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Abstract

In this dissertation, we discuss the prospect of discovering flavor changing

neutral Higgs (FCNH) interactions with quarks and leptons at current and future

hadron colliders. Particularly, we have looked for t→ ch0 and φ0 → τ±µ∓, where

φ0 could be a CP-even scalar

[
h0 (lighter), H0 (heavier)

]
or a CP-odd pseudo-

scalar (A0). A general two Higgs doublet model (gTHDM) is used to simulate

t → ch0 and φ0 → τ±µ∓ decays. The LHC measurements of the light Higgs

boson (h0) favor the decoupling limit of gTHDM, in which the couplings of h0

approach Standard Model values. In this limit, FCNH couplings of the light Higgs

boson h0 are naturally suppressed by a small mixing parameter cos(β − α), while

the FCNH couplings of heavier neutral Higgs bosons H0, andA0 are sustained by

sin(β−α) ∼ 1. Promising results are found for the LHC collision energies
√
s = 13

TeV and 14 TeV. In addition, we study the discovery potential of future pp colliders,

with
√
s = 27 TeV and 100 TeV. For φ0 → τ±µ∓, we evaluate the production

rate of physics background from dominant processes (τ+τ−,WW,ZZ,Wq,Wg, tt̄)

with realistic acceptance cuts and tagging efficiencies. For t → ch0, where top

is coming from top pair production, we consider h0 → WW ∗ → `+`− + /ET and

h0 → τ+τ− → `+`− + /ET and another top decaying hadronically to a b quark

and two light jets. For this report we have studied h0 → WW ∗ and h0 → τ+τ−

separately. Our analysis suggests a reach of 5σ or better, with integrated luminosity

L = 3 ab−1 and
√
s = 13, 14 and 27 TeV for λtc ≤ 0.064, under the current ATLAS

limits for both light Higgs decay mode separately. For h0 → WW ∗ we have also

presented the discovery potential at 100 TeV.

xvii



Chapter 1

Introduction

1.1 Structure of Standard Model

The Standard Model (SM) of particle physics describes the spectrum of the

elementary particles and their interactions. The SM is a quantum field theory

with gauge group symmetry where particles are classified based on their quantum

properties and their interactions with other particles. As a model it describes our

current understanding of particles making up the visible Universe and has been

the most successful single model to date; explaining nearly every experimental

observation that has been made in particle physics. The SM was first given

this name by Abraham Pais and Sam Treiman in 1975 [1]. But collectively,

the development of the SM is the culmination of decades of work from several

great particle physicists from all over the world. It combines three fundamental

interactions, electromagnetic, weak, and strong interactions, into one particle

physics model.

SM particles form two broad categories, matter particles called quarks and

leptons form the fermions and the interaction mediators form the gauge bosons. A

more technical categorization will be, fermions are particles with spin (2n+1)/2,

with n = 0,1,2.. and they follow the Fermi-Dirac statistics [2, 3], formulated

by Enrico Fermi and Paul Dirac. Fermions follow the Pauli-exclusion principle,

which means two fermions cannot have the same set of quantum numbers. Bosons

have integer spins and they follow the Bose-Einstein statistics [4], pioneered by

Satyendra Bose and Albert Einstein and do not follow the Pauli-exclusion principle.

There are two different types of fermions: leptons and quarks. Leptons, which
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Figure 1.1: Standard Model (by Eric Drexler, Wikipedia)

consist of the electron (e), the muon (µ) , the tau-lepton (τ) and the electron-

neutrino (νe),the muon-neutrino (νµ ) the tau-neutrino (ντ ). Each of these particles

and their corresponding neutrino form a generation of the leptons bringing our

total count of generations to three. Each of these pairs called doublets, also have

matching antiparticle and antineutrino pairs but for simplicity, Fig. 1.1 above

only shows the matter particles and not the antimatter particles. Quarks like

leptons, also form three generations consisting of: {up(u), down(d)}, {charm(c),

strange(s)}, and {top(t), bottom(b)} quarks as I, II and III generations respectively.

The primary difference between each generations is that; the higher the generation

the heavier the particles, as shown in Table. 1.1, from PDG-2016 [5]:
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Leptons Mass(GeV/c2) Quarks Mass(GeV/c2)

νe < 1 ×10−8 u 0.0022 ± 0.0006

e 0.000511 ± 3.1×10−11 d 0.0047 ± 0.0005

νµ < 1.6 ×10−4 c 1.27 ± 0.03

µ 0.1056 ± 2.4 ×10−8 s 0.096 ± 0.008

ντ < 1.8 ×10−2 t 173.2 ± 0.51 ± 0.71

τ 1.776 ± 0.00012 b 4.66 ± 0.04

Table 1.1: Fermion Masses, PDG-2016.

For bosons, there are 8 gluons(g), which are the mediators of strong interactions,

3 mediators of weak interactions, the W± and Z bosons; and finally a photon (γ)

for electromagnetic interactions. At last but certainly not least, we have the Higgs

boson as the physical spin-0 particle from the Higgs mechanism that generates mass

for all elementary particles. We will discuss this in full detail in the subsequent

sections.

1.1.1 Leptons

Leptons are different from quarks because:

• They exist independently in nature,

• They carry integer multiple of charge “e”,

• They only interact through photons, W± and Z bosons

• They are light (except for the τ -lepton which is heavier than a charm quark).

Leptons received their name from a Greek word “leptos,” meaning thin, delicate,

lightweight. The first lepton was discovered in 1897 [6], by the British physicist J.J
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Thompson, through cathode ray experiments. He called the particles “corpuscles,”

the particle he discovered was later given its name “electron” by G.F Fitzgerald, J

Larmor, and H.A Lorenz [7].

The muon was discovered by Carl D Anderson and Seth Nedder at Caltech

in 1936 [8]. These two pioneering physicists were studying cosmic radiation when

they stumbled upon a particle that had a wider arc than an electron would when

passed through the same magnetic field. This suggest the particle has the same

charge as the electron but heavier. The new particle was initially called a mesotron

and was misunderstood for a pion (π) [9]. Yung Su Tsai predicted the τ -lepton in

1971 [10], and was later discovered in a series of experiments performed at SLAC

from 1974-77 [11, 12].

Neutrinos are a special set of particles that were initially introduced to conserve

energy in the nuclear beta decay experiments in 1930. These nuclear beta decays

were showing signs of missing energy, because only two particles were observed:

a daughter nucleus and an electron. Just like any other two-body decays, we

would expect electrons to have fixed energy. But, instead their energy showed a

distribution [9] and not a sharp peak. Following this discovery Pauli presented an

idea of an invisible neutral particle, which he named “neutron”, and the following

year Enrico Fermi presented his theory of beta decay by including the Pauli particle,

which he called “neutrino” [13]. What was actually observed is now identified as

an anti-neutrino.

Later in the 1950s, 1960s, and 1970s, it became evident that there are three

kinds of neutrinos because of an upcoming new idea of lepton number conserva-

tion; more specifically, electron number, muon number, and tau-lepton number

conservation. With e− and νe both having the electron number 1 and same for

other generations [9]. Antiparticles, however, carry the opposite lepton number

as their matter cousins, e.g. -1 is the electron number for the positron and its
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neutrino pair. One of the limitations of the SM that leads us to believe there is

something more to the picture is that there is no strong reason why this symmetry

should exist.

1.1.2 Antiparticles

In 1927 Paul Dirac was troubled by the fact that for every positive energy

solution coming from the relativistic energy equation, i.e., E2 − p2c2 = m2c4 for

electrons, there were negative energy solutions as well [14]. To explain this, he

postulated that the negative energy solutions form a sea of negative energy states

filled with the electrons. When we supply enough energy to knock one of the

electrons from the sea of the negative energy states, its absence will be seen as a net

positive charge. In 1931 C Anderson [15] and his group discovered the positron, a

twin of the electron, with the same mass but opposite charge. Dirac’s interpretation

was later redefined as an existence of anti-electron or positron carrying a positive

charge and having the same positive energy by Feynman and Stueckelburgh in

1940 [16, 17]. In the following decades, nearly every SM particle and antiparticle

were discovered.

The standard notation for an antiparticle is put a bar on top of the matter

particle or particle symbol. For example, an anti-proton is denoted as p̄ and

an anti-neutrino ν̄. Charged leptons are an exception to this rule, they are de-

noted by e+, µ+, τ+ for anti-electron, anti-muon and anti-tau-lepton, respectively.

Here we can construct a “C” operator, called the charge conjugation operator [9],

which, when applied to any particle state, converts it into its respective antiparticle,

C|p〉 = |p̄〉. (1.1)

This was the beginning of merging quantum mechanics and special relativity,
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which predicted matter/antimatter symmetry. However, this also introduced some

additional questions because the current state of the Universe is matter dominated.

The only way to reconcile this observation was to introduce an asymmetry.

1.1.3 Quarks, Meson, and Baryons

Quarks are the fermions which do not exist freely in nature. Instead, they either

form confined states or decay before those confined states can be formed. They

carry charges in the multiples of 1/3 of e, which is the electric charge of one electron.

Their existence was first postulated by Gell-Mann [18] and Zweig [19] independently

in 1964 to explain why mesons and baryons fit in octets and decuplets.

qq Q S(strange) Meson

(uū - dd̄)/
√

2 0 0 π0

ud̄ 1 0 π+

dū -1 0 π−

(uū+ dd̄− 2ss̄)/
√

6 0 0 η

us̄ 1 1 K+

ds̄ 0 1 K0

sū -1 -1 K−

sd̄ 0 -1 K̄0

(uū+ dd̄+ ss̄)/
√

3 0 0 η‘

Table 1.2: Meson octet.

They suggested that mesons and baryons are composed of more elementary

particles, which later became known as quarks. They suggested that there are

three types (or flavors) of quarks u, d, and s (up, down, and strange) that combine

into the mesons and baryons that Gell-Mann and Zweig were studying. A meson
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is a quark and an antiquark-confined state and a baryon is a composite state of

three quarks or antiquarks. The up quark carries a charge of 2e/3, whereas down

and strange quark carry a -1e/3 charge. With this information we can construct

the baryon decuplet and meson octet [9, 20] by just combining the three flavors as

shown in Table. 1.2 for the mesons and Table. 1.3 for the baryons [9, 20]. In the

table below Q is the charge operator, with the actual charge of any particle being

Q× e and S denoting how many strange quarks are in the confined states.

qqq Q S Baryon

uuu 2 0 ∆++

uud 1 0 ∆+

udd 0 0 ∆0

ddd -1 0 ∆−

uus 1 -1 Σ∗+

uds 0 -1 Σ∗0

dds -1 -1 Σ∗−

uss 0 -2 Ξ∗0

dss -1 -2 Ξ∗−

sss -1 -3 Ω−

Table 1.3: Baryon decuplet, with charge = Q×e, e is the charge of one electron.

Similarly, neutron and protons are made up of udd and uud. To understand

the difference between them and the ∆ particles, we have to define a new quantum

number, which we will discuss in a bit. First, let’s discuss a more intrinsic property

of the quarks, known as color. The Pauli exclusion principle forbids any fermion

of the same quantum numbers to co-exist, however, in the baryonic state, we have

three up quarks with the same quantum numbers. In order to account for this
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seemingly impossible phenomenon a new quantum number, called color, specific

to quarks was introduced. There are three color for quarks: red, blue, and green.

In the example presented above, the quarks in the uuu baryonic state carries

a different color. Similarly, antiquarks carry either minus red, minus blue, or

minus green. As we have seen with normal color, when you mix red, green, and

blue, it gives a white or colorless state. This aligns with the observation that all

naturally occurring particles are colorless. This quantum property only allows for

a state containing either three quark (qqq) or antiquarks (q̄q̄q̄), a pair of quark

and antiquarks (qq̄). In the late 1960s and 1970, deep inelastic experiments at

SLAC and CERN indicated that, like an atom, a proton also has a substructure

containing three lumps; this was the first evidence for the quark model. Later in

1974, the J/ψ [21, 22] meson was discovered indicating the presence of a fourth

quark called charm. B mesons were discovered in 1977 at SLAC [23], which are

bound states of b (bottom) quark. The heaviest quark “top” was discovered at

Tevatron by CDF and D/0 in 1995 at Fermilab [24]. This discovery completed the

three generations of quarks just like the leptons.

Discovery of the three new quarks c, b, and t opened up the discovery of more

mesons and baryons formed from their combinations in addition to the previously

known quarks. The only quark that has not been found in a bound meson or a

baryon state is the top quark as its mass and instability cause it to decay before

forming such a state.

Another physical observation that lead to the discovery of a new quantum

number is that protons and neutrons have roughly the same mass but different

charge. The new quantum number that was introduced is isospin with the proton

having an isospin of 1/2 and neutron having an isospin of -1/2. Isospin is a different

property than the spin. The primary difference between the proton and a ∆+

are their isospins, which are 1/2 and 3/2, respectively. Similarly, the ∆0 and the
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neutron have isospin of -3/2 and -1/2, respectively.

1.1.4 Vector Bosons

Vector gauge bosons are spin 1 particles and the mediator of interactions. The

photon is the carrier of electromagnetic interactions. Photon was first proposed

by Planck in 1900 [25], to explain the UV catastrophe [26]. UV divergent results

were obtained when statistical mechanics was used for explaining the spectrum of

electromagnetic radiation emitted from the black body. Planck suggested that if the

light is quantized, with each quantum carrying an energy E = hν, he can explain

the black body spectrum [25]. However, Planck proposed this quantization of light

specifically for the black body radiation. Later, Albert Einstein modified Planck’s

proposal by postulating that quantization of light is light’s intrinsic property. He

used his postulate to explain the photoelectric effect [26, 27] successfully. He

called them “light quantum,” which was later named “photon” by Gilbert Lewis.

The presence of the photon was confirmed via two different experiments, one by

Millikan in 1916 [9, 28] that confirmed Einstein’s explanation for the photoelectric

effect and later by A.H Compton in 1923 via Compton scattering [29].

Just like the photon with the electomagnetic interactions, the W± and Z boson

are the carriers of weak interactions. In 1933 when Enrico Fermi proposed his

theory for nuclear beta decay [9, 13, 26], he assumed point interactions; however,

this approach fails at very high energies, which suggested that theory with a

mediator was needed. Glashow, Weinberg, and Salam proposed their electroweak

interaction theory [30] including W± and Z as a mediator of weak interactions.

We will discuss this in Sec 1.1.7. Using their model, they estimated the mass of
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Particle Year Predicted by Discovered by
e− 1897 JJ Thompson JJ Thompson
µ− 1937 H.Yukawa* Anderson &

Neddermeyer
τ− 1974-77 Yung Su Tsai SLAC

u,d and s 1968 Gell Mann & Zweig SLAC
c 1974 Glashow, Iliopoulos and Maiani SLAC
b 1977 Kobayashi and Masakawa E288 exp,Fermilab
t 1995 Kobayashi and Masakawa CDF & D/0

W & Z 1983 Glashow,Weinberg and Salam SPS exp, CERN
h0 2012 Higgs/Englert ATLAS and CMS

Table 1.4: Summary of the history of most of the Standard Model particles.
*Actually H Yukawa predicted a pion, it was mis-understood for a muon.

W± and Z to be,

MW = 82± 2 GeV/c2, MZ = 92± 2 GeV/c2 .

In January 1983, the UA1 group at CERN discovered the W± boson [31], and

5 months later, they announced the discovery of the Z boson [32] as well. They

measured their masses to be,

MW = 81± 5 GeV/c2 , MZ = 95.2± 2.5 GeV/c2 .

These experiments presented the SM’s triumph, making it the most successful

theory explaining particle and particle interactions to date. In Table. 1.4, we

summarize the discoveries of all the SM elementary particles.

1.1.5 Quantum Electrodynamics (QED)

QED is the simplest gauge invariant theory, as it only consists of one gauge

field. It follows U(1) gauge symmetry, and it describes the interaction of a photon

with the fermions. Fermions are charged under a U(1) gauge group, which is
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popularly referred as electric charge. The simplest gauge invariant Lagrangian L

[20, 30] is given as,

L = −1

4
FµνF

µν + ψ̄(iγµDµ −m)ψ . (1.2)

Here, Fµν is the electromagnetic field tensor,

Fµν = ∂µAν − ∂νAµ , (1.3)

and, Dµ is the covariant derivative, given as,

Dµ = ∂µ + ieQAµ . (1.4)

Where e is the unit of electric charge and Q is the charge operator. Above

Lagrangian is invariant under the local gauge transformations,

ψ(x)→ U(x)ψ(x), Aµ(x)→ Aµ(x) +
1

e
∂µα(x) , (1.5)

where U(x) = exp(−i eQα(x)), because a photon (Aµ) is massless.

1.1.6 Quantum Chromodynamics (QCD)

Quantum chromodynamics is a non-abelian gauge theory of strong interactions

between quarks and gluons. SU(3) is the gauge group and gluons are the gauge

bosons. Quarks are charged under SU(3), carrying a color charge. There are three

types of colored quarks, forming a triplet under the fundamental representations

of the gauge group. There are eight gluons, and they form the octet as the

adjoint representation of the SU(3) gauge group. The generalized form of the
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Lagrangian [20, 30] is,

L = −1

4
F µν
a Faµν + ψ̄j(iγµD

µ
jk −mjk)ψk . (1.6)

Where the indices, a, represents the color, and takes a = 1,...,8. Whereas, i and

j are the sum over different quarks and takes i, j = 1,2,3 values. The covariant

derivative acting on the quark field [30] is:

Dµ
jk = δjk∂

µ + igs(Ta)jkG
µ
a . (1.7)

Where Gµ
a are the gluon fields, Ta are the SU(3) generators, represented by Gell-

mann matrices, and gs is the strong coupling. The Gluon field tensor is given

as [30]:

F µν
a = ∂µGν

a − ∂νGµ
a − gsfabcG

µ
bG

ν
c . (1.8)

Where fabc are the structure constants of the SU(3) gauge group, following the Lie

algebra of the group generators [30]:

[Ta, Tb] = ifabcTc . (1.9)

This Lagrangian is also invariant under the infinitesimal local gauge transforma-

tions:

ψ(x)→ [1− igsαa(x)Ta]ψ(x) , (1.10)

Gµ
a(x)→ Gµ

a(x) + ∂µαa(x) + gsfabcαbG
µ
c . (1.11)
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1.1.7 Electroweak Interactions and Higgs Mechanism

The electromagnetic interactions are the most common form of interactions,

and we witness their impact in our day to day life. Strong interactions binds the

nuclei. Weak interactions are responsible for the nuclear beta decays and nuclear

fusion. They are the only source of parity violation (P) and charge conjugation +

parity (CP) violation in the SM.

