identify the most discriminating observables.

Application. After training, the BDT assigns a discriminant score to each event.
By applying an optimized threshold on this score, one can select events with

the highest signal purity. The corresponding signal significance is then evaluated
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using Eq. (2.18). The BDT approach efficiently exploits complex correlations
between variables, achieving superior background rejection while retaining high

signal efficiency.

Comparison with Cut-based Approach. Compared with traditional cut-
based methods, the BDT provides a more robust and systematic treatment of
correlated observables, especially in high-dimensional feature spaces. However,
it is important to cross-check that the BDT-selected regions are consistent with
physical expectations and not dominated by statistical fluctuations or model-
specific artifacts. In this study, both cut-based and BDT methods are employed

to ensure reliability and cross-validation of the final results.

2.3 Summary of Chapter 2

Chapter 2 presents the motivations, analytical tools and analysis strategies
underlying the collider studies performed in this dissertation. The chapter begins by
identifying the Higgs flavor-changing processes of interest and explaining why they
offer compelling opportunities to probe the extended Higgs sector of the G2HDM.
Two classes of processes are emphasized: (i) the charged Higgs flavor-changing
channel pp — bH* — bcb, which is directly sensitive to the coupling A g+, o PtcVibs
and (ii) the neutral FCNH channels, including ¢° — 777~ and t¢° — t(tc), which
provide complementary access to the Yukawa structure associated with p;. and
related parameters.

The second part of the chapter describes the analytical tools and strategies
employed throughout the dissertation. Event generation is carried out using

MADGRAPH5_AMCQ@NLO, while parton showering and hadronization are per-
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formed with PyTHIA 8, and detector responses are modeled using DELPHES. Data
handling and event-level analysis utilize ROOT-based frameworks, including EX-
ROOTANALYSIS. A consistent analysis strategy is adopted across all channels,
involving realistic acceptance cuts, tagging efficiencies, reconstruction of inter-
mediate resonances, optimization of discriminating observables, and evaluation
of signal significance at different collider energies and luminosities. This unified
approach ensures that the results presented in the subsequent chapters are directly
comparable and reflect realistic LHC detector performance. In addition, a concise
introduction to the BDT machine-learning technique is included.

Overall, Chapter 2 establishes the theoretical motivations for the chosen Higgs
signal channels and provides a systematic framework for the collider analyses

presented in Chapters 3 and 4.
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Chapter 3

Searching for Charged Higgs Boson at the LHC

In this chapter, we present the detailed study for the process pp — bH™,
followed by the decay H+ — cb. Before proceeding to collider analysis, we discuss
in Section 3.1 the current experimental constraints on the relevant parameters,
in particular p,.. In Section 3.2, we discuss the characteristics of the signal and
dominant background processes, along with the event selection strategies employed
to improve the statistical significance. The final cross sections after all selection
cuts are calculated at the collider energy /s = 13, 13.6, and 14 TeV and are
presented in Section 3.3, together with the corresponding discovery contours for
Vs = 13 and 14 TeV. The results of this study are part of a completed project

currently being prepared for publication by the end of this year.

3.1 Constraints on Relevant Parameters

Both of our FCNH signal cross section depends directly on p,., especially for
pp—t¢d° — t(tc) channel. For ¢ — 777~ channel, the decay modes of T-leptons
also plays an important role.

Recent searches for the flavor-changing neutral decay t — c¢h® by the ATLAS [71]
and CMS [72] collaborations have placed stringent constraints on the corresponding
branching ratio, yielding B(t — ch) < 3.4 x 107* [71] and B(t — ch) < 3.7 x
10~* [72], respectively.

These bounds imply an upper limit on the effective FCNH Yukawa coupling,

Aren < 0.035, (3.1)
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defined in the effective Lagrangian,

A
L£=-"""1h° + Hee., (3.2)

V2

where the relation between A\, and the branching fraction B(t — ch) is given
by [73]

Aten = 1.92 x \/B(t — ch). (3.3)

In our framework, this coupling is related to the Yukawa parameters through

\Nch| = Pre Co—ar With pre & \/(|pecl? + |pet]?)/2, as defined in Section 2.1.1.
Furthermore, from Section 2.1.1, the FCNH couplings for the heavier neutral

Higgs bosons are given by

|/\tCH| = ﬁtc SB—as (3.4)

|)\tcA’ == ﬁtc- (3.5)

In the alignment limit where sg_, ~ 1, |Acr| is enhanced relative to |[Ainl,
potentially leading to striking signatures such as same-sign top-quark and triple-
top production via cg — tH — ttc or ttt [74, 75)].

Direct searches for heavy Higgs bosons with flavor-changing couplings by
ATLAS [76] and CMS [77] have placed additional constraints on ps.. In the CMS
analysis [77], when no interference between H and A is considered, no exclusion
limits are obtained for my or my with a coupling value of p,. = 0.4. When
interference effects are included, still assuming p;. = 0.4, the exclusion limits
extend to my = 290 GeV and m4 = 340 GeV. For a larger coupling of p;. = 1.0,
the limits are significantly stronger, reaching my = 760 GeV and m4 = 810 GeV
at the 95% confidence level (CL) [77].
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The ATLAS search [76] excludes an H boson with masses in the range
200 GeV < mpy < 620 GeV at 95% CL, for benchmark coupling values p;; = 0.4,
pre = 0.2, and py,, = 0.2. For smaller or vanishing py,, the exclusion power weakens
accordingly [76].

To remain consistent with flavor constraints, we adopt py; = 0.2x (my+ /150 GeV),
as discussed in Section 2.1.1. In addition, to satisfy the same flavor constraints,
the remaining Yukawa couplings, such as py, and p,,, are taken to be identical to
their corresponding Standard Model values, ky, and k., respectively.

Noting that flavor constraints on p;. remain relatively weak [78]. The coupling
pet is more tightly constrained, with p.; < 0.1 [78]. In particular, B,~B, mixing
imposes an upper bound of |pi.| < 1.7 for my+ = 500 GeV [78, 79]. In the following

analysis, we set p, = 0.05, while varying p;. < 0.5 and my+ € [200, 500] GeV.

3.2 Collider Study for H* — cb

In this section, we propose the process cg — bH™ (see Fig. 3.1), followed by
the decay Ht — cb, as a promising discovery channel for a BSM charged Higgs
boson at the LHC in the near future. Using the parameter space discussed above,
we investigate the discovery potential of the signal in the presence of the relevant
Standard Model backgrounds. By applying realistic selection criteria, including
b-tagging and c-tagging efficiencies, we evaluate the statistical significance of the

signal at the LHC for center-of-mass energies of /s = 13, 13.6, and 14 TeV.

3.2.1 Higgs signal

We study charged Higgs boson production at the LHC via the process cg — bH™,

with the subsequent decay H — ¢b, leading to a beb final state. The complete
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Figure 3.1: Leading-order Feynman diagrams for cg — bH™.

Monte Carlo simulation is carried out using MADGRAPH5_AMC@QNLO [58],
PyTHIA-8 [60], and DELPHES [63]. In addition, we applied matching and merging
with xqcut=30 GeV. The signal cross section is evaluated using the CT14LLO
parton distribution function (PDF) [80], with the renormalization and factorization
scales set to pip p = mpy+. Applying the above scale choices and PDF, our current
estimates suggest a K-Factor of ~ 1.95, and is approximately the same for all
three energies (v/s = 13,13.6,and 14 TeV). The K-factors are calculated using
MADGRAPHS_AMC@NLO.

