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Abstract

Higgs Boson Phenomenology in the Type II Two Higgs Doublet Model
(2HDM)

Fuakye Eric Gyabeng

We present a strategy to study the parameter space of the Type — II CP conserving Two Higgs
Doublet Model with a softly broken Z; symmetry by parametrizing the Higgs scalar potential
in the physical basis. In this basis, the input parameters are the masses of the 4 scalar
physical states, my+, my, mpy, my, the ratio of the Higgs vacuum expectation values, tan [,
two mixing angles, o and 3, and the softly breaking parameter scale of the Zy symmetry, M.
Using the physical basis, we present numerical scans of the available 2HDM parameter region
where we modify the Lilith program to study constraints from signal strength measurements
of the 125GeV Higgs boson on the cos (8 — a) and tan 8 plane in the Type - II 2HDM.
We also impose certain theoretical constraints on the masses of H, A, and H* to eliminate
all exotic decays, and to allow space for SM particle decays. From these results, we define
three benchmark scenarios, namely the decoupling limit, near the decoupling limit, and the
crescent limit. The crescent limit allows us to probe non-SM Higgs phenomenology that is of
interest for future LHC Higgs searches. Our results suggest that in the crescent limit, when
kinematically accessible H — hh, A — Zh and H* — W¥*h should become high priorities

in searching for additional Higgs bosons.

Keywords— 2HDM, Higgs Physics, Z5 Symmetry, Crescent limit, Lilith
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Chapter 1

Introduction

1.1 Background information

Atoms are extremely important structures that make up all of the materials on earth.
Atoms are present in the human bodies and they bond together to form molecular structures
which make up matter. Matter is anything that has mass and occupies space. There are
four states of matter, solid, liquid, gas, and plasma. Also, atoms are made up of protons,
neutrons and electrons. These subatomic particles consist of fundamental particles of matter
which are the basic building blocks of the universe. The study of these fundamental particles
of the universe is referred to as particle physics, which has become a broader area of research
interest to many since several decades ago. The study of particle physics therefore seeks
to address the fundamental or elementary building blocks of matter and how they interact.
The good news is that there is a very powerful framework which helps us to understand
these elementary particles that build up the matter constituents around us and how they
interact. This is the famous Standard Model(SM) of elementary particle physics as shown
in Fig. below. According to the SM, elementary particles can be grouped into two
forms namely fermions and bosons. Fermions are spin % particles which obey the Pauli’s
exclusion principle and can be categorized into quarks and leptons. Bosons on the other
hand are spin 1 particles which mediate the interactions between the fundamental particles

in the SM. Forces associated with a symmetry of Lagrangian are mediated by these spin 1



bosons (v, W%, Z, g). The four main fundamental interactions in nature are electromagnetic,
weak, strong and gravity. Gravity is however not encoded in the SM and hence shall not
be discussed in this thesis. An attempt to fit gravity into the SM has proven to be a very
tough challenge because, on the scale of experiments in particle physics, gravity is by far
the weakest among all the other fundamental interactions, although it is dominant on the
scale of the universe[ll 2]. The comparative strength for gravitational interaction is of the
order of 1073 as compared to the weak force whose relative strength is about 10~73]. The
electromagnetic interaction unifies both the electric and magnetic fields [4], the weak force is
responsible for the radioactive decay of certain nuclei [5] and the strong force is responsible
for the formation of hadrons(such as protons and nucleons) [6], all four forces shown in Fig.
below. The electromagnetic and weak interactions are understood in recent times as

manifestations of the same force called the electroweak interaction.

st gud g ’
o ~N N[ N[ AY )
JUINCH T Y| H
E up charm top photon | Higgs Boson ) | ’ 7
=
d ”fi
S Strong force Electromagnetic
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(1) 0|8 [
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9/ /" |8
g electron muon tau Zboson :
(-]
P =
=2 =
[ S , :
= l/e V/’l’ VT =] Weak force in ’ Gravitational force
neutrino neutrino neutrino radioactive decay .
\_ clecton muon ) \_tau__J {__ guon binds the solar system

Figure 1.1: The standard model of elementary Figure 1.2: Fundamental forces of nature
particles

Each type of interaction corresponds to the gauge symmetry group, and the theory
exhibits an exact invariance under the combination of these symmetries|7]. Hence, the SM
depends on certain gauge invariance principles for which the fundamental forces mediated
by spin one gauge bosons occur. One of the strangest thing about the SM is that this
gauge symmetry which gives a perfect description about particle interaction abysmally fails
to describe the masses of the particles. This is actually the reason why we need to break the

symmetry entirely for the particles to gain their masses. Hence, this leads to the concept of

2



Electroweak Symmetry Breaking (EWSB) which explains how the gauge bosons and fermions
gain their masses. A simplest and easiest way to account for the concept of electroweak
symmetry breaking is to enlarge the particle content of the SM by simply adding a complex
scalar doublet, under SU(2);, where the vacuum expectation value of the scalar field appears
non zero. This concepts of symmetry breaking is implemented by the Higgs mechanism.
According to [§] , which focuses on broken symmetries and the masses of the gauge bosons, it
was made explicitly clear that in the Higgs mechanism, a scalar Higgs field develops a non zero
vacuum expectation value through it potential. During this mechanism, the particles acquire
their masses proportionally to the vacuum expectation value and their Yukawa couplings
to the Higgs field. Moreover, during spontaneous breaking of the electroweak symmetry,
the 3 Goldstone bosons which appear are absorbed into both the W* and Z° boson such
that these bosons become massive. After EWSB, a spin zero scalar boson called the Higgs
boson remains. On July 4th 2012, both the ATLAS [9] and CMS [10] collaborations at the
Large Hadron Collider (LHC) confirmed a spin 0 scalar boson with mass about 125 - 126
GeV. Analyses have confirmed that this observed boson is in remarkable agreement with
that predicted by the SM. Hence, the discovery of such a boson was a milestone to our
understanding of nature, a confirmation in particle physics to our understanding of EWSB

and a vital ingredient for future studies on new physics beyond the SM.

1.2 Motivation for studying BSM Physics

Despite being the most successful theory of particle physics to date, the Standard Model
is inherently an incomplete theory [II]. The SM does not adequately explain several fun-
damental physical phenomena in nature. This calls for extending the particle content of
the SM and several studies have been carried out in the past [12-14]. From a theoretical
perspective, there are several motivations to enlarge the scalar sector of the SM electroweak
sector. Understanding the existence of dark matter in the universe is one of the motivations
for studying BSM physics. Our present understanding of the universe tells us the universe is
made of up of about 4% ordinary matter, 20% dark matter and 76% dark energy [15]. Dark

matter is composed of particles that do not absorb, reflect, or emit light, so they cannot

3



be detected by observing electromagnetic radiation whereas dark energy is the hypothesized
source of energy that is accelerating the expansion rate of the universe[16, [I7]. Understand-
ing dark matter is important to understanding the size, shape and future of the universe.
Concepts of dark matter also help in explaining the formation and evolution of galaxies and
clusters[I8, 19]. Few works on dark matter physics can be found in [20] and [2I]. Also,
the baryon asymmetry of the universe, electroweak baryogenesis [22H24] and the strong CP
problem [25], 26] serve as other reasons to extend the scalar sector of the SM. With these
motivations to study BSM physics, in this thesis, we focus on the two Higgs doublet model
(2HDM), one of the most simplistic extensions of the SM [12] [13] where we just add a sec-
ond scalar Higgs doublet to the already existing one in the SM. Adding a second doublet
leads to a richer phenomenology as there are now 8 degrees of freedom. Just like in the
SM, 3 Goldstone bosons are absorbed by the W* and Z° bosons via spontaneous symmetry
breaking leaving 4 physical scalar states. We discuss in detail the concepts of electroweak
symmetry breaking with respect to the 2HDM in Chapter [3] of this thesis. The remaining
4 physical scalar states are the CP even states (h, H), CP odd (A) and the charged Higgs
bosons (H*). The discovered Higgs boson at the LHC is measured to be CP even, so by
convention, we could either map h or H with the observed Higgs. The lighter CP even Higgs
boson h may have couplings exactly like the SM-Higgs boson. This occurs in the so called
decoupling limit. In another such limit, the heavier CP even boson H is SM-like, leaving h
to be the lighter than the discovered Higgs. We have discussed these limits in Chapters
and [0] of this thesis. 2HDMs can be categorized into four different classes based on which
type of fermions couple to a specific doublet. These classes are usually grouped as Type I,
Type II, X and Y. In this thesis, we focus on the Type IT 2HDMs (MSSM-like) where up type
quarks couple to one of the doublets and down type quarks and charged leptons couple to
the second doublet. This second doublet appears in the most popular scenario of BSM, su-
persymmetry. MSSM which means minimal supersymmetric standard model is an extension
to the SM that realizes supersymmetry[27, 28]. MSSM only considers the minimum number
of new particle states and new interactions consistent with phenomenology. Supersymmetry

is a basic principle that proposes the relationship between bosons and fermions such that



every SM particle has a superpartner yet undiscovered [29].

1.3 Brief Research Methodology

This section outlines brief research techniques we employed in probing the phenomeno-
logical aspects of the type II CP conserving 2HDM. To successfully achieve the purpose
of this work, we scrutinize the physical mass eigenstates of the model. For the numerical
analysis, we modified the two Higgs doublet model calculator (2HDMC) [30] to suit our re-
search interest. We also performed a check on the model with the help of Mathematica [31].
One important parameter in the 2HDM is tan $ which is defined as the ratio of the vacuum
expectation values of the doublets. We then impose constraints from signal measurements
of the observed 125.09 GeV Higgs boson at the LHC using the Lilith [32] Python embed-
ded programming tool. Also, we choose three benchmark scenarios for our analysis. These
benchmark scenarios can be found in section . Lilith is a Python library that can also
be used in C[33] and C++[34] /ROOT|35] programs and it includes the latest experimental
measurements from both the ATLAS and CMS collaborations at the LHC. Also, easily to
understand codes in Bash Shell Scripts[36], Python[37] and Perl|38] Programming were all
written by myself from scratch to obtain possible decay rates and production cross sections
which is very needful in our analysis. With these research tools and techniques in hand, we
present both analytical and phenomenological discussions in Chapters [4] , 5] and [6] of this

thesis.

1.4 Organization of this thesis

We organize the thesis into 7 chapters. The following are what each chapter contains:
Chapter [1] focuses on a brief background overview of fundamental particles and their interac-
tions in the SM. We also present the motivation for studying BSM physics and a brief research
method in this chapter. In Chapter 2], we review the SM Higgs sector, where we discuss the
particle content of the SM, concepts of electroweak symmetry breaking and the Higgs mech-

anism. We also show the interaction of the SM Higgs boson with gauge bosons and fermions

5



and give mass expressions for both gauge bosons and the fermions. Finally, we discuss the
production and decay rates of the SM Higgs. Chapter 3| highlights the CP conserving 2HDMs
where we describe the Higgs potential in the different bases and to avoid many mathematical
complexities, we only show how to find the Goldstone bosons, masses of the gauge bosons
and fermions by minimizing the full scalar potential of the 2HDM. We also present in this
chapter the Higgs interactions with gauge bosons and fermions as well as theoretical con-
straints in the 2HDM. We also discuss experimental constraints from LHC measurements of
the 125.09GeV Higgs boson. In Chapter [d], we present results and discussions for searches of
the heavy Higgs within the type IT 2HDM. In Chapter |5|, we present analytical expressions
for the partial decay widths and phenomenological analysis for searches of the pseudoscalar
Higgs, A within the type IT 2HDM. Chapter [0] also presents analytical expressions for the
partial decay widths and phenomenological analysis for searches of the charged Higgs, H™*
within the type II 2HDM. Finally, in Chapter [7], we conclude the thesis by summarizing the
main contributions examined in the previous chapters and providing recommendations that

might be useful for future research studies.



Chapter 2

The Standard Model Higgs Sector

This chapter highlights the fundamental principles of the Standard Model Higgs sector.
We first present the particle content of the SM, concepts of spontaneous symmetry breaking,
and the Higgs mechanism, which describes the origin of particle masses. We also discuss the

branching ratios and production cross section of the SM Higgs.

2.1 Particle content of the SM

The Standard Model (SM) is a relativistic quantum field theory based on SU(3)¢ ®
SU((2)L ®@U(1)y gauge symmetry. The SU(2), ® U(1)y forms the electroweak theory where
L is a sub-index which refers to the fact that the weak SU(2) group acts only on the left-
handed projections of fermion states and Y is the hypercharge. The SU(3)¢ component gives
a correct description to strong interactions in the SM. Up to date, the SM has proven to be in
perfect agreement with experimental data. We have summarized the particle content of the
SM in Table[2.1]below. From Table[2.1], we show the spin one bosons (v, W+, W™, Z, g). The
scalar Higgs boson is the only spin 0 particle. The fermions are the spin half particles which
come in 2 types, quarks and leptons. These are grouped into three generations. We have the
up-type quarks and the down type quarks on the left which have charges of +2/3 and —1/3
respectively. The leptons are also grouped into 3 generations with electrons, muons, tauons,

and their respective neutrinos. The neutrinos are neutral, whereas the electrons, muons and



tauons are negatively charged particles with charge —1.

Table 2.1: Particle content of the Standard Model

This table was taken from [39].

Bosons Scalars

v, WH W=, Z° g1 ¢ (Higgs)
Fermions

Quarks (each with 3 colour charges) Leptons

S )G ) ) () ()

2.2 Concepts of Symmetry breaking

In this section, we review the basic concepts of spontaneous symmetry breaking of gauge

symmetries.

2.2.1 Spontaneous symmetry breaking

For a spontaneous symmetry breaking to occur, the given Lagrangian must be continu-
ously invariant under the symmetry. However, the vacuum which is the lowest state does
not possess the same symmetry as it Lagrangian [40]. The mass terms in the Lagrangian for
the gauge bosons and fermions are not allowed as such a Lagrangian is not gauge invariant.
The weak bosons are not massless, hence there is the need for a mechanism through which

both bosons and fermions can get their mass terms [41-44].
e Simple example of symmetry breaking

Now, let’s begin with a very simple model for a real scalar field ¢, with a specific potential
term. We assume this real scalar field ¢ to be the Higgs field. The Lagrangian can be fully

expressed in terms of the kinetic and potential terms as;

L= @0F -V (©) 2.1)



Where the potential V' (¢) is;
L 1/\ 4

The above Lagrangian is symmetric or invariant under ¢ — —¢ and X is positive to ensure
an absolute minimum in the Lagrangian. There are two different possibilities for the sign of
1%, which are positive and negative values of u?.