Weak interactions follow the SU(2) gauge group symmetry, which has the

isospin τ = 1/2 fields transforming as the isospin doublets of SU(2) gauge group.

Similar to QED, gauge invariance requires symmetry under the infinitesimal local

gauge transformation:

ψ(x)→ [1− igα(x) · τ ]ψ(x) . (1.12)

Where α(x) is an infinitesimal vector in the isospin space and τ = {τ1, τ2, τ3} are

the generators of the SU(2) symmetry transformation. The τi, follows Lie algebra,

[τi, τj] = iεijkτk . (1.13)

The gauge group is non-abelian. The matrix representation of τi is 1
2
σi, here σi

are the Pauli matrices. The gauge invariance follows a similar form as that in the

QED, but here the covariant derivative is given as [30],

Dµ = ∂µ + igWµ · τ . (1.14)

Wµ are the Yang-Mills fields and for gauge invariance of the Lagrangian they

transform as,

Wµ → Wµ + ∂µα(x) + gα(x)×Wµ . (1.15)
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The α(x)×Wµ appears because Wµ is an SU(2) vector and the cross product of

any two vectors ~a and ~b can be written as:

~a×~b =
∑
i

∑
j

∑
k

εijkajbk

and here εijk is also the structure constant of the SU(2) gauge group.

For every τi there is a gauge field Wiµ and the complete gauge invariant

Lagrangian describing the weak interaction is,

L = −1

4
WiµνW

iµν + ψ̄(iγµDµ)ψ , (1.16)

where Wiµν = ∂µWiν − ∂νWiµ − gfijkWjµWkν .

Weak interactions have a peculiar property, mainly they only interact with the

left handed fermions. To incorporate this left handedness of the weak interactions,

a left handed SU(2)L gauge symmetry is applied to the left handed fermions.

Where the left and right handed fermions are given as,

ψL =
1

2
(1− γ5)ψ, ψR =

1

2
(1 + γ5)ψ . (1.17)

Now the fermion mass term is no longer gauge invariant under the SU(2)L gauge

transformations, as mψ̄ψ = m(ψ̄RψL + ψ̄LψR).

An additional U(1)Y gauge symmetry is introduced whose quantum number

is the weak hypercharge, Y. Weak hypercharge, Y plays, an important role in

unifying the electromagnetic interaction with the weak interaction. The weak

hypercharge is specified according to the formula [20, 30]:

Q = τ3 +
1

2
Y . (1.18)
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Right handed fermions transform under this new U(1)Y gauge group only, whereas

left handed fermions transforms under the SU(2)L× U(1)Y gauge group, this

structure can incorporate the left-handedness of the weak interactions. Now the

weak quantum numbers for the fermions are given in Table. 1.5, where eR,L =

charged leptons, νL = neutrinos, uR = up type quarks and dR = down type quarks.

τ τ3 Y Q

νL
1
2

1
2

-1 0

eL
1
2

-1
2

-1 -1

uL
1
2

1
2

1
3

2
3

dL
1
2
−1

2
1
3

−1
3

eR 0 0 -2 -1

uR 0 0 4
3

2
3

dR 0 0 −2
3
−1

3

Table 1.5: Weak quantum numbers of fermions.

With the introduction of new U(1)Y gauge symmetry along with SU(2)L a new

gauge field Bµ, was introduced along with the Wiµ field. All of these gauge fields

have to be massless under the gauge transformations. The new gauge invariant

Lagrangian is:

L = −1

4
WiµνW

iµν − 1

4
BµνB

µν + ψ̄iγµDµψ . (1.19)

Here Bµν = ∂µBν − ∂νBµ and the covariant derivative is:

Dµ = ∂µ + igWµ · τ + ig
′ 1

2
BµY . (1.20)

We can expand Wµ · τ = W+τ+ + W−τ− + W3τ3, here W± = (W1 ± iW2)/
√

2

are the famous W± bosons and τ+(τ−) are raising(lowering) operators defined
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as τ± = (τ1 ± iτ2)/
√

2. The electromagnetic and weak interaction is unified by

equating the i(gW3µτ3 + g
′ 1
2
BµY ) with ieQAµ and then performing a rotation on

W3µ and Bµ to the physical neutral fields Aµ and Zµ,

W3µ

Bµ

 =

 cos θw sin θw

− sin θw cos θw


Zµ
Aµ

 , (1.21)

here θw is the weak mixing angle or the Weinberg angle. Using the above mixing

matrix and equations for electroweak unification, we get,

g sin θw = g
′
cos θw = e . (1.22)

So we can write the electroweak interaction Lagrangian as,

−L = eJµAµ +
1

2
(J+µ
L W+

µ + J−µL W−
µ ) + gzJ

µ
ZZµ . (1.23)

Where,

Jµem = ψ̄γµQψ ,

J±µL =
√

2ψ̄γµτ±L ψ ,

JµZ = ψ̄γµ[τ3L − xwQ]ψ ,

here gz sin θw cos θw = e, and xw = sin2 θw.

This model for the electroweak interaction is invariant under the SU(2) gauge

transformations if and only if the W±, Z bosons, and all the fermions are massless.
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Higgs Mechanism and Mass of Vector Bosons

Gauge symmetry is the heart of any quantum field theory. But, with the

discovery of massive W± and Z gauge fields, the electroweak Lagrangian is no

longer symmetric under the gauge transformation described in Eq 1.15. One way

out of this problem is ignorance, which means forcefully keeping the mass terms,

but that would make the theory non-renormalizable; in other words, it cannot

predict any observable at very high energies like the GUT scale (∼ 1016 GeV).

Another way would be to introduce a “Hidden symmetry” and then spontaneously

break this symmetry to generate the mass of the vector bosons. Let’s give this

idea a technical explanation. To introduce the mass terms for the vector bosons

W± and Z, we introduce a scalar doublet φ [33],

φ =

φ+

φ0

 . (1.24)

The doublet above follows the self-interaction Lagrangian of the Higgs field is given

as,

L(φ) = ∂µφ†∂µφ− V (φ) , (1.25)

here,

V (φ) =
1

2
µ2φ†φ+

1

4
λ|φ†φ|2 . (1.26)

V (φ) do not have a global minimum at |φ0| = 0, if µ2 < 0, as shown in Fig. 1.2(b).

Instead, it has a global minimum at φ0 = ±v, where v =
√
−µ2/λ. For the

convergence of the perturbative expansion, we should expand the above Higgs

potential around v. In other words, it means that the Higgs field has a non zero

vacuum expectation value (VEV). This way of choosing a particular VEV φ0 = v

makes the Higgs potential asymmetric in the weak isospin - hypercharge space,
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which “spontaneously breaks” the SU(2)L× U(1)Y gauge symmetry.

We can redefine the scalar doublet as [30],

φ(x) = exp(i
ε(x) · τ

2v
)

 0

(v + h(x))/
√

2

 . (1.27)

Such that h(x) and ε(x)i (i = 1, 2, 3) have zero VEV. A finite gauge transformation

under the SU(2)L given by α(x) = ε(x)/v the phase factor of φ(x) can be eliminated

from appearing in the Lagrangian by redefinition of the scalar fields. When we

substitute this into V (φ), it is no longer symmetric under a Z2 transformation of

h(x), i.e. h(x)→ −h(x) as shown in Fig. 1.3.

At this point it is important to state the Goldstone theorem, which says that:

“mass-less spin-0 particles appear in a theory whenever a continuous symmetry is

spontaneously broken”.

The massless Goldstone bosons represents the ground state excitation’s [30, 34]

of the Higgs field. When the Higgs mechanism breaks the local gauge symmetry,

three massless Goldstone bosons are eaten away in the scalar-sector, and they

reappear as three massive gauge bosons which are W± and Z [30, 34].

We can express the covariant derivative on the scalar doublet in terms of the

physical A, W±, and Z fields [30],

Dµ = ∂µ + ieQAµ + i
1√
2
g(τ+W+

µ + τ−W−
µ ) + igZ(

1

2
τ3 − xwQ)Zµ . (1.28)

In the Unitary gauge, where φ(x) only has the neutral component,

φ(x) =
1√
2

 0

v + h(x)

 , (1.29)
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for convenience we write H(x)→ H, the covariant derivative from Eq 1.28, when

operated on φ(x) from Eq 1.29 gives,

Dµφ =
1√
2

 1√
2
igW+

µ (v + h)

∂h− 1
2
igzZµ(v + h)

 . (1.30)

Expanding the Lagrangian with this covariant derivative after replacing ∂µ → Dµ

in Eq 1.25 we get,

Lφ =
1

2
(∂h)2 +

1

4
g2v2W+W− +

1

8
g2
zv

2ZZ

+
1

4
g2h2W+W− +

1

8
g2
zh

2ZZ +
1

2
g2vhW+W− +

1

4
g2
zvhZZ

− (
1

2
µ2(v + h)2 +

1

4
(v + h)4) .

The mass terms for W± and Z bosons are MW = 1
2
gv and MZ = 1

2
gzv. Lφ does

not have any mass term for photons, or even an interaction term between photons

and the Higgs boson, so even with this mechanism the photon stays massless.

Figure 1.2: Higgs potential with (a) µ2 > 0, and, (b) µ2 < 0.
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Figure 1.3: Higgs potential after symmetry breaking.

Mass Generation for Fermions

In the SU(2)L× U(1)Y electroweak model, a fermion mass term m(ψ̄LψR+ψ̄RψL)

breaks the gauge symmetry. When the Higgs doublets spontaneously breaks the

electroweak symmetry, it also breaks the SU(2)L× U(1)Y gauge symmetry for the

fermions, which generates the mass terms for the fermions.

For leptons, we can write there interaction with the doublet in the following

form [30],

LY ` = −y`
[
(ν̄`, ¯̀)L

φ+

φ0

 `R + ¯̀
R(φ−, φ0)

ν`
`


L

]
. (1.31)

Substituting Eq 1.29 here, we get,

LY ` = − y`√
2
v(¯̀

L`R + ¯̀
R`L)− y`√

2
h(¯̀

L`R + ¯̀
R`L) , (1.32)

here ` = electron, muon and tau-lepton. The mass of leptons is given as m` =

y`v/
√

2. The y` is popularly known as the Yukawa couplings and the Lagrangian

describing these interactions is known as the Yukawa Lagrangian.

For quarks, the masses are generated by the Yukawa couplings with the Higgs
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doublet. The weak eigenstates of quarks in the unbroken gauge group are,

QjL ≡

uj
dj


L

, ujR, djR, j = 1, 2, 3 .

The most general SU(2)L× U(1)Y invariant Yukawa Lagrangian for the quarks

is [30],

LY Q = −
3∑
i=1

3∑
j=1

[
ỸijūiRφ̃

†QjL + Yij d̄iRφ
†QjL

]
+ H.c. , (1.33)

here,

φ̃ = iτ2φ
∗ =

 φ0∗

−φ−

 .

After spontaneous symmetry breaking of the gauge symmetry, we get the mass

terms of up-type and down-type quarks as,

(ū1, ū2, ū3)RMu


u1

u2

u3

+ H.c ,

(d̄1, d̄2, d̄3)RMd


d1

d2

d3

+ H.c. .

Where,Muij = v√
2
Ỹij andMdij = v√

2
Ỹij are quark mass matrices and they are not

hermitian. The above Yukawa matrices can be transformed to diagonal matrices

by a unitary transformation, that takes the quarks from the interaction basis to
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the physical mass basis in the broken phase.


u1

u2

u3


L,R

= UL,R


u

c

t

 ,


d1

d2

d3


L,R

= DL,R


d

s

b

 , (1.34)

and the mass matrices transforms as,

U−1
R MuUL =


mu 0 0

0 mc 0

0 0 mt

 ,

D−1
R MdDL =


md 0 0

0 ms 0

0 0 mb

 .

The weak eigenstates ui and di are the linear mixture of the mass eigenstates u,

c t and d, s, b with different relations for left and right chirality. Rewriting the

Yukawa Lagrangian in the broken phase and mass basis for quarks, we get:

LY Q = − 1√
2

[
κqu q̄uquh+ κqd q̄dqdh+ κquvq̄uqu + κqdvq̄dqd

]
.

Where qu = u, c, t, qd = d, s, b, κqu =
√

2mu/v and κqd =
√

2md/v. The diagonal-

ization of the mass matrix removes any mixing between the mass eigenstates and

the weak eigenstates in the fermion mass basis. Another outcome of this mixing

between the weak eigenstates and the mass eigenstates is on the charged-current
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weak interaction. We encounter:

(ū1, ū2, ū3)Lγ
µ


d1

d2

d3


L

= (ū, c̄, t̄)LU
†
LDLγ

µ


d

s

b


L

.

We define, V ≡ U †LDL, this matrix is also known as the CKM matrix (Cabibo (C),

Kobayashi (K) and Maskawa (M)).

1.1.8 Flavor Symmetry and GIM Mechanism

Flavor refers to different types of charged fermions. Conservation of the flavor

quantum number plays a crucial role in restricting several interactions at tree level

in the SM. Every charged lepton and quark consists of a flavor quantum number,

which is conserved in every tree level neutral SM interactions. For the charged

interactions, due to CKM mixing, we see flavor changing charged interactions

involving the W± boson and quarks.

Let’s consider the following decays, µ− → e−ν̄eνµ, here µ− carries a muon flavor

quantum number Lµ= 1, similarly e− and ν̄e carries an electron flavor quantum

number Le = 1 and -1 respectively. For this decay process, on the LHS we have

Lµ = 1, Le = 0 and on the RHS, we have Le = 1(e−) +−1(ν̄e) = 0 and Lµ = 1(νµ).

Hence the flavor quantum number remains conserved for this muon decay. This

flavor symmetry forbid processes like, µ→ eγ, τ → µγ, at tree-level in the SM.

We have also witnessed this symmetry in the previous section with the Higgs

boson interactions with the fermions. The diagonalization of the mass matrix of

the quarks removed any possible off-diagonal interaction couplings or in other

words flavor changing neutral Higgs (FCNH) couplings at tree level for quarks.

For leptons there weren’t any either.
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Another interesting feature of the SM is that, even at one loop level these

FCNH interactions are suppressed due to the GIM mechanism, postulated by

Glashow, Iliopoulos and Maiani in the early 1970s [35]. This mechanism led to

the prediction of the charm quark. GIM mechanism was introduced to explain

the suppression of K0
L → µ+µ− decays in the SM. At that time only u, d, and s

quarks were known, with only u ⇔ d
′

transition, where d
′

was introduced as a

mixed state of d and s quarks, given as,

d
′
= d cos θc + s sin θc,

here θc is the quark mixing angle, also known as the Cabibo angle [20]. In the SM

the Feynman diagram responsible for, K0
L → µ+µ− transition is given in Fig. 1.4,

with only contribution coming from the u quarks. That prediction was in excess

of the observed [20, 35],

Γ(K0
L → µ+µ−)

Γ(K0
L → allmodes)

= 2.6× 10−9.

Figure 1.4: Two contributions to K0
L → µ+µ−.

But, with the introduction of a charm quark, the two diagrams destructively

interfere and suppress each other’s contributions. In the modern interpretation of

GIM mechanism, Cabibbo angle is a part of the CKM mixing matrix. Following,
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the Wolfenstein parametrization of the CKM mixing matrix [36], we get,

3∑
j

VijV
∗
jk = 0 . (1.35)

This particular property of the CKM, also known as the CKM unitarity [37],

suppresses the flavor violating decays like t→ ch0 or t→ cγ at the one-loop level

in the SM. Let’s elaborate on this with an example of t→ ch0 decay. The Feynman

diagrams contributing to this channel from the SM is shown in Fig. 1.5.

If we assume md = ms = mb, then the scattering amplitudes for the three

diagrams can be written as,

M =Md +Ms +Mb ∝ VtdV
∗
dc + VtsV

∗
sc + VtbV

∗
bc .

Figure 1.5: One loop contributions for t→ ch0 decay.

Following Eq 1.35, M ∼ 0. Since, mb 6= ms 6= md, the decay width for

t→ ch0 ∝ O(10−14) [38–40], in the SM.

1.1.9 Recent Flavor Anomalies

In the SM, W → eνe and W → µνµ decays or Z → e+e− and Z → µ+µ−

decays have the same probability. This is termed as the Lepton Flavor Universality
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(LFU). Several experimental collaborations like the BABAR, BELLE, LHCb have

been testing LFU, especially in the B meson decays. Global analysis of B decays

hint at a violation of LFU.

For b → s`+`− decays, the ratio of B branching fractions of two different flavor

final states,

RK ≡
B(B+ → K+µ+µ−)

B(B+ → K+e+e−)
RK∗0 ≡

B(B0 → K∗0µ+µ−)

B(B0 → K∗0e+e−)
, (1.36)

is ' 1 [41], if LFU holds. However the current measurements of RK by LHCb

is [42],

RK = 0.745+0.09
−0.07 ± 0.036,

which deviates from the SM prediction by 2.6σ. RK∗0 is in good agreement with

the SM for most part, but shows some deviations in the low q2 regions. The current

measurements for RK∗0 are [43],

RK∗0 =


0.66+0.11

−0.07 ± 0.03 : 0.045 ≤ q2 ≤ 1.1 ,GeV2/c4

0.69+0.11
−0.07 ± 0.05 : 1.1 ≤ q2 ≤ 6 GeV2/c4.

Flavor anomalies are also present in the charge current transitions, especially in

b → c`ν` decays. The rates of B meson decays to τ and µ is expected to be

different, because of the large τ − µ mass difference. To measure and test LFU,

the following observables are measured,

RD ≡
B(B → Dτντ )

B(B → D`ν`)
RD(∗) ≡

B(B → D(∗)τντ )

B(B → D(∗)`ν`)
, (1.37)

with ` = e, µ. The measured values of RD and RD(∗) exceeds the SM expecta-

tions [44] by 2.3 and 3.0 standard deviations, resulting in a combined deviation of
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3.8σ [45, 46],

RD = 0.407± 0.039± 0.024(exp), RD = 0.299± 0.003, (th) ,

RD(∗) = 0.304± 0.013± 0.007(exp), RD∗ = 0.258± 0.005 (th).