3.2.2 The Physics Background

The dominant physics background to the signal arise from bbj and c¢éj. Using
the same simulation framework and PDF as for the signal, we compute the cross
sections with both the renormalization and factorization scales set to g p = V.
In addition, we scale our backgrounds to next-to-leading order using K-factor of

1.26 for bbj and ccj [81].

3.2.3 Mass Reconstruction and Realistic acceptance

Using the default ATLAS Delphes card, we incorporate charm-tagging efficien-
cies based on recent CMS results [82], with e. = 0.22, ¢, = 0.01, and £; = 0.001.

As for b-jet, the b-tagging efficiency is approximately 0.7, the probability that a
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c-jet is mistagged as a b-jet is approximately 0.14, while the probability that a
light jet (u,d, s, g) is mistagged as a b-jet is 0.01. For the event analysis, each
event is required to contain at least three jets, including exactly one identified
c-jet and two b-tagged jets.

We adopt the following basic requirements:
(i) exactly one c-jet with pg > 25 GeV, |n.| < 2.5;
(ii) exactly two b-jets with p > 25 GeV, || < 2.5;
(ili) angular separation between every two pairs of jets satisfy AR,;; > 0.4.

To correctly reconstruct the events, the c-jet and one of the b-jets, denoted by,
must originate from the decay of the charged Higgs boson (H™) and are expected
to be energetic. In addition to the basic selection cuts, we further require prl > 50
GeV, pS > 70 GeV and an angular separation ARy, > 2.0. The invariant mass
distribution of the c-jet and b;-jet pair, M, , are expected to exhibit a peak around
the mass of the charged Higgs, my+. Fig. 3.2 shows the do /M, distributions
for the signal with mg+ = 200 and 400 GeV, together with the dominant physics
backgrounds. A pronounced peak appears near my+ for my+ = 200 GeV case,
while for 400 GeV the peak is less distinct, but still provides discrimination against
backgrounds. Using the ATLAS mass resolution [83], the reconstructed c-jet
and b;-jet masses are required to lie a mass window of AMy, = 0.20 X mpy+.
These selection requirements are optimized to suppress background processes while
enhancing the statistical significance of the signal. The complete set of final

selection criteria is summarized in Table 4.2.
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Figure 3.2: Invariant mass distributions do/dM., for the signal and dominant
backgrounds bbj (magenta, dashed) and céj (black, dotted) at /s = 14 TeV,
shown for p,. = 0.4, (a) my+ = 200 GeV (blue, solid) and (b) my+ = 400 GeV
(blue, solid).

selection rule
1 tagged c-jet, 2 tagged b-jets
P > 25 GeV, |n;] < 2.5, AR;; >0.4
pht > 50 GeV
ps > 70 GeV
ARcbl > 2.0
|Mcb1 — mH+\ < 0.20 x mpg+

Table 3.1: Final selection criteria for signal and backgrounds events.
3.3 Discovery Potential

After applying all selection criteria at the collider energy /s = 13, 13.6, and
14 TeV, the signal cross sections for various benchmark points (BPs), along with
the corresponding background cross sections, are summarized in Table 3.2. The
estimated statistical significances, calculated with Eq. (2.18), are also presented
in Table 3.2.

Fig. 3.3 presents the cross section as a function of p;. for different values of m g+

at a collider energy of v/s = 14 TeV. Fig. 3.4 presents the 50 discovery contour
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Vs (TeV)  BP; (fb)  bbj (fb)  ccj (fb)  Total (fb)  Ngg

13 353.4 8.052x 104 7343 8.786x10*  26.6
13.6 394.0 8.407x 104 7851 9.192x10* 28.9
14 406.3 8.988x10* 8741 9.862x10*  28.9
Vs (TeV)  BP, (fb)  bbj (fb)  ccj (fb)  Total (fb)  Ngg
13 103.2 8.332x 104 7692 9.102x10*  7.65
13.6 109.4 9.009x10* 8223 9.831x10*  7.80
14 116.1 9.723x10* 9178 1.064x10°  7.96
Vs (TeV)  BPs (fb)  bbj (fb)  ccj (fb)  Total (fb)  Ngg
13 25.61 6.323x10% 5634 6.887x10* 2.18
13.6 27.64 6.927x10% 5762 7.503x10*  2.26
14 29.37 7.129%10% 7025 7.832x10*  2.35

Table 3.2: Benchmark points used in this table, which correspond to p. = 0.05,
pte = 0.4 and my+ = 200 GeV (BPy), mg+ = 300 GeV (BP3), and mpy+ = 400 GeV
(BP3). Statistical significance is presented with integrated luminosity L = 500fb™*.
K-factors are included in the cross section.

at the LHC for (a) /s = 13 TeV and (b) /s = 14 TeV in the (my+, pi.) plane,
assuming integrated luminosities of L = 300 and 3000 fb=!. The results clearly
demonstrate that the high-energy LHC at /s = 14 TeV with high luminosity,

L = 3000 fb~!, substantially enhances the discovery potential.

3.4 Summary of Chapter 3

Chapter 3 presents a detailed collider study of the charged Higgs boson H*
within the framework of the G2HDM, focusing on the flavor-changing process
pp — bHY — beb+ X. The chapter begins by reviewing the current experimental
limits on the relevant Yukawa couplings, especially ps., per, and py, based on recent
ATLAS and CMS searches for flavor-changing neutral Higgs interactions. These
constraints guide the parameter space considered in the simulation analysis.

A comprehensive collider study of the channel H* — ¢b is carried out using a
full Monte Carlo framework incorporating MADGRAPH5_AMCQNLOQO, PYTHIAS,
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Figure 3.3: The cross section as a function of p;. for signal and background at
Vs = 14 TeV after selection cuts, shown for (a) my+ = 200 GeV and (b) my+ =
400 GeV.

and DELPHES. The signal and dominant Standard Model backgrounds—primarily
bbj and ccj—are simulated at /s = 13, 13.6, and 14 TeV with appropriate K-
factors. Dedicated selection cuts, including c-tagging and b-tagging efficiencies, are
applied to suppress backgrounds.