With p? > 0, everything seems superficial. Let’s see this by first minimizing the potential in
equation above. Minimizing this potential means taking the derivative of the potential

with respect to ¢ and setting it to zero.

V() 2, 4
T MOty

0= 0 (4 +16)

From the minimization potential in equation above, we can see that with 2 > 0, the

vacuum of such states corresponds to zero, that is
pr>0—v={(¢)=0 (2.4)

Here, SU(2)., x U(1)y symmetric is unbroken at the minimum and the Lagrangian describes
a free particle of mass p that has an additional four-point interaction —}l)\¢4.
For 12 < 0, the vacuum of this state does not correspond to zero. Again from equation
we see that if 2 < 0, then we get;

— 2

pr<0—v=(p) ==+ — o p? = =\ (2.5)

We are much interested in this case as compared to the previous case since the non zero
vacuum value breaks the SU(2), x U(1)y symmetry. By checking the potential, we see that

it makes little sense to interpret the particle spectrum using the field ¢ since perturbation



theory around ¢ = 0 will not converge as the vacuum is located at equation above.
Therefore, to investigate the particle spectrum in the theory, we will have to look at small
perturbations around the minimum. To do this, it is more natural and appropriate to
introduce a new field n which is simply a shift of the field ¢ that is centered at the vacuum:
1n = ¢ —v. The next step is to write the Lagrangian with respect to this new field. For
simplicity, we follow the Lagrangian in Eq. then write out the kinetic and potential
terms separately, and later give an expression for the full Lagrangian. The kinetic term is

expressed as;

kinetic term = (5u¢) (0"9)
(O (n +0)) (0" (n +v))

(0un + 9yv) (8"n + 9"v)

RN RN RN -
S
[\
D
S—

=3 (Oun) (0'n)  since v =0"v=0

The potential term can be written as;

1 1
V(o) :§N2¢2 + Z)\¢4
1 1
=2 (n+v)"+ A (n+v)' (2.7)
1 1
= 5#2 (n* + 2nv +0°) + é_l)\ (n* 4+ 4n°v + 6n°v* + 4’ + v*)

But from equation pu? = —v?

—\v? 1
V(@) =5 (0 + 200+ 0%) + 22 (' Ao 4+ 670 + e’ )
by 2,,2 A 4 1 3 ]

T 7721) = o’ 7@ + A A+ S g 4 et (2.8)

1 1
=\v’n? + don® + 1)\7]4 — Z—})ﬂf‘
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Combining both the kinetic and potential terms above, we can write out the full

Lagrangian as:

1 1 1
L =3 (0um) (0n) — Mvin? — hon® — Z)\n"‘ + Z)\U4 (2.9)

This Lagrangian describes a particle n with mass:
my, = V2\v? (2.10)

This massive real scalar field is what we usually refer to as the Higgs field.
e Breaking a global symmetry

Having discussed a simple example of symmetry breaking in the previous section, we hereby
present the idea of a global symmetry breaking where in reality, the SM Higgs sector is
described by a weak isospin doublet. This means that we are free to introduce an additional
complex field which has two degrees of freedom. Let us now consider the additional complex
scalar field with two degrees of freedom as;

€

"m 7

(¢1 + i) (2.11)

The Lagrangian in terms of the potential can be expressed as;

L=(0,0) (0"¢) =V (9),  with V(¢)=p*(¢"0) + A (¢"9)" (2.12)

The above Lagrangian is invariant under U(1) global symmetry, that is, it is invariant under
the transformation ¢ — e®¢. The full Lagrangian in terms of ¢; and ¢, can be expressed
as ;

1 1 1 1
L(01.62) = 5 (0u01)" + 5 (0u02)" = 5p® (6 + 63) — A (01 +63)°  (213)

Again, there are two distinct possibilities to treat the behavior of the particle by studying
the Lagrangian, for which p2 > 0 and p? < 0.

11



e Case 1: For p? > 0

Figure 2.1: Potential V (¢) for u? > 0.

In this case, the vacuum occurs at ¢, = ¢ = 0 and is also symmetric in both ¢; and ¢5. The
Lagrangian describes two massive scalar particles each with mass p in the given expression

below;
1 2 1 2,2 1 2 1 2 .2 1 2 2\ 2
L ()1, 02) = 3 (Ou1)” — ol o7 + 3 (Ou2)” — SH ¢ — ZA (67 + 03) (2.14)

e Case 2: For 2 <0

Figure 2.2: Potential V (¢) for p? < 0.

The sketch for the potentials in Figs. and [2.2] were taken from [45].
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In this case, there is not a single vacuum located at the point (8). However, there exist

an infinite number of vacua which satisfies the vev;

)
Vs === (2.15)

From the infinite number of vacua, we can choose ¢y as ¢; = v and ¢, = 0. Now, studying
the Lagrangian under small fluctuations around the vacuum, it is natural to define the shifted

fields n and £ in terms of ¢, and ¢ as;
n=¢1—v and = (2.16)
Hence, ¢ can be expressed in terms of v and the shifted field ¢ as;

do = % (n+ v+ i€) (2.17)

We can now re-write the Lagrangian in terms of the shifted fields using;

[(v+ n)? + ¢ and pF=-\° (2.18)

N | —

From the Lagrangian in Eq. we then write the kinetic and potential terms of the

Lagrangian in terms of the shifted fields as;

Kinetic term: L (n,§) = %(9“ (n+v—1i&) 0" (n+v+if)

- (2.19)
=5 (0,m)° + (0,6)%, since v =0
Potential:  V (1, &) = p?¢® 4+ \¢*
1 1 2
=5\ [0 +0) + &+ A [(w+m) + €7 (2.20)
1 1 1 1
= —1)\1}4 + Av*n? 4+ don? + Z)wf + 1)\54 + doné? + 5/\77252

13



The full Lagrangian from Egs. and can be written as;
1 1
L(n,&) = 5 (8,m)° — (M) n* + 5 (8,€)* 4 0 - €2 + higher order terms (2.21)

This Lagrangian describes a massive scalar particle of mass n and a massless particle of mass

¢ both identified as;
my = V2?2 =+/=2p2>0 and me=0 (2.22)

To summarize what happens after continuously breaking a global symmetry, we see that
an attempt to introduce some fluctuations around the vacuum expectation value yields one
massive and a massless boson. While we assume that the massive particle corresponds
to the SM Higgs boson, the massless boson is the so-called Nambu-Goldstone boson or the
Goldstone boson [46],[47]. According to the Goldstone theorem [48],149], if a continuous global
symmetry is broken spontaneously, for each broken group generator, there must appear in
the theory a massless particle called Nambu-Goldstone boson. Also, during the spontaneous
symmetry breaking of the SU(2), ® U(1)y, 3 generators are broken [7], 50]. These three
Goldstone bosons correspond to the longitudinal polarization components of the weak bosons,

W+ and Z. These Goldstone bosons are absorbed to give mass to the weak bosons [51].

2.3 The SM Higgs mechanism

The masses of all the elementary particles are generated by the spontaneous symmetry
breaking of the EW symmetry, caused by the Higgs mechanism. This mechanism is im-
plemented in the SM by introducing a complex SU(2), scalar doublet ® with hypercharge
Yo = % This complex doublet is described by a weak isospin doublet given by;

o 1 [ ¢f +igy
o = = — 2.23
<¢O> \/§<¢3+i¢4) (2:23)
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Also, the Higgs mechanism assumes that there exist the Higgs field at every point of the

space and the SM Lagrangian can be expressed as;
Lo = (D, @) (D'®) — V(®) + Lyukawa, (2.24)

Where the first part of the equation defines the kinetic and gauge-interaction terms via the
covariant derivative, the second term is the potential term as a function of ® and the third
term describes the Yukawa couplings of the scalar field to fermions. The potential V(®) can
be written as;

V(®) = —p20Td + \(TD)2. (2.25)
And the covariant derivative D, is defined as;

D, =, —iLn, —ilwage (2.26)

[ 9 © 9 H : .
where B, is the gauge field for U(1)y and W, gauge field for SU(2)., U—;, for a = 1,2,3
are the SU(2) Lie Algebra operators proportional to the Pauli matrix ¢®. For a particular

vacuum expectation value(vev) with a scalar field ®, the SM symmetry can be spontaneously

broken into a residual U(1),, symmetry. In a U(1).,, gauge, the SM Higgs doublet is:

1 0 ) — 2
b =— th =4/ — 2.27
\/§<v+h> Wit U=y (2.27)

This choice of the vev breaks the SU(2)., x U(1)y, but leaves U(1).,, invariant. We indicate
how the gauge group SU(3)c ® SU(2), ® U(1)y gets broken. The SU(2), generators take

the form,;

N 0 Y v ACR O
7=, 0) %(quh))_ (\f 0 ) (2.28)




And the U(1)y generator takes the form;
Yo = +1 (2.29)

As seen above, the SU(2),®U(1)y group has been broken. This is because all the generators

are not invariant and the product is not equal to zero as well.

2.3.1 Interactions with Bosons

To obtain the masses of the gauge bosons, we need to study only the scalar part of the
Lagrangian in Eq. The potential V' (¢) term gives rise to the mass terms of the Higgs
boson and the Higgs self-interactions. For simplicity, we follow the step by step procedure

outlined in [5IH54]. Examining only the kinetic term of Eq. ;
Liin = (D, ®)'(D'®) (2.30)
Applying the field ® in Eq. to the covariant derivative in Eq.

1 —%g(W; —iW2) (v + h)
Dut = V2 ( duh+ %(ng —¢'B,)(v+h) ) ' (2:31)

Dotting D, ® into its Hermitian conjugate gives,

(D,®)" (D'®) = %(@h)(a“h) + égQ(v + h)*(Wy — W) (W 4 i)
: (2.32)
+ 50+ h)? (—g'By+ gW?)?

From the first line of the above equation, the %(@Lh)((?“h) term explains a properly normal-
ized kinetic term for the real scalar field h, the Higgs boson. For the second term on the

same line, we note that the combinations W' £ i{WW?2 corresponds to the charged W bosons

e Wi Wi

. 77 W, = % (2.33)
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These combinations correspond to W' and W~ expressed in terms of the Pauli matrix as;

1 1
Wyo! + Wio* = —(W1 — W) (0" +io?) + —(W1 +iW2) (o' —io?)
— W2 L+
et T ey e
\/5 V2

(2.34)

Where
01
(o' +io?) =20" =2 ( 0 ) (2.35)
And
00
(o' —io?) =20~ =2 ( Lo ) (2.36)
e Mass terms for the W= bosons

From the above combinations, the second term on the first line of Eq. can be expressed

as;

1
Lo = ggQ(v + h)(Wy — iW2) (W 4 i)

1 _
= 192(U+h>2W:W "

2,,2 2 2
= LW SR W SRR, (2.37)

The first term in Eq. 2.37 above is the mass term for the W boson;

M‘%V _ g21)2
. 4 (2.38)
My = Jv9

The second and third lines in Eq. correspond to the interactions of one or two Higgs

bosons with W*+W = which from Feynman rules takes the form:;

_ g*v M3,
hW;Wu : Z%g ZgMWQW = 21— guw
2 M2
BRIV i x 2, = 2=y, (2.39)
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e Mass terms for the Z bosons

To be able to write out the mass terms for the Z bosons, we consider the third part of the

Lagrangian in Eq.
1 2
Ly= h)? (—g'By + gW?) (2.40)

First, we consider the linear combinations of WS and B, such that it does appear as a

properly normalized real field in the terms below;

g g
ov3-om) = VT (ki )
= VPP (W]~ B,

= V¢*+9? 2%, (2.41)

Where sy = sin 0y, ey = cos Oy and 6y is known as the weak mixing angle or the so-called

Weinberg angle. From the third part of the Lagrangian in Eq. ;

1
Lo = Go+1)?(~gBut W)’

1
= (0" +9g")(v+h)Z,2"

8
(9° + g"*)v* (¢* +9%)v
- LI gy 2 TI

(9* + 47
8 8

hZ,7" + hhZ, 7", (2.42)

The mass term of the Z boson arises from the first term of Eq. [2.42] above

M% _ <g2 +g/2)02
. 4 (2.43)
Mz = UV 9%+ g”
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Whereas the second and third terms in Eq. give interactions of one or two Higgs bosons

with ZZ which follows from Feynman rules as;

2 12 2
. + v . M
hZ,uZ,, : Z% x 2! Guv = 1V 92 + g/2MZgw/ = QZTZQWM
2 12 M2
hhZ,Z, - 1% X 21 21 g, = 2= LG, (2.44)

e Mass relation for the W and Z boson

Although there is no absolute prediction for the masses of the W and the Z boson, there is
however a clear prediction on the ratio between the two masses. Concepts from QED reveal

that the photon couples to charge which allows us to relate e, g and ¢ as;

e=g(sw) =g (cw) (2.45)
From Eq. 2.45] we get;
/
T~ tan (Ow) (2.46)
g
And therefore;
My %vg
MZ %'U /g2 + g/2
This predicted ratio is often expressed as the so-called Veltman parameter, p:
My,
— -1 2.48

The current measurements of the My, My, and 0y, confirm this relation. Finally, the photon

7Y emerges as massless as;

1 2

z -0

27 (2.49)
M, =0

And the mass of the Higgs boson is also given as;

mp =V 2 \v2 (250)
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Although the vacuum expectation value, v is known to be v &~ 246GeV, since A is a free

parameter, the mass of the Higgs boson is not predicted in the SM.

2.3.2 Yukawa interactions and fermion mass generation

In this subsection, we look at the couplings of the Higgs doublet ® to fermions. For

simplicity, we present the masses for leptons and quarks, neglecting that of neutrinos.
e Lepton masses

A preliminary discussion on the SM fermionic sector in [51] reveals that from QED, the mass

terms can be written as;

—mapy) = —m Piap — my Pry)
= —mipr, — mYLYg.