All of these deviations suggests that the flavor symmetry of the SM is not an exact

symmetry of nature.

1.2 Introduction to General Two Higgs Doublet

Model

The minimal scalar sector of the SM, with only one SU(2)L doublet, has been

extremely successful in explaining most of the experimental results. At the same

time there are some tensions; like the flavor anomalies of the previous section, no

particle candidate for dark matter, and the excessive CP violation in the Universe

(matter dominated Universe) to name a few. An extended scalar sector with one

additional Higgs doublet can provide the following:

(i) Modifications of 125 GeV Higgs boson properties

(ii) New scalar states

(iii) Extra sources of CP violation.

One of the key modifications is the introduction of tree-level off-diagonal couplings

in the Yukawa sector which leads to an enhancement in the flavor changing neutral

Higgs (FCNH) interactions.
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1.2.1 Modified Higgs Potential

The most general gauge invariant Higgs potential for the two Higgs doublet

extension of the SM is given by [47],

VTHDM = m2
11φ
†
1φ1 +m2

22φ
†
2φ2 − [m2

12φ
†
1φ2 + H.c.]

+
1

2
λ1(φ†1φ1)2 +

1

2
λ2(φ†2φ2)2 + λ3(φ†1φ1)(φ†2φ2) + λ4(φ†1φ2)(φ†1φ2)

+

{
1

2
λ5(φ†1φ2)2 + [λ6(φ†1φ1) + λ7(φ†2φ2)]φ†1φ2 + H.c.

}
.

Here φ1 and φ2 denote complex Y = 1, SU(2)L doublet scalar fields. In general,

m2
12, λ5,6,7 can be complex, where as the rest of the couplings are real. The doublets

can be expressed as,

φ1 =

φ+
1

φ0
1

 , φ2 =

φ+
2

φ0
2

 .

After electroweak symmetry breaking (EWSB), there are two possibilities, (I)

Both the doublets have a non zero VEV, vi (i = 1, 2), and, (II) Only one has a

non zero VEV, v = 246.1 GeV. Case I, is the Yukawa basis [47] and Case II is the

Higgs basis as used in the Ref. [48]. Under case I the doublets are defined as,

φ1 =

 φ+
1

1√
2
(φ0

1 + v1 + iImφ0
1)

 , φ2 =

 φ+
2

1√
2
(φ0

2 + v2 + iImφ0
2)

 .

Here v2
1 + v2

2 = v2, are the two VEVs (tanβ ≡ v2/v1 ). Which also satisfies:

v1

v2

 =

cos β − sin β

sin β cos β


v

0

 . (1.38)
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We perform a rotation by an angle β to diagonalizes the mass matrix of φ+ and

Imφ0,

φ+
1

φ+
2

 =

cos β − sin β

sin β cos β


G+

H+

 ,

Imφ0
1

Imφ0
2

 =

cos β − sin β

sin β cos β


G0

A0

 .

To diagonalize the mass matrix of the real parts, φ0
1 and φ0

2 we rotate the mass

matrix by an angle α,

φ0
1

φ0
2

 =

cosα − sinα

sinα cosα


H0

h0

 . (1.39)

After EWSB we have five scalar states, two neutral scalars H0 and h0, two charged

scalars H± and one pseudoscalar A0. Whereas, G± and G0 are the three Goldstone

bosons, that are eaten up by W± and Z0. With these rotations we can express

the two doublets [47],

φ1 =

 G+cβ −H+sβ

1√
2
(H0cα − h0sα + vcβ + iG0cβ − iA0sβ)

 , (1.40)

φ2 =

 G+sβ +H+cβ

1√
2
(H0sα + h0cα + vsβ + iG0sβ + iA0cβ)

 , (1.41)

here sβ,α = sin β, sinα, and cβ,α = cos β, cosα. We can derive the mass matrix

by substituting Eq 1.40 and Eq 1.41 in the Higgs potential, VTHDM . m2
11 and m2

22
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can be eliminated using the potential minimum conditions given as [47],

m2
11 = m2

12tβ −
1

2

{
λ1c

2
β + λ345s

2
β + 3λ6sβcβ + λ7s

2
βtβ
}
, (1.42)

m2
22 = m2

12t
−1
β −

1

2

{
λ2s

2
β + λ345c

2
β + 3λ7sβcβ + λ6c

2
βt
−1
β

}
. (1.43)

Using the above conditions the mass matrix for the charged scalar and

pseudoscalar a, m2
H±

m2
A

 =


{

1
2
(λ4 + λ5)v2 +

m2
12

sβcβ

}
m2

12

sβcβ
− λ5v

2

 . (1.44)

Following the same ideology the mass matrix for the neutral scalars (h0 and H0)

is given as,

M2 =

 λ1v
2c2
β +m2

12tβ −m2
12 + λ345v

2cβsβ

−m2
12 + λ345v

2cβsβ
m2

12

tβ
+ λ2v

2s2
β

 , (1.45)

with λ345 = λ3 +λ4 +λ5. This matrix can be diagonalized by performing a rotation

of α, this gives the mass terms for the neutral scalars m2
h and m2

H to be,

m2
H = s2

α

{
(m2

A + λ5v
2)c2

β + λ2v
2s2
β

}
+ c2

α

{
(m2

A + λ5v
2)s2

β + λ1v
2c2
β

}
− cαsαs2β

{
m2
A − (λ3 + λ4)v2

}
,

m2
h = c2

α

{
(m2

A + λ5v
2)c2

β + λ2v
2s2
β

}
+ s2

α

{
(m2

A + λ5v
2)s2

β + λ1v
2c2
β

}
− cαsαs2β

{
m2
A − (λ3 + λ4)v2

}
.

Figure. 1.6 (a), shows how the Higgs potential would look like in gTHDM in the

aFor most of our analysis we have kept λ6 = λ7 = 0, this is also related to preserving Z2

symmetry,which is keeping the Higgs potential invariant under the following transformations,
φ1 → φ1 and φ2 → −φ2
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[φ0
1, φ

0
2] plane. We can see multiple bumps, which are the signs of non zero VEVs.

In Fig. 1.6 (b) we set φ2 → 0, and observe that the Higgs potential converges to

the SM Higgs potential.

ϕ1
0

V

(b) VTHDM, ϕ2
0 → 0

Figure 1.6: Higgs potential in gTHDM, with mH = mA = mH± = 300
GeV,cos β − α = 0.1, and λ6 = λ7 =0 is shown in (a) and the Higgs potential
when φ0

2 is very close to 0 is shown in (b).

In the Higgs basis, only one doublet takes a VEV we can rewrite the Higgs

potential as [48],

VTHDM = M2
11Φ†1Φ1 +M2

22Φ†2Φ2 − [M2
12Φ†1Φ2 + H.c.]

+
1

2
Λ1(Φ†1Φ1)2 +

1

2
Λ2(Φ†2Φ2)2 + Λ3(Φ†1Φ1)(Φ†2Φ2) + Λ4(Φ†1Φ2)(Φ†1Φ2)

+

{
1

2
Λ5(Φ†1Φ2)2 + [Λ6(Φ†1Φ1) + Λ7(Φ†2Φ2)]Φ†1Φ2 + H.c.

}
.

With doublets Φi defined as,

Φ1 =

 G+

1√
2
(H1 + v + iG0)

 , Φ2 =

 H+

1√
2
(H2 + iA0)

 .

An important observation here is that in this basis tan β is either 0 or∞, or in other

words not defined. Which makes tan β an unphysical parameter in the gTHDM [49].

Hence we won’t be using this as a part of our independent parameters.
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1.2.2 Corrections to the Yukawa Sector and FCNH

In the gTHDM we can express the interaction of the doublets with the fermions

in the most generic basis as,

L = Ỹ k
ij ūiRφ̃

†
kQjL + Y k

ij d̄iRφ
†
kQjL + H.c. . (1.46)

Where i, j are sum over different flavors of charged fermions and k is the sum

over both the doublets. Here we have two Yukawa matrices, Y 1 and Y 2. If we

diagonalize any one matrix through a rotation of θ to mass basis Y
′k,

Y
′k = R(θ)Y kR†(θ).

However, there is no symmetry in the gTHDM that could force both the matrices

to diagonalize simultaneously.

We perform a rotation of angle β on Y 1 and Y 2 to put them in the mass basis

from the generic basis i.e.,

Y 1

Y 2

 =

cos β − sin β

sin β cos β


κF
ρF

 . (1.47)

The κF matrices are diagonal and fixed by fermion masses, κF =
√

2mF/v with

v ' 246 GeV, while ρF matrices are in general not diagonal. With a bit of algebra,

we get the following Lagrangian [50],

−1√
2

∑
F=U,D,E

F̄
{[
κF sβ−α + ρF cβ−α

]
h0 +

[
κF cβ−α − ρF sβ−α

]
H0 − i sgn(QF )ρFA0

}
PRF

−Ū
[
V ρDPR − ρU†V PL

]
DH+ − ν̄

[
ρEPR

]
EH+ + H.c. .

(1.48)
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Here s(β−α) = sin(β−α), c(β−α) = cos(β−α), and PL,R = (1∓ γ5)/2. U , D and E

stands for up-type quarks, down-type quarks and charge leptons, respectively. We

have derived the above interaction Lagrangian without putting any symmetries

to restrict the interaction of the two doublets with the fermions. An outcome of

that is the presence of tree-level FCNH couplings coming from off-diagonal terms

in the ρF matrix. This is in clear contradiction with the flavor symmetry of the

SM and as a result a natural flavor conservation (NFC) scheme was proposed by

Pashchos-Glashow-Weinberg [51]. In the NFC scheme, we impose some additional

symmetries to avoid the mixing of the two doublets in the Yukawa sector. Following

the NFC scheme, we have Type I, Type II, Lepton Specific and Lepton Flipped

models of the THDM. Table. 1.6, describes which doublet is allowed to interact

with the up quarks, down quarks and charged leptons following [52]. In Table. 1.7,

we present the effective factors multiplied to κF . All the off-diagonal terms of ρF

are zero in these models.

Model uiR diR eiR

Type I φ2 φ2 φ2

Type II φ2 φ1 φ1

Lepton-specific φ2 φ2 φ1

Flipped φ2 φ1 φ2

Table 1.6: NFC Models in 2HDM.

Yukawa Type I Type II Lepton-Specific Flipped

κuh cosα/ sin β cosα/ sin β cosα/ sin β cosα/ sin β

κdh cosα/ sin β − sinα/ cos β cosα/ sin β − sinα/ cos β

κ`h cosα/ sin β − sinα/ cos β − sinα/ cos β cosα/ sin β

Table 1.7: Yukawa Couplings of SM Higgs in NFC models.
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However, these versions of the THDM have struggled to simultaneously explain

the deviations in the measurements of RD and RD∗ . In addition, they have also

failed to explain the deviations in the low q2 region for RK and RK∗0 . With the

current constraints, even the gTHDM struggles to explain all of the above anomalies,

but it does a better job as suggested in [53]. Apart from these anomalies, the SM

flavor symmetry still holds in most of the scenarios to current experimental precision.

One way to suppress this tree-level flavor changing couplings in the gTHDM is

by choosing cos β − α ∼ 0, which will remove the off-diagonal interactions for

h0, which is commonly identified with the SM Higgs boson; this is known as the

decoupling limit [47]. A correct definition of the decoupling limit is to decouple

the additional Higgs scalar from interacting with the vector bosons at tree level.

In the gTHDM the Higgs to vector boson coupling is given as [47],

ghV V = gSM sin(β − α), gHV V = gSM cos(β − α). (1.49)

Where, V = W±, Z and gSM = g from Eq 1.28. ghV V is the h0 coupling to vector

bosons in the gTHDM, and gHV V is the H0 coupling to the vector bosons. For

the rest of this dissertation, we will keep cos (β − α) ∼ 0. Complementary to this

is that the off-diagonal terms for H0 survives because of ρF sin β − α and for A0

there is no factor of sin (β − α) or cos β − α with the ρF . In this dissertation, we

have performed collider phenomenological studies for φ0 → τµ with φ0 = A0, H0

and we have kept m0
H ,m

0
A > m0

h, which suppresses the production cross-section

of both the heavier states, we present a detailed study in Chapter 3, with our

predictions. Chapter 4 is for the FCNH with the third generation of quarks, i.e.,

t→ ch0.
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Chapter 2

Discovery Channels and Analysis Strategies

The main goal of this dissertation is to present the discovery reach for two

kinds of FCNH channels, i.e., t → ch0, and φ0 → τµ. Here t = top quark, c =

charm quark, and h0 is the SM-Higgs, whereas φ0 refers to the Heavy scalar (H0),

and pseudoscalar (A0) from the gTHDM. In Chapter 3, we discuss the discovery

reach for φ0 → τµ in much more detail. In Chapter 4, we present the discovery

reach of t→ ch0 for two different SM-Higgs decay channels.

2.1 Discovery Channels

2.1.1 Motivation for φ0 → τµ

In 2015 CMS [54] reported a 2.4σ excess in the h0 → τµ channel, sparking our

interest to look for this FCNH channel. Unfortunately, the excess disappeared

with the Run-2 data [55], and CMS put a limit on the branching fraction B(h0 →

τµ) < 0.25% with 1σ standard deviation. This can be treated as a blessing in

disguise, if you study this decay mode with the additional Higgs scalars from

gTHDM. In the decoupling limit, cos (β − α) ' 0 (which means sin (β − α) ' 1)

so the off-diagonal terms in the ρF matrix for H0 survives, which can be confirmed

from the following interaction Lagrangian:

−
√

2Lτµ = ψ̄µ
{
ρτµ cos (β − α)h0 + ρτµ sin (β − α)H0 − iγ5ρτµA

0
}
PRψτ + H.c.,

(2.1)

here PR = (1 + γ5)/2.

The off diagonal terms for h0 almost vanishes, which explains the null results
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from the CMS experiment. In Chapter 3, we present a detailed study of φ0 → τµ for

150 < mH ,mA < 500 GeV, where mH(mA) are the mass of scalar (pseudoscalar).

We keep all the experimental constraints coming from τ → µγ, µ→ eγ and from

the B-mixing measurements to choose an experimentally favourable parameter

space.

2.1.2 Motivation for t→ ch0

In Sec 1.1.8, I mentioned that t→ ch0 is highly suppressed at 1-Loop level be-

cause of the CKM unitarity, but the current limits from the ATLAS-experiment [56],

B(t→ ch0) ≤ 1.1× 10−3, (2.2)

is nearly 10 orders of magnitude higher than the theoretical estimate from the

SM, which is of the order O(10−14) [38–40]. The gTHDM extension of the SM has

tree-level flavor off-diagonal Yukawa terms in the ρF matrix, which can enhance

this decay at tree level and can come close to the experimental limits. We can

write the interaction Lagrangian for this process [50], from Eq 1.48, as,

−
√

2Ltch =
{
ρtc cos (β − α)ψ̄cPRψth

0 + ρct cos (β − α)ψ̄tPRψc
}

+ H.c. .

Another experimental motivation comes from the flavor anomalies in the R(D)

and R(D∗) measurements as discussed in Sec.1.1.9. These flavor anomalies suggest

that there might be some extra flavor violation present in nature that is absent in

the SM. Even the NFC models that we discussed in Sec 1.2.2 haven’t been able

to provide an explanation for these anomalies, as pointed in Ref. [57]. A more

unconstrained Yukawa sector is required and the gTHDM seems to provide that.

As pointed in Ref. [53], that for ρtc ' +1 and non zero ρττ with m+
H = 500 GeV,
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the current measurements of R(D) and R(D∗) anomalies can be explained up to

1σ as shown in Fig. 2.1.

Figure 2.1: The predicted values for R(D) and R(D∗) from 2HDM-II (right)
and (left) from 2HDM-III for different values of rτ = |ρµτ/ρeτ | = 1.6(orange
triangle),2(cyan quadrangle) 2.7(open pink quadrangle) and 4(green×)
Iguro. et. al (Nucl. Phys. B. 2017.10.014).

Interestingly, the SM satisfies all the Sakharov conditions [58] but not in

the amount required for a successful electroweak baryogenesis. The electroweak

baryogenesis is one of the models that can potentially explain the matter-antimatter

asymmetry of the Universe. The Sakharov conditions are:

1) C and CP violation

2) Baryon number violations

3) Interactions out of thermal equilibrium.

A detailed discussion on how the SM satisfies the Sakharov conditions is out of

the scope of this dissertation, please see Ref. [59] for more details. We will briefly

discuss one requirement: CP violation in the SM. In the SM, CP violation comes

from the CKM phase [59, 60]. CP violation was first observed in neutral kaon

(K0) decays [61]. From Table. 1.2 we get K0 = ds̄, and it was pointed out by
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Gell-Mann and Pais that K0 is not an eigenvector of CP [62], i.e.

P |K0〉 = −|K0〉 , (2.3)

C|K0〉 = |K̄0〉 , (2.4)

CP |K0〉 = −|K̄0〉 . (2.5)

They defined two CP eigenstates by linear combination of K0 and K̄0, which is

given as [9],

|K1〉 =
1√
2

(|K0〉 − |K̄0〉), (CP− even) (2.6)

|K2〉 =
1√
2

(|K0〉+ |K̄0〉), (CP− odd) , (2.7)

K1 decays to two pions and the K2 decays to three pions. Both the K1 and K2

were observed in 1956 at Brookhaven National Laboratory [63], with K2 having

a longer lifetime than K1. In 1964, Cronin and Fitch counted the number of

events with three pion decays. They used the difference in the lifetimes of the

two kaons to setup their experiment. After performing their counting experiment

they found that out of 22700 three pion events there were 57 two pion events [61].

This was a clear indication of CP-violation in the SM, with CKM acting as the

source. But CKM just cannot provide enough CP-violation required to explain

the matter-antimatter asymmetry [59].

In gTHDM, the extra top Yukawa couplings, especially ρtt and ρtc, can provide

additional sources of CP violation. In addition to CP violation, ρtc can also drive

the electroweak baryogenesis as mentioned in Ref. [64]. Figure. 2.2 presents their

results, which shows the impact on YB from ρtt and ρtc, where YB is:

YB =
nB
s
, (2.8)

38



here nB is the baryon number density and s is the entropy density. Y obs
B is

the present value of the baryon number density as observed by Planck, Y obs
B =

8.59× 10−11 [65]. They showed that for small values of ρtt, ρtc of O(1) can drive

electroweak baryogenesis as shown in Fig. 2.2.