The chapter further introduces mass reconstruction strategies designed to
reconstruct the charged Higgs mass from the invariant mass M, , taking into
account jet combinatorics and realistic detector resolution. With these selection
criteria, the final cross sections and statistical significances are evaluated for several
benchmark points. The results demonstrate that the charged Higgs boson can be
probed effectively for a broad region of parameter space, particularly for p;. = 0.1
and my+ < 450 GeV at high luminosity. Chapter 3 thus establishes the process
pp — bHt — bceb + X as a promising channel for discovering flavor-changing

charged Higgs boson interactions at the LHC.
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(a) v/s = 13 TeV, 50 contour (b) v/s = 14 TeV, 50 contour

— solid: 50, L =300 fb™"

solid: 50, L = 300 fb~"

=== dashed: 50, L = 3000 fb* 5 T === dashed: 55, L = 3000 fb*
----- dotted: 30, L = 3000 fb~* e s+++ dotted: 30, L = 3000 b
0.10 - v T v T v 0.10 J===s T T T T v
200 250 300 350 400 450 500 200 250 300 350 400 450 500
my+ (GeV) my+ (GeV)

Figure 3.4: The 50 discovery contours at the LHC in the (mpg+, pi.) plane for
(a) /s = 13 TeV and (b) /s = 14 TeV with L = 300fb~' (dark green solid)
and L = 3000fb~* (light green dashed). In addition, 30 discovery contour with
L =3000fb™" (red dotted) are shown for both 13 and 14 TeV.
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Chapter 4

Probing Heavy Neutral Higgs Bosons via

Interactions with Top quark

This chapter presents a collider study of the top quark (¢) interactions with
neutral Higgs bosons, focusing on two promising flavor-changing neutral Higgs
(FCNH) channels. In Section 4.1, we present the results for the process pp — tt —
(bjj)(e¢°) + X, followed by ¢° — TiepThaa, Where Ty, denotes the leptonic decay
T = Lyv, with £ = e, p, and T,,q denotes the hadronic decay 7 — j, v, with
j. = 7, p, and a;, representing the hadronic 7 decay products. A parton-level
study is performed using VEGAS, incorporating simplified detector effects, along
with an event-level analysis utilizing MG5, PYTHIA8 and DELPHES, as introduced
in Section 2.2.1. The resulting cross sections and corresponding discovery contours
are presented in Section 4.1.3. This study constitutes a completed project that is
currently in preparation for publication by the end of this year.

In Section 4.2, we investigate another channel, pp — t¢° — t(tc), where the
signal is categorized according to the decay mode of the top quarks: (i) the all-top
channel, ttc — bjjcblv, and (ii) the same-sign top (SS-top) channel, ttc — bbe (v,
with ¢ = e, u and v denoting neutrinos. A similar event-level analysis is conducted
with additional optimization strategies. The corresponding cross sections and
discovery contours are presented in Section 4.2.3. This work is ongoing, and the
results are expected to be published by the end of this year.

Motivated by the disscussion in Section 3.1, we define our parameter space
for the ¢° — tc study as 0.1 < p,. < 0.5 and 200 GeV < mg < 500 GeV. For
lighter Higgs masses, my < 200 GeV, no direct experimental limits on p,. are
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currently available; thus, we conservatively adopt the same range, 0.1 < py. < 0.8,
for 130 GeV < my < 200 GeV, before the ¢° — 777~ decay mode becomes

suppressed.

4.1 Detecting Flavor Changing Neutral Higgs

Bosons in Top Decays with 7 pairs

4.1.1 The Higgs Signal and Standard Model background

We present the discovery study for the process pp — tt — (bjj)(c¢®) —
(bjj)(ert17) 4+ X where one of the 7-leptons decays leptonically into an electron or
muon accompanied by neutrinos, and the other 7 decays hadronically into a 7-jet
and neutrinos. Consequently, the final state of our FCNH signal can be expressed
as pp — tt — (bj7)(elTj.)+ Fr+ X, where £ = e, pp and X denotes any additional
particles produced in the pp collisions. The leading-order Feynman diagrams for
this process are shown in Fig. 4.1, where t* represents a virtual top quark in the
case of my > my.

In the final state, we thus expect one lepton and one 7-jet originating from the
Higgs boson decay, together with missing transverse energy (F) arising from the
undetected neutrinos. The other top quark is required to decay hadronically into
a b-jet and two light jets, resulting in a final state consisting of five jets (including
one b-jet) and one isolated lepton.

According to the final state, two dominant backgrounds to the signal are from
ttj (with j = q or g), which is the most significant, with one top quark decaying
leptonically (t — blv) the other decaying hadronically (t — bjj) and the second

dominant background (about one third of the most dominant background) is
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Figure 4.1: Leading-order Feynman diagrams for the ¢° — 777~ signal.

ttjj(+7), j = q or g with one top quark decaying leptonically (¢ — blv) the other
decaying into Thaa (t — bThaavr). These two backgrounds contribute more than
95% of the total background. pp — Zbbjj + X (Zbbjj) with the subsequent decay
of Z — TiepThaa is negligible after all acceptance requirements are imposed.

In our study, the matrix elements for gg,qq — tt — bjjcd® — bjjertr™
are generated at leading order (LO) using MADGRAPHS [58], as introduced in
Section 2.2.1. In addition, we apply the collinear approximation for 7 decays [84, 85].
Since the Higgs boson is much heavier than the 7 lepton (m, > m.), the 7 leptons
produced in ¢° — 777~ are highly boosted. To a good approximation, the visible
decay products (j, and ¢) and the corresponding neutrinos can be assumed to
travel in the same direction as their parent 7 leptons.

Denoting the leptonic and hadronic 7 decays as T, = 71 and Thag = T2,

60



respectively, the momenta of the two 7 leptons can be expressed as

. B - P
B ==t pB =2 4.1
1 xl 2 xQ ( )

where x; o represent the fractions of the 7-lepton momenta carried by the charged
lepton and 7-jet, respectively, with 0 < x; < 1. The remaining fractions (1 — x;)
correspond to the momenta of the undetected neutrinos. Hence, the missing

transverse energy components can be estimated as

F, = (1—2)P .+ (1 —125)P,, (4.2)

Ey = (1 - xl)Pﬁy + (1 - xQ)Pmy ) (4'3)

where F, and Ey are the x- and y-components of the missing transverse energy

(Er). From Egs. (4.1)—(4.3), the momentum fractions can be solved as

_ PijPZy - Pfﬂspjfy

P; Py — PPy + E P o — E. Py’
_ PjTa:PZy B PZijTy

P; Py — PPy — B, Po + P,

Ty (4.4)

(4.5)

)

These relations allow us to reconstruct the Higgs boson mass from the invariant
mass of the 7-lepton pair (M., ).

The parton-level analysis is performed using the VEGAS [57], with 7 decay
branching fractions taken from Ref. [1], as summarized in Table 4.1. The cross
section is evaluated using the CT14LO parton distribution functions (PDFs) [80].
For simplicity, both the factorization and renormalization scales are set to the
invariant mass of the top-quark pair, ur = pr = V5. With these scale choices

and PDFs, the corresponding K-factors are computed using TOP++ [86]. For all
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three LHC center-of-mass energies, v/s = 13, 13.6, and 14 TeV, the ¢f production

K-factors are found to be approximately constant, around 1.8.

Decay mode Branching Fraction
TT = WUy 17.39 %
T — e Uy 17.82%
TT =T, 10.82%
™ =1 (p ), 25.49%
7~ = 7170 (ay)v, 9.26%
77 = 7w 7w (a; 3-prong)v, 8.99%

Table 4.1: Branching fractions for different 7-lepton decays modes.

In the event-level analysis, the parton-level signal samples are generated using
MADGRAPHS [58] with the 2HDM-UFO model [87]. The generated events are
then passed to PYTHIAS [60] to simulate parton showering, hadronization, and
7 decays. The latter are handled by TAUOLA [88, 89], a dedicated Monte Carlo
package embedded in PYTHIAS and widely used for accurate modeling of 7-lepton
decays in collider simulations. Subsequently, detector effects are incorporated
using DELPHES [63], which provides a fast and realistic parametrization of the
ATLAS and CMS detector responses.