(2.51)

Because the left-handed and right-handed fermions of the SM carry different SU(2),xU(1)y
gauge charges, such mass terms are not gauge invariant and thus cannot be inserted by hand
into the Lagrangian [39, [5I]. Hence, we can conclude that the SM gauge symmetry forbids
explicit mass terms for the fermionic degrees of freedom in the Lagrangian. The fermion mass
terms must, therefore, be generated via gauge invariant renormalizable Yukawa couplings to
the scalar field ®. For a single generation, the most general gauge-invariant renormalizable

Lagrangian terms involving the Higgs doublet and leptons is given as:
Lyiawa = —Yeer® Ly — Y L Pep, (2.52)

Where Y, is the Yukawa coupling between the field ® and the fermionic fields of the SM,
Ly, represents the left handed SU(2); doublets of quarks and leptons while er are the
corresponding right handed fermions. And the second term in Eq. is the Hermitian
conjugate of the first. In unitarity gauge, the field ® takes the form;

0
d = ( (v+h)/\/§>’ (2.53)
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and one can write ®TL; as;

+h v v+ h
&L, = 0, v > € — , 2.54
L ( \/§ (& I \/§ L ( )

The Yukawa Lagrangian can be expressed finally as:

1
‘CYukawa = _YVEE [(U + h)éReL + ('U + h)éLGR]
- X (v+ h)ee

V2

- (%) ée — %h@e. (2.55)

The first term in the last line of Eq. describes the mass term for the electron which

takes the form:
Y.v

75

Since the electron is a fermion with half-integer spin which obeys Pauli’s exclusion principle,

(2.56)

Me =

the general expression of the mass term for fermions can be written as;

. YfU

7 (2.57)

my
Therefore, during spontaneous symmetry breaking ® acquires a non-zero vacuum expectation
value where each fermionic degree of freedom coupled to ® gets a mass term with the mass
parameter in Eq. above. The Yukawa coupling of the fermions f to the SM Higgs boson

ys defined in terms of Feynman rule is proportional to Y7;

_ Y

v= % (2.58)

And the coupling of the Higgs to fermions according to the Feynman rule in figure 2.3] below

can be written as;
= —in —imf
hff: = 2.59
fro =t (259)

The Feynman rule for the hée vertex can be found in [51]
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Figure 2.3: Feynman rule for the hee vertex.

e Quark masses

Following Eq. [2.52 to describe a single generation of quarks, we write the most general

gauge-invariant renormalizable Lagrangian terms involving the Higgs doublet and down type

quarks as:

Lyvukawa = — [Yadr® Q1 + y;Q1PdR] ,

Multiplying out the SU(2), doublets in unitarity gauge,

tO), — ﬂ) ug | _vth
Q1 (0,\/5 (dL> \/idLa

and the Yukawa Lagrangian takes the form:

Yqv \ Yd ,
Lyvataws = — | 2= | dd — 2L hdd.
e <\/§> V2

The first term in Eq. above is the mass term for the down quark,

mg =

Sz
Sy
Nl <

And the second term describes the hdd coupling.

For up-type quarks, the gauge-invariant Lagrangian term is given as

'CYukawa = - yuaR&)TQL + yZQLéISuR s

22

(2.60)

(2.61)

(2.62)

(2.63)

(2.64)



And the product of the SU(2), doublets in unitarity gauge is
~ +h ur, v+ h
tQ, = ”—,o) = 2.65
o= () ) = 20

Lovutana = — (ﬁ) au — 2 ha. (2.66)

The mass term for the up-quark takes the form

my = 22 (2.67)

V2

And the coupling is huu. However, since in the SM, there are three generations of quarks,

we can rewrite our left- and right-handed quark fields with a generation index k,
Qrks  Urk, dRk, k=1,23. (2.68)
The most general form of the quark Yukawa Lagrangian is

q
£ Yukawa ~

3 3

- Z [y?;ﬂRiCI’TQLk + Y dri® Qrr| +hoc., (2.69)
i=1 k=1

where h.c. is the Hermitian conjugate and the dimensionless couplings y% and y% are (i, k)

entries of 3x3 complex matrices.

Replacing ® with its vacuum value (0,v/v/2)7, we obtain the quark mass terms:

Uy dl
‘C(\J(ukawa == (711, U, ﬂ?’)R M U2 - (Jla JQ, JS)R Md dy + h.C., (270)
us I dg I
where
v v
7 MG, = —=vi, (2.71)

ik — ﬁyikv
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are the quark mass matrices in generation space, each containing 9 complex entries.

Finally, the coupling of the Higgs to quarks according to the Feynman rules is

_ —1Yg  —imy
hqq : = —,
R T

where y, is the appropriate eigenvalue of the Yukawa matrix y% or y%.

2.3.3 Higgs self-couplings

The Higgs self couplings can be obtained from the Higgs potential given as;
Ly = —V(0) = (20T — \(TD)?,
From unitary gauge, dotting the conjugate of the field ® to itself gives;
o 1 2
PP = §(h + ’U) y
Minimizing the potential gives % = \v? and Eq. becomes

A
Ly = = 2h% — \oh? — Zh4 + const.

(2.72)

(2.73)

(2.74)

(2.75)

From Eq. the first term is the mass term for the Higgs, the second term and third

term indicate an interaction vertex involving three Higgs hhh and four Higgs hhhh boson

respectively. These vertices according to Feynman rules follow the expressions;

2

hhh:  —idv x 3! = —6i\ = —3i k.
v

A 2
hhhh:  —i> x Al = —6i\ = —3iL
4 02
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2.4 'The SM Higgs Searches

2.4.1 Decay of the SM Higgs

We review the possible decay modes of the SM Higgs boson. First, we present schematic
expressions for the partial decay widths of SM Higgs boson. No detailed calculations nor
QCD radiative corrections are shown here. A detail review of QCD radiative corrections in
the SM Higgs decay can be found in [45] [55]. We rely on conceptual understanding of the
decay of the SM Higgs presented in [56] to write down explicit expressions for the partial
widths of the SM Higgs.

2.4.2 Fermionic Decays

The partial decay rate of the Higgs boson decaying into a pair of fermions is expressed

as;

I'(h— ff) =V2Gr

2
™ my,

2 2\ 3/2
mpm dm
g LN/ (1 - —f> (2.78)
Where G is the Fermi coupling constant, my is the mass of fermion, my, is the SM Higgs
mass, N/ is the number of color factors for which quarks = 3 and leptons = 1. From Eq.
, the fermionic decays grows linearly with m, and is proportional to the mass of the
fermion my. It is proportional to the square of the Yukawa coupling (my/v) and also has

3/2

the kinematic factor [1 —4m3/m}]™" = %, which is ~ 1 when the decay is actually above

the threshold (i.e., when my, > 2my)

2.4.3 Bosonic Decays

The decay rates of the Higgs decaying into a pair of gauge bosons V' (V' =W, Z) is given
by:

327 m3 my 2

3 4 2 12 2 4 2
T(h—VV) = vV2Grals, |1 - T4 4 mV}( 1- mV), valid if my, > 2my
mp

(2.79)

Where dy, = 2 and d7 = 1. This expression grows with increasing SM Higgs mass term, m3.
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2.4.4 Three body decay modes

If my, < 2my, the bosonic decay can only proceed through a virtual V' (denoted as V*).
This is the case of the SM Higgs boson. For three-body decay modes, the partial decay

widths are;

2 4 2
D(h = WHW— — W 7y = SEMwmn p (mw> , (2.80)

9673 m32

2 4 2
T(h— 22° — Zf]) = SEm2Mh (%) (12 4 2sin* 0y Q% — 21 sin® O Qy),  (2.81)

4873 2

Where I is the third component of the isospin and ()f is the electromagnetic charge of the

final state fermion f. The function F'(z) takes the form;

47 13 1
F(z)=—|1— 1 (—x— —+ —) + 3(1 — 62 + 427)| log /7|
x

2 2
3(1—8z+202?) _, (3z—1
+ \/ﬁ COS W . (282)

2.4.5 Loop-induced decay modes

The loop induced decay modes for the SM Higgs are h — v, h — gg, and h — Z~v. We

summarize the partial decay widths for each of these decay modes below.
e Decay of SM Higgs into photons h — vy

The A — v loop is dominated by the W boson loop where the W loop contribution receives
a destructive interference from the top quark loop thereby reducing its partial width by
roughly 30%. There is a small amount of bottom quark and tau lepton contribution in the

loop. The partial decay width of the Higgs into a pair photons can be computed as;

V2G pa?, m;
P(h = y7) = = 552 Y L QENT I () + I () (2.83)
f
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Where the loop functions I(my,) and Iy (my,) are defined as;

4m? mi 4m2
]f(mh) = _W 1 - 9 1-— m— 00(0 0 mh,mf,mf,mf) (284)
h h

6 2m?

W em2, (1 - ly) Co(0,0,m2, my, my,my) (2.85)
mp

e Decay of SM Higgs into gluons h — gg

This decay is dominated by the top quark loop where the bottom quark loop also contributes

at the few-percent level and the partial decay width can be calculated as;

V2G a m3
L(h— gg) = 12@ : h|21|2 (2.86)

e Decay of SM Higgs into Z~

This decay channel is actually enhanced or dominated by the W boson loop where the
top-quark loop contribution is very small. The partial width for Higgs to Zv is;

2
Db 2Z7) = Y2Cr0am (1 ™z

12873 mh> |ZQfJf mp) + Jw (ma)|?, (2.87)

where the loop functions J(my,) and Jy (my,) are;

Jy(mn) = —%(H(mw —2Q sin® Ow ) [J1(my) — Ja(my)] (2.88)
Jw(my) = — cot Oy
X {4 (3 — tan® Oy,) Jo(mw) + Kl + Qmiv) tan® Oy — (5+ 2m23V>] Jl(mw)}

(2.89)
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And Jy(m) and Jo(m) from the Eqf2.88 and Eq2.89 takes the form;

2m
Ji(m) = m [1 4 2m?Cy(0, m%, m3, m, m, m)
m? ) )
+ m2 . m2 {Bo(mh7m7m) - BO(mZ7m7m)} ) (290)
h Z
Jo(m) = m2CO(0,m2Z,mi,m,m,m). (2.91)

Cy and By are Passarino-Veltman functions[57H59] expressed as;

-2 4m?
C'O(O,O,mi,m,m,m) = m_if <m_}2l) s (292)
-2 4m? 4m?
Co(0.m%, m? = — | = —_— 2.93
omommn) = 1 (G) - ()| e

And the function f(x) takes the form;

(2.94)

f(az) = [arcsin(1/y/7)]?, if z > 1,
I I R T TS

2.4.6 SM Higgs branching ratios

Branching ratio is a very useful parameter when talking about the decay of particles. In
simple terms, it is the ratio of individual decay modes with respect to the total decay mode
of the particle. So, in the case of the SM Higgs, the ratio of the individual decays to the
total width of the Higgs yields the branching faction,

I'(h— XX)

BR(h— XX) = ——
tot

(2.95)

where ', is the total width. Table[2.2[shows the predicted branching fractions for the125 GeV
SM Higgs boson in the order of size, taken from [51], 60].
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Table 2.2: Predicted branching ratios (BRs) for a 125 GeV SM Higgs boson, in order of size.

Decay mode BR Notes (as of early 2014)

bb 58% Observed at about 20 at CMS
Ww* 22% Observed at 40
qgg 8.6%
TT 6.3% Observed at 1-2 o
cc 2.9%
77* 2.6%  Discovery mode (in ZZ* — 4pu, 2u2e, 4e)
0%} 0.23%  Discovery mode
7~ 0.15%
L 0.022%
| . 4.1 MeV

2.4.7 Production cross section of the SM Higgs

\s= 14 TeV

L1111 |||
LHC HIGGS XS WG 2010

1
M, [GeV

200 300 400 500 ?oo

Figure 2.4: LHC cross sections for SM Higgs at /s = 14TeV
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Fig. represents the LHC production cross sections for the SM Higgs at /s = 14TeV
[61]. From Fig. 2.4 the biggest production is the gluon fusion mechanism. Although, the SM
Higgs boson has no tree level with gluon directly, the gluon fusion mechanism still dominates
since the scalar Higgs boson is produced via a loop in which top quarks run in the loop.
It is crucial to note that although all quarks can in principle contribute to the SM Higgs
production, the top and bottom quarks give the biggest contributions when it comes to the
production of the SM Higgs bosons since the top and bottom quarks have large Yukawa
couplings to the SM Higgs boson and the loop function in Eq. is non-zero. The second
dominant production for the SM Higgs comes from the vector boson fusion. Here, each of
the two quarks can radiate a vector boson and since at tree level the Higgs couples with
WIW, and Z,Z, as seen in equations and respectively, we conclude that these
produced vector bosons interact with the SM Higgs boson. Besides, we can produce the SM
Higgs via a W H or ZH associated production [62]. Finally, we can also produce the SM
Higgs in association with a top-quark pair. The ATLAS experiment at the LHC presents
this production channel in [63]. No detail discussion for the last two production channels
is given in this thesis since the contributions from these channels are smaller and could be

negligible as compared to the gluon-gluon fusion and vector boson fusion.
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Chapter 3

The Two Higgs Doublet Model

3.1 Introduction

With the discovery of a new particle [9] 0] at the LHC whose properties were observed
to be closer to that of the SM, it is clear that models describing an extended Higgs sector
will be significantly constrained by data. In particular, it is important to assess under these
constraints all possibilities for other Higgs like states that may have escaped detection at
run-1 of the LHC. The two Higgs doublet models (2HDMs) are an especially simple and
appealing framework for such considerations. In this chapter, we present the type II CP
conserving 2HDM, where we discuss the Higgs scalar potential in different bases. Also, we
discuss the interactions of the Higgs scalars with gauge bosons and fermions and finally

summarize both theoretical and experimental constraints in the 2HDM.

3.2 The Two Higgs Doublet Model

We describe the Two Higgs Doublet Model (2HDM), where extensive studies have been
carried out recently in [64-H80] . In the 2HDM, we have two isospin doublet scalar fields
®, and ¢, with hyperchare Y = % The scalar Lagrangian Lg which introduces the kinetic
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terms of the Higgs doublets and their scalar potential is given by
2
Ls= Z(Duq)i)T(DM@i) — Vonpw (3.1)

=1

with the the covariant derivative

.3 :

i i

D, =0, - 59 g o'Wy — Eg/BM (3.2)
a=1

where W¢ and B, are the gauge fields of the SU(2)r, and U(1)y respectively, g and g’ are the
corresponding coupling constants of the gauge groups and ¢ are the Pauli matrices. The

most general Higgs potential is given by

Varpm = m3| @12 + m3|®, ]2 — (m%tﬂ(ﬁg +h.c.)
1 1
AP A0l Baf o gl @ | @l + AP

1
5 Pa(@102)° + Xg| @1 P01 + e |Do* 2P, + hic ], (3.3)

where mq, mo and Ay - A4 are real parameters while mg and A5 - A\; are complex in general.