Figure 2.2: Impact of ρtt and ρtc on the ratio of YB/Y
obs
B Fuyuto. et. al (Phys.

Lett. B. 2017.11.073 ).

In light of collider phenomenology, studying ρtc through the t→ ch0 decay is

quite promising. In Chapter 4 we present a collider study for this decay channel

for two different h0 decays, namely WW ∗ and τ+τ−.

2.2 Analysis Tools and Strategies

2.2.1 Integration Method

The biggest challenge is calculating the cross-section of the signal and the

backgrounds. Our discovery channels have 4-8 outgoing particles, which gives us

an integral of dimensions ranging from 10 to 22. Performing a definite integral
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analytically is nearly impossible. We use Monte-Carlo (MC) [66] integration to

perform these multidimensional integrals. MC uses random numbers generated

from a probability distribution to estimate the value of the definite integral. There

are different ways to sample these random numbers, to name a few,

• Uniform sampling [67],

• Stratified Sampling [68],

• Importance Sampling [69].

MC integration calculates the integrating function for a set of random numbers

sampled using one of the above ways. It tries to estimate the correct value of the

integral with each iteration, by improving the sampling of random numbers and

minimizing the variance.

Consider a multidimensional integral,

I =

∫
Ω

f(x)dx , (2.9)

where Ω is anN -dimensional hyper volume. The integral above takes an expectation

value of E for the random variable X, which is an N -dimensional random variable

with a uniform distribution. The Monte-Carlo expectation of the integral is [66]:

E =
1

n

n∑
i=1

f(xi) , (2.10)

here xi is an independent set of random numbers taken from X and n is the total

number of sets. By the law of large numbers, the larger the number of sets the
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better the estimate. The variance for the above E is [66],

σ2(f) =

∫
(f(x)− I)2dx ≈ 1

n

n∑
i=1

(f (xi)− E)2 =
1

n

n∑
i=1

f (xi)
2 − E2 = σ̂2(f) .

(2.11)

An important thing to note here is that the error =
√
σ2(f) ∝ n−1/2, not

on the dimension N of the integral, which is the biggest advantage of using MC

methods for multidimensional integrals over the other numerical integration as the

scale of their error increases with the dimension of integrals.

For variance reduction, we use an algorithm known as VEGAS, which performs

MC integration and uses importance sampling for reducing the variance iteratively.

The VEGAS algorithm was introduced by G.P Lepage in the following paper [70] in

1978. It is an adaptive multidimensional MC integration algorithm, which samples

points from a probability distribution estimated using the integrating function.

The main idea is to sample those random numbers where the contribution from

the function is concentrated the most.

The VEGAS algorithms approximate the probability distribution function (pdf)

by making several estimates of the function f(x) inside the integration domain

and then creates a distribution. This estimated distribution is used as an input

for the estimation of the pdf for the next iteration. Asymptotically this procedure

converges to the desired distribution, which in turn gives a pretty accurate estimate

of the integral.

2.2.2 Phase Space Integration and Event Generation

For our analysis, our integral for the differential cross-section takes the following

form [26, 34],

dσ =
|M|2

2Ea2Eb|va − vb|
dΦN , (2.12)
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where dσ is the differential cross-section for any particle physics scattering/production

process. Here |M|2 carries the information of the particle interactions, couplings,

and propagators involved in the process. |M2| is the square of the scattering

amplitude of initial colliding particles to final state particles. Ea and Eb are the

energies of the colliding particles, and dΦN is the phase space integral given as:

dΦN(pα, p1, p2, ...pN) =
N∏
i

d3pi
(2π)32Ei

(2π)4δ4(pa + pb −
N∑
1

pi) , (2.13)

as mentioned above, we are dealing with a multidimensional integral. We perform

MC integration using the VEGAS algorithm from GP Lepage, implemented in

FORTRAN. We rewrite the momentum of each final state particle in terms of the

random numbers between 0 and 1. Our next step is known as the phase space

reduction. We can rewrite an N -dimensional phase space integral as:

dΦN(pα, p1, p2, .., pN) = (2π)−1dΦN−1(pα, p12, .., pN)× dΦ12(p12, p1, p2)dM2
12 ,

(2.14)

here dΦ12 is a 2-dimensional phase space integral, representing a process with two

outgoing particles in the final state, given as:

dΦ12 =
d3p1

(2π)32E1

d3p2

(2π)32E2

(2π)4δ4(p12 − p1 − p2) (2.15)

and p2
12 = (p1 + p2)2 = −M2

12. This integral can be simplified with the help of the

Dirac delta function δ4(p12− p1− p2), which was introduced by Paul Dirac [9] and

it has the following property:

∫ ∞
−∞

δ(x− a)F (x) = F (a) . (2.16)
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After performing the integration we get,

dΦ12 = (2π)−2λ
1/2(s12,m

2
1,m

2
2)

8s12

dΩ1 , (2.17)

here λ(x, y, z) = x2 + y2 + z2 − 2xy − 2yz − 2xz, s12 = p0
12 and mi are the masses

of the outgoing particle labeled as i. dΩ1 is an integration over the solid angle,

which is equal to 4π, and we can also replace it with dΩ2 if we integrate d3p1

first using the Dirac delta function. Using the above 2-dimensional phase space

integration, and with the help of Eq 2.14, we can simplify N -dimensional phase

space integration in an iterative manner.

To explain what I mean by iterative manner, lets take the case of 4 particle

final states, i.e. a process with 4 outgoing particles. We can express the dΦN ,

using Eq 2.13, as,

dΦ4(pα, p1, p2, p3, p4) = (2π)−1dΦ3(pα, p12, p3, p4)× dΦ12(p12, p1, p2)dM2
12 , (2.18)

here pa and pb are the momenta of the colliding particles and pi (i = 1− 4) are the

momentum of the final state particles, with p12 = p1 + p2. We can again rewrite

dΦ3 from the above equation using Eq 2.14, as

dΦ3(pα, p12, p3, p4) = (2π)−1dΦ2(pα, p12, p34)× dΦ34(p34, p3, p4)dM2
34 , (2.19)

here p34 = p3 + p4. We can follow the same steps to simplify any dimensional

phase space.

After this, our next step is to figure out |M|2. Now, this depends on the process

and the underlying theory. Most of the processes that we deal with contain multiple

Feynman diagrams, ranging from 10 to more than 100,000 diagrams at tree level.

Each diagram corresponds to aM, which is extremely time-consuming to calculate.
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Secondly, there is also a possibility of missing some diagrams. To overcome this

problem, we use Madgraph [71] to generate all the possible tree-level Feynman

diagrams and then use HELAS subroutines (HELicity Amplitude Subroutines) [72]

to create the matrix elements to calculate M. These matrix elements for M are

summed over the spins of the outgoing particles as well as the incoming particles

and averaged over the spins, colors, and helicities of the incoming particles. We

perform MC integration over phase space to estimate the cross-section using the

VEGAS algorithm, as discussed before, and generate MC events for any process at

the parton levela.

I have used a code that combines VEGAS routines and the matrix elements

generated from the HELAS subroutines and performs the steps we followed for

the phase-space reduction.

While performing the MC integration for any process, importance sampling

generates random numbers in the most probable region. Usually, some processes

can have certain divergences, especially with the QCD processes. We could have

infrared (integral →∞ when |~p| → 0) or collinear divergences (When the angular

separation between two outgoing particles → 0). These divergences would blow

up our estimates for the cross-section. We apply some basic cuts to remove those

points from the phase-space. These cuts are applied on the following variables,

a) Transverse momentum of the outgoing particles (p2
T = p2

x + p2
y, and the z-axis is

along the beam length)

b) Pseudo rapidity η, which is given as, η = − ln tan θ/2.

c) ∆Rij =
√

(∆η)2
ij + (∆φ)2

ij, Here ∆φij and ∆ηij is the difference in azimuthal

angle and pseudorapidity, respectively between the two outgoing particles i and j.

This quantity measures the angular separation between two particles.

aParton means free quarks or gluons, hence parton level means when the quarks and gluons
are in the free state after pp collisions
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Till now, we have only been able to perform tree-level or leading order (LO)

calculations. For a realistic phenomenological study; it is important to include the

higher-order corrections. We use K factors (K), which are defined as follows,

K =
σNLO(σNNLO)

σLO

, (2.20)

where σNLO(σNNLO) is the cross-section after including the higher-order corrections

to tree level estimates; NLO(NNLO) stands for next to leading order (next to

next leading order). We use some special packages to calculate σNLO, that will be

discussed in Chapter 3 and 4.

After estimating the cross-sections, we can estimate how many events for that

process can (ideally) be observed at the detector, using [73],

N = σ × L (2.21)

here L is known as the integrated luminosity, which is the integral of luminosity

with respect to time and has dimensions of the number of events per unit area.

The integrated luminosity depends upon the properties of the two colliding beams.

If we assume that the two beams densities are uncorrelated and collide head-on,

the luminosity can be expressed as [73]:

L = 2N1N2fNb

∫∫∫ ∫ +∞

−∞
ρ1x(x)ρ1y(y)ρ1s (s− s0) ρ2x(x)ρ2y(y)ρ2s (s+ s0) dxdydsds0 ,

(2.22)

where ρi(x), are the time-dependent density functions of the colliding beams. To a

good approximation, we can assume a Gaussian distribution for all the densities,

and upon integration, we get [73],

45



L =
N1N2fNb

4πσxσy
(2.23)

above is a well-known expression of the luminosity of two Gaussian beams. Here

N1 and N2 are the number of particles per bunch, f is the revolution frequency,

Nb is the number of bunches and σx, σy are the bunch lengths in x and y directions

(transverse plane). We have assumed that both the bunches have the same lengths.

The next step is to generate events for the signal and the backgrounds. For

this dissertation, we have followed two approaches:

• (I) Generating events at the parton level and then applying naive Gaussian

smearing on the momentum of the outgoing particles.

• (II) Generating events at the parton level using Madgraph, and passing those

events into Pythia [74] , to simulate hadronizationa with parton showering

for the outgoing quarks, and then passing that sample to Delphes [75] to

model detector response. Here we have to deal with the detector trigger-

ing efficiencies and resolutions, along with a sophisticated smearing of the

momenta of the outgoing particles. We also get additional jets and leptons

produced during parton showering.

We employ two methods to improve the signal to background ratio, namely

a) Traditional cut based method and b) Machine learning optimization.

For case (I), we have mainly relied on optimizing cuts using a traditional

cut-based approach. We discuss this in the next section.

aA quark cannot exist freely in nature, so whenever a quark is generated from the collision of
protons, they form composite states like hadrons or mesons
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2.2.3 Traditional Cut Based Optimization

Traditional cut based optimization uses the overlapping distributions to decide

the cut window. In simple words, it is just a trial and error method with only one

rule: preserve as much signal while removing most of the backgrounds. We select

cuts based on the distribution of different variables, which conveys the signal’s

uniqueness under consideration or the topology of the signal. These variables are

mainly reconstructed mass distributions, for example, the reconstructed mass of

four leptons from, pp→ h0 → ZZ∗ → 4` process. Since the Higgs width is small,

the invariant mass of four leptons m4` has a sharp peak around the Higgs mass, as

shown in Fig. 2.3 taken from Ref. [76].

Figure 2.3: Invariant mass distribution for the data (points with error bars)
shown together with the simultaneous fit result to h0 → ZZ∗ → 4` candidates
(continuous line). The background component of the fit is also shown (filled area).
Aaboud. et al (ATLAS-Collaboration: Phys. Lett. B .2018.07.050).

Here we can apply a cut on the invariant mass |m4`−mH | < 10 GeV to remove

most of the background while preserving the signal. Other than the usual mass

cuts, we can also apply cuts on the missing transverse energy, especially for the

signals with dark matter particles in the final state. Here in this section, we take
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an example from one of our upcoming papers [77]. In this project, we studied

pp → H0, A0 → 4` + 2 neutralinos (Z̃0
1), where neutralinos, have a mass ∼ 100

GeV and act as a source of missing transverse energy. We applied the following

set of cuts (using trial and error method), based on the distributions shown in

Fig. 2.4:

• 400 ≤MT (`1, `2, `3, `4) ≤ 940 GeV,

• 140 ≤M(`1, `2, `3, `4) ≤ 340 GeV,

• |M(`1`2)−MZ | ≤ 10 GeV,

• 10 ≤M(`3, `4) ≤ 75 GeV.
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Figure 2.4: Mass distributions for pp → H0, A0 → 4` + 2Z̃0
1 and the most

dominant backgrounds.

In this case study we have set mA = mH = 1000 GeV. Table. 2.1 shows

the effect of the above cuts on the signal and the most dominant background at
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Process Before Mass cuts After mass cuts
pp→ w+w−`+`− 46704 203

signal 148 101

Table 2.1: Cut based optimization.

√
s = 100 TeV, with L = 15000fb−1. Our cuts work well in reducing more than

99% of the dominant background, while still keeping 70% of the signal. These

results are for a particular benchmark point. We have also done a parameter scan

for this signal, so stay tuned for the paper.

The traditional cut-based optimization works very well, but we have also

used machine learning techniques to see if we can further improve the signal to

background ratio.

2.2.4 Machine Learning with Advantages and Improvements

Machine learning is a set of algorithms that allows us to build computer

programs that learn from the data, evolve, and make predictions or decisions.

Machine learning helps in improving the computer’s capability to learn and improve

without further programming. Machine learning methods are often categorized

as [78]:

• Supervised machine learning algorithms,

• Unsupervised machine learning algorithms,

• Reinforcement machine learning algorithms.

In the supervised machine learning method, the job of learning is done from

well-classified training data. This means we provide a data sample that has

labeled samples for the signal of interest and the associated backgrounds. These

algorithms try to infer a function by analyzing the training data and determine
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separate functions for the signal and the background. This is further used to

classify or predict signal-like and background-like events from another sample to

test the learning. In this dissertation, our approach can be broadly categorized as

supervised learning.

In unsupervised machine learning, we don’t have any labeled data. This type

of machine learning is used to identify patterns, look for probability densities, or

cluster data into groups. Reinforcement machine learning algorithms are out of

the scope of this dissertation, and you can find more details at a .

Our main task here is to identify the signal from event samples with SM

backgrounds; this can also be viewed as a problem of classifying and clustering

signal events from background events. Our approach follows supervised learning,

as mentioned below:

• We generate MC samples for the signal and the backgrounds. Each sample

contains variables like the invariant masses, transverse momentum’s of the

outgoing particles, missing transverse energy, transverse masses, and angular

separation variables. Each of these samples has the topology of either the

signal or the background.

• We then use the boosted decision tree (BDT) [79] algorithm to make a

forest of decisions that improves NS/
√
NS +NB ratio, where NS(NB) are

the number of signal (background) events. Here, these decisions are cuts on

different variables.(Training)

• We apply all those decisions on a different sample containing both the signal

and background.(Testing)

For simplicity, we randomly split each sample into two subsets and then use

ahttps://towardsdatascience.com/introduction-to-various-reinforcement-learning-algorithms-
i-q-learning-sarsa-dqn-ddpg-72a5e0cb6287
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one for training and other for testing. This combined operation allows us to

validate the BDT. Luckily for us, TMVA (Toolkit for MultiVariate Analysis) [80]

automatically performs all of those steps. The advantage of this approach over

the previous cut-based analysis is that now the machine is performing all the

multiple cut optimization steps and uses a more sophisticated approach towards

understanding the samples. We have performed this analysis on the same process

discussed in the previous section. In Table. 2.2 below, we present a comparison

between the cut based analysis and a BDT optimization,

Process Before Mass cuts After mass cuts BDT-cut

pp→ w+w−`+`− 46704 203 17

signal 148 101 56

Table 2.2: Cut Based optimization vs BDT.

The effect here is quite drastic, but here we are using parton-level events. A

more sophisticated detector smearing of the momenta can reduce the gap between

traditional cut based and ML techniques, but even then the BDT performs better,

as we will see in Chapter 4.
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Chapter 3

Probing Flavor Changing Neutral Current with

Leptons

In this chapter, we present our results for the pp → φ0 → τµ + X, φ0 =

H0, A0. Our study includes, τ → eνeντ (leptonic) and τ → jτvτ (hadronic), where

jτ = π±, ρ and a1 are mesons. To simplify things, we study pp → A0 → τµ

and pp → H0 → τµ separately. In Sec 3.1, we present an elaborate study to

constrain our parameter space using the experimental data. Section 3.2 discusses

the properties of our signal, the favored parameter space, and the impact of different

parameters on the branching fraction of φ0 → τµ. We also discuss our cuts and

backgrounds associated with the leptonic and hadronic τ -lepton decay channels.

The final cross-sections for the backgrounds after all the cuts are calculated at

√
s =14, 27, and 100 TeV. In Sec 3.3, we present our estimates of the discovery

potential for both H0 and A0 separately. In this study, we have used a simple

cut-based analysis, as discussed in Sec 2.2.3. The results of this study are published

in Ref. [81].

3.1 Constraints on Relevant Parameters

Our signal cross-section depends directly on ρτµ and ρµτ , which are responsible

for the decay H0/A0 → τµ, and ρtt for the production gg → H0/A0 via the triangle-

top loop. Indirectly, ρtc ∼ O(1) can enhance H0/A0 → tc̄, ct̄, which can suppress

the H0/A0 → τµ branching ratio. On the other hand, ρct is tightly constrained

from B physics data [50]. LHC data [82, 83] for the 125 GeV h0 boson favors the

decoupling limit, i.e. | cos(β−α)| � 1 for a THDM with NFC [84]. As a case study,
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we take cos(β−α) = 0.1, although larger values are allowed in the gTHDM [50, 85].

We choose other diagonal ρ matrix elements to be ρff = κf =
√

2mf/v except

for ρtt, and ignore off-diagonal ones except ρτµ, ρµτ and ρtc. We have set the

masses of the additional scalars to be degenerate, i.e. MH = MA = MH± . In

this section, we consider phenomenological constraints on ρτµ, ρµτ , ρtt, and ρtc

under these assumptions. Our choice of cos(β − α) = 0.1 leads to cross-sections of

pp→ H0 → W+W− +X below the current ATLAS limits [86] and it is consistent

with recent LHC measurements of a light Higgs boson(h0) [87, 88]. In Table. 3.1,

we present cross-sections of heavier Higgs boson (H0) decaying into a pair of W

bosons in the gTHDM at
√
s = 13 TeV with the experimental limits from ATLAS

for
√
s = 13 TeV.

pp→ H0 → WW +X

MH (GeV) λ5 = 0 (fb) λ5 = -1 (fb) ATLAS limit (fb)

300 1.23×103 1.98×103 ≤ 8.000×103

400 7.17×102 9.49×102 ≤ 1.3×103

500 2.17×102 2.47×102 ≤ 4.00×102

Table 3.1: Cross section of p p→ H0 → W+W−+Xat
√
s = 13 TeV and ATLAS

limits at
√
s = 13 TeV.