To obtain realistic estimates of production rates at the LHC, we evaluate
the cross sections for both the FCNH signal and relevant physics backgrounds
in pp collisions, incorporating appropriate tagging and mistagging efficiencies.
The ATLAS b-tagging performance [90] is adopted in our analysis, with a b-
tagging efficiency of ¢, = 0.7. The probability for a c-jet to be mistagged as a
b-jet is €. ~ 0.14, while that for a light-flavor jet (u,d,s,g) is ¢; ~ 0.01. For

T-jets (jr), we apply ATLAS tagging efficiencies of e, = 0.75 (0.60) and mistag
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rates £,(j) = 0.03 (0.002) for 1-prong (3-prong) 7 decays, respectively, following
Refs. [91, 92]. For this study, c-tagging is not applied, making the analysis equally

applicable to the decay mode t — ¢u.

4.1.2 Mass Reconstruction and Realistic Acceptance Cuts

As discussed in the previous section, each event is required to contain at least
five jets, including exactly one identified b-jet, one identified 7-jet, and one isolated
lepton (e or p). The following basic selection criteria are applied, following the

strategies adopted in the ATLAS and CMS analysis of h° — 777~ [93]:

(i) At least five jets, including one b-jet and one 7-jet, with pr > 25 GeV and

In| < 2.5,
(ii) One lepton with py > 20 GeV and |n| < 2.5,

(iii) The angular separation between any pair of reconstructed objects satisfies

AR > 04,

(iv) Missing transverse energy £, = Fr > 30 GeV.

Since the two leading light jets (j1, jo) originate from the hadronic W-boson
decay, their invariant mass distribution M, ;, should peaks near the 1¥-boson mass,
my ~ 80.4 GeV. Similarly, the invariant mass of the system comprising the b-jet
and the two light jets, M,;,;,, peaks near the top-quark mass, m; >~ 172.6 GeV.
To correctly identify the jets from the W- and top-quark decays, we select the
jet combination that minimizes both |M;; — mw| and |M,;; — m;|. The invariant
mass distributions of M}, ;, and M,;, ;, at both parton and event levels are shown

in Figs. 4.2 and 4.3, respectively. Following the ATLAS mass resolution [94],
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we further require the reconstructed W- and top-quark masses to fall within the

windows AM;, ;, = 0.20my and AMy;, ;, = 0.25 m,.

(a) Parton Level (b) Event Level
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Figure 4.2: Invariant mass distribution do/dM;; for the Higgs signal (magenta,
solid) and for the dominant background from ttj (blue, dashed) and ttjj (red, dot)
at the LHC with /s = 13 TeV. Results are shown for (a) parton level, and (b)
event level.

For the top quark decay chain ¢t — c¢® — cr77~ — cf*j, + F7, when the
Higgs boson is lighter than the top quark (my < my), the c-jet is identified by
minimizing |M.,, — my|, where the 7 leptons are reconstructed using the collinear

approximation. We consider two kinematic scenarios:

(a) For my < 150 GeV, the c-jet is selected by minimizing |M.,, — m,|. In this
regime, both the invariant mass of the 7-lepton pair, M, +,-, from the Higgs
decay and the invariant mass M, +,- from the top-quark decay exhibit sharp

peaks near my and my, respectively.

b) For my > 150 GeV, we select the light jet with the highest transverse
¢
momentum (pr) among the remaining light jets and reconstruct only the

invariant mass M +,-.
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Figure 4.3: Invariant mass distribution do/dM,;; for the Higgs signal (magenta,
solid) and for the dominant background from ¢¢j (blue, dashed) and ttjj (red, dot)
at the LHC with /s = 13 TeV. Results are shown for (a) parton level, and (b)
event level.

Figure 4.4 shows the invariant mass distributions do /dM,, for my = 130, 150,
and 200 GeV. Clear peaks are observed near the Higgs boson mass for all values
of my. The cross sections are evaluated for the scalar H° with p,. = 0.1. In the
alignment limit, the cross section for the pseudoscalar A° is comparable to that of
H.

Furthermore, the invariant mass distributions do/dM.,, are presented in
Fig. 4.5 for my = 130 and 150 GeV. Pronounced peaks are visible near the
my for my < 150 GeV, while for my > 150 GeV, the M,., peak becomes signifi-

cantly broader due to reduced kinematic reconstruction accuracy. We require the

reconstructed Higgs and top-quark masses to lie within the windows

AMTT = ’M.,_T — m¢\ < 0.20 me, (4.6)

AMCTT = |MCTT - mt| S 0.25 my, (4.7)

for m, < 150 GeV, following the ATLAS mass resolution [93].
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In addition to all kinematic requirements and invariant-mass selections, the
energy of the charm quark (£}) in the rest frame of the top quark can be recon-
structed to further discriminate the ¢t — c¢¢° signal from the background [95]. For

mg < my, the charm-quark energy is given by

2 2

. My m; My
Efr=—14+—4——]. 4.8
¢ 2 ( + m? m%) (4.8)

For example, when m, = 130 GeV and 150 GeV, the E? distribution exhibits
clear enhancements at Ef ~ 37.4 GeV and 21.2 GeV, respectively. Figure 4.6
shows the energy distributions of the charm quark in the top-quark rest frame
for representative mass points. These distributions demonstrate that applying
a selection cut of EY < 60 GeV effectively suppresses background events while

retaining most of the signal, thereby improving the overall discovery potential.

(b) Event Level
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Figure 4.6: Energy distribution for the charm quark (do/dE.) in the top rest
frame for the Higgs signal from ¢t — cH® with mz = 130 GeV (magenta, solid),
150 GeV (Green, dot-dashed) and for the dominant background from tt; (blue,
dashed) and ttjj (red, dot) at /s = 13 TeV. Results are shown for (a) parton
level, and (b) event level with detector simulation in pp collisions.

From the invariant mass and the charm quark energy distributions at the
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parton and event levels, the following mass requirements are deduced

(i) |M;

1J2

(ii) |Mrr —mgy| <0.20 X my,

(ili) |Merr —mye| < 0.25 x my for my, < 150 GeV,

(iv) 0 GeV < E¥ <60 GeV for my < 150 GeV.

—mw| <0.20 X my and |My, 5, —mi| < 0.25 X my,

For my, > 150 GeV, we stop at (ii) to both signal and background events. A

summarized selection rules is presented in Table 4.2.

selection rule

—

[\

> 5 jets, 1 lepton
1 tagged b-jet, 1 tagged 7-jet
pr(j) > 25 GeV, |n(j)| <25
pr(l) > 20 GeV, |n(l)| < 2.5
AR >0.4
Fr > 30 GeV

|Mbj1j2 — mt\ < 0.25 % my

|MT7— — m¢| < 0.20 x Mg

|Merr —my| < 0.25 X my

0 GeV < EX <60 GeV

N NN N NN SENREN 2

v

N NN NE NN

N N NS SN NENRN 2

IR NE NN NN

Table 4.2: Selection criteria for signal and backgrounds events with mg4 < 150
GeV and my > 150 GeV. In this table, S; represents signal events with m, < 150
GeV , Sy represents signal events with my > 150 GeV, BG; represents backgrounds
events with my < 150 GeV and BGs represents signal events with mg > 150 GeV.