The Higgs doublets can be parameterized as

wy wy
q)l - 1 . y ®2 = 1 . (34)
75 (01 + by 4 i) 75 (V24 ho +iz)

In this thesis, we study the 2HDM with a softly-broken discrete Z5 symmetry. Under the Z
symmetry, we suppose that the Higgs doublets are translated into ®; — +®; and &3 — — .
We impose this symmetry condition in order to avoid tree-level Higgs mediated flavour

changing neutral currents[64, 81H87]. The Z, invariant Higgs potential can be written as

Vigzon = m3|@1]? + m2|®o|* — m3 (P, + hec.)

1 1 1
+ 5/\1|®1|4 + 5/\2|CI)2|4 + )\3|(I)1|2|CD2|2 + )\4|(I)11-(I)2|2 + 5)\5[(@1@2)2 + h.C.], (35)
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where A\¢ and A7 in Eq. (3.3]) are forbidden by the Z; symmetry. In the Z, invariant Higgs
potential, there are six real parameters and two complex parameters. We now turn to discuss

the Higgs scalar potential in different bases.

3.2.1 The Higgs scalar potential in different bases

There are several different bases which can be employed to specify the parameters of the
Higgs sector in the two Higgs doublet model. Despite the fact that some of these bases are
less used, each of them possess unique advantages. Table below shows a full list of input

parameters for the Higgs potential in different bases and their parametrization choices.

Table 3.1: Input parameters for the Higgs potential in different bases and parametrizations

Type Free parameters

General basis AL, Az, Az, A, As, g, A7, m2,, tan 3

Physical basis My, Mg, Ma, Mg+, sin (8 — a), X\g, A7, m3y, tan 3
Higgs Hunter’s Guide basis | Ay, A, A3, Ay, A5,Aqg, tan g

Higgs basis Z, Lo, Ly, Ly, L5, Lg, Lry, M+

e General basis[88, 89]

The general basis is a widely used basis when studying the theoretical framework of the
2HDM. For a CP conserving 2HDM where A\¢ = A7 = 0, the most general Higgs scalar
potential in Eq. yields the Z, invariant Higgs potential in Eq. (3.5). Hence, from
Eq. , the parameters of the scalar potential are chosen such that the minimum of
the scalar potential respects the U(1)gys gauge symmetry. Then, the scalar field vacuum

expectations values take the forms

1 0 1 0
(®1) = 7 ( o ) , (P = 7 ( i, ) - (3.6)

If the parameters are real, the phase factor ¢ could still be non zero if the vacuum breaks the
CP spontaneously. However, if we consider a case where the CP is not broken spontaneously,

the parameter choices for which this happens can be avoided and hence the phase factor £ is

33



taken to be £ = 0. So, by minimizing the scalar potential that is to say that by just taking
the derivative of the scalar potential with respect to the two doublets complex scalar fields
(@) and (®,), then the squared mass matrices m} and m3 can be eliminated to obtain the

following expressions;

2
m2 = m2tan § — %(Al cos? B + Asin? B), (3.7)

2
m3 = mj cot 3 — %(Al sin® 3 4 Acos® 3), (3.8)

where 5\ = )\3 + /\4 + )\5 and

4m3,
2

VP =0 ) = = (246 GeV)?. (3.9)
Now, after EWSB, there remain 8 degrees of freedom. Therefore, counting up the fields,
we have two complex charged scalars wi and wy, two C'P even real scalars h; and hy, and
two C'P odd real scalars z; and z;. Of the original 8 degrees of freedom, three Goldstone
bosons are absorbed by the W* and Z via electroweak symmetry breaking, just like what
happens in the SM. The remaining five physical Higgs particles are: two C'P even scalars
(h, H, with m;, < my), a CP odd scalar A and charged Higgs pair H*. The masses of H*
and A can be calculated as

UQ

mzi:MQ— 9

()\4 -+ )\5), mi = M2 — ’02)\57 (310)

where M, the soft breaking Z, symmetry parameter is given by

2
m3

M=—3
sin 3 cos 3

(3.11)

The mass matrix for the neutral CP-even scalar states is

1 M2 M? n,
VCP-even S h/ , h/ 11 12 1 , 3.12
2HDM 2( 1 2) ( 1 [122 M222 h,2 ( )
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where matrix elements are

2
M? = v*(\ cos* B + Ay sin® B) + %/_\ sin? 23, (3.13)
M3 = M? + v*sin® Bcos® B(A; + Ay — 2), (3.14)

2 2
M3, = % sin 28(—\; cos® B + Ay sin® B) + % sin 23 cos 28, (3.15)

To diagonalize the mass matrix for the CP-even scalar states, we introduce the mixing angle

hy o\ B H
( " ) = R(a— p) < 5 ) . (3.16)
, 1

Min = 5 [Mf + Mj + \/(Mf + M3)% + 4M122} : (3.17)

Qv as:

The mass eigenvalues are

The mixing angle o — [3 is expressed in terms of the mass matrix elements in Eq. (3.2.1)

tan?(oz — 6) = m

(3.18)

e Physical basis|88, 90, 91]

Another useful basis in the 2HDM is the physical basis. The physical basis parametrization
is useful for phenomenological studies. As the name implies, in the physical basis, the input
parameters are described by the 4 physical scalar boson masses: mpy+, ma, myg, mp, two
mixing angles o and 3, the VEV v, and the soft-breaking scale of the Z, symmetry M. In

this basis, we rewrite the quartic couplings Ay — A5 in terms of the physical parameters as
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1

A\ = oo [— sin® BM? 4 cos® amj; + sin® amj ], (3.19)
1
Ay = m [— cos? BM? + sin? am?, + cos® am,ﬂ ) (3.20)
M?  2m7. 1 sin2a

A3 = —— o= 4 - 2 —ma 3.21

3 V2 + V2 + v? sin 23 (i = ™), (3:21)
1

A = F(M2 +m? — 2mi.), (3.22)
1

A5 = E(MQ —m3). (3.23)

e Higgs Hunter’s Guide basis|[88), 89, 92]

The Higgs Hunter’s guide basis is an alternative approach to parametrize the Higgs scalar
potential in the 2HDM which was originally introduced in [92]. In the HHG basis, the
most general gauge invariant Higgs potential of the C'P conserving 2HDM under a discrete

symmetry &; — —®, is given by;

V=A (cb{cbl - Vf)Q + Ay (cbgcbz - 1/22)2 + Ay [(cb}cbl - Vf) + (cb;cbg - Vf)r
A [(@]0)(@10) — (@]:)(@]01)] + A5 [R(@]@2) — ViV; cos g 2

2
+ Ag [3(@1(@2) - ViVs sinf} (3.24)

where the A; are real parameters. The vacuum expectation values of the 2HDM fields V; 5 are
related to the vy 5 of Eq. 1) by Vip = via/ V2. From Appendix A of [89], the conversion
from these A; to the \; and m7; of Eq. (3.3) is:
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A1 =2(A1 + Ajg),

Ao =2(Aa+ A3),

A3 =2A3+ Ay,

A= =Ny + %(A&’) + Ag)

As = 1(As — Ag — iM7),

A=A =0

miy = =2V A — 2(V7 + Vy)As
Moy = =2V Ay — 2V + V5) Az,

miy = ViVa(Ascos§ — iNgsing — LeA). (3.25)

The CP-conserving case is most easily obtained by setting £ = 0 and A7 = 0. In the CP-
conserving limit, we inversely convert EqJ3.25(and solve for the A; (i =1,...,6). The result

1s:

A= [ — At 2m /(0 sin feos )]
Ao = o= Aok 2/ (o sin o 9]
A = 1[N —2m3/(v*sin BeosB)] ,

Ay = 2m3/(v*sin Beos B) — Ay — A5,
As = 2m3/(v?sin B cos B),
Ag = 2m3/(v? sin B cos B) — 25, (3.26)

where v2sin S cos 3 = 2V, V,. The mass of the pseudoscalar and charged Higgs bosons can

be calculated as

m% = AgV? and m3. = AV (3.27)

Where V2 = V2 + V = (174GeV)”. By inverting the relations in Eq. (3.26)), one can obtain
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the A’s in terms of the Higgs masses and the angles a and /3 [12]

1 sin2am¥ —m2 A sin” 3
A — 2 2 inZaM?) — i e s
"7 4cos? Bu? (cos®amiy +sin®alM;) sin28  4v? * 4 cos? 3
1 sin2am? —m: A cos? 3
> = T g (sin” am?; + cos® amj) Sn23 42 T sin’ 3 (3.28)
_sin2am§{—mi_ﬁ' A :m?{i. A :m_?‘l
sin28 402 e A

e Higgs basis[67, 88, 93|, 94]

For a non CP conserving 2HDM, the gauge invariant scalar potential in the Higgs basis takes

almost the same form as in Eq. (3.3) but with new coefficients,

V=Y H{H, + Yo HYHy + Y3 H{ Hy + hc) + L 2, (H{ H,)?
+ %22(]{;}[2)2 + Zs(H] Hy)(H} Hy) + Z4(H] Hp)(HJ Hy) (3.29)

+ {325 (H{Hy)? + [ Zo(HLHy) + Ze(H)Ho) H{H + e |

where Y7, Y5 and Z1,..., Z; are real whereas Y3, Z5, Zg and Z7; can be complex . With new

coefficients, we can define new Higgs doublet fields,

C(HF 0190, + ve i, C(H\ e, 4o,
H]_ — f— , H2 — = )
Y v HY v

(3.30)
From [67], the the real coefficients of the scalar potential in the Higgs basis for an explicitly
CP-conserving 2HDM are given by

Y1 = mi ch + m3ysh — miysap cosé, (3.31)
Yo = mi; 55 4+ m3ech + miysas cosE (3.32)
7z = /\10% + )\232 + 2( A3+ Ay + A5 cos 28)s3, + 2325()\602 + A7s3) cos &, (3.33)
Zy = M8+ Mach + 5( A3 + Ay + A5 cos 26) 535 — 2525(Aesh + Arch) cos € (3.34)
Zz = $(A1 4 Ay — 203 — 20g — 2X5 €08 28) 555 + A3 — (A — A7)sascapcosE,  (3.35)
7y = %()\1 + Ao — 23 — 204 — 25 coS 25)3%5 + A — (A — A7)SagcopcosE,  (3.36)
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Also, the complex coefficients of the scalar potential in the Higgs basis are given by [67] :

Yy = e[

N =

(m, — m3,)s05 + miycag cos € + imi,siné] (3.37)

Zs=e 2’5{%1 (A1 + A2 — 2(As + Ay + A5 cos 28) | 555 + A5 cos 26 — (Xg — A7) sapcap cos €
+1 [/\5025 sin 2§ - ()‘6 — )\7)82[6 sin f} } s (338)
Jg =€ —i§ {—% [)\165 )\28% — (/\3 + A4 + A5 cos 26)025} Sog + (/\665635 + /\785835) cos &

+1 [%)\5825 sin 25 + ()\GC% + )\78%) sin 5} } s (339)

Ly = e‘ig{—% [)\13% - )\20% + (A3 + Ay + A5 cos 2&)025} Sap + (NeSpS3p + Arcpesp) cos €

+1 [—%)\5825 sin 25 —+ ()\63% + )‘7C%> sin f} } ) (34())

In the Higgs basis, we give new definitions for a and 3; cg = cos 3, sz = sin 3, « is defined
to be the rotation angle which diagonalizes the mass matrix of the neutral CP even states
and £ is expressed in terms of the relative phase factor as ¢. If siné = 0, then Y3, Z5, Zg
and Z7 are all real and the scalar potential and the vacuum are CP-conserving. The physical
charged Higgs boson is the charged component of the Higgs-basis doublet Hy, and its mass
is given by

s =Yy + 1Z307%. (3.41)

For the 3 physical neutral Higgs boson, their mass-eigenstates can be examined by simply
diagonalizing a 3 x 3 real symmetric squared-mass matrix that is defined in the Higgs basis

93, 94]

Z1v2 Z61)2 0
M2 = Z61}2 3/2 + %(Zg + Z4 + Z5)’02 0 (342)
0 0 Ya + 3(Zs + Zs — Zs)v?
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The CP-odd Higgs boson A = v/2Im HY with squared mass can be identified as;
mh = Yo+ L Zy+ Zy — Zs)0v*. (3.43)

The upper 2 x 2 matrix block given in equation is the CP-even Higgs squared-mass

2 2
M2, = (Zlv 2 ) , (3.44)

Zgv?  m% + Zsv?

matrix,

To diagonalize M?%;, we define the CP-even mass eigenstates, h and H (with m;, < mpg) by

H\ (cs—a —Ss-a) (V2Re H)—v (3.45)
h] \ssa Chu V2Re HY ’ '

The squared masses of h and H are then given by,

My, = %{mi + (2 + Zs)o* & \/[m?4 + (Zs — Z1)0?]" + 4220t } . (3.46)

The following identity therefore holds,

| Zs|v? = \/(m%{ — Z1v?)(Zyv? —m3) . (3.47)

Hence, diagonalizing M?% yields the following expressions:

Ziv* = mis%_a + m%,c%_a : (3.48)
Zsv® = (M} — m3)Sp-aCha (3.49)
m} + Zsv? = mish_ o+ mipch_g (3.50)
Equation [3.49| implies that:
Zﬁsﬁ—acﬂ—a S 0. (351)

Using the fact that § — « is defined modulo 7, we can restrict the values to

0<B-a<nm. (3.52)
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And finally, ¢s_, and sz_, can be derived from equations and [3.49] where the signs of
the corresponding quantities are fixed by equations and [3.52}

| Z1v? —m? —Zgv?
C—a = — sgn(Zs) m%[ — m% = \/<m2 — m2)(m2 — 77 ) (3.53)
H ALY
Spa = miy — £t _ | Zo|v® . (3.54)
“ my —mj L\ /(m% —m2)(Zv2 —m3)

3.2.2 Gauge boson mass generation

Both the W and Z boson masses receive contributions via the gauge-kinetic E| terms of

the two Higgs doublets. From Eq. (3.1)), we can write the kinetic term as

2

L = > (D,®) (D)

= (D,2)" (D"®)) + (D, ®,)" (D"®,)
(3.55)

From [51], the part of Eq. (3.55)) above involving only h°, H°, and the vevs is

£:

+-(9° +9%) [(h +v1)* + (ha + v2)?] 2, 2" (3.56)

From the first line of Eq. (3.56)), the unitary transformation from the (hq, he) basis to the
(h, H) basis gives the proper kinetic terms for the physical states:

- %(@Lh)(&“h) + %(@H)(&“H) (3.57)

!Unlike the potential term which we can describe in various bases and parametrizations, the kinetic term
of the scalar Lagrangian in Eq. (3.1) is same for all the bases, hence no need to discuss the kinetic terms in
their respective basis.
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The masses of the W and Z bosons come from the terms involving no scalar fields in the

second and third lines of Eq. (3.56)):

2 2,,2
g g*v
mlz/V = Z(U%_‘_U%): 4
2 12 2 2\ ,,2
my = Zg (v 4 o2) = W FIO +49 vl (3.58)

Where the two vevs in the 2HDM are related to that of the SM as, v} + v3 = v?.