Following the modified Yukawa Lagrangian from Eq 2.1, the branching ratio

for h0 → τµ is,

B(h0 → τµ) =
Mh0c

2
β−α

16πΓh0
(|ρτµ|2 + |ρµτ |2), (3.1)

where Mh0 ' 125 GeV, including both τ+µ− and µ+τ− modes. We evaluate the

total width, Γh0 by adding h0 → WW ∗, ZZ∗, gg, bb̄, cc̄ and τ+τ− partial widths

obtained by rescaling the SM values [89] with Γ(h0 → τµ) added. We constrain
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the branching fraction, B(h0 → τµ) < 0.25% by CMS [90] at 95% C.L. Using the

above constraint we require ρτµ ≤ 0.01, assuming ρτµ = ρµτ . We can put further

constraints on ρτµ and ρµτ through various low-energy processes containing the

tau-lepton and muon as discussed in the literature (see e.g. Ref. [91–94]). The

most relevant constraints come from τ → µγ. This branching ratio is given by [94]

B(τ → µγ) =
48π3α

G2
F

(|AL|2 + |AR|2)B(τ → µν̄µντ ), (3.2)

where we take B(τ → µν̄µντ ) = (17.39± 0.04)% [95], and AL,R gives the strength

of the τ → µγ amplitude with different chiral structure. To calculate the branching

fraction B(τ → µγ), we have included the one-loop contributions from the neutral

(H0, A0) and charged Higgs (H±) as well as two-loop Barr-Zee type contributions

in AL,R, following Ref. [94]. The latter contribution can also be obtained by

the obvious translation of the expression for µ → eγ [96]. To bring in the ρtt

dependence via top-loop, we also include the dominant contribution from the

effective φ0γγ (φ0 = h0, H0, A0) vertex. We use the direct constraints on τ → µγ

branching ratio by BELLE [97] which are B(τ → µγ) < 4.5 × 10−8 at 90% C.L

and 4.4× 10−8 by BABAR [98]. BELLE II may improve the BELLE limit by a

factor of 100 [99]. We set B(τ → µγ) = 10−9 to illustrate the future sensitivity.

ρtt is also constrained by B physics, in particular, by the Bq (q = d, s) meson

mixing and b → sγ [50]. We update the results of Ref. [50] using the latest

experimental and theoretical values from the Summer 2018 result by UTfit [100].

for the CKM parameters and constraints on the Bq-B̄q mixing amplitude (M q
12):

CBd ∈ [0.83, 1.29], φBd ∈ [−6.0◦, 1.5◦],

CBs ∈ [0.942, 1.288], φBs ∈ [−1.35◦, 2.21◦] at 95% probability, (3.3)
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where CBqe
2iφBq ≡ M q

12/[M
q
12]SM. As for b → sγ, we adopt a recent world

average B(B̄ → Xsγ)exp = (3.32 ± 0.15) × 10−4 [101], which includes the re-

cent BELLE result [102] and the updated SM prediction B(B̄ → Xsγ)SM =

(3.36 ± 0.23) × 10−4 [103, 104] for the photon energy Eγ > 1.6 GeV. We then

use the ratio [105] Rb→sγ
exp = B(B̄ → Xsγ)exp/B(B̄ → Xsγ)SM to constrain

Rb→sγ
theory = B(B̄ → Xsγ)THDM/B(B̄ → Xsγ)SM based on our LO calculation,

allowing the 2σ experimental uncertainty of Rb→sγ
exp with the theoretical uncertainty

linearly added. We have ignored the effects from ρtc coupling on the Bq mixing

and b → sγ as it enters via the charm loop, making its impact minor [105] in

comparison with ρtt and ρct entering via the top loop. We constrain ρtc coupling

using the recent 95% C.L limit on B(t→ ch0) < 1.1× 10−3 by the ATLAS [106].

The B(t→ ch0) is nonzero if cos(β−α) is nonzero, as shown below. Using Eq 1.48,

we can evaluate the t→ ch0 decay width in terms of ρtc and cos(β − α) as,

Γ(t→ ch0) ' Mt cos2(β − α)

32π
λ1/2(1, xc, xh)

[
(1 + xc − xh)

|ρtc|2 + |ρct|2

2

]
, (3.4)

where λ(x, y, z) = x2+y2+z2−2xy−2yz−2zx, xc = M2
c /M

2
t and xh = M2

h/M
2
t . We

add this to the LO width of Γ(t→ bW ) to estimate the total width of the top quark.

Using that, we constrain the λtch = |ρ̃tc cos(β − α)| = |ρtc cos(β − α)/
√

2| . 0.064

from the ATLAS limits for ρct = 0. For the numerical calculation performed in

this section, we use updated mass values of particles from the PDG [95], especially

the top quark pole mass, Mt = (173.1 ± 0.9) GeV and bottom quark MS mass,

Mb(Mb) = 4.18+0.04
−0.03 GeV as input. Figure. 3.1 summarizes the constraints on

the (ρtt, ρτµ) plane with ρµτ = ρτµ for (a) MH0 = MA0 = MH± = 150 GeV and

(b) 300 GeV: exclusions are shown by the blue-hatched regions for h0 → τµ by

CMS, gray-shaded regions for τ → µγ by BABAR, pink-shaded regions for Bs

mixing (CBs) and green-hatched regions for b→ sγ. The other three observables
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Figure 3.1: Constraints on the (ρtt, ρτµ) plane with ρµτ = ρτµ for (a) MH0 =
MA0 = MH± = 150 GeV and (b) 300 GeV, both assuming cos(β − α) = 0.1,
ρττ = κτ and ρbb = κb. Dashed lines indicate B(τ → µγ) = 1× 10−9 for a future
sensitivity. See the main text for details.

in Eqs (3.3) give weaker limit than CBs and are not shown in the figures. The

dashed contours with B(τ → µγ) = 10−9 are shown as the BELLE II sensitivity.

An important thing to note here is that the constraints on ρτµ and ρtt coming from

h0 → τµ and b→ sγ are very sensitive to the choice of the parameters. For ρτµ,

constraints coming from h0 → τµ gets weaker for smaller values of cos(β − α) and

eventually loses sensitivity if cos(β − α) = 0. In case of ρtt, the b→ sγ constraint

is relaxed for a smaller |ρbb|, and becomes weaker than the Bs mixing constraint if

ρbb = 0.

Combining experimental limits from LHC Higgs data and B physics and

assuming perturbativity, we consider ρτµ < 0.01, and |ρ̃tccβ−α| < 0.064 [107]. To

be consistent with the B-physics constraints, we choose

ρtt = 0.2× (Mφ/150,GeV) (3.5)

for φ0 = H0 or A0, which satisfies the b → sγ constraints for the heavy Higgs
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scalar masses considered in this study.

3.2 Higgs Signal and Physics Background

In this section, we discuss the prospect of discovering the FCNH interaction,

from H0, A0 → τµ . Several parameters can affect the signal cross-section in

the gTHDM. We use the experimental results and constraints to optimize our

parameter space. Current data from LHC, both 7-8 TeV, and 13 TeV [55, 108],

points toward a Higgs sector, in which the light scalar Higgs state is SM-like and

follows the decoupling limit. Hence, for our analysis, we set cos(β − α) = 0.1.

We take the heavy Higgs states (H0, A0, and H±) to be degenerate and choose

λ6,7 = 0 for simplicity. We choose two values of λ5 = −1 and 0 to satisfy tree-

level unitarity, perturbativity and vacuum stability of the Higgs potential in the

gTHDM. A more detailed discussion is presented in Appendix A. For the Yukawa

couplings, we set the diagonal terms ρii = κi, except ρtt = 0.2(MH/150). For

off-diagonal terms, ρij [50], we perform case studies for ρ̃tc= 0.1 and 0.5, and scan

over 0.001 ≤ ρτµ ≤ 0.01, ignoring the remaining off-diagonal terms. Despite being

degenerate and neutral, we study pp→ A0 → τµ and pp→ H0 → τµ separately.

For H0, tanβ and λ5 play a crucial role in affecting the H0 → τµ branching ra-

tios, alongside ρ̃tc. We have used 2HDMC [109], to scan over 150 ≤MH ,MA ≤ 500

GeV and 1 ≤ tan β ≤ 10 for λ5 = 0; the results are presented in Fig. 3.2. We

see that for MH > 2mt, H
0 → tt̄, H0 → h0h0 and H0 → tc channels become

dominant. This suggests that MH > 2mt may not be discoverable for this channel,

so we limit our case study to MH < 500 GeV.
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Figure 3.2: Branching ratios for H0 → XX w.r.t MH . Including all the dominant
two body decays, with ρτµ = 0.01. We have set λ5 = 0 and 1 ≤ tanβ ≤ 10.

On the other hand, A0 → h0h0 is forbidden, hence its decay is independent

of tanβ and λ5, as shown in Fig. 3.3. Only ρ̃tc has an impact on the branching

fractions of A0 → τµ. When MA > 220 GeV, A0 → Zh also has a significant

branching ratio and for MA > 2Mt, A
0 → tt̄ channel starts to dominate. Hence

we limit our study to MA < 500 GeV as well.
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Figure 3.3: Branching Ratios for A → all dominant two body decays w.r.t MA,
setting ρτµ = 0.01.

3.2.1 Higgs Signal

The dominant production channel for φ0 = H0, A0 is gluon-gluon fusion (GGF),

gg → φ0 → τµ + X [110]. When τ -lepton decays leptonically to electrons, the
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final state consists of two opposite sign, different flavor leptons with the missing

transverse energy. For a hadronically decaying τ -lepton, our final state has a jτ ,

an oppositely charged muon, and the missing transverse energy. In Table. 3.2, we

show the branching fractions of different τ -lepton decays we have considered from

Ref. [5].

Decay mode Branching Fraction

τ+ → π+ν̄τ 10.82%

τ+ → π+π0(ρ)ν̄τ 25.49%

τ+ → (π+π+π− + π+π0π0)(a1)ν̄τ 18.29%

τ+ → e+νeν̄τ 17.8%

τ+ → µ+νµν̄τ 17.4 %

Table 3.2: Branching fractions for different τ -lepton decays considered.

We have performed an analytic calculation to compute the matrix element

and computed the signal cross-section using the parton distribution function

CT14PDFs [111, 112] for leading order (LO) calculations. To scale our LO

estimates to NNLO, we have calculated the K factors using Higlu [113, 114] for

pp → φ0 + X. In Table. 3.3, we present our estimates for the production cross-

sections at NNLO for pp→ H0, A0 +X as a function of their masses for
√
s = 13

TeV.
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Mφ σ for H0 σ for A0

150 31.75 81.02

200 18.77 47.07

300 9.99 31.23

350 10.28 62.24

400 9.57 28.4

500 4.54 8.62

Table 3.3: Cross section at NNLO in pb for pp→ φ0 +X from gluon fusion at
the LHC with

√
s = 13 TeV.

In Appendix B, we present our estimates of the K factors for different center

of mass energies
√
s as a function of the scalar mass for both the H0 and A0.

3.2.2 Standard Model Backgrounds

The dominant background for the leptonic final states comes from pp →

τ+τ− → e±µ∓ + /ET + X, pp → W+W− → e±µ∓ + /ET + X and pp → h0 →

τ+τ− → e±µ∓ + /ET +X. As stated in Ref. [115], fake leptons also play a part in

the total backgrounds, but their modeling is beyond the scope of this study. For

the hadronic channel, we have pp→ W±j → µj + /ET +X as the most dominant

background along with the pp → τ+τ− → jτµ
± + X channel. For the hadronic

channel, the contribution from tt̄ is highly suppressed when we veto any event

with more than 0 b-jets, with pT > 20 GeV and |η| < 4.7.

We have used Madgraph [71] and HELAS [72], to generate tree level matrix

elements for the backgrounds. We have calculated the tree-level cross sections for

the backgrounds using CT14PDFs [111, 112]. To scale the backgrounds to NLO,

we have calculated the K Factors using MCFM 8.0 [116].
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3.2.3 Realistic Acceptance Cuts

To study the discovery potential for our signal, we apply realistic acceptance

cuts proposed by CMS [54, 55] at 13 TeV as shown in Table. 3.4.

Parameters φ0 → eµ+X φ0 → jτµ+X

PT (e) > 10 GeV

PT (µ) > 26 GeV > 26 GeV

PT (jτ ) > 30 GeV

|ηe| < 2.3

|ηµ| < 2.4 < 2.4

|ηjτ | < 2.3

∆R(e, µ) > 0.3

∆R(jτ , µ) > 0.5

∆φ(PT (e), /ET ) < 0.7

∆φ(PT (e), PT (µ) > 2.5

MT (µ) < 60 GeV

MT (e) > 50 GeV

MT (jτ ) < 105 GeV

|Mcol −Mφ0| < 0.2×Mφ0 < 0.2×Mφ0

Table 3.4: Cuts.

Here, Mcol is the reconstructed scalar mass using the collinear approxima-

tion [117]. In the collinear approximation, we reconstruct the τ -lepton momentum

as Pτ = Pe,or,jτ/x, where x is the fraction of τ -lepton momentum carried by electron

or jτ . The underlying assumption is that the τ -leptons are highly boosted because

MH � mτ as a result the decay products (e or jτ ) are collinear to the τ -lepton
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momentum. With this assumption, we can write the missing transverse energy as:

/ET = (1− x)PTτ , (3.6)

here, PTτ is the transverse momentum of τ -lepton. Using the above equation with

Pτ = Pe,or,jτ/x, we get:

x =
PT

PT + /ET

. (3.7)

Where PT is the transverse momentum of the electron or jτ . Using Eq 3.7, we can

calculate the approximate invariant mass (Mcol) of the scalar.

To simulate detector smearing, based on ATLAS [118] and CMS [119] specifi-

cations, we apply Gaussian smearing on our momenta [120, 121],

∆E

E
=

0.60√
E(GeV )

⊕ 0.03 (jets) ,
∆E

E
=

0.25√
E(GeV )

⊕ 0.01 (leptons). (3.8)

In Table. 3.5, we present our estimates for the background cross-sections after

applying cuts from Table. 3.4. We have included the K factors along with the

mis-tagging efficiency of light jets to be εj = 0.01 [122, 123] and the tagging

efficiencies of a jτ , εjτ = 0.7 [124, 125].

As we increase the mass of the scalar Mcol cut becomes stronger and after

MH > 180 GeV pp→ h0 → ττ and pp→ h0 → WW ∗ are completely vetoed. We

also see that for the leptonic channel, pp→ W+W− becomes more dominant than

pp→ τ+τ−, as shown in Fig. 3.4:
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√
s 14 TeV 27 TeV 100 TeV

Backgrounds for τ → e+X
p p → ττ + X 31.96 58.74 195.09

p p → W+W− + X 12.27 23.73 86.29
p p → h0 → ττ + X 1.92 5.06 27.9

p p → h0 → WW ∗ + X 0.95 2.51 13.87
Total 47.1 90.04 323.15

Backgrounds for τ → jτ +X
p p → W±j + X 2895.7 6200.6 25748.4
p p → ττ + X 109.8 202.3 676.9

p p → h→ ττ + X 6.4 16.9 93.3
Total 3011.5 6419.8 26519

Table 3.5: Cross-sections of all the backgrounds for both leptonic and hadronic
channel in fb at

√
s = 14, 27, and 100 TeV. With Mφ0 = 125.1 GeV.
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Figure 3.4: Cross-section of backgrounds as a function of MH at
√
s = 14 TeV.

3.3 Discovery Potential

3.3.1 Discovery Reach for Pseudo-scalar

From Table. 3.3, we find that the cross-section for pp → A0 + X is greater

than pp→ H0 +X. The A0 → h0h0 decays are forbidden, which makes A0 → τµ
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more promising channel than the heavy scalar H0 → τµ.

In Fig. 3.5 we present the discovery regions for pp→ A0 → τµ in the [ MA, ρτµ]

plane, for ρ̃tc = 0.1 and 0.5, including both leptonically decaying τ -lepton (top row)

and hadronically decaying τ -lepton (bottom row). The high QCD backgrounds for

the hadronic case makes it be harder to probe A0 for the masses above 200 GeV.

We have shown the results for
√
s = 14, 27, and 100 TeV. At low masses,

MA <180 GeV, the entire range of ρτµ is detectable at 3000 fb−1. For an inter-

mediate range, e.g. 200 < MA < 260 GeV, we observe that our discovery region

starts shrinking as A0 → Zh starts dominating. The additional contribution from

A0 → tt̄ further suppresses our signal as we explore values above MA > 260 GeV.

For the higher mass range, e.g. MA > 300 GeV, for both ρ̃tc = 0.1 and 0.5, we

see a slight increase in the 5σ region, around MA ∼ 2Mt, it is due to the rise

in the production cross-section for pp → A0 + X, as shown in Table. 3.3, this

compensates for the decreasing branching ratio of A0 → τµ, as shown in Fig. 3.3.

To define the discovery potential, we use [50],

σS =
N

L
[N + 2

√
LσB]. (3.9)

Where σS(B) is the signal(background) cross-section and L is the integrated lu-

minosity. Choosing N = 2.5(1.5) for 5σ(3σ) significance. For a large number of

background events, Eq 3.9 simplifies to

σS =
2N
√
LσB
L

. (3.10)

Using Eq 2.21, we can write NS(NB) = LσS(LσB), substituting this back into
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Eq 3.10,

NS = 2N
√
NB, (3.11)

NSS =
NS√
NB

. (3.12)

Here NSS = 2 N, and “SS” refers to the statistical significance.
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Figure 3.5: Discovery range at the LHC and future hadron colliders with
√
s =

14 TeV (green dark shading ), 27 TeV (intermediate shading) and 100 TeV (light
shading) for pp→ A0 → τµ+X in the (MA, ρ̃τµ) plane. We require 5σ significance
for 3000fb−1. Top (bottom) row is for leptonic (hadronic) τ -lepton decay for
ρ̃tc = 0.1[(a) and (c)] and ρ̃tc = 0.5[(b)and(d)].