4.1.3 Discovery Potential

We present parton level signal cross sections at /s = 13, 13.6, and 14 TeV

for p;. = 0.1 and 0.5 in Table 4.3. The cross sections for the backgrounds are

presented in Table 4.4.
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\/g = 13 TeV Ptc = 01 Ptc = 05
my = 130 GeV 0.3857 tb 9.657 b
my = 150 GeV 0.1166 fb 2.889 fb
my = 200 GeV 0.0016 fb 0.0023 fb
\/E = 13.6 TeV Ptec = 0.1 Ptec = 0.5
mpy = 130 GeV 0.4241 tb 10.58 fb
mpy = 150 GeV 0.1300 fb 3.231 tb
my = 200 GeV 0.0018 fb 0.0025 fb
\/g =14 TeV Pte = 0.1 Pte = 0.5
mpy = 130 GeV 0.4567 tb 11.47 tb
mpy = 150 GeV 0.1370 tb 3.434 tb
my = 200 GeV 0.0020 fb 0.0027 fb
Table 4.3: Parton level signal cross section in fb after all cuts with ¢, = 0.7 and
er = 0.723.

Vs =13 TeV ttj ttjj(+71) Zbbjj Total
mpy = 130 GeV 0.7236 tb 0.1458 tb 5.4x107% fb 0.8753 tb
mpy = 150 GeV 4.826 tb 1.144 fb 3.6x1072 fb 6.005 b
mpy = 200 GeV 8.145 b 1.668 fb 1.2x1072 fb 9.824 fb

Vs =13.6 TeV ttj ttjj(+7) Zbbjj Total
my = 130 GeV 0.8010 fb 0.1568 fb 5.9x1072 fb 0.9640 fb
mpy = 150 GeV 5.326 b 1.281 fb 4.0x1072 fb 6.647 b
mpy = 200 GeV 9.052 b 1.849 fb 1.1x1072 fb 10.91 fb

Vs =14 TeV ttj ttjj(+7) Zbbjj Total
my = 130 GeV 0.8586 fb 0.1667 fb 6.3x1072 fb 1.031 fb
mpy = 150 GeV 5.683 fb 1.378 b 4.3x1072 fb 7.103 fb
mpy = 200 GeV 9.639 b 1.978 fb 1.2x1072 fb 11.63 tb

Table 4.4: Background cross sections in fb after applying the mass selection at
the parton level.
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For event level, the signal cross section is shown in Table 4.5 and backgrounds

in Table 4.6.

Vs =13 TeV pre = 0.1 pie = 0.5
myg = 130 GeV 0.1589 b 3.474 tb
mpyg = 150 GeV 0.0907 tb 2.317 tb
myg = 200 GeV 1.1x1073 fb 1.5x1073 fb

Vs =13.6 TeV pre = 0.1 Pie = 0.5
myg = 130 GeV 0.1685 fb 4.108 fb
myg = 150 GeV 0.1026 b 2.677 tb
mpg = 200 GeV 1.2x1073 fb 1.8x1073 fb

V5 = 14 TeV e = 0.1 e = 0.5
mpg = 130 GeV 0.1894 fb 8.050 fb
mpy = 150 GeV 0.1031 fb 5.638 fb

my = 200 GeV 1.4x1073 fb 2.0x1073 b

Table 4.5: Event level signal cross section in fb after all cuts.

We evaluate the statistical significance (Ngg) as a function of p;. and my in
this study, where Ngg is calculated using Eq. (2.18).

Figure 4.7 shows the signal cross section as a function of the Higgs boson
mass (my) for pr. = 0.1 and 0.5. In the alignment limit of the 2HDM, where
sin(8 — «) — 1, the production cross sections of the heavy scalar (H") and
pseudoscalar (A°) are nearly identical. When the two neutral Higgs bosons are
mass-degenerate (mpy ~ my), the signal cross section and corresponding statistical
significance effectively double.

We observe that the cross section decreases rapidly with increasing my for
mpy < my, as the charm quark becomes less energetic when mpy approaches m,.
In contrast, for myg > m;,, the cross section falls more slowly, indicating that the
sensitivity to my becomes less pronounced once the top quark becomes off-shell

and the H — tc¢ decay channel opens.
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Vs =13 TeV ttj ttjj(+7) Zbbjj Total
my = 130 GeV 0.7157fb 03559 fb  1.6x10°2fb  1.088 fb
mg = 150 GeV 4.689 b 1.904 fb 4.1x1072fb  6.635 fb
mg = 200 GeV 6.860 fb 2.720 fb 1.4x1072 fb  9.594 fb

V5 =13.6 TeV ttj ttjj(+7) Zbbjj Total
my = 130 GeV 08734 fb 03982 fb  25x102fb  1.297 fb
mpy = 150 GeV 5.098 fb 2.173 tb 43x1072fb  7.313 tb
mg = 200 GeV 7.065 fb 3.200 fb 22x107%2fb  10.29 fb

Vs =14 TeV ttj ttjj(+7) Zbbjj Total
my = 130 GeV 09331 fb 04034 fb  27x102fb  1.364 fb
mpy = 150 GeV 5.544 fb 2.266 fb 50x1072fb  7.859 fb
my = 200 GeV 7.367 tb 3.204 fb 2.9x1072fb  10.60 fb

Table 4.6: Background cross sections in fb after applying the mass selection at
the event level.

Figure 4.8 presents the signal cross section as a function of p. for my = 130,
150, and 200 GeV. For mg < my, the cross section scales approximately as o o pz..
However, for my > my, the cross section remains nearly constant, reflecting the
reduction in the H° — 777~ branching fraction once the H° — t¢ mode becomes
kinematically accessible, as shown in Fig. 2.2. Thus, the enhancement from the
P2, dependence in the production process pp — tt — te¢® — ter ™7~ + X is largely
compensated by the increase in the total width when H® — t¢ dominates.

The 50 discovery reach at the LHC with /s = 13.6 TeV is shown in Fig. 4.9,
while Fig. 4.10 illustrates the mass-degenerate case (my = my) for both parton-
level and event-level analyses in the [p;., my| plane. Three benchmark integrated
luminosities are considered: £ = 30, 300, and 3000 fb™'. It is evident that for
Higgs boson masses below the top-quark mass, the high-luminosity LHC operating
at /s = 14 TeV with £ = 3000 fb™' significantly enhances the discovery potential
of the FCNH signal.
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Figure 4.7: Signal cross section o vs. mass of Higgs boson for the FCNH signal
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4.2 Top Pairs with Flavor Changing Neutral

Higgs Decays

4.2.1 The Higgs Signal and Standard Model background

From this section, we present the discovery study of the process pp — t¢ — t(tc),
with leading-order Feynman diagrams shown in Fig. 4.11. The signal is categorized
into two distinct channels according to their final-state configurations: the all-top
channel, corresponding to the full process pp — ttc — bjjcblv + X, and the
same-sign top (SS-top) channel, pp — ttc — bbc ¢lvv + X, where the two leptons

are required to have the same electric charge.

. .
HO/A \\<
e

Figure 4.11: Leading-order Feynman diagrams for pp — t¢ — t(tc).