3.2.3 Fermion mass generation

In contrast to the SM Yukawa Lagrangian, the 2HDM Yukawa Lagrangian brings some
interesting properties. The main difference is that, in the most general Yukawa Lagrangian,
flavour changing neutral currents (FCNC) arise at the tree-level [05H97] . The Yukawa
interaction for the Higgs field is

Ly = — |QrYu®i + Yu®2)dg + Qr(YVar @1 + Yio®s)ug + Li (Yo @1 + Yeo®y)ep + hoc. |
(3.59)
where Y1 411 and Y, 402 are the 3x3 complex matrices and o; = iTQQDZT, (1=1,2).
From Eq. [3.59] looking at the down-type quark mass terms:
£Yukawa - - ()/l;lquJ{ + K;ﬂq);) dRiQLj + h.c.
— (Yﬂﬂ + Y¢22> dpidy; + h.c. (3.60)
17 \/5 1) \/5 L] )
This implies that the down-type quark mass matrix is
U1 U2
M = (Yidl_ + Yid2_> . 3.61
j NG NG (3.61)
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This is just a general complex 3 x 3 matrix, which can be diagonalized in the same way as
in the SM. Diagonalizing M, diagonalizes the particular linear combination of Y and Y%
given by

Ygl cos 3 + Yi‘f sin f3, (3.62)

which is in fact the coefficient of the down-type quark coupling to @y in the Higgs basis.
On the other hand, diagonalizing M% does not generally diagonalize the orthogonal linear
combination of y% and 3%,

—yitsin B + yi? cos B, (3.63)

which is the coefficient of the down-type quark coupling to ®; in the Higgs basis.

3.2.4 Classes of Two Higgs Doublet Model

There are 4 independent Z, charge assignments [98], [99] on quarks and charged leptons
as summarized in Table below. In the type-I 2HDM, all quarks and charged leptons
obtain their masses from the vev of ®5. In the type-II 2HDM, masses of up type quarks
are generated by the vev of ®,, while those of down type quarks and charged leptons are
acquired by that of ®;. The Higgs sector of the MSSM is a special 2HDM whose Yukawa
interactions is of type II. In the f-specific (type-X), all quarks couple to ®, while charged
leptons couple to ®;. The last one is the Flipped (type-Y) where all down type quarks couple
to ®; whereas both up type quarks and charged leptons couple to ®,.

Table 3.2: Yukawa couplings for the Four classes of 2HDM

Type-1 | Type-1I | f-specific (Type-X) | Flipped (Type-Y)
Up-type d, D, @y @,
Down-type b, d, d, d,
Leptons D, D, 1 P
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3.3 Theoretical and experimental constraints

From the scalar potential in Eq. , the free parameters could be constrained by both
theoretical requirements and experimental measurements. The former mainly includes vac-
uum stability and tree level unitarity when there is a spontaneous breaking of the electroweak
symmetry. We adopt the results in [I00} 101] for unitarity contraints. Imposing tree-level
unitarity constraints |70, 102HI04], one can show the upper bounds of values for certain
combinations of the Higgs quartic couplings. Also, we force the potential to be perturbative
by demanding that all the quartic couplings of the scalar potential obey |\;| < 87 for all i
[105]. Moreover, the vacuum stability conditions ensure that the potential is bounded from
below. We impose these conditions to the physical basis whose input parameters are mainly
the physical mass states (my,, mg, ma, my=+), tan 3, and the mixing angle a. To ensure that

this condition is imposed, we require the parameters satisfy the conditions as [106, 107].

)\1>0, )\2>0,)\3+\/)\1)\2>0, \/)\1)\2+)\3+)\4—’)\5’>0,
1
2|>\6+)\7| < §(>\1+)\2)+)\3+/\4—|—>\5. (364)

Next, we show the constraints from experimental measurements. The self energy of the W
and Z bosons receives contribution from the neutral CP even and the charged Higgs bosons
via the loop effects. Hence, the parameters involved could be constrained by the precision
measurements of the oblique parameters denoted by S, T and U [108]. The electroweak
oblique parameters S, T, U [109] constitute a sensitive probe of new physics coupling to the
EW gauge bosons. The 2HDM contributions to the Peskin-Takeuchi oblique parameters[108|

are presented in [I10] and [I11] as:
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1
T™mz

o+ [Baa(m i, m) = Bua(m smdy ,m3) + Baa(m sm,m¥y) = Baa(m s m ,md)

—m%By(myz;myz,mi) +m3zBo(myg;my, m,%)] cos?(B — a)} : (3.65)
1
AT = oo { [P )+ Flmiys i) = oy )|

[Pl md) = Pl ,m3y) = Fn,m?) + Fm, ,m3)

—|—4m2Z§0(mQZ ,m%l ,mi) — 4m12,V§0(m%,V ,m%, ,mi)} COSQ(ﬁ - a)} , (3.66)
1
AU = —-AS+ — { [ng(m?y, m?, mis) — 2Boo(miy, mips, m3e ) + Bag(miyy, myy, mas)
w

By, mE, mie) = Boa (i, miy, i) + Boa (i, miy, miy) — Boa(miy, miy, m3)

i Bo(miy, miy, miy) + mi Bo(miy, iy, m)| cos(8 — o)} (3.67)
where
Bas (g% m3, m3) = Bao(q*; m?, m3) — Baa(0;m3,m3), (3.68)
Bo(q*;mi, m3) = Bo(g*; mi, m3) — Bo(0;mi, m3), (3.69)

The functions Bsy and By are defined in [112] and my, are the masses of the neutral Higgs
he (k=1,2,3).
And the function F is defined by

2,.,2 2
— mimsy my
F(mi,m3) = +(m]+mj) — p— In (@) : (3.70)

Now, taking mj, = 125 GeV, m; = 173.3 GeV and assuming that U = 0, the accepted ranges
for values of S and T are found by [I13] to be,

AS =0.06£0.09, AT =0.10=£0.07, (3.71)
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where the correlation factor is p = +0.91, AS = S#IPM _ GSM and AT = T2HPM _ TSM
and their explicit expressions can be found in [89]. Also from [114, [I15], we see that in the
limit where mg+ = myo or myg+ = mpgo, AT vanishes. The next set of constraints come
from the signal strength measurements. By observing the scalar boson at m; ~ 125 GeV to
be SM like, searches for the Higgs boson by the ATLAS and CMS experiments at the LHC
can impose strong bounds on the free parameters. The signal strength p is defined as the
ratio of the Higgs signal in the 2HDM to the SM prediction and it is given by:
v loj(h) x Br(h — X)]?"PM

Y _ 3.72
N7 o () x Br(h = X)PY (3.72)

where 0;(h) represents the production cross section of the Higgs by channel j and Br(h — X)
denotes the branching ratio for h — X. At the LHC, while there are several channels avail-
able for the Higgs boson production, we are only interested in the gluon fusion production
(99 F') mechanism because it is the dominant production as shown in Fig. . So, in order
for us to consider the constrains from current data at the LHC, we analyze the scaling factors

k which show the deviations of the Higgs coupling from the SM and are defined as;

g Yigy
Ky = “ar > Kp = sy (3.73)
Ihvv Ynss

where gpyv and yp,¢r are the couplings of the Higgs to gauge bosons and fermions respectively,
and f represents top, bottom quarks, and tau leptons. For the loop induced channels, the

scaling factors are defined by

2 = [(h — yy)*PM 2= L(h — gg)*™"
! P(h =)™ 0 T(h—gg)™ -
T'(h—= Z 2HDM T(h 2HDM
Wy, = Do) T e T T (3.74)
7 ['(h — Zv)SM ['(h)SM

where I'(h — XY') denotes the partial decay width for A — XY. In our numerical estima-
tions, we use my, = 125.09 GeV which is in agreement with latest LHC results at /s = 13
TeV [116-118].
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Figure 3.1: Constraints on cos(f — «) and tan $ in the 2HDM Type 11

Fig. [3.1 above shows the constraints from signal strength measurements of the 125GeV

Higgs boson on the cos(8 — «) and tan 5 plane in the 2HDM Type II. Searches at the LHC

target different modes of production and decays of the Higgs boson. Higgs production and

decay modes constraint the Higgs couplings to vector bosons and to third generation quarks.

The main decay modes which are easily accessible at the LHC are h — vy, h — ZZ* — 4,

h — WW* — 212v, h — bb and h — 77, where | = e, i. These decays can provide vital

information on the Higgs coupling to vectors when considering the decays into ZZ*, WW*

and 7y as well as to third generation fermions from the decays into bb and 77. Usually, the
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results of the SM Higgs searches are given in terms of signal strengths p which have been
defined in Eq. . In this thesis, the signal strength measurements are carried out for
the type-11 2HDM where the light Higgs is considered as the SM like and is set to a mass of
125.09GeV. Identifying the lighter CP even state with the observed one fixes the coupling
structure of the model. Also, we neglect the charged Higgs contributions to vvy. With these
assumptions, the cos(f — «) and tan f plane in Fig is a viable parameter space region
where H, A and H* decays can occur. Finally, from Fig. [3.1] we predict that, in the crescent
limit, when kinematically accessible H — hh, A — Zh and H* — W=*h should become high

priorities in searching for additional Higgs bosons.

3.3.2 Numerical Analysis and Benchmark scenarios

We use the physical basis in which the input parameters are the physical Higgs masses
(mp, my, ma, my+), tan 3, and the mixing angle «, all supplemented by the Z, soft-breaking
parameter m% With these inputs, A\j 2345 as well as m? and m3 are determined. To choose
benchmark scenarios for our phenomenological analysis, we follow constraints on the cos(/5 —
«) and tan 8 plane in the 2HDM Type II shown in Fig. above. Table [3.3] and
below shows 3 benchmark scenarios for the heavy Higgs, which we refer to as in the exact

decoupling, near the decoupling and the crescent limit.

Table 3.3: Benchmark points for heavy Higgs searches in the decoupling limit

Scenario A (Decoupling limit)
my, (GeV) mpg (TeV) cs_o tanp

Al 125 02—-15 0.0 1
A2 125 02—-15 0.0 7.8
A3 125 02—-15 0.0 15
A4 125 02-15 0.0 20
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Table 3.4: Benchmark points for heavy Higgs searches near the decoupling limit

Scenario B (Near the decoupling limit)
my, (GeV) mpg (TeV) ¢z tanp

B.1 125 0.2—-15 0.004 1

B.2 125 0.2—-1.5 0.004 7.8
B.3 125 0.2—-1.5 0.004 15
B.4 125 0.2—-15 0.004 20

Table 3.5: Benchmark points for heavy Higgs searches in the crescent limit

Scenario C (Crescent limit)
mp (GeV) mpg (TeV) ¢z, tanp

C.1 125 02—-15 0.35 5
C.2 125 02—-15 024 738
C.3 125 02-15 013 15
C4 125 02—-15 0.1 20

From Table , and ., we choose similar benchmark points for A and H* in
the 2HDM. Phenomenological analysis for A and H* with respect to similar benchmark

scenarios have been discussed in Chapters [5| and [6] of this thesis.

49



Chapter 4

Heavy Higgs Bosons in the Two Higgs
Doublet Model

We present in this Chapter a phenomenological analysis of the CP even Higgs boson
within the type II two Higgs doublet model. We begin with a brief overview of 2HDM
Yukawa interactions, the decays, and the production of the heavy Higgs. Using constraints
from both the ATLAS and CMS collaborations, we choose viable values within the tan
and cos (8 — «) plane for our analysis, as indicated in the previous Chapter. Additionally,
we impose explicit theoretical constraints on the heavy Higgs mass and then perform a scan
over a range of 0.2 — 1.5TeV. We finally present possible avenues for detecting the heavy
Higgs as the objectives of this thesis.

4.1 Yukawa interaction of H

Table below summarizes the tree-level couplings of H to up and down type quarks,
leptons, and massive gauge bosons relative to the SM Higgs boson couplings as functions of

a and [ in the type II Yukawa interactions of the two Higgs doublet model.
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Table 4.1: The Yukawa factors in the Type II - 2HDM for heavy Higgs

H couplings yij’;DIM 2HDM Type 11
Ccl cos(f — )
cH cos (B — a) — Smtan 5
CcH cos(f — a) + tan Ssin(f — «)
CcH cos(f — a) + tan Ssin(f — «)

For couplings involving two or more scalars, the coupling of heavy Higgs scalar H to two

SM-like scalars h, ggnn is given by [119, 120];

v sin2/
sin2(5—«) 2m?
<0082(5—a) T tanZB ) - Sin21,é }, (4.1)

This coupling is very relevant as it controls the rates of three processes that may be kine-
matically allowed when m; < my ~ myg ~ mpg+. Unlike the other couplings involving
SM vectors or fermions, the triple Higgs coupling, ggyn, depends on additional parameters
beyond the physical masses and mixing angles. And it should be noted clearly that the

expression for gy, above is for a CP conserving 2HDM where A\ = A7 = 0.

4.2 Heavy Higgs Decay

In this section, we will discuss the decay rates of the heavy Higgs within the context
of the 2HDM. We evaluate the decay rates, total widths, and the branching ratios with
the help of 2HDMC. First, we show results in the decoupling limit where cos (8 —a) = 0
or sin (5 — «) = 1. In this limit, the lighter Higgs state(h) becomes the SM Higgs boson,
with the same mass at leading order excluding loop induced channels. Also, in this limit,
the heavier Higgs (H) does not decay into boson pairs, but it mainly decays into a pair of
fermions. We also discuss results for H near the decoupling limit and within the crescent

limit. In these limits, when kinematically allowed, the heavy Higgs may decay into two SM
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Higgs.