3.3.2 Discovery Reach for Heavy Scalar

For H0, the situation is quite different, as we saw in Fig. 3.2. The branching

ratios for the H0 → τµ are also affected by changing tanβ and λ5, in addition to the

suppression coming from the H0 → tc̄, t̄c through ρ̃tc. In order to understand the
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effect of λ5, we perform an analysis by fixing MH = 300 GeV [126] and ρτµ = 0.01.

We vary −1 ≤ λ5 ≤ 1, for a fixed tanβ = 1. The results are shown in Fig. 3.7,

with
√
s =14 TeV, 27 TeV and 100 TeV, for the leptonic channel. The hadronic

channel should behave the same way, except it will have a higher QCD background.

We observe that for a fixed tanβ, increasing λ5 from -1 to 1 decreases the cross-
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Figure 3.6: Cross-section (in fb) of pp → H0 → τµ → eµ + X (blue solid)
at (a)

√
s = 14 TeV, (b) 27 TeV and (c) 100 TeV, as a function of λ5 with

MH = 300 GeV, ρτµ = 0.01, tan β = 1, cos(β − α), and ρ̃tc = 0.1. Also shown
are the total background (maroon dotdash), the predominant background from
pp → W+W− + X (magenta dash), and the 5σ signal significance (green dash)
with integrated luminosity L = 3000 fb−1 or 300 fb−1. We also present results for
(d) ρ̃tc = 0.5 at

√
s = 100 TeV.

section of pp→ H0 → τµ+X. This is because of the increasing tri-linear Higgs

coupling, gHhh [127], which enhances the H0 → h0h0 decay,
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gHhh ' −cos(β − α)

v

[
4m2

A − 2m2
h −m2

H + 4λ5v
2

+
2v2

tan(2β)
(λ6 − λ7) +

2v2

sin(2β)
(λ6 + λ7) +O(cos(β − α))

]
.

As a case study, we choose two values of λ5 = -1 and 0. We have fixed tanβ = 1

to preserve tree-level unitarity and stability of the gTHDM in 2HDMC [109]. We

perform a scan for 0.001 ≤ ρτµ ≤ 0.01 and 150 ≤ MH ≤ 500 GeV. Our results

are shown in Fig. 3.7. We see a large discoverable region in the low mass regime

(MH < 180 GeV). But as MH > 180 GeV first H0 → tc decay dominates and then

after MH > 260 GeV, H0 → h0h0 followed by H0 → tt̄ channels become dominant.

The discovery potential continues to decrease as we increase the scalar mass, but

we again see a slight improvement as MH ∼ 2Mt, that we observed for A0 → τµ.

Beyond that region, we still have some probable parameter space, and a 100 TeV

high energy collider can probe to an even lower ρτµ coupling. The likelihood of

detection further increases as we reduce λ5, from 0 to -1.

To show the sensitivity of possible systematic uncertainties on the Higgs signal

of H0 → τµ, we present the ratio NS/NB, as well as the statistical significance

NSS = NS/
√
NB in Table. 3.6 for pp → H0 → τµ → eµ + X, and pp → H0 →

τµ→ jτµ+X in Table. 3.7. We choose ρτµ = 0.005, λ5 = 0, and an integrated

luminosity L = 3000 fb−1. We show the number of signal events and background

events at
√
s = 14 TeV, 27 TeV, and 100 TeV. These data give the totality of the

relevant information pertaining to the strength of the signal versus background.

Note that the cross-section of pseudoscalar (A0) will be larger than that of (H0).
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Figure 3.7: Discovery regions at the LHC and future hadron colliders with the√
s = 14 TeV (green dark shading ), 27 TeV (intermediate shading) and 100 TeV

(light shading) for pp→ H0 → τµ+X in the (MH , ρ̃τµ) plane. We require at least
5σ significance for 3000fb−1. Top (bottom) row is for leptonic (hadronic) τ -lepton
decay with λ5 = −1[(a) and (c)] and λ5 = 0[(b) and (d)].
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pp→ H0 → τµ→ eµ+ /ET +X

√
s = 14 TeV

MH(GeV) Total Background Signal Min(for 5 σ) NS/NB NSS ≡ NS/
√
NB

150 1.06×105 4.68×103 1.63×103 0.044 14.36

200 7.73×104 1.29×103 1.39×103 0.017 4.66

250 5.88×104 7.00×102 1.22×103 0.012 2.89

300 4.47×104 3.94×102 1.06×103 0.009 1.86

400 2.51×104 2.74×102 7.99×102 0.011 1.73

500 1.42×104 9.2×101 6.03×102 0.006 0.77

√
s = 27 TeV

150 2.03×105 1.18×104 2.26×103 0.06 26.18

200 1.52×105 3.48×103 1.95×103 0.023 8.92

250 1.19×105 1.99×103 1.73×103 0.017 5.77

300 9.19×104 1.18×103 1.52×103 0.013 3.89

400 5.39×104 8.98×102 1.17×103 0.017 3.87

500 3.2×104 3.3×102 9.0×102 0.01 1.84

√
s = 100 TeV

150 7.2×105 5.78×104 4.25×103 0.08 68.15

200 5.56×105 1.85×104 4.73×103 0.033 24.82

250 4.46×105 1.14×104 3.34×103 0.026 17.06

300 3.53×105 7.21×103 2.98×103 0.02 12.13

400 2.16×105 6.11×103 2.33×103 0.028 13.16

500 1.32×105 2.5×103 1.82×103 0.019 6.86

Table 3.6: Number of events for signal and backgrounds for different MH at
√
s

= 14, 27, and 100 TeV for leptonic channel with ρτµ = 0.005.
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pp→ H0 → τµ→ jτµ+ /ET +X

√
s = 14 TeV

MH(GeV) Total Background Signal Min(for 5 σ) NS/NB NSS ≡ NS/
√
NB

150 1.51×107 1.54×104 1.94×104 0.001 3.95

200 7.5×106 4.2×103 1.37×104 0.0006 1.55

250 3.67×106 2.28×103 9.59×103 0.0006 1.19

300 1.9×106 1.29×103 6.89×103 0.0007 0.94

400 5.85×105 8.88×102 3.83×103 0.0015 1.16

500 2.13×105 2.94×102 2.31×103 0.0014 0.64

√
s = 27 TeV

150 3.53×107 3.87×104 2.97×104 0.0011 6.52

200 1.81×107 1.14×104 2.13×104 0.00063 2.67

250 9.18×106 6.51×103 1.15×104 0.0007 2.15

300 4.87×106 3.87×103 1.1×104 0.0008 1.75

400 1.57×106 2.92×103 6.27×103 0.0019 2.33

500 5.93×105 1.06×103 3.86×103 0.0018 1.37

√
s = 100 TeV

150 1.57×108 1.89×105 6.23×104 0.0012 15.07

200 8.5×107 6.05×104 4.61×104 0.0007 6.56

250 4.5×107 3.73×104 3.36×104 0.0008 5.56

300 2.48×107 2.36×104 2.49×104 0.00095 4.75

400 8.5×106 1.98×104 1.46×104 0.0023 6.8

500 3.4×106 8×103 9.22×104 0.0024 4.34

Table 3.7: Number of events for signal and backgrounds for different MH at
√
s

= 14, 27, and 100 TeV for hadronic τ -lepton decays, with ρτµ = 0.005.
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Chapter 4

Probing Flavor Changing Neutral Current with

Charm and Top

The ρtc coupling, which drives the t → ch0 decays, presents a very rich

phenomenology as mentioned in Sec 2.1.1. This chapter presents a detailed collider

study for this FCNH top (t) quark decay. In Sec 4.1, we show results for the

t → ch0 → cW+W−, where we have performed a parton level study with naive

Gaussian smearing. The results of this study are published in Ref. [128]. In Sec 4.2,

we present a study for t→ ch0 → cτ+τ−. Here we present a similar parton level

study, but in addition to that, we model hadronization and parton showering with

Pythia8 [74] and detector response with Delphes [75]. This is an ongoing project,

and we expect to publish this study by the end of this year.

4.1 h0 → W+W−

4.1.1 The Higgs Signal and Physics Background

The main goal of this section is to understand the essential constituents of the

FCNH Higgs signal, i.e, t→ ch0 produced in pp collisions.

We choose pp→ tt̄+X as our production channel for the Higgs signal because

of the high production cross-section for the tt̄ channel at the LHC. At
√
s = 13

TeV, the cross-section for the top-antitop quark pair, σtt̄ ' 820 pb and with an

integrated luminosity L= 160 fb−1, the LHC can produce ∼ 1.3×108 [129, 130] top

pairs. The major contributions for the top-pair production comes from gluon-gluon

fusion and quark-antiquark fusion. The Higgs signal is coming from the decay of
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one top-quark into a charm quark and Higgs, while the other top quark decays

hadronically via t→ bW → bjj. After including all the decays discussed above,

our full signal looks like, pp → tt̄ → tch0 → bjj c``νν + X, ` = e, µ. Figure. 4.1

shows the Feynman diagram for our Higgs signal.

Figure 4.1: Feynman diagram for pp → tt̄ → bjj ch0 + X → bjj c`+`−ννX,
where ` = e or µ.

4.1.2 The Higgs Signal in Top Decay

Following Eq 3.4 the decay width for t→ ch0, can be written as,

Γt→ch0 '
c2
βαm

2
t

32π
{(1 + r2

c − r2
h)

(|ρct|2 + |ρtc|2)

2
}λ1/2(1, r2

c , r
2
h), (4.1)

where cβα = cos(β − α), rh = Mh/mt, rc = mc/mt, and,

λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz . (4.2)
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We define,

ρ̃tc =

√
|ρtc|2 + |ρct|2

2
. (4.3)

Note that we have already placed constraints on ρ̃tc, as seen in Sec 3.1, using LHC

Higgs data and B physics measurements.

For typical values of parameters cos(β − α) = 0.1, |ρ̃tc| ∼ 0.5, with mt = 173.2

GeV and mc = 1.42 GeV, we estimate,

Γt→ch0 ' 0.09(c2
βα|ρ̃tc|2) ' 2.3× 10−4 GeV . (4.4)

The total decay width of the top quark is given as,

Γt = Γ(t→ bW ) + Γ(t→ ch0) . (4.5)

We assume that t→ ch0 is the only beyond SM decay channel for the top quark.

The branching fraction of t→ ch0 becomes:

B(t→ ch0) =
Γ(t→ ch0)

Γt
' 1.5× 10−4 . (4.6)

Which is below the current limits from ATLAS [106], B(t→ ch0) ≤ 1.1× 10−3.

When this project was getting ready for the publication, ATLAS limits were

B(t→ ch0) ≤ 1.6× 10−3 [107].

We can also redefine the Lagrangian described in Eq 1.48, by replacing ρF and

(β − α) with an effective coupling ghtc, to study the FCNH Higgs interaction with

top (t) and charm (c) quark, as,

L = −ghtcc̄th0 + H.c.. (4.7)
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The decay width for t → ch0, using the above effective Lagrangian [131]

becomes:

Γ(t→ ch0) =
|ghtc|2

16π
(mt)(1 + r2

c − r2
h)λ

1/2(1, r2
c , r

2
h) . (4.8)

Comparing the above results with Eq 4.1, we get:

ghtc =
1√
2
ρ̃tc cos(β − α) =

1√
2

√
|ρtc|2 + |ρct|2 cos(β − α) =

1√
2
λtc . (4.9)

Here we express λtc in terms of ghtc and ρ̃tc cos(β − α), following the ATLAS

[106, 107] notation. Using the latest ATLAS-limits [106] and following Eq 4.4 and

Eq 4.9, we require,

ghtc - 0.045 . (4.10)

Whereas from the older limits [107] ghtc - 0.064. In 1987, T.P Cheng and Marc

Sher [132], proposed a mass-matrix ansatz in which they defined the off-diagonal

Yukawa couplings to be the geometric mean of the Yukawa couplings of the quarks;

it is popularly known as the Cheng-Sher ansatz (CS).

ghtc(CS) =

√
mtmc

v
' 0.0637, (4.11)

or

λtc(CS) =
√

2 ghtc =

√
2mtmc

v
' 0.0901 , (4.12)

with mt = 173.2 GeV and mc = 1.42 GeV, the branching fraction of t → ch0

becomes B(t → ch0) = 2.2 × 10−3 for Mh = 125.1 GeV. This is well above the

current ATLAS limits and hence the CS approximation is ruled out. We have used
√

2ghtc = ρ̃tc cos(β − α) with ρ̃tc and cos(β − α) as free parameters for our collider

study.
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Now, the next step is evaluating the cross-section and event generation. To make

sure we don’t miss any tree-level Feynman diagrams, we have used MadGraph [71],

and, HELAS [72] to evaluate the tree level matrix elements for the FCNH signal

in top decays from gluon-gluon fusion and quark-antiquark annihilation,

gg, qq̄ → tt̄→ tc̄h0 → bjjc̄`+`−νν̄ , and ,

gg, qq̄ → t̄t→ t̄ch0 → b̄jjc`+`−νν̄ , (4.13)

where ` = e or µ. We have modeled the t→ ch0 decays using the Lagrangian in

Eq 4.7 in Feynrules [133].

The cross-section of the Higgs signal in the FCNH top decays at the LHC and

future hadron colliders for pp→ tt̄→ tch0 → bjj c`+`−νν̄ +X is evaluated with

the parton distribution functions of CT14LO [111, 112]. We scale our cross-section

to NNLO with the K factor, calculated with the renormalization scale (µR) and

factorization scale (µF ) set to Q = Mtt̄ = the invariant mass of tt̄.

These choices of scales leads to a K factor of approximately 1.8 for top-quark

pair production. We have used the computer program Top++ [134] to evaluate the

higher order corrections, with CT14NNLO pdfs [111, 112]. For consistency, we have

compared our tree-level signal cross-section with the narrow width approximation.

That is, the cross-section σ(pp→ tt̄→ tch0 → bjj c`+`−νν̄ +X) is calculated

as the product of cross-section times branching fractions:

σ(pp→ tt̄→ bjjt̄+X)×B(t→ ch0)×B(h0 → W+W−)×B(W → `ν`)
2 . (4.14)

Our Higgs signal comes from both t→ ch0 and t̄→ c̄h0, so we include both

tt̄→ tc̄h0 → bjj c̄`+`−ν`ν̄` and tt̄→ ch0t̄→ b̄jj c`+`−ν`ν̄`. We select all those

events which consist of one b jet and three light jets (j = u, d, s, c or g = gluons
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in case of physics backgrounds). In addition, we require two opposite charged

leptons coming from the Higgs decays, along with neutrinos, which leads to the

missing transverse energy. That means our FCNH signal leads to the final state of

bjj c`+`−ν`ν̄` or bjjj`+`− + /ET .

4.1.3 The Physics Background

The dominant SM background corresponding to the final state of bjjc`+`−νν̄

comes from top quark pair production along with two light jets (tt̄jj), pp→ tt̄jj →

bb̄jjWW → bb̄jj`+`−νν̄ +X, where every top quark decays into a b-quark as well

as a W boson (W → `ν) and a b-jet is mis-identified as a c-jet or a light jet. The

other subdominant SM backgrounds we have considered are:

• pp→ tt̄W → bb̄jjWW → bb̄jj`+`−νν̄ +X with one W boson decaying into

jj,

• pp→ bb̄jjW+W− → bb̄jj`+`−νν̄ +X, excluding the contribution from tt̄jj,

• pp→ bb̄jjτ+τ− → bb̄jj`+`−νν̄ντ ν̄τ ,

• pp→ cc̄jjW+W− → cc̄jj`+`−νν̄+X and pp→ jjjjW+W− → jjjj`+`−νν̄+

X where j = u, d, s, or g.

In the high energy colliders, identifying different flavors of quarks is very

difficult, especially, the light jets (u, d, s, and c). As for the b-quarks, they travel a

few millimeters before decaying; this is used to isolate the b-jet from the other light

jets. This method of b-jet identification doesn’t guarantee a 100% identification

rate, and for a few events a highly boosted light jet j can be misidentified as

a b-jet [122, 135]. So we evaluate the cross-section of physics backgrounds in

pp collisions by multiplying the cross-section with the tagging and mis-tagging
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efficiencies associated with the b-jet identification. In our analysis, we adopt

ATLAS tagging efficiencies [122, 135]: the b tagging efficiency is ∼ 70%, the

probability that a c-jet is mis-tagged as a b-jet (εc) is approximately 14%, while

the probability that any other jet is mis-tagged as a b-jet (εj) is 1%.

4.1.4 Mass Reconstruction

In this section, we discuss the topology of the Higgs signal, which is coming from

top quark pair production with tt̄→ bjj ch0 → bjj c`+`− + /ET . Our main motive

is to reconstruct the two top quarks and the Higgs boson. We have two stumbling

blocks, one to find the mother of light jets and the other, how to reconstruct the

Higgs boson from the missing transverse energy. To determine the reconstructed

top mass as the invariant mass of b + j1 + j2 coming from t → bW → bj1j2, we

select those pair of light jets that minimizes |Mjj −mW |+ |Mbjj −mt| as j1 and j2

and label the other jet as j3 ' c. This means, for a correctly reconstructed event,

j1 and j2 are the products of a W decay such that their invariant mass distribution

peaks at Mj1j2 ' mW .

For t→ ch0 → c`+`− + /ET , we cannot reconstruct the invariant mass of the

Higgs boson due to the missing transverse energy from the neutrinos. But, we

can reconstruct the cluster transverse mass distributions dσ/dMT (``, /ET ) and

dσ/dMT (c``, /ET ) with the missing transverse energy ( /ET ) from the neutrinos [30,

136], defined below:

M2
T (``, /ET ) = (

√
p2
T (``) +M2

`` + /ET )2 − (~pT (``) + ~/ET )2 (4.15)

and

M2
T (c``, /ET ) = (

√
p2
T (c``) +M2

c`` + /ET )2 − (~pT (c``) + ~/ET )2 , (4.16)
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where pT (``) or pT (c``) is the total transverse momentum of the visible particles

and M`` and Mc`` are the invariant mass of two leptons and the invariant mass of

two leptons + charm, respectively. We expect these distributions to have a sharp

end points near MT (``, /ET ) ∼ mh and MT (c``, /ET ) ∼ mt.