The complete Monte Carlo simulation is carried out using MADGRAPH 5 [58],
PyTHIA 8 [60], and DELPHES [63]. The signal cross section is evaluated using
the CT14LLO parton distribution functions [80], with the renormalization and
factorization scales set to g r = mpy + m;. Applying the above scale choices and
PDFs, our current estimates suggest a K-Factor of ~ 1.42, and is approximately
the same for all three energies (/s = 13, 13.6, and 14 TeV). The K-factors are

calculated using MADGRAPH5.

All-top Channel. The dominant Standard Model background to the signal

contributed by pp — ttj — bjjj blv+X (ttj). Using the same simulation framework
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and parton distribution functions (PDF's) as for the signal, we compute the cross
sections with both the renormalization and factorization scales set to g r = V.
With identical choices of PDFs and scales, the K-factor for the ttj process is
calculated using MADGRAPHS and found to be approximately 1.10 for all collider

energies considered.

SS-top Channel. By requiring two same-sign leptons in the final state, the
dominant Standard Model backgrounds arise from pp — ttW=* — bbjj (lvv (ttW)
and, to a lesser extent, from pp — ttZ — bbjj vy (ttZ). The cross sections are
evaluated with the same choice of PDFs and scale settings, pigp p = V5. Following

Ref. [81], the corresponding K-factors are Kyw = 1.59 and Kz = 1.44.

4.2.2 Mass Reconstruction and Realistic Acceptance Cuts

According to the distinct final-state particles, the selection strategies are
optimized separately for the all-top and SS-top channels. This section presents
the corresponding mass reconstruction and realistic acceptance criteria for both

cases. The same tagging efficiencies are applied as described in Section 3.2.3.

All-top Channel

In this channel, the final state consists of five jets, including two b-jets, one
c-jet, two light jets, and one isolated lepton. Among them, one b-jet together with
the two light jets originates from the hadronically decaying top quark, while the
remaining b-jet and the lepton arise from the leptonically decaying top quark. In
addition, the c-jet and the leptonically decaying top quark both originate from
the decay of the Higgs boson. Since one of the light jets from the W decay may
also be identified as a c-jet, the light jets are selected prior to c-tagging in the
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event reconstruction. Based on this topology, the following basic selection cuts are

imposed:

(i) At least five jets, including two b-tagged jets and at least one c-tagged jet,

with ppr > 25 GeV and |n| < 2.5;
(ii) Exactly one isolated lepton with pr > 20 GeV and |n| < 2.5;

(iii) The angular separation between any pair of reconstructed objects satisfies

AR > 0.4;
(iv) Missing transverse energy F; > 25 GeV.

Since there is only a single isolated lepton and missing transverse energy arising
from the neutrino in this final state, the longitudinal component of the neutrino

momentum (k) can be determined using the on-shell W-boson mass constraint,

(k +p)* = miy, (4.9)

where p and k denote the four-momenta of the lepton and neutrino, respectively.

Solving for k. yields two possible solutions:

p:(2ky-pr+miy, —mi) £ E A

kE = , 4.10
: 2mE + 7) (4.10)
A? = (2kT~pT+m124/—m?)2 — 4k3.(m? + pF). (4.11)

If A% <0, it is set to zero, in which case the two solutions k" and &k, become
identical. For A? > 0, both £ solutions are retained. Among them, the solution
that minimizes the reconstructed top-mass deviation, | My, — my| + | Mg, — mw|
or equivalently |(py, + p + k)> — m?| + |(p + k)* — m¥,| is selected, subject to the
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additional requirement M, — my/| < 0.1 my,. Once the appropriate solution is
chosen, the neutrino momentum can be fully reconstructed, allowing selection of
the b-jet originating from the Higgs boson, denoted by b;. Figure 4.12 presents
the distribution of reconstructed M, (left) and M,,;, (right).

M(lv) M(blv)
g

o

d o/ d M) (fb/GeV)
do/dM(blv) (fo/GeV)
|

P R B S S E O ol i
150 200 0 50
M(lv) (GeV)

=)
a
S
=)
=3

Figure 4.12: Invariant mass distribution do/dM,, (left) and do/dMy,;, (right)
for the Higgs signal.

Similar to the ¢° — 777~ analysis, two light jets are selected by minimizing
|M,;; — mw| and |My;; — m;| among the remaining b-jet (denoted by bs) and light-
jet candidates. Subsequently, c-tagging is applied to the remaining unassigned
jets, requiring exactly one c-tagged jet in the event. The reconstructed W- and
top-quark masses are required to fall within the mass windows AM;, ;, = 0.20 myy
and AM,,; i, = 0.25 my, respectively.

Furthermore, the invariant mass distributions do /d M., ;, are shown in Fig. 4.13
for my = 200 and 400 GeV with p;. = 0.4. Pronounced peaks are observed around
the Higgs masses, with the distribution for my = 200 GeV appearing sharper
and that for my = 400 GeV slightly broader due to kinematic effects. Finally,
we require the reconstructed Higgs- and top-quark candidate masses to satisfy
conditions |M, 1, — my| < 0.25 my and | My, — my| < 0.25my.

In this channel, £ in the rest frame of the Higgs boson can be reconstructed
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(a) Vs=13.6 TeV, m,;=200 GeV (b) Vs=13.6 TeV, m,;=400 GeV
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Figure 4.13: Invariant mass distributions do/dM,;, for the Higgs signal signal
and dominant backgrounds t¢j (red, dashed) at /s = 13.6 TeV, shown for p;. = 0.4,
(a) myg = 200 GeV (blue, solid) and (b) mpg = 400 GeV (blue, solid).

to further discriminate the signal from the background. Analogous to Eq. (4.8),

the charm-quark energy is given by

2 2
=" <1 + 2 m—é) . (4.12)
2 my o my

For instance, for my = 200 GeV and 400 GeV, the E! distribution exhibits
pronounced peaks around £ =~ 25.5 GeV and 162.8 GeV, respectively. Figure 4.14
displays the charm-quark energy spectra in the Higgs rest frame for representative
benchmark points. From these distributions, suitable selection cuts on E? can be
applied to effectively suppress background contributions. The detailed ranges for
various mg hypotheses are summarized in Appendix 5.

These selection requirements are optimized to suppress background processes
while enhancing the statistical significance of the signal. The complete set of final

selection criteria applied to both signal and background events is summarized in

Table 4.7.
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Figure 4.14: Energy distribution for the charm quark (do/dE,) in the Higgs rest
frame for the Higgs signal from H° — ¢¢ with (a) mg = 200 GeV (blue, solid),
(b) my = 400 GeV (blue, solid) with p,. = 0.4, at /s = 13.6 TeV. Dominant
background are also presented (red, dotted) in both cases.