4.2.1 Decay of the heavy Higgs into fermions

The partial decay width for the heavy Higgs into a pair of fermions can be calculated at

tree-level as;

2 2\ 3/2
L (H = ff) = M(oﬁ)%\g (1_4&) (4.9)

8 m
where G is the Fermi coupling constant, my is the mass of fermion, my is the heavier Higgs
mass, Ny is the number of color factors and C’Jf] describes the Yukawa interaction of Higgs
to fermions. The number of color factors, Ny is 3 for quarks and 1 for leptons. And the

mixing factors in the Yukawa interactions C’J{{ are usually expressed in terms of the mass

eigenstates of the Higgs bosons which can be found in Table

4.2.2 Decay of the heavy Higgs into Gauge Bosons

The partial decay width of H decaying into a pair of gauge bosons WW or ZZ7 is;

3 am? 12m? 4m?
D(H = VV) = V2Grd (Of) 6y [1- =55 + TZVM 1 - mV) (4.3)

2
my my my

Where 6§y is 2 for W bosons and 1 for Z bosons. However, if kinematically allowed, the
heavy Higgs can decay into other scalar bosons like the charged Higgs (H*) or the CP odd
Higgs (A) plus a vector boson V', that is W or Z bosons. When the mass of the heavy
Higgs (my) is greater than the mass of the other scalar boson (mg.) plus the mass of the
vector bosons (my), my > mg. + my, then the partial decay widths I' (H — HTW¥) and

I'(H — AZ) can be computed as;

4 4 2 2 2
My | My 2miy e myy _ 2mie  2myy,

I'(H— H*WF) = \/EGFZ—% (sin(f — a))? (1 +

my o mi mir my o m
(4.4)

52



4

3 4 22 m2 Im2 29m2 3/2
F(H%AZ):\/EGF%(SiD(ﬁ—Q))z (1+mf+m4z— mA4mZ_ my mA)

2 2
myg Mg mg my my

(4.5)

On the other hand, when the mass of the other decaying scalar boson (mg.) plus the mass
of the vector bosons (my ) is greater than the heavy Higgs mass (my), then the heavy Higgs
H decays into either H* or A and the off-shell V. The partial widths ' (H — H*W**) and
I'(H — AZ*) can also be computed as;

9GZm} m2., m?
D'(H — HEW*) = ZE27W (6in(8 — o)) mpyG [ =22 ZW 4.6
( - ) 1673 (Sln(ﬁ O‘)) mp m%{ ) m%{ ( )
o 3GEImy 2 40 ., 160 ., m% m?
F(H—>AZ ) = 30703 (sm(ﬁ—a)) mpyg 7_§Sln9W+TSHl9W G m—%,m—%{
(4.7)

where the function G (z,y) in both equations above can be expressed as;

G(:z:,y):é{Z(—l—i—xﬁ—Q(—l—l—ﬁ)y—|—6(—1—|—x)y2

+6(14+2—1y)yv/—A(x,y) [tan™! (w) + [tan™! <M>
—A(z,y) —A(z,y)
-3 [1 + (z — y)2 — Qy} ylog(x)}
(4.8)
And the function A (z,y) is given as;
Mzyy)=1+2>+y* — 2y — 22 — 2y (4.9)
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4.2.3 Decay rates for the loop-induced decay modes

The partial decay width for the loop-induced decay modes of the heavy Higgs into pho-
tons, I' (H — 77) can be computed as;

V2Gpa?, m? 2
['(H —vyy) = TH‘JI# (mu) + Z Q?NZC}{IJ@ (mmu) + C\ijw (mu) (4.10)
f
where the loop functions are
4m2 m2 4m2
[f<mH) = _m_%{f |:1 - TH (1 - m_i) 00(0a07mlzﬁl>mf>mfvmf):| ) (411)
6m? 2m?
Ty (my) =1+ —W _ 6m?2, (1 - m2W> Co(0,0,m2, mys,my, my), (4.12)
My My
VA -
I+ (my) = %;H[l + 2m3+ Co(0,0,m3; mips, myy, my )], (4.13)
H
And the decay into gluons, I' (H — gg) is given by
V2Gpaimi H 2
D (H — gg) = W‘ S CEI; (ma) ‘ (4.14)
f=q
The function Cj as seen in the above decay is given by
2.2 2 2 —2 4m3¥
C[) (O,O,mH;mf,mf,m ) = m—%[f m—%{ (415)
[arcsin (1/4/2)]7, if 2> 1
The function f(x) takes the form; f(x) = )
—}1 [lni\/—f ”t;” —iw} , ifr <1

4.2.4 Decay of the heavy Higgs to SM-like Higgs hh

The partial decay width of the heavier Higgs boson to SM Higgs can be determined by

inferring the tree-level decay width for my, > 2m, ,

9 2,4 4 2
DIH — hh] = — Sy 4m (4.16)
32mvmy; m3
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Where ¢ defines the coupling ratio ggnn/g5mt which characterizes the relative strength of the

Hhh coupling as compared to the triple Higgs coupling in the SM and it is written as;

¢ = dmmn (8m7y/ sin 263 _2m12LI — 2mj) cos( — a) + O (cos?(8 — ) (4.17)
Ihhh 3mj,

From equation above, gpit represents the cubic Higgs coupling in the SM which takes
the form,;

—3m?
Ghmn = Th (4.18)

4.3 Heavy Higgs Production

At the LHC, the heavy Higgs is mainly produced via the gluon fusion process gg — H. We
can also produce heavy Higgs in different ways. These other production processes include the
vector boson fusion pp — Hqq', the vector boson associated production pp — HV', and the
top associated production gg — Htt. A detailed discussion on the Higgs pair production via
gluon fusion processes in the 2HDM can be found in [121]. Ref. [122] studied the production
of the heavy Higgs boson and its decay into top quarks in the strong coupling regime. The
studies in [122] focussed on the total decay widths of the heavy Higgs by considering the type
IT 2HDM where three favorable parameter scenarios were chosen for the heavy Higgs bosons
mass above the tf threshold and unsuppressed Yukawa coupling to the top quarks. Ref.
[123] describes the code SusHi which calculates the cross sections in gluon fusion and bottom
quark annihilation in the SM, 2HDM and MSSM. Cross sections for gluon fusion at leading
order (LO), next to leading order (NLO), next-to-next-to-leading (NNLO) expressions are
explicitly given in this reference. In this thesis, we adopt the following method to determine
the appropriate production cross-section of the heavy Higgs. The LHC Higgs Cross Section
Working Group presented in [61, [124] the case of the SM Higgs boson production where,
they calculated the NLO production cross sections for gluon fusion, vector-boson fusion, and
production in association to vector bosons or top quarks. For the 2HDM, the ratio of the LO
production partial widths is computed in each production channel for both h and H relative

to the SM Higgs boson of the same mass, and the couplings as functions of o and 3. The
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SM Higgs production cross sections at NLO in each production rates are then rescaled by
these factors to obtain an estimate for the NLO cross sections. The o and [ dependent cross

section for gluon fusion production cross section of the heavy Higgs H is given by [125];

I'ro (H — g9)

o S H —0 = h o,h 4.19
NLO (99 ) s~ °NLO (99 — hsm) TLo (rsm = 99) (4.19)

Fig. below shows the gluon fusion production cross-section of the heavy Higgs in the
decoupling limit where cos(5 — «) = 0 at four different values of tan 5. This represents the
production cross sections of heavy Higgs with masses from 200GeV to 1.5TeV at center of
mass energy of 14TeV. The cross sections are obtained at NLO using the default SusHi[123]
and LHAPDF [126], [127]. We see here that the total production cross section ranges from
about 22.5pb for my = 200GeV to about 2 x 1072pb for my = 1.5TeV for tan 3 = 1 in the
decoupling limit. In the decoupling limit of 2HDMs, the lightest Higgs boson has SM like
couplings, and its production follows precisely that of the SM Higgs boson. For the heavy
Higgs boson, the production rates depend on my and strongly on tan 5. For instance, for
small values, tan 8 ~ 1, the dominant contribution comes from the top quark loops as the g,z
couplings, ggy o< 1/ tan 8 are strong. At higher values of tan /3, tan 8 > 10, the couplings to
top quarks are strongly suppressed while those to bottom quarks, gy, o tan 5 are enhanced.
This makes the bottom quark loop contribution to gg — H become the dominant one, while

it was about 10% less in the SM case.
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Figure 4.1: 2HDM Type II: 0445 in the decoupling limit for tan § = 1,7.8,15 and 20 at NLO

At small to intermediate values, tan § &~ 3 — 10, we see that the suppression of the top
coupling ¢, is more effective already while the bottom coupling ggp, is not yet enhanced,
resulting in production cross sections that are smaller than in those in the SM. As can be
seen clearly in figure below, in an attempt to compare the results to the case of the SM
Higgs, the production rates for the 2HDM type II Heavier Higgs are smaller than for SM
Higgs like at low tan § when the suppressed top quark loop is still dominant and much larger
at high tan § values when the bottom quark loop is strongly enhanced. They are pretty small

for tan § ~ 7.8 when there is maximal gg; suppression and minimal gz, enhancement.
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4.4 Decay channels for the Heavy Higgs

We present in this section our results for the decay channels of the heavy Higgs. In our
analysis, we constrain the mass of the heavy Higgs, such that the masses of the charged
and pseudoscalar Higgs are smaller than that of the heavy Higgs masses. We impose these
constraints to allow the heavy Higgs to decay into SM particles only. The imposed constraints

follow the expressions;
my = my+ + H0GeV; myg = my + 50GeV (4.20)

Also, a detailed analysis on the phenomenology of the heavy Higgs is performed in three
different scenarios determined by the parameter space, which is allowed by constraints coming
from the requirement that the light Higgs boson in this model, h, is SM-like. The first
part focuses on the decoupling limit where cos (8 — a) = 0. In this limit, the lighter CP
even Higgs boson h has the same coupling as the 125.09GeV SM Higgs boson. In this
limit, the heavy Higgs can’t decay into any two neutral or charged scalar bosons since its
coupling to such bosons is directly proportional to cos (5 — «). The second part focuses on
the phenomenological analysis of heavy Higgs near the decoupling limit, where we choose
cos (8 — «) to be 0.004. And finally, for the third part, we present analysis in the crescent
limit, which we believe to be the most promising limit for new physics discoveries. In both
the second and the third scenarios, one would expect the heavy Higgs to decay into two SM
Higgs. We also present results for the production cross sections times the branching ratios
of the heavy Higgs, for distinct cos (5 — «) values at tan 5 values; tan 5 = 1,7.8,15 and 20.
The tan § parameter can be determined using measurements from the branching ratios, total
width measurements of extra Higgs bosons and the precision measurements [128] of the SM

Higgs branching ratios.
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From Figs. , , 4.4 and above, it can be seen that in the decoupling limit, the
best channels from the decay of the heavy Higgs are some fermionic channels H — bb, H —
tt, H — c¢, H — 77 and a loop induced channel H — gg for all chosen values of tan . The
H — cc channel is seen to be suppressed and quickly disappears for tan 8 = 7,8, 15, and 20,
whereas, the H — tt remains visible for higher values of tan 3. This is because the decay
rate is proportional to the square of the fermion mass as mfc, hence heavier top quarks is
enhanced as compared to lighter charm quark. From our results, it was also noticed that
in the decoupling limit, the decay of the heavy Higgs into vector bosons vanishes. We also
discuss the influence of tan S on the heavy Higgs. As seen in Fig. [.2] for tan 8 = 1, the
H — tt channel opens up whereas it closes up gradually for tan 8 = 7.8,15 and 20. This
is because the heavy couplings to tt is highly enhanced for low tan /3 values whereas it is
suppressed for high tan 8. Another reason is that comparing equations and we see
that in equation , the partial decay widths for h — V'V grows rapidly as mj whiles
in equation [4.2) h — tf grows only as my,. This is exactly what one would expect in the
minimal supersymmetric models for tan 8 < 3 [129-133]. This is the same for the type II
2HDM where from Table [£.1] we observe that the top loop is suppressed by the square of
the Yukawa coupling C}! o @ if tan § is not close to 1. It can be concluded from the
above results that the H — tf will surely be more favourable for the type II 2HDM in the
low tan 3 regimes. Finally, there is a continuous enhancement for H — bb and H — 77~ as
tan § is increased. This is true since down type quarks and charged leptons couple to the

same doublet in the type II 2HDM, hence this is enhanced by the square of the coupling Cf7

or CH o tan 3 for tan 3 > 1.
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4.4.2
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my near the decoupling limit
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Here, we discuss two interesting more limits, near the decoupling limit and the crescent
limit. These two limits differ from the decoupling limit by providing an avenue for detecting
the decays into gauge bosons and two SM Higgs particles. Figs. (.6 , 4.7 , 4.8, and
[4.9] shows the production cross section times branching ratios vrs heavier Higgs masses for
tan 5 = 1,7.8,15 and 20 near the decoupling limit where cos(5 — «) is set to 0.004 whereas
Figs. 4.10], 4.11], |4.12], and shows the same but for different cos(5 — «) values in the

crescent limit. In these two limits, when kinematically allowed, the heavier Higgs can decay
to two possible light Higgs scalars H — hh even when the couplings of the lightest Higgs
are within a few percent of the SM Predictions [125, 134], 135].

Discussion for H -+ hh, H - WW,ZZ , and off-shell decay modes

From Eq. , we see the partial decay width for the heavy Higgs to two SM Higgs
whereas Eq[4.] gives a simplified version for the ggp, coupling. The first thing to note is
that the coupling is directly proportional to the Yukawa interaction as ggp, o cos (5 — «)
which implies that in the exact decoupling limit, ggp, — 0. This is the same for the vector
boson couplings, ggyy, hence when cos(8 — a) = 0, neither H — hh nor H — V'V would
be available. Notwithstanding, for very small departures from the decoupling limit, these
decays channels may be significant, and they may dominate the total width of H. This is
because the partial decay width for both channels grows as I'(H — VV) ,I'(H — hh)
nZ—;;’. This is exactly what we notice in all the 8 figures above. In Figs. to [4.13], the
I'(H—>WW),I'(H— ZZ), T (H — hh) channels open up. However, near the decoupling

limit at cos(f — ) = 0.004 for increasing values of tan 3, the channels I' (H — ZZ) and
I'(H — WW) become negligible around 10~° (hence invisible channels in Figs. [4.7]
and [1.9). But the I' (H — hh) channel dominates in this regime. Of these two processes,
['(H — hh) and T'(H — VV), the respective couplings determine which one dominates.
['(H — hh) > T (H — VV) holds when kinematically allowed or opened. Since the ggpup
coupling is non zero, I' (H — hh) is enhanced as we move further away from the decoupling

limit. We observe similar results in Figs. [4.7 , , and , where the decay growth
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['(H — hh) is exactly the same except for Fig. [4.6] which deviates slightly. For the off-
shell decay modes, we see that in the decoupling limit the decay mode H — W*HT is
mostly enhanced whereas that that of the H — AZ* is slightly suppressed with increasing
tan B values. Therefore, H — W*H* channel slightly opens up as compared to the H —

AZ* channel. We observed similar results near the decoupling limit. Moreover, comparing

Figs. [4.10| and [4.11] , we noticed that, at cos(f — «) = 0.35 and cos(f — a) = 0.24, the

[' (H — hh) growth occurs at a heavy Higgs mass of around 1.05TeV and 1TeV respectively.
Furthermore, our results show that at larger values of tan § far away from the decoupling
limit, I' (H — hh) >>T'(H — VV) due to the tan § enhancement of I' (H — hh). In [125],
['(H — hh) was singled out as very significant channel in determining the most favourable
search for heavier Higgs as my is varied, since it implies that BR (H — V'V') maybe small
even when the partial width is appreciable. This is true because the tan S enhanced coupling
of the heavy Higgs H to bottom quarks rapidly leads to I' (H — bB) dominating the total
width as seen clearly in Figs. [4.0] to [£.13] shown above. This is valid for CP conserving
2HDM ( A¢ = A7 = 0), where near the decoupling limit the leading contribution to the
gunn coupling are not enhanced by tan # and the enhanced terms of tan 3 first arise from
O (cos*(B — «)) [125], 136-139]. Besides, when \g and A; are non zero, H — hh dominates
the total width even in cases where fermion decays are parametrically enhanced [125]. In
conclusion, our results show that the crescent limit is a promising limit to search for heavy

Higgs decays into both gauge bosons and two SM-like Higgs states.
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Chapter 5

Pseudoscalar Higgs Bosons in the Two

Higgs Doublet Model

We present in this chapter all analytical expressions for the partial decay widths of the
pseudoscalar Higgs(A). We briefly discuss the Yukawa interactions of A. We finally present

all phenomenological findings of the pseudoscalar Higgs in this chapter.