In every event, we require one tagged b-jet and three light jets. For a background

event, one b is likely coming from the top decay t→ bW → bjj while the other is

either a mis-tagged c or a light quark jet coming from W decay.

Figure 4.2: Invariant mass distributions (dσ/dM) of j1j2 (green dotdash), and
bj1j2 (blue solid), for the Higgs signal in pp collisions, dσ/dM(pp→ tt̄→ tch0 →
tcWW → bjjc`+`− + /ET + X (fb/GeV), with basic cuts defined in Eq 4.17.
Also shown are the invariant mass distributions dσ/dMj1j2 (magenta dot) and
dσ/dMbj1j2 (red dash) for the dominant physics background from tt̄jj.

We present the invariant mass distributions for Mj1j2 and Mbj1j2 in Fig. 4.2

for the Higgs signal (tt̄→ tch0) and the dominant background (tt̄jj) with basic
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cuts from CMS [137]:

(a) pT (b, j) > 25 GeV ,

(b) pT (`1) > 25 GeV , pT (`2) > 15 GeV ,

(c) /ET > 25 GeV ,

(d) |η(j, `)| < 2.4 , and

(e) |∆R(jj, ``, j`)| > 0.4 , (4.17)

where pT (`1) ≥ pT (`2). It is clearly evident that the Mj1j2 distribution peaks at

mW while dσ/dMbjj has a peak at mt.

Figure 4.3: Cluster transverse mass distributions (dσ/dMT ) of `+`− (green
dotdash) and c`+`− (blue solid) for the Higgs signal in pp collisions, dσ/dMT (pp→
tt̄→ tch0 → tcWW → bjjc`+`− + /ET +X (fb/GeV), with basic cuts defined in
Eq 4.17, as well as |Mjj −mW | ≤ 0.15×mW and |Mbjj −mt| ≤ 0.20×mt. Also
shown are the cluster transverse mass distributions dσ/dMT (``, /ET ) (magenta dot)
and dσ/dMT (c``, /ET ) (red dash) for the dominant physics background from tt̄jj.

Figure. 4.3 presents the cluster transverse mass distributions (dσ/dMT (``, /ET ))

and (dσ/dMT (c``, /ET )) for the Higgs signal in pp collisions, dσ/dMT (pp→ tt̄→
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tch0 → tcWW → bjjc`+`−+ /ET +X (fb/GeV), with basic cuts defined in Eq 4.17,

as well as |Mjj−mW | ≤ 0.15×mW and |Mbjj−mt| ≤ 0.20×mt and the dominant

background (tt̄jj). Note that for the signal, dσ/dMT (``, /ET ) peaks near mh while

dσ/dMT (c``, /ET ) has a peak near mt. The invariant mass distributions of jets

shows pronounced peaks at mW and mt as shown in Fig. 4.2 and the cluster

transverse mass distributions gives us sharp end points near mh and mt. By

looking carefully at all four distributions, we can clearly distinguish signal from

the dominant SM backgrounds. We can use these distributions to define powerful

selection rules to remove the SM backgrounds while preserving most of the signal.

4.1.5 Realistic Acceptance Cuts

To study the discovery potential for the signal, we have applied realistic basic

cuts listed in Eq 4.17 and tagging efficiencies for the b-jets. In addition to the

basic cuts, we apply cuts on (a) invariant mass of jets |Mjj −mW | ≤ 0.15×mW

and |Mbjj − mt| ≤ 0.20 × mt, as well as (b) cluster transverse mass of `` and

c``, 50 GeV ≤MT (``, /ET ) ≤ 150 GeV, and 100 GeV ≤MT (c``, /ET ) ≤ 210 GeV

respectively to veto the background events.

Measurement uncertainties in the jet and lepton momenta as well as missing

transverse momentum give rise to a spread in the reconstructed masses about the

true values of mt and Mh0 . We use the same Gaussian smearing for leptons and

jets as shown in Eq 3.5.

4.1.6 Discovery Potential at the LHC

In this section we present our estimates for the discovery potential of the Higgs

signal at the hadron colliders. We first apply all of the basic cuts and realistic mass

cuts to remove much of the SM backgrounds. Our cross-section after applying all
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Figure 4.4: The cross-section in fb of pp → tt̄ → tch0 → bjjc`+`− + /ET + X
at
√
s = 13 TeV and 14 TeV as a function of ρ̃tc, along with total (magenta

dotdash) and most dominant (red dash) background after applying all the cuts,
tagging and mistagging efficiencies, and higher order QCD corrections. The blue
dash line and green dash line shows the minimum cross-section needed for 5σ
significance at L = 36fb−1 and 3000fb−1 respectively for the center of mass energy
of 13 TeV. Where as for 14 TeV, we present L = 3ab−1 (green dash) only. The
ATLAS-Limit-2019 is shown as a black dash vertical line.

the cuts for the Higgs signal at the LHC with
√
s = 13 TeV and

√
s = 14 TeV as

well as cross-sections for future hadron colliders with
√
s = 27 TeV and

√
s = 100

TeV are shown in Table. 4.1. Cross-sections for the dominant background processes

are presented in Table. 4.2.

ρ̃tc 13 TeV 14 TeV 27 TeV 100 TeV
0.1 0.015 0.017 0.06 0.54
0.5 0.364 0.425 1.53 13.6
1 1.46 1.70 6.15 54.4

Table 4.1: Cross-section of Higgs signal in fb.

Here we have kept cos(β − α) = 0.1. Later for the contours, we will vary

cos(β − α) from 0.01 to 0.2. The next thing is to estimate the discovery potential

of the Higgs signal at the current and future high energy pp colliders. We have

calculated the statistical significance following the same criteria as described in
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Figure 4.5: Similar to Fig. 4.4, but for (a)
√
s = 27 TeV, and (b) 100 TeV.

Background 13 TeV 14 TeV 27 TeV 100 TeV
tt̄jj 14.6 17.1 63.6 557
tt̄W 0.16 0.17 0.36 1.41
bb̄jjττ 0.035 0.039 0.13 0.95
bb̄jjWW 0.003 0.0035 0.011 0.09
cc̄jjWW 0.0017 0.0019 0.006 0.05
WWjjjj 9.96E-06 1.12E-05 2.48E-05 0.0002

Total Background 14.8 17.3 64.1 559.5

Table 4.2: Cross-section in fb for dominant physics background processes with K
factors and tagging efficiencies.

Sec 3.3.1. Figure. 4.4 shows the Higgs signal cross-section as a function of ρ̃tc, along

with the cross-section of the total background and the most dominant background

process (tt̄jj) for the LHC with
√
s =13 and 14 TeV. We have also shown the

minimum cross-section required for 5σ significance, which from Eq 3.6, can be

written as:

σS ≥
2.5

L
[2.5 + 2

√
LσB], (4.18)

at an integrated luminosity of L = 36.1fb−1 and higher luminosities (HL) for the

future HL-LHC [138, 139](High Luminosity-Large Hadron Colliders), i.e. L =

300 and 3000 fb−1. All tagging efficiencies and the K factors discussed above

82



are included. We have also included the 2019 ATLAS-limit [88], shown as a

vertical black-dashed line. Our analysis suggests an improvement in the reach of

ATLAS [88] at an integrated luminosity of 3000 fb−1, the sensitivity improves at

higher energies(HE-LHC), i.e
√
s =27 and 100 TeV, as shown in Fig. 4.5.

We also present the 5σ discovery reach at the LHC for (a)
√
s = 13 TeV , (b)

√
s = 14 TeV in Fig. 4.6, in the parameter plane of [cos(β − α), ρ̃tc]. We have

chosen L = 300 and 3000 fb−1. For the future high energy colliders with
√
s =27

and 100 TeV, High energy LHC with integrated luminosity, L = 300 and 3000 fb−1,

we can probe a large parameter space that we have used in our analysis as shown

in Fig. 4.6. However, with the new limits [88], the region of probable parameter

space shrinks, but by including more Higgs decay channel we can improve our

discovery reach for the Higgs signal. New contours are shown in Fig. 4.7.
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Figure 4.6: The 5σ discovery contours at the LHC in the plane of [cos(β−α), ρ̃tc]
for (a)

√
s = 13 TeV and (b)

√
s = 14 TeV. (c)

√
s = 27 TeV and (d)

√
s =

100 TeV. For L = 300fb−1 (dash) and L = 3000fb−1 (dot). Also shown is the
ATLAS-2018 limits on λtc = ρ̃tc cos(β − α) (dotdash) set the shaded region above
this curve is excluded at 95% CL.
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Figure 4.7: The 5σ discovery contours at the LHC in the plane of [cos(β−α), ρ̃tc]
for (a)

√
s = 13 TeV and (b)

√
s = 14 TeV. (c)

√
s = 27 TeV and (d)

√
s = 100

TeV. For L = 300fb−1 (dash) and L = 3000fb−1 (dot). Also shown is the new
ATLAS-2019 limits. λtc = ρ̃tc cos(β − α) (dotdash) set the shaded region above
this curve is excluded at 95% CL.
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4.2 h0 → τ+τ−

4.2.1 Higgs Signal

In this section, we present the discovery reach for pp → tt̄ → bjjc̄h0 →

bjjc̄τ+τ−+X with both the τ -lepton decaying leptonically to either an electron or

a muon, along with a τ -lepton neutrino and electron/muon neutrino. In our final

state, we have two leptons coming from the Higgs with missing transverse energy

from the neutrinos. We again require the other top to decay hadronically to a

b-jet and two light jets. Which makes our final state consisting of 4 jets (including

a b-jet) and two leptons, similar to h0 → WW ∗ case. One major difference here

is, since mτ/m
0
h � 1, the τ -lepton’s are highly boosted, which can be used to

reconstruct the Higgs invariant mass, as we will see in Sec 4.2.4. Figure. 4.8 shows

the Feynman diagram for the process.

Figure 4.8: Feynman diagram for the signal.

We have calculated the tree level cross-section for the complete signal with Mad-

graph using CT14LO parton distribution functions [111, 112]. τ -lepton decays are

modeled with the taudecay-UFO [140] model. We have generated parton level sam-

ples from Madgraph and then passed the sample to Pythia8 [74] and Delphes [75]
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to generate events for detector simulations. We have used MLM-matching [141] to

match the hadronized jets with the hard partons. As a supplement, we have also

performed a naive parton level study to compare this channel with h0 → WW ∗.

We have used the K Factor of ∼ 1.8 to scale our tree level cross-section to

NNLO, as stated in Sec 4.1.2. In addition, we have checked the tree-level signal

cross-section with the narrow width approximation. That is, the cross-section

σ(pp → tt̄ → tch0 → bjj c`+`−ντ ν̄τν`ν̄` + X) is calculated as the product of

cross-section times branching fractions, following the Table. 3.2 for τ -lepton decay:

σ(pp→ tt̄→ bjjt̄+X)× B(t→ ch0)× B(h0 → τ+τ−)

×B(τ+ → `+ν`ν̄τ )× B(τ− → `−ν̄`ντ ) .

We have considered the FCNH signal from both tt̄ → tc̄h0 → bjj c̄`+`−ν`ν̄`ντ ν̄τ ,

and, tt̄→ ch0t̄→ b̄jj c`+`−ν`ν̄`ντ ν̄τ .

We select all those events which consist of one b-jet and three light jets. In

addition we require two oppositely charged leptons coming from Higgs decays,

along with the neutrinos, which leads to the missing transverse energy. So our

FCNH signal leads to the final state of bjj c`+`−ν`ν̄` or bjjj`+`− + /ET .

4.2.2 The Physics Background

For the above final state our most dominant SM backgrounds comes from,

• pp→ tt̄jj → b`+νb̄`−νjj +X (tt̄jj),

• pp→ bb̄jjτ+τ− → bb̄jj`+`−νν̄ντ ν̄τ , (bb̄jjττ)

• pp→ tt̄W± → bW+b̄W−W± → bb̄jj`+`−νν̄ +X (tt̄W ),

• pp→ tt̄Z → bW+b̄W−Z → bb̄jj`+`−νν̄ +X (tt̄Z), and
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• pp→ bb̄jjW+W− → bb̄jj`+`−νν̄ +X (without tt̄jj contribution).

Following Table. 4.2, we neglect the contribution from the cc̄jjW+W−, and

jjjjW+W− backgrounds. For all of the backgrounds, discussed above, we have

applied a b-veto to reject events with more than one b jet with pT > 20 GeV

and |η| < 4.7. We evaluated the cross-section for each of the backgrounds using

Madgraph, and followed the same procedure to generate events for the detector

simulations, as we did for the signal.

We scale our background cross-sections to NNLO using K factor of 1.8 for tt̄jj,

bb̄jjττ , and bb̄jjW+W− same as tt̄ for simplicity. For tt̄W and tt̄Z, we use 1.64

and 1.46 respectively as the K factors, calculated using Madgraph.

4.2.3 Realistic Acceptance Cuts

We take motivation from the ATLAS studies [142] for h0 → τ+τ−, to choose

the following basic cuts:

• PT (b, j) ≥ 20 GeV

• |η(b)| ≤ 4.7, |η(j)| ≤ 2.5

• Two Opposite sign leptons with PT (`) ≥ 10 GeV, and |η(`)| ≤ 2.5,

• /ET ≥ 25 GeV, ∆R(``, jj, bj, bb, `j, `b) ≥ 0.4

• PT (leading`) ≥ 20 GeV

• We also apply a b veto. Rejecting all the events having more than one b-jet

with PT ≥ 20 GeV and |η| < 4.7.
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4.2.4 Mass Reconstruction

In this section, we present our strategy to reconstruct the Higgs signal coming

from pp → tt̄ → bjjt̄ + X → bjjc̄h0 + X → bjjc̄τ+τ− → bjjc̄`+`− + /ET + X.

Taking motivation from Sec 4.1.4, we reconstruct the top mass for t→ bW,W → jj

by choosing those jets which minimizes |mbjj−mt|+|mjj−mw| as j1 and j2, and the

remaining jet (j3) is identified as a charm jet. The reconstructed mass distributions

for mb,j1,j2 and mj1,j2 from parton level events as well from the detector simulations

are in Fig. 4.9 for the signal and the most dominant background tt̄jj.
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Figure 4.9: Invariant mass distributions for mbj1j2 and mj1j2 from parton level
events (left) and detector level events (right).

Next is the reconstruction of the FCNH signal, t→ ch0 → cτ+τ− → c`+`−+ /ET .

We perform this reconstruction in the following ways:

• (a) Since mτ/mh � 1, τ -leptons coming from the Higgs decays are highly

boosted, as a result, we can make an assumption that all the decay products

of τ -lepton, i.e. leptons and neutrinos, are collinear to τ -lepton. This is

called the collinear approximation [117]. Under this assumption, we can

reconstruct the τ -lepton momentum using the following equation,

Pτi =
P`i
xi
, (4.19)
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here, i = 1, or 2 and xi denotes the fraction of the momentum carried by

leptons and we require 0 ≤ xi ≤ 1. The remaining fraction of the momentum

will be carried by the neutrinos. We can use the missing transverse energy

to estimate the momentum fraction, as shown below,

/Ex = (1− x1)Pτ1x + (1− x2)Pτ2x (4.20)

/Ey = (1− x1)Pτ1y + (1− x2)Pτ2y . (4.21)

Here /Ex( /Ey) is the x-component (y-component) of the missing transverse

energy. From Eq 4.19, Eq 4.20 and Eq 4.21, we get

x1 =
(P`2xP`1y − P`1xP`2y)

(P`2xP`1y − P`1xP`2y + /EyP`2x− /ExP`2y
) (4.22)

x2 =
(P`2xP`1y − P`1xP`2y)

(P`2xP`1y − P`1xP`2y − /EyP`1x + /ExP`2y)
. (4.23)

Using Eq 4.22 and Eq 4.23, we have calculated the τ -lepton momenta and

then reconstructed the invariant mass of τ -leptons, i.e., Mcol(ττ). With the

j3 as a charm-jet, we have also reconstructed the invariant mass of the charm

and the τ -leptons Mcol(c(j3)ττ). Our distributions are shown in Fig. 4.10:
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Figure 4.10: Invariant mass distribution for Mcol(ττ) and Mcol(cττ) with the
collinear approximation, from parton level events (a) and detector simulations (b).
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• (b) We also reconstruct the cluster transverse mass using Eq 4.15 for two

leptons + missing transverse energy (MT (``, /ET )) and Eq 4.16 for two leptons

+ charm jet + missing transverse energy (MT (c``, /ET )). We have shown these

distributions again for both the parton level events and detector simulations

in Fig. 4.11.
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Figure 4.11: Cluster transverse mass distributions from parton level events (a)
and detector simulations (b).

• (c) We also reconstruct the invariant mass of the two leptons. It doesn’t

correspond to any specific resonance, but it carries a unique topology, as

shown in Fig. 4.12:
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Figure 4.12: Invariant mass of two leptons,from parton level events (a) and
detector simulations (b).

In the case of mbjj and mjj, we observe distinct peaks at mt and mW , respec-

tively, from both parton level analysis and detector simulation. For Mcol(ττ) and
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Mcol(cττ), we observe broad peaks close to mt and mh for parton level events.

From detector simulations, for Mcol(cττ) our curve pretty much flatten after mt,

which is mainly due to higher uncertainty in the charm identification, and the

detector resolution effects. We observe similar effects on the transverse mass

distribution, MT (c``, /ET ), from detector simulations as well.

The combination of the collinear mass distributions and cluster transverse mass

distributions, along with the momentum fraction requirements serves as powerful

selection tools in removing the SM backgrounds.

4.2.5 Important Mass Cuts

In addition, to the above reconstructed mass variables, we have also recon-

structed another important variable which proves to be quite effective in vetoing

the SM background. The energy of the charm quark in the top rest frame has a

distinct peak at ∼ 41 GeV:

ER
c =

mt

2

{
1 +

m2
c

m2
t

− m2
h

m2
t

}
∼ 41.43GeV, (4.24)

as shown Fig. 4.13.
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Figure 4.13: Energy of the charm in the top rest frame from parton level events
(a) and detector simulations (b).