Selection Criteria

1 tagged c-jet, 2 tagged b-jets, and at least 3 light jets
pr(j) > 25 GeV, [n(j)| < 2.5
1 lepton with pr(¢) > 20 GeV, |n(¢)| < 2.5, AR > 0.4
Fr > 25 GeV
|Mg,, - mw| < 0.10 mw
|ij - mwl S OQOmW, ’Mijj - mt| S 0.25 my
|Mblgy - mt| S 0.25 my, |Mcb1€u - m¢| S 0.25 me
Optimized E? cuts

Table 4.7: Final selection criteria applied to the signal and background events in
the all-top channel.
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SS-top Channel

For the SST channel, the final state consists of two b-jets, one c-jet, and
two leptons of the same electric charge (¢(¢1)¢(¢2) > 0). Due to the presence
of two neutrinos in the final state, it is not possible to fully reconstruct their
momenta, nor to apply cuts on the charm-quark energy E?. Moreover, from the
p% distributions corresponding to different m, hypotheses, we find that a cut
on p§ only begins to enhance the statistical significance for my 2 400 GeV (see
Appendix 5). Fortunately, the requirement of two same-sign leptons is already
highly effective in suppressing the Standard Model backgrounds. As a result, the
SS-top channel requires a considerably simpler set of selection criteria compared

to the all-top channel, as summarized in Table 4.8.

Selection Criteria
1 tagged c-jet, 2 tagged b-jets
pr(j) > 25 GeV, [n(j)] <25
2 same-sign lepton with pr(¢) > 20 GeV, |n(¢)] < 2.5, AR > 0.4
Er > 30 GeV
p5 > 60 GeV, for m, € [400,500) GeV
ps > 70 GeV, for my = 500 GeV

Table 4.8: Final selection criteria applied to the signal and background events in
the SS-top channel.

4.2.3 Discovery Potential at the LHC

After applying all selection criteria at collider energies of /s = 13, 13.6, and
14 TeV, the all-top and same-sign top signal cross sections for various benchmark
points (BPs), together with the corresponding background cross sections, are
summarized in Table 4.9 and Table 4.10, respectively. The statistical significances

Ngg, evaluated for both the H%only and the mass-degenerate scenarios, are also
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\/g (TQV) O'H(Bpl) (fb) O'A<BP1) (fb) t{j (fb) NSS(HO) NSS

13 0.2650 0.2661 16.28 1.46 2.93
13.6 0.2829 0.2932 17.80 150 3.04
14 0.3169 0.3196 18.28 1.65 3.31
V5 (TeV)  op(BPy) (fb)  oa(BPy) (fb) t#j (fb) Nss(H®) Ngs
13 0.1309 0.0861 19.99 0.65 1.08
13.6 0.1385 0.0955 22.64 0.65 1.10
14 0.1550 0.0977 23.79 0.71 1.16

Table 4.9: All-top signal and background cross sections. The benchmark points cor-
respond to pg. = 0.4 with (my, ma) = (200, 200) GeV (BPy) and (400, 400) GeV
(BP3). The signal cross sections are denoted by oy and o4 for the H® and A°
channels, respectively. The statistical significance is evaluated for an integrated
luminosity of L = 500 b, with Ngg(H®) representing the H° channel and Ngg
for the degenerate case.

\/E (TGV) 0H<BP1) O'A(Bpl) tEW:t t{Z Total NSS(HO) NSS

(fb) (fb) (b) (b))  (fb)
13 0.1859 0.1835 0.0515 0.0021 0.0537 13.1 22.5
13.6 0.2061 0.2079  0.0544 0.0022 0.0566 14.0 24.1
14 0.2129 0.2133  0.0573 0.0022 0.0595 14.2 24.4
\/g (TGV) 0H<BP2) O'A(BPQ) thi tI?Z Total NSS(HO) NSS
(fb) (fb) (th)  (fb)  (fb)
13 0.0868 0.0570  0.0216 0.0010 0.0227 9.25 13.7
13.6 0.0977 0.0647  0.0228 0.0011 0.0240 10.0 14.8
14 0.1030 0.0682  0.0244 0.0011 0.0255 10.2 15.2

Table 4.10: Same-sign top signal and background cross sections. The benchmark
points correspond to p. = 0.4 with (mpg, ma) = (200, 200) GeV (BP;) and
(400, 400) GeV (BP5). The signal cross sections are denoted by oy and o4 for the
H° and A° channels, respectively. The statistical significance is evaluated for an
integrated luminosity of L = 500 fb™!, with Ngg(H®) representing the H° channel
and Ngg for the mass degenerate case.
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presented in the tables for an integrated luminosity of L = 500 fb™'.

- (a) v/s = 13.6 TeV, all-top

(b) /s =13.6 TeV, SS-top

102
T 10°F

= —~
- 10°f € 101 /\
S <
g 10-1L /\ s e —
g § 1072
g 1072 3 /\ § ]07"
O | . 58
: . ~ (W]
1077 — signal: j. = 0.1 — Signal: p.=0.1
104k — Signal: pr. = 0.4 1074 — Signal: e =04
-- Background: ttj ---- Background: ttW
105~ . . . . . . sl N N N N N N
200 250 300 350 400 450 500 0500 20 300 350 400 450 500
mpyg mpy

Figure 4.15: The cross sections as functions of my for (a) the all-top signal and
its dominant background ttj (red, dashed), and (b) the same-sign top signal and
its dominant background ttW (red, dashed). Both signal channels are shown for
two benchmark values of py.: . = 0.1 (blue, solid) and p;. = 0.4 (green, solid).

Figure 4.15 illustrates the dependence of the cross section on g for (a)
mpg = 200 GeV and (b) my = 400 GeV at a collider energy of /s = 13.6 TeV.
Figure 4.16 presents the 50 discovery contours at the LHC in the (my, pi.) plane
for the following cases: (a) All-top channel at /s = 13 TeV, (b) SS-top channel
at /s = 13 TeV, (c) All-top channel at /s = 13.6 TeV, (d) SS-top channel at
Vs = 13.6 TeV, (e) degenerate my = ma All-top channel at /s = 13.6 TeV,
and (f) degenerate my = my4 SS-top channel at /s = 13.6 TeV. The contours
correspond to integrated luminosities of L = 300 fb™' (dark-green solid) and
L = 3000 fb™" (light-green dotted). In addition, the 3¢ discovery contours for
L = 3000 fb~" (red dotted) are shown for both y/s = 13 TeV and 14 TeV scenarios.

The results indicate that the same-sign top channel provides a strong discovery
potential, achieving significant sensitivity even with an integrated luminosity
of L = 300 fb~!. In contrast, the all-top channel, while less sensitive, offers
valuable complementary information on the Higgs boson mass reconstruction.

Furthermore, at higher collider energies and luminosities (e.g., /s = 13.6 TeV with
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Figure 4.16: The 50 discovery contours at the LHC in the (mpy, p.) plane are
shown for: (a) All-top final state at /s = 13 TeV, (b) Same-sign top final state at
Vs =13 TeV, (c¢) All-top final state at /s = 13.6 TeV, (d) Same-sign top final
state at /s = 13.6 TeV, (e) degenerate my = my all-top final state at /s = 13.6
TeV, and (f) degenerate my = m, same-sign top final state at /s = 13.6 TeV.
The contours correspond to integrated luminosities of L = 100 fb™" (dark-green
dashed), 300 fb™' (medium-green solid), and 3000 fb™" (light-green dotted). In
addition, the 30 discovery contours for L = 3000 fb™" (red dotted) are shown for
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both 13 TeV and 14 TeV scenarios.
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£ = 3000 fb~'), the all-top channel still probes a substantial region of parameter

space, with its reach further enhanced in the mass-degenerate scenario.