5.1 2HDM Type II: Yukawa interaction of A

We present the Yukawa interactions of the CP-odd Higgs (A) to fermions, leptons and
gauge bosons in the Type II 2HDM. In addition to the coupling of the pseudoscalar Higgs
involving only one scalar, we shall be interested in three couplings involving two or more
couplings most importantly the coupling of the SM Higgs h to the pseudoscalar A and a Z
boson, gnz4. The couplings of two scalars, h, and A to an SM vector boson Z can be written
in terms of o and 8 as [125];

Jhza = 1\/ g*+ g?%cos (B — a) (5.1)

2

Table below shows the tree-level couplings of the pseudoscalar Higgs A to up and down

type quarks, leptons, and massive gauge bosons as functions of a and f.
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Table 5.1: Yukawa interactions of A.

CP-odd Higgs A couplings % 2HDM Type 11
i 0
it ol
c4 tan 3
cA tan 3

5.2 Decay Rates of pseudoscalar Higgs, A

5.2.1 Decay rates to fermions

The partial decay width for pseudoscalar Higgs into a pair of fermions is given by

ﬂGFmimA

I(A—ff)= o

4m2 1/2
CH’ Ny (1-—L 5.2
( f) f( mi (5.2)
where m 4 is the pseudoscalar Higgs mass, and C’f is the mixing factor of the Yukawa

interaction of A to fermions. The remaining terms have been defined in subsection [4.2.1]

5.2.2 Decay rates to Bosons

In the CP conserving 2HDM, the decay rates of A into gauge bosons are zero at the tree
level, since the O} coupling is absent as shown in Table above. The CP-odd Higgs A
can decay into other scalar bosons such as H* or H plus an either W* or Z bosons when
kinematically allowed. When m, is greater than the mass of the other scalar boson (msg.)
plus the mass of the vector bosons (my), ma > mg. + my, then the partial decay widths
['(A— HE*W?*) and I' (H — HZ) can be computed as;

m3 m* mé
I (A— HYWH) = \/§GF8—;(C(})2 <1 o W

my my m4A mi m?A(5 3)

o2 .m2.  2mZ. 2m2.\?
MMy 2Mpgs mwi>
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3 4 4 2 2 2
F(A—>HZ):\/§GF%(C())2 <1+m_f m_f_ Mmummz
8 My My

2m?2,  2m%\ 2

e e f) (5.4)
m 4 s my

Also, when mg, + my is greater than my, then the CP-odd Higgs A decays into either H*
or H and an off-shell V, that is ' (A — HEW=**) and I' (A — HZ*). These decay patterns
are given by

2,4
T (A N Hiwi*) — 9GFmWi

2
1673 (Cé)2 maG (ml1H

2
mWi
5.5
m?  m? ) (5:5)

2 ,.,4
D (A HzY) = 255z

2 40 160
= 327‘(’3 (C‘f/‘) ma (7—3

02 -l
sin 0y, + —— sin 6y,

2 2
) (L 22) o
m%’ m
where the function G (z,y) and A (z,y) are defined in subsection

A

5.2.3 Decay rates to vy and gg

The loop induced decay modes of the CP-odd Higgs, I' (H — ~v) and ' (H — gg) can
be expressed as;

V2G pa?, m3 2
D(A = 97) = Y= 24 S QN (ma)|
f

(5.7)

2 2,,3
I (4 gg) = Y2GE0M

2
ATA
12873 ‘Zcf I (mA>’
f=q

Where the loop function / }4 (my) is given by

(5.8)
Ii(ma) = 2m?cC’0(O, 0,m;; mfc,mfc,mQ),

(5.9)
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The function () takes the form

-9 4mi
Co (0,0,m2;m2,m2,m?) = —f ( —~ 5.10
0(7 amHamf7mf7mf> m%{f m%{ ( )

5.2.4 Decay rates to Zh
The partial decay width of A to Zh is given by [140];

G?X3% cos? (B — a)
64mm?2m3, cos? Oy

T (A— Zh) = (5.11)

Where
My, 2) = 2% +y* + 2% — 20y — 2yz — 221 (5.12)

5.3 Pseudoscalar Higgs Production

Similarily to the production of the heavy Higgs, the pseudoscalar Higgs can be produced
predominantly in the gluon fusion mechanism via loops involving primarily the heavy bottom
and top quarks. The gluon fusion mechanism for A can be examined at a threshold of higher-
order corrections taking into account softly broken gluon effects [141]. Also, the CP-odd
Higgs boson can be produced in association with top-anti top pair [I42H144]. An alternative
way to produce the CP odd Higgs is via photon-photon collision taking into account one
complete loop contributions [I45]. The principle of CP invariance forbids the coupling of
the CP-odd Higgs to gauge vector bosons, hence A cannot be produced in the vector boson
fusion. The production rates of the CP odd Higgs depend strongly on m,4 and tan /. For
our numerical analysis, we have employed NLO MSTW2008[141, [146] parton distribution
functions to calculate the cross sections at a center of mass energy, /s = 14TeV. We calculate
NLO cross sections for A using SusHi program [123] such that the radiative corrections of

the Higgs sector were carefully calculated at a fixed SM Higgs mass, m;, = 125.09GeV. The
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production cross section rate is given by

I'1,0 (A — g9)

o S A — 0 = h P 5.13
NLO (99 ) s~ °NLO (99 sm) TRy (5.13)

102 5
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Figure 5.1: 2HDM Type II: 0444 in the decoupling limit for tan 8 = 1,7.8,15 and 20

Fig. shows the production cross section for A at the LHC with a center of mass
energy of /s = 14TeV in the decoupling limit at tan § = 1,7.8,15 and 20. From Fig. |5.1
for small values of tan 8, the dominant contributions to the cross sections come from the

1

top quark loops as the g4 couplings, gay o< T are strong. At higher values of tan 3, the
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coupling of A to the top quark loop g4, becomes suppressed, while those to the bottom
quarks gap gets enhanced. For intermediate tan 8 values, tan § =~ 3 — 10, the suppression of
the gay coupling is already effective whereas the gap, is not yet significantly enhanced. We
see also that the production cross sections for the CP odd state differs from that of the CP
even state in the two Higgs doublet models since the couplings of the CP even H state to

fermions are not exactly the same as those of the pseudoscalar state, A.

5.4 Decay channels for Pseudoscalar Higgs

We discuss the allowed channels of the CP odd Higgs in this section. We constraints the
mass of the CP-odd Higgs such that;

my = mg+ + 50GeV, my = myg — H50GeV (5.14)

Next, we present phenomenological analysis for the CP odd Higgs in the decoupling limit,

near the decoupling limit, and in the crescent limit.

5.4.1 0444 times branching ratios vrs my4 in the decoupling limit

Figs. : : : show the cross sections times branching fractions for the CP
odd Higgs at /s = 14TeV. We focus our discussion on high and low tan 8 regimes. Values of
tan § are of interest because the production and decay patterns of the 2HDM Higgs bosons
depend significantly on tan 5 [133].

Low and High tan  regime

For extremely low values of tan /3, tan8 = 1, it can be seen from Fig. that the
production rates times the branching ratios are extremely high. Here, the couplings of A to
the top quarks is enhanced, whereas that to the bottom quarks is suppressed. We conclude
that tan 8 = 1 is an excellent choice to see the dominant top quark in the loop. Our results

show that at high tan 3 values, there is an enhancement in the couplings of the CP-odd
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Figure 5.5: 0444 times branching ratios
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Higgs to b quarks and 7 leptons whereas that to top quarks is suppressed. This is because

the couplings gamw and ga,, have the tan 8 dependence as gaw, ga-- x tan 8 whereas that of

_ . . _ 1
garr, 1S given as, gag X 3 We also observe some clear channels for A, such as A — upu,

A — ss and a loop induced channel A — ¢gg. These channels are strongly enhanced for

higher tan § values because the Yukawa interactions for strange quarks, and muons, are
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directly proportional to tan 3. In summary, the decay pattern for the CP-odd Higgs is
remarkably simple: the ¢ channel and all other decay modes are fully suppressed to a level
where their branching ratios are negligible excluding the decay of the CP-odd Higgs into
77 and bb pairs. These exclusive channels are said to be the dominant channel at higher
tan 3 regimes. Supposedly, the branching fractions of Br (A — 77) and Br (A — bB) could
be around approximately 10% and 90% respectively.

5.4.2 o044 times branching ratios vrs my4 near the decoupling limit

When kinematically allowed, the CP-odd Higgs decays into a light Higgs scalar h and
SM vector boson Z, A — Zh. We observed the Z, A — Zh channel in this limit where
cos(8 — a) # 0.004. From equation [5.1} we see that the coupling of the CP-odd Higgs A
to SM Higgs h and a vector boson away from the decoupling limit is strongly dependent on
cos( — a). Figs. , , , and [5.9] show cross sections times the branching ratios of
A at cos(ff — ) = 0.004. The results presented show that the A — Zh channel is enhanced
at small values of tan 3, tan f = 1, and is suppressed as tan 3 grows up. This case is valid
because near the decoupling, the coupling of A to Zh approaches almost zero and we see

from equation that the partial decay width I' (A — Zh) grows as I' (A — Zh) x ﬁ
For A — ff, similar analysis holds for the decoupling limit, since the couplings of A to
fermions in both cases has the same tan $ dependent. In conclusion, near the decoupling
limit, the dominant decay modes for A are A — bb, A — g9, A — 7t7=, A — Zh and
A — tt. When kinematically available, A — Zh channel dominates at low values of tan /3
for m4 < 2my but highly suppressed at high values of tan 3. Also, A — tf becomes dominant

at low values of tan 8 but it is suppressed relative to A — bb at high values of tan 3 due to

the reduction of gy and enhancement of g4p.
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e A — Zh search channel in the crescent limit

This is a very important search channel of interest in this region. The coupling of A to
Zh is directly proportional to cos(5 — «), which spans from about 0.2 — 0.6 in the crescent
limit as shown in Fig[3.1] Although the branching ratio Br (A — Zh) will be proportional
to the square of this number, the magnitude is sufficient enough to make Br (A — Zh) the
preferred channel for A decays within certain regions over the parameter space. That implies
that for intermediate values of tan 5, tan § ~ 7.8, the decay of A into Zh dominates over
that of £ and bb as seen in Figh.11} The A — Zh channel is predominantly enhanced for
low tan 3 values and high cos(f8 — «) values whereas it gets slightly suppresses for high tan
values and low cos(f — «) values. The partial decay width for I' (A — Zh) grows as ﬁ
For the case of the fermionic channels, our analysis holds just like in and near the decoupling
1

limit, since the coupling of the pseudoscalar Higgs to top quarks is proportional to eyl the

coupling to bottom quarks grows with tan /3, and there is no dependence on cos (f — «).

5.4.4 Comparative review on the A — Zh channel

There have been several studies for the A — Zh channel. The ATLAS [147HI49] and
CMS [150] collaborations at CERN searched for the A — Zh in di-photon, multi-leptons,
and bottom anti-bottom quarks final states. According to [151l [152], searches in the di-
photon channels are essentially important to constrain pseudoscalars below m4 < 350GeV.
Moreover, the pp — A — Zh was recently examined by [I53| in the type IT 2HDM, where
the A — Zh decay channel was found to be dominant at moderate values of tan 3, even for
m4 values above the threshold where the decay into a pair of top quarks is kinematically
open. In [I53|, datasets were generated using ScannerS [I54HI57] and tree level theoretical
constraints from the boundedness theory for some Higgs potential [13] [158] with perturbative
unitarity|[I3] were imposed. Ref. [153] required the electroweak vacuum to be a global
minimum of the tree-level Higgs potential outlined in [I59] and finally passed the information
obtained for the branching ratios, total decay widths and cross sections to HiggsBounds 4.3.1

[T60-163] to check exclusion bounds from searches of additional Higgs.
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Chapter 6

Charged Higgs Bosons in the Two Higgs
Doublet Model

In this chapter, we investigate charged Higgs bosons phenomenology in the context of
the Type II 2HDM. With constraints on the five scalar bosons masses and the parameter
space coming from present LHC data, we search for new channels arising from the charged

Higgs by studying its production and decays.

6.1 The Yukawa interaction of H*

The Yukawa interaction for the charged Higgs boson H* in the Type II 2HDM is briefly
outlined in this section. Table below shows tree-level couplings of H* to up and down

type quarks, leptons, and massive gauge bosons as functions of o and f.

Table 6.1: Mixing factors in Yukawa interactions of H=*

Charged Higgs H* couplings f21a | 2HDM Type II
cH* 0
cH * cot 8
cH : —tan
CH* —tan
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From Table above, we notice that the couplings of H* to the vector bosons are zero
whereas that to the fermions are 5 dependent. However, if kinematically allowed, the charged
Higgses H* may decay to an SM-like Higgs and a W* boson, H* — W*h. The coupling of

H* — W=*h, gnw+pg+ [125] can be written as:

7
InwxHE = 4359 COs (@ - 04) (6'1)

6.2 Decay rates of the charged Higgs bosons in the 2HDM

In this section, we present the analytic expression for the decays of the charged Higgs

bosons.

6.2.1 Decay rates to fermions

If the mass of H* is larger than m, + m,, Ht can decay into tb according to the decay

rate:

2 2\ 1/2
T(H* — th) = \/EGF";JLI+ A ( T T >
T

2 0 2

2 2 2 2 2,2 VHE ~HE

2 2

(6.2)

where the function A (x,y) is already defined in Eq. For decay rates to gauge bosons,
the decay rate for H* decaying into gauge bosons are zero at tree level since C{ T =0as

shown in Table [6.1]
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6.2.2 Decay rates to scalar boson and a vector boson, V'

If kinematically allowed, H* can decay into other scalar bosons plus a vector boson,

V =W or Z. Such decay rates can be evaluated as:

T(HE — hW) = V26 M- (cos (5 — o) A2 M iy (6.3)
o8 ma, ma, '
m3 _ m2,  m?
I(H* — HW*) = V2Gp 81;* (sin (8 — @) X¥/2 (mT; m%ﬁ) (6.4)
3 2 2
D(HE = AW*) = V2G it p3/2 (14 Ty (6.5)
2 2
8 My Mys

6.2.3 Decay rates to scalar boson and the off shell V/

Also, if kinematically available, H* can decay into other scalar bosons and an off-shell

V. These decay rates are given by

9G2%m? m2  m?
[(HT - hwt) = W —a))? G h W 6.6
( - ) 1673 (COS (6 CY)) Mmp+ m%{+ ) m%{-&- ( )
9G2%m? m2,  m?
D(HT - HW*™) = =W (6in (8 — ))? G =2, = 6.7
( - ) 1673 (Sln (ﬂ a)) Mmp+ m?{-k ) m2H+ ( )
2.4 2 2
D(H* — AW*) = 9GFW;WmH+G ( m;‘ : m2W ) (6.8)
167 o+ My

where the function G(x,y) is given as

G(z,y) L {2(—1+:v)3—9(—1+x2)y+6(—1+x)y2

= @
Atz 1
—)\(x,y) —)\(x,y)

—3[1+(3}—y)2—2y]y10gw}. (6.9)

+6(1+x—y) yy—Az,v)
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6.3 Charged Higgs Production

In this section, we discuss predictions for single charged Higgs production at a center of
mass energy, v/s = 14TeV for the Type II 2HDM. In hadronic collisions, there are several
relevant charged Higgs production channels. We categorize these channels into two, namely
the fermionic and bosonic channels. We can consider single charged Higgs production for

the Type II 2HDM in the following ways;
(1) Fermionic channel, gg — H*bt
(2) Fermionic channel, gb — H*#
(3) Bosonic channel, g9 — H; — HTW~
The Feynman diagrams below show the production channels of the charged Higgs.

(1) g9 — H*bt

Figure 6.1: Feynman diagrams for gg — H*bt
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(2) gb— H*E

i (i) H
b _ .’
b LW
t
g N\
b

Figure 6.2: Feynman diagrams for gb — H*¢

(3) g9 > H; —» HTW~

g w- 9 w- b W=
z}.}{{k\‘:‘\‘\. A ] \ >—{_I£ .L\!\‘\‘\.
g ot g H b ae

Figure 6.3: Feynman diagrams for g9 — H; — HTW~

6.4 Charged Higgs searches channels

The strategy to search for charged Higgs depends on its mass which predicts both the
production and available decay modes. These search strategies can be grouped into low mass

and high mass cross sections as briefly discussed below;

(1) Low-mass cross-section

If the mass of the charged Higgs boson satisfies my+ < m; — my, where m, is the top quark
mass and my is the bottom quark mass, then H* could be produced via top decays, t — H'b.
In this region, where my+ is below the tb threshold, the H" — 7v decay mode is dominant

for tan § > 1.
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(2) High-mass cross-section

The main contribution to the charged Higgs boson production at hadron colliders is via the
twin processes, gg — tbH™ and gb — tH™ for my+ > m;. We refer to these two processes
as twin processes since they correspond to two different approximations describing the same
basic processes. Hence for charged Higgs boson masses above the top quark masses, the
twin processes are dominant due to the resummation of potentially large logarithms in the
bottom quark parton density [164]. For high charged-Higgs masses, the decay into a top and
bottom quarks, H+ — tb dominates. In this work, we evaluate the charged Higgs production
cross sections with MadGraph 5 [165] for three significant channels at next-to-leading order,
then we predict the most dominant H* production channel likely to be seen at the LHC.
Our results in Figs. , and proves pp — H'tb to be the dominant production
channel followed by gb — H*t and gg — HTW ™ been the least channel. Both pp — H*tb
and gb — H*f occur for intermediate and higher H* mass range produced directly in
association with a top and a bottom quark, leading to a cross section that is proportional to

tan® 3. From [166], the total cross section for the type II 2HDM can be parameterized by

a};{tpe T gZoicot® B+ gyop tan® B+ g,guow (6.10)
where g; and g, are the part of the Yukawa couplings proportional to the top and bottom

quark masses respectively. We observe from our results in Figs. [6.4] [C.I] and [C.2] that

1

73 is enhanced whereas for
an” (3

for tan 8 &~ 1, the Yukawa coupling to the top quark with
intermediate and high tan 3 values, the coupling to the bottom quark with tan? 3 is enhanced
while that to the top quark is suppressed. This is true for all the three selected production
channels since the production cross section according to Eq. above is dependent on the

masses of the scalar bosons and tan j.
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6.4.1 Cross sections rates in the decoupling limit
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Figure 6.4: Cross section rates for charged Higgs in the decoupling limit

6.5 Production cross sections times branching fraction

We present in this section the production cross section times the branching fractions of
the charged Higgs. We choose the pp — H'tb production channel for our analysis since
it is the dominant channel. First, from Figs. [6.5] [6.6] and [6.8, we show results in the
decoupling limit at cos (5 — ) = 0 and we found that above the top-bottom threshold (that

is my+ > my —my), the dominant channel is H + 5 th whereas H* — 7v, dominates in a
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region below the top-bottom threshold (myg+ < m; —m;). The sub-dominant channels are
the H* — ¢b and H* — cs followed by the leptonic channel H* — v, being the least
channel. Second, from Figs. [6.9 [6.10] [6.11] and [6.12], we present results near the decoupling

limit at cos (8 — «) = 0.004 and our results are very similar to that of the decoupling limit
except for the H* — hW channel which exists in the former and vanishes in the latter.

The H* — hW channel which exists at cos (8 — a) = 0.004 is very small, about the orders

of 107 and is not shown on the plots. Lastly, we show in Figs. [6.13 [6.14], [6.15| and |6.16|

results far away from the decoupling limit. Here, the fermionic channel results follow similar
pattern like in the decoupling and near the decoupling limit. However, we observe that
another decay mode, H* — hW* opens up with a large branching ratio once the condition
cos(f — ) = 0 is relaxed. The H* — hW= channel widely opens up for high cos( — «)
values and gets suppressed for low cos(f — ) values. This analysis is valid as it is guranteed
by Eq. [6.1] In summary, we have shown that the dominant decay mode of charged Higgs
in Type II model, as expected is in the tb channel, following the sub-dominant 7, channel
with Br ~ 10 — 15 %, followed by other suppressed modes such as, HT — bc, 3, pv, and a

new channel H* — hW¥ opens up for relaxed values of cos(8 — ).
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6.5.1 Analyzing results in the decoupling limit
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6.5.2 Analyzing results near the decoupling limit

10%

tan 8 =1
cos (B — a) = 0.004

my = my +50GeV
my = ma + 50GeV oBr(H* — th)
oBr(H* - Tv)
oBr(H* a:b)

(
.
10 (
(
oBr(H* - cs)
(
(

10° 4 aBr(H* — )

oBr(H* — ud)

E 101
X
N
1077
10°%
104 T T T T T T T T T T T T T
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
My [GeV]
Figure 6.9: o (pp — H" t b)[pb] times
branching ratios vrs my+ near the decou-
pling limit, for tan g =1
10?
tan 3 =15
cos (8 — @) = 0.004
i z::"ltﬂjgf\iv —— OBr(H* — th)
10" 4 — Br(H* = 1v)
—— GBr(H* = cb)
—— oBr(H* - cs)
1004 —— Br(H* — pv)
& 10
X
®
1072
10 3
104

. y . . . . . . . . . + .
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
My +[GeV]

Figure 6.11: o (pp — H' t b)[pb| times
branching ratios vrs my+ near the decou-

pling limit, for tan § = 15

102
tan 3 = 7.8
cos (B — ) = 0.004
my = mp= +50GeV
100 my =ma + 50GeV — oBr(H* - tb)
—— oBr(H* —1v)
—_— (TBI(H — cb)
—— gBr(H* — cs)
1004 —— oBr(H* — )

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
My+[GeV]

Figure 6.10: o (pp — H* t b)|pb| times
branching ratios vrs my+ near the decou-
pling limit, for tan § = 7.8

10%
tan 8 = 20
cos (B — @) = 0.004
my =my= + 50GeV
101 4 my =ma + 50GeV — oBr(H" — th)
—— Br(H* - 1v)
oBr(H* — cb)
—— oBr(H* - cs)
1004 = gBr(H" — )
3
EE 10-1 4
X
o
1072
10 34
101 T

T T T . T : : : r r : .
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
My+[GeV]

Figure 6.12: o (pp — H' t b)[pb| times

branching ratios vrs my+ near the decou-
pling limit, for tan 8 = 20

85



10!

100 4

10

100 4

6.5.3 Analyzing results in the crescent limit

tan3 =5

cos (8 —a) =0.35

my = my= + 50GeV

my =m +50GeV oBr(H* — th)
oBr(H* - v)
oBr(H* — cb)
oBr(H* - cs)
oBr(H* — )

oBr(H* — hW)

200

300

400 500 600 700 800 900 1000 1100 1200 1300 1400

My [GeV]
Figure 6.13: o (pp — H* t b)[pb] times
branching ratios vrs my+ in the crescent
limit, for tan 8 =5
tan 8 = 15
cos(B—a) =013
mu = mys + 50GeV
my = ma + 50GeV — oBr(H" - b)
— GBr(H* = v)
— oBr(H* = cb)
—— oBr(H* —cs)
— oBr(H* — )
= gBr(H" — hW)
‘Z(‘)O 3(‘)0 460 -3{']0 6[‘][] 7[‘][] Sl‘)[] 9’30 1 0'00 1 1‘00 1 2‘00 1 3‘00 1 4'[][]
My +[GeV]
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Chapter 7

Conclusions

After the observation of the 125-126GeV SM-like Higgs boson by the ATLAS and CMS
collaborations, the next challenging task at the LHC should be to hunt for new phenomena
beyond the SM. One way to achieve this is by looking for the direct production of new
states. In this thesis, we have considered the production and decays of the heavy (H), CP
odd (A), and charged (H*) Higgs bosons within the type IT 2HDM. We have chosen three
areas of the type II 2HDM parameter space in the cos (5 — «) and the tan § plane where,
our results showed that the area called the crescent shape which one would have thought to
be an exclused region is a viable and highly significant region to search for the production
of new states at a high energy scale around 1.5TeV. Signal strength measurements of the
SM-like Higgs boson suggest that, in the context of the type II 2HDM, whereas certain
decay channels vanish or become extremely low both in and near the decoupling limit, other
promising channels were found to be in the crescent limit. A very concise summary of the

most relevant findings or results described in this thesis is:

(1) Following the gluon fusion mechanism for the heavy Higgs, we found that for small
tan 8 values, the dominant cross section rates contribution comes from the top quark
loops as the g; couplings, ggy o< 1/tan 3 are so strong. At higher values of tan 3,
the couplings to top quarks are strongly suppressed while those to bottom quarks,
gmwy X tan 8 are enhanced. We also found that in the decoupling limit, certain decay

channels such as H — WW and H — ZZ vanish. These decay channels exist near
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the decoupling limit but are subdominant. Interestingly, H — hh, H — WW and
H — ZZ become promising final states in the crescent limit. In all the three chosen
limits, we established that while the H — ¢ dominates in the low tan 3 regime and is

suppressed in the high tan g regime, H — bb and H — 77 follow the reverse way.

(2) Since the production of the CP odd Higgs also arises from the gluon fusion mechanism,
we observed that in the low tan 8 regime, larger cross sections rates are from the top
quark loops as the gy couplings, gay o @ are so strong. In the high tan g regime,
the coupling of A to the top quark loop g4 are strongly suppressed while those to
the bottom quarks g4, are enhanced. For extremely higher values of tan 3, our results
showed that we get into the chiral limit, m4 >> m; for which the production rates
for both the CP even and CP-odd states become approximately the same. We found
that the dominant decay modes for A are A — bb, A — gg, A — 7t7=, A — Zh and
A — tt. The A — Zh is dominant in the crescent limit in the low tan 3 regime. For
all the three limits, our results revealed that A — ¢ becomes dominant at low values

of tan B but it is suppressed relative to A — bb at high values of tan 8 due to the

reduction of g4, and enhancement of gap.

(3) For the charged Higgs bosons, the most dominant production channel was found to be
the pp — H™tb state. Our results also showed that the dominant decay mode for the
charged Higgs in type IT 2HDM model, as expected is in the tb channel, following the
sub-dominant ones 7v, channel with Br ~ 10 — 15 %, followed by other suppressed
modes such as, H* — be, c3, uv, and a new channel H* — hW= opens up for larger

values of cos(f — «).

Our results suggest that H — hh, A — Zh and H* — W*h should become high priorities
in searching for additional Higgs bosons. Finally, our work focused on the simplest extension
of the SM, the type II 2HDM. A possible avenue of research is to extend our work to the
WEDM, a BSM scenario which allows excitations of the SM particles to propagate in an

extra dimension.
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Appendix A

THDM: Additional Results for the
Heavy Higgs

Heavy Higgs (H) Production near decoupling and in the crescent

limit
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Figure A.1: 2HDM Type II: Gluon fusion
production process for heavy Higgs near
the decoupling limit at tan g = 1,7.8,15
and 20

Figure A.2: 2HDM Type II: Gluon fusion
production process for heavy Higgs in the
crescent limit at tan 8 = 5,7.8,15 and 20
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BRs for H in the decoupling limit where cos (f —a) =0
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Figure A.3: Br(H — XX) vrs my, for
tan f = 1 in the decoupling limit.
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Figure A.5: Br(H — XX) vrs my, for
tan § = 15 in the decoupling limit.

10°

—_—

tanf =78
my = mg+ + 50GeV cos(B—a)=0
mpy = ma