After careful observation of the mass distributions along with the energy of
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charm quark on parton level events, we propose the following cuts:

Variable Cut

M(j1, j2) |M(j1, j2)−mW | ≤ 0.15×mW

M(b, j1, j2) |M(b, j1, j2)−mt| ≤ 0.20×mt

Mcol(ττ) |Mcol(ττ)| ≤ 0.35×mh

Mcol(cττ) |Mcol(cττ)| ≤ 0.45×mt

MT (``, /ET ) 40 GeV ≤MT (``, /ET ) ≤ 140 GeV

MT (c``, /ET ) 80 GeV ≤MT (c``, /ET ) ≤ 180 GeV

Ec 32 GeV ≤ Ec ≤ 52 GeV

Table 4.3: Selection rules for parton level events.

For detector simulations, our mass resolution is not as good as the parton

level events because of a more sophisticated detector smearing along with parton

showering and hadronization effects, so we relax our mass cuts, as shown in

Table. 4.4.

Variable Cut

M(j1, j2) |M(j1, j2)−mW | ≤ 0.30×mW

M(b, j1, j2) |M(b, j1, j2)−mt| ≤ 0.35×mt

Mcol(ττ) |Mcol(ττ)| ≤ 0.35×mh

Mcol(cττ) |Mcol(cττ)| ≤ 0.35×mt

MT (``, /ET ) 40 GeV ≤MT (``, /ET ) ≤ 140 GeV

MT (c``, /ET ) 80 GeV ≤MT (c``, /ET ) ≤ 240 GeV

Ec 20 GeV ≤ Ec ≤ 60 GeV

Table 4.4: Selection rules for detector simulations.

.
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4.2.6 Discovery Potential

Parton Level estimates

After applying all the cuts from Table. 4.3 on parton level events, we show

our cross-section estimates for the signal and SM backgrounds at
√
s = 13 TeV in

Table. 4.5. In Fig. 4.14 we present our estimates for statistical significance(NSS) as

Process Cross-section (fb)
tt̄ jj 0.96
bb̄jjττ 0.06
tt̄W 0.006

bb̄jjWW 4.03×10−4

tt̄Z 3.3 ×10−4

Total 1.03
Signal (λtc = 0.064) 0.39

Table 4.5: Cross-section of background and signal in fb after applying cuts defined
in Table 4.3.

a function of λtc/
√

2 from our parton level analysis. We calculate NSS using [143],

NSS =
√

2× (NS +NB) ln(1 +NS/NB)− 2×NS . (4.25)

Here NS(NB) are the number of signal (background) events.
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Figure 4.14: NSS as a function of λtc for parton level events at
√
s = 13 TeV.
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Detector Level results

After applying all the cuts described in Table. 4.4, our cross-section from the

detector simulations is shown in Table. 4.6

Process Cross-section

tt̄jj ∼ 1.3

bb̄jjττ ∼ 0.07

tt̄W ∼ 0.008

tt̄Z ∼ 0.001

bb̄jjWW ∼ 0.001

Total ∼ 1.4

Signal(ρtc = 0.064) ∼ 0.04

Table 4.6: Cross section of signal and backgrounds in fb.

From Table. 4.6 we estimate the statistical significance using Eq 4.26, for three

different integrated luminosities L = 36.1, 160 and 300 fb−1. Our estimates are

shown in Table. 4.7.

Method L = 36.1fb−1 L = 160fb−1 L = 300fb−1

Cut-based 0.2 0.43 0.58

Table 4.7: Statistical significance for three values of integrated luminosities, with
the current limits ATLAS limit on λtc = 0.064.

In addition to the above analysis, we have also used a BDT to further improve

our statistical significance. Now after applying the cuts, mentioned in the Ta-

ble. 4.4, very few of the background events survives from our delphes samples.

Which makes it harder for the BDT to train the background samples. This can

result in overtraining, which means the prediction of the BDT from the training
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sample does not match (to an acceptable uncertainty) with predictions from the

testing sample. In order to increase our sample size, we further relax our cuts

before training. As a case study we choose two sets of relaxed cuts, for Set-1:

• M(b, j1, j2) ≤ 300 GeV and M(j1, j2) ≤ 150 GeV

• M(`, `) ≤ 120 GeV and MT (`, `, /ET ) ≤ 180 GeV

• Mcol(τ, τ) ≤300 GeV and Mcol(c, τ, τ) ≤ 400 GeV

• Ec ≤ 120 GeV.

Set-2 remains the same, except for M(`, `) ≤ 100 GeV and Mj1j2 ≤ 120 GeV.

Table. 4.8 shows the cross-sections after applying the above set of cuts.

Process Set 1 Cuts Set 2 Cuts

tt̄jj 13.6 9.9

bb̄jjττ 0.51 0.47

tt̄W 0.07 0.05

bb̄jjWW 0.009 0.007

tt̄Z 0.025 0.02

Total 14.3 10.5

Signal (λtc = 0.064) 9.5× 10−2 9× 10−2

Table 4.8: Cross-section for signal and background in fb, after applying Set-1 and
Set-2 cuts.

We create two samples after applying the two sets of cuts and then pass them

separately for BDT analysis. We have used TMVA [80] (ToolKit for Multivariate

Analysis) package inbuilt in ROOT [144] to perform this analysis. The BDT-

response from both the sets is shown in Fig. 4.15.
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Figure 4.15: BDT response from samples after (a) Set1, and, (b) Set2 pre-selection
cuts.

From the above BDT-response for both the sets, we choose a point where we

get the best NS/
√

(NS +NB). The cut-efficiencies for the signal and background

from the BDT-response are:

• Set-1: εsignal = 0.53, εbackground = 0.023,

• Set-2: εsignal = 0.35, εbackground = 0.013.

Based on the above estimates of cut-efficiencies from the two different BDT runs,

in Table. 4.9, we present the statistical significance of the signal at L = 36.1, 160,

and 300 fb−1 with
√
s = 13 TeV for λtc =0.064.

Cuts L = 36.1 fb−1 L =160fb−1 L = 300fb−1

Set-1 0.51 1.07 1.48

Set-2 0.51 1.05 1.47

Table 4.9: Statistical significance at the current ATLAS limits for λtc =0.064
from the two samples.

In Fig. 4.16, we present the statistical significance NSS as a function of λtc/
√

2

with the current ATLAS-limits [88] shown as a vertical red-dashed line.
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Figure 4.16: Statistical significance estimate as a function of λtc/
√

2 for the
two set of pre selection cuts at

√
s = 13 TeV for integrated luminosity L = 36.1,

160 and 300 fb−1, Here red (dashed) vertical line is the current limits set by
ATLAS-2019.

In Table. 4.10, we show the comparison of the statistical significance for the

cut-based and BDT.

Method L = 36.1fb−1 L = 160fb−1 L = 300fb−1

Cut-based 0.2 0.43 0.58

BDT 0.51 1.07 1.48

Table 4.10: Comparison between traditional cut-based vs BDT.

4.3 Combined Estimates at Parton Level

In this section, we present our estimate of the discovery potential for the

t → ch0 Higgs signal by combining h0 → WW ∗ and h0 → τ+τ− at
√
s= 13

TeV for integrated luminosities L = 36.1, 160 and 300 fb−1 at parton level. In

Table. 4.11, we present our estimates of the statistical significance for λtc =0.064,
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Process L = 36.1fb−1 L = 160fb−1 L = 300fb−1

h0 → WW 0.93 1.96 2.7

h0 → τ+τ− 2.2 4.6 6.3

Combined 2.4 5.0 6.85

Table 4.11: Statistical significance for h0 → WW ∗ and h0 → ττ at
√
s = 13 TeV

for λtc = 0.064. We have also shown the combined estimates of both the channels.

In Fig. 4.17, we present the statistical significance as a function of λtc at

L = 160fb−1.
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Figure 4.17: Combined estimates of NSS for t → ch0 decay channel, after
including both h0 → τ+τ− and h0 → WW ∗ at parton level.

We see that the h0 → τ+τ− gives a higher statistical significance than the

h0 → WW ∗, despite having a lower branching fraction (B(h0 → WW ∗) ∼ 21%,

B(h0 → ττ) ∼ 6%). What works in the favor of h0 → τ+τ− channel is:

• (a) Full reconstruction of the invariant Higgs mass from the collinear approx-

imation.

• (b) We can calculate the energy of charm in the top rest frame with the help
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of the reconstructed τ -lepton momentum. Which in turn has a very sharp

peak at ∼ 41.43 GeV for the Higgs signal.

• (c) Momentum fraction requirements, .i.e., 0 ≤ xi ≤ 1.

The above three variables help us to remove a much larger chunk of the SM

backgrounds for the τ+τ− channel in comparison with the WW ∗. When we

compare Table. 4.2 with Table. 4.5, it is quite evident that for h0 → ττ our total

background cross section at
√
s = 13 TeV is about 1 fb, whereas for h0 → WW ∗

it is 15 fb.
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Chapter 5

Conclusion and Future Work

The discovery of the Higgs-like scalar at ATLAS and CMS in 2012 completes

the SM’s particle spectrum. Although the Higgs mechanism, which provides mass

to fermions and weak gauge bosons by spontaneously breaking the electroweak

symmetry, is still unclear. To understand the Higgs mechanism, we need to know

how the Higgs sector interacts with the fermions and gauge bosons. In Chapter

1, we mentioned that the flavor symmetry in the SM is accidental, and the Higgs

boson from the SM also respects this flavor symmetry. It is essential to test

this flavor symmetry of the SM experimentally and phenomenologically as well.

Section 1.1.9 shows that the experimental measurement of the observables R(D)

and R(D∗) [44–46] deviates from the SM predictions quite significantly, which

means that the SM flavor symmetry is not an exact symmetry of nature. One

explanation comes from the gTHDM, with no symmetry to restrict the Higgs

couplings to the fermions. As a result, gTHDM can predict the existence of flavor

changing neutral Higgs interaction at tree level. In the decoupling limit, the light

Higgs boson (h0) resembles the standard Higgs boson, and is less massive than

the top quark; this could make the rare decay t → ch0 feasible. For the case of

leptonic FCNH signal, the decoupling limit could potentially explain the fading

signal for h0 → τµ at LHC, as this coupling is proportional to cos (β − α) → 0.

Where as for the H0 → τµ, the interaction is proportional to sin (β − α)→ 1 and

A0 → τµ is independent of the mixing angle (β − α).

As shown in Chapter 3, we have investigated the prospects of discovering

H0, A0 → τµ for current and future high energy (HE) and high luminosity (HL)

collider at the LHC. With gluon-gluon fusion being the most dominant mode of
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production for both the scalar and the pseudoscalar, we have found promising

results for LHC with the parameter cos(β − α) = 0.1 , with ρ̃tc = 0.1 for MH

up to 300 GeV. It should be noted that the pp → A0 → τµ is more promising

than the pp→ H0 → τµ because of its higher production cross-section and fewer

parameters affecting φ0 → τµ decay. Recently CMS [145] performed their first

dedicated study towards looking for pp→ H0 → τµ with 200 < MH < 900 GeV.

Although there was no excess in the signal region, their limits on the cross-section,

as shown in the Fig. 5.1, can help us improve our parameter space. This will

provide a baseline for future studies.

Now for the FCNH involving quarks (charm and top quarks), as presented in

Chapter 4, we investigated the prospects for discovering t → ch0 decay at the

LHC, focusing on the channel where tt are pair produced and subsequently decay,

one hadronically and the other through the FCNH mode. We have considered

two different decay modes for the h0, namely WW ∗ and τ+τ−, with the same

final states. The primary background for this signal is ttjj with both the top

quarks decaying leptonically to t → b`ν`. This background involves one b-jet

mis-tagged either as a c jet or a light jet. In addition, we have two other light

jets, two opposite-charged leptons, and neutrinos, presenting as missing transverse

energy. With the help of kinematic information, we have reconstructed important

resonances for the signal and removed much of the SM backgrounds.

We have shown two different analyses for τ+τ−, one being a parton level study

(similar to WW ∗), and the other using detector simulations.

We find that the h0 → τ+τ− performs better than h0 → WW ∗, because of two

reasons:

• mτ/mh � 1, so τ are highly boosted such that the neutrinos, leptons,

or jτ move in the same direction of τ . This allows us to use the collinear
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Figure 5.1: The observed and median expected 95% CL upper limits on σ(gg →
H0) × (H0 → µτ), for the µτh (upper) and µτe (lower) channels, for 0-jet (left)
and 1-jet (right) categories. The dashed line shows the transition between the two
investigated mass ranges, Sirunyan. et. al (CMS-HIG-18-017).
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approximation to reconstruct τ -lepton momentum, and hence invariant Higgs

mass.

• With the help of reconstructed τ -lepton, we can also reconstruct the top

momentum, in the t→ ch0. We used that to calculate the charm energy in

the top rest frame, which, as shown in Fig. 4.13, has a sharp peak at 41.43

GeV.

With the selection rules defined in Table 4.3 on the above variables, we can reduce

the SM backgrounds in the h0 → τ+τ− much more efficiently than h0 → WW ∗,

hence making τ+τ− much more cleaner channel. Based on our analysis, we find

that for h0 → WW ∗ at
√
s = 14 TeV, with L = 3000fb−1, LHC can probe to as

low as B(t→ ch0) ' 1.17× 10−3 ,λtc ' 0.069.

The sensitivity increases with
√
s = 27 TeV and

√
s = 100 TeV, which can

reach upto B(t → ch0) ' 6.1 × 10−4 , λtc ' 0.048 and B(t → ch0) ' 2 × 10−4 ,

λtc ' 0.028 respectively. Now for
√
s = 13 TeV, with the current limits we cannot

find any region with 5σ or better for WW ∗. Whereas, including the τ+τ− channel

at parton level, we have shown that we can reach 5σ, even at a L = 160fb−1.

With L = 3000fb−1 by combining both the channels we can probe λtc as low as

3.12×10−2 and B(t→ ch0) ' 2.4×10−4, a significant improvement to our previous

parton level analysis.

A more realistic analysis comes from the detector simulations for h0 → τ+τ−,

which suggests that we need L ' 3439fb−1 to reach a statistical significance of 5

σ at
√
s = 13 TeV for λtc = 0.064. We can reach a statistical significance of about

∼ 4.6 σ for λtc = 0.064, with L = 3000fb−1. With the upcoming high energy and

high luminosity hadron colliders, more light will be shed on the properties of SM

Higgs boson. With new data, we can learn a lot more about the EWSB and FCNH.

A more dedicated search for t → ch0 can perhaps open up doors for more new
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physics, and help us to understand more about nature and its underlying flavor

structure.

The FCNH signals we have searched in the framework of the gTHDM can

provide more insight on the mechanism and the scalar fields responsible for EWSB

to generate mass terms for the vector bosons and the fermions. With the τµ

channel, we can also prove the existence of the new Higgs scalar, which will point

towards an extended Higgs sector with more than one doublet; this means that

SM-Higgs doublet is not the only player driving the Higgs mechanism. For the

case of t → ch0, its discovery can link towards the existence of the new sources

of CP-violation coming from the Yukawa sector if there is any complex phase

associated with the ρ̃tc coupling. This additional source of CP-violation along with

complex ρtt coupling, which is associated with the production of H0 and A0, can

potentially explain the matter-antimatter asymmetry of the Universe as discussed

in Ref. [64].
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Appendix A

The goal of this Appendix is to check our choice of λ5 ≤ 0. The Higgs potential

in the gTHDM is given as [47],

V2HDM = m2
11φ
†
1φ1 +m2

22φ
†
2φ2 − (m2

12φ
†
1φ2 + h.c)

+
1

2
λ1(φ†1φ1)2 +

1

2
λ2(φ†2φ2)2 + λ3(φ†1φ1)(φ†2φ2) + λ4|φ†1φ2|2

+
1

2
λ5(φ†1φ2)2 + {λ6φ

†
1φ1 + λ7φ

†
2φ2}φ†1φ2 + h.c

The vacuum stability conditions from [47], are

λ1, λ2 > 0, λ3 > −
√

(λ1λ2) (A.1)

2HDMC [109] uses the above conditions along with

λ3 + λ4 − |λ5| > −
√

(λ1λ2) (A.2)

to check the unitarity and vacuum stability of the gTHDM Higgs potential. The

above conditions serves as a powerful tools to restrict λ′s. We have set λ6,7 = 0

for simplicity and λ1−4 are set by the mass of the scalar particles and λ5. We have

set MH = MA = MH± as a case study. In Fig. A.1 we present all of those points

which breaks the unitarity and vacuum stability of the Higgs potential.

For perturbativity stability the Higgs quartic couplings λhhhh is required to be

less than 4π, as required by 2HDMC. In Fig. A.2 we present the allowed regions

in the [λ5 - tan β] plane. which suggests that, we should have:

• λ5 ≤ 0

• tan β ≤ 2
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Figure A.1: Points showing the breaking of vacuum stability (left) and perturba-
tivity (right) of the gTHDM Higgs potential in [λ5 - tan β] plane.

So that the Higgs potential follow unitarity, vacuum stability and perturbativity.

We have also checked allowed regions for MH = 150, 250, 300 and 350 GeV.
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Figure A.2: Allowed region of parameter space for different MH for
Ghhhh < 12.56(4π)

Now following Ref. [146], the quartic coupling for λhhhh can be as high as 23.64,
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Figure A.3: Allowed region of parameter space for different MH but for Ghhhh <
23.64

but this only provides us with a few more points in the allowed region for λ5, as

shown in Fig. A.3, This suggests that, for our parameter space to produce a stable

tree level Higgs potential and follow perturbation theory, we should have

• λ5 ≤ 0

• tan β ≤ 4
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Appendix B

For the gg → φ0 → τµ we scale our tree level estimates to NNLO by calculating

the higher order corrections to gg → φ0 using HIGLU [114]. We have included the

interference effects from both the top-loop and bottom-loop. In addition, the next

to next to leading order QCD corrections as well as radiative corrections are also

included. We have calculated the K factors for H0 and A0 separately for different

energies. In Fig. B.1 we present our estimates for the K-Factors,
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Figure B.1: K-factor as a function of M0
φ , φ

0 = H0, A0 for (a) pp→ H0 +X, and
(b) pp→ A0 +X, from gg → φ0, with several values of collider energy (

√
s).

To simplifying our MC calculations, we have calculated fitting functions for

K-factors calculated above, using Mathematica [147]. Our fitting function takes as

an input the center of mass energies
√
s, and the mass of the scalar or pseudoscalar,

to calculate the K factor. In Fig B.2, we present the performance of our fit for

scalar and pseudoscalar at 13 TeV as a function of masses.
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Figure B.2: Goodness of the fitting function for K-factors as function of scalar
masses. On the right we present for heavy scalar and left for pseudo scalar
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