4.3 Summary of Chapter 4

Chapter 4 investigates collider signatures of heavy neutral Higgs bosons HY
and A° in the G2HDM that interact with the top quark through flavor-changing
Yukawa couplings. Two complementary processes are studied in detail: Higgs pro-
duction in top-quark decays with 7 pairs, and flavor-changing top—Higgs associated
production.

The first part of the chapter examines the process pp — tt — (bjj) (c¢®) —
(bjj) (eTt77) + X, which probes the lighter mass region mg < 200 GeV. A full
simulation of the signal and the leading backgrounds—primarily ¢£j and ttjj—is
performed using realistic detector effects. Reconstruction strategies for 7-leptons
and the Higgs mass are optimized to enhance sensitivity. The results show that for
Vs =14 TeV and £ = 3000 fb~!, the signal becomes detectable for p;. = 0.1 and
mg < 170 GeV, with a significant enhancement in the mass-degenerate scenario
Mg >~ my.

The second part focuses on the process pp — t¢° — t(tc) + X, which leads
to two distinct channels: (i) the all-top channel, containing one hadronic and
one leptonic top decay, and (ii) the SS-top channel, in which both top quarks
decay leptonically and yield same-sign leptons. Detailed event-level simulations
are conducted for /s = 13, 13.6, and 14 TeV, and optimized selection strategies
are designed for each channel. While the all-top channel suffers from significant
backgrounds from ttj, the SS-top channel benefits from low Standard Model

backgrounds dominated by t{W and ttZ.
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The SS-top channel exhibits strong discovery potential, offering sensitivity
to a wide range of p;. values even at moderate luminosities. At /s = 13.6 TeV
with £ = 3000 fb~!, the SST signal remains observable for p,. = 0.15 and
mpy < 350 GeV, extending to gy 2 0.3 at my = 500 GeV. In contrast, the all-top
channel is more limited but provides valuable complementary information through
direct Higgs mass reconstruction, with improved reach in the mass-degenerate
scenario.

Overall, Chapter 4 demonstrates that heavy neutral Higgs bosons with flavor-
changing couplings to the top quark can produce striking collider signatures,
especially in top-associated production modes. Together with the charged Higgs
study of Chapter 3, these results highlight the rich discovery potential of extended

Higgs sectors at current and future LHC luminosities.
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Chapter 5

Conclusion

In this dissertation, we have investigated the discovery potential of extended
Higgs sectors beyond the Standard Model, with a particular focus on both charged
and neutral BSM Higgs bosons within the framework of the GZHDM. With the
theoretical foundation introduced in Chapter 1 and the motivations and analysis
strategies summarized in Chapter 2, we conducted detailed collider studies of the
characteristic flavor-changing processes mediated by the charged and neutral BSM
Higgs bosons, as discussed in Chapter 3 and Chapter 4, respectively.

For the charged Higgs sector, we investigated the flavor-changing process
pp — bH* — beb 4+ X, along with the dominant Standard Model backgrounds bbj
and c¢j, and evaluated the discovery prospects at collider energies of /s = 13, 13.6,
and 14 TeV under current experimental constraints. Through a comprehensive
analysis incorporating realistic detector effects and optimized selection cuts, we
demonstrated that this channel can serve as a promising probe for the discovery of
the charged Higgs boson. Moreover, since the coupling Ag+ is directly proportional
to pi.Vip, this process is particularly sensitive to p,. and can provide meaningful
constraints on its magnitude. Our results show that, at /s = 14 TeV, the signal
remains observable for p;. = 0.1 and my+ < 450 GeV with an integrated luminosity
of L =3000 tb™".

For the neutral heavy Higgs bosons, we analyzed two distinct processes:

(i) pp — tt — (bjj)(cd®) — (bjj)(er™77) + X, where one T decays leptonically
and the other hadronically, targeting the lighter mass range of my < 200 GeV.

The dominant Standard Model backgrounds for this signal arise from (a) ttj,
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with one top quark decaying hadronically and the other leptonically, and (b)
ttjj, with both tops decaying leptonically. We performed both parton-level
and event-level analysis, incorporating realistic detector effects and optimized
selection techniques to suppress the backgrounds. Based on our event-level
results, we find that at the collider energy /s = 14 TeV with an integrated
luminosity of £ = 3000 fb™' can detect this FCNH signal for ;. > 0.1 and
me < 170 GeV. In the case of near mass degeneracy between the CP-even
and CP-odd Higgs bosons (my =~ m,), the signal cross section and discovery

significance can approximately double.

pp — t¢° — t(tc) + X, which is further divided into two channels: (a)
the all-top channel, with one top quark decaying hadronically and the
other leptonically; and (b) the SS-top channel, where both top quarks
decay leptonically, producing leptons with the same charge. The dominant
Standard Model backgrounds originate from tt; for the all-top channel and
from ¢tW and ttZ for the SS-top channel. Selection criteria are optimized
separately for each channel, reflecting the different final-state configurations
and background compositions. Incorporating realistic detector effects and the
corresponding selection cuts, we carried out a detailed event-level analysis

for collider energies of /s = 13, 13.6, and 14 TeV.

Our results show that at /s = 13.6 TeV, the SS-top channel exhibits a strong
discovery potential, achieving observable significance for a large parameter
space even with a luminosity of L = 500 fb~'. For higher luminosity L =

3000 fb™!, the signal remains detectable for j;, > 0.15 and my < 350 GeV,

~Y

2 0.3 at my = 500 GeV. In contrast, the all-top channel is

~Y

and for p.

more background-dominated, becoming observable only for p,. 2 0.39 and

~Y
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my < 320 GeV. However, in the mass-degenerate scenario (mpy = ma),

> 0.27 and myg < 400 GeV. While the

~ ~

the sensitivity improves to py.
discovery potential of the all-top channel is less significant than that of the
SS-top channel, it provides valuable complementary information through the

kinematic reconstruction of the Higgs boson mass.

Overall, the results demonstrate that flavor-changing Higgs interactions in
the G2ZHDM framework offer distinctive collider signatures that can be probed
at current and future LHC luminosities. The combined exploration of charged
and neutral Higgs channels provides complementary sensitivity to the Yukawa
couplings and parameter space of G2ZHDM, thereby strengthening the case for
precision searches in top-associated and multi-fermion final states.

These findings not only highlight the discovery potential of extended Higgs
sectors but also motivate further studies at higher energies and luminosities at future
colliders to conclusively test the presence of flavor-changing Higgs interactions and

their connection to the origin of flavor and baryon asymmetry in the Universe.
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Appendix A

This appendix provides the detailed E} selection ranges for the all-top (AT)
channel and p§. distribution for same-sign top (SST) channel at different Higgs
boson masses my. By examining the E distributions for each m, hypothesis, the

optimized cut intervals are determined and summarized in Table 1.

mg (GeV) | Optimized E} Range (GeV)

200 [0, 60]

250 20, 90]

300 (60, 130]
350 (90, 150]
400 [110, 180]
450 130, 450]
500 150, 500]

Table 1: Optimized E? selection ranges for the all-top channel corresponding to
different Higgs boson masses m.

Figure 1 presents the p§. distributions for dominant background ttW with
signal for different my.
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Figure 1: p§ distribution for my = 200 (blue), 300 (magenta) and 400 (cyan)
with dominant background ttW (red) at /s = 13 TeV.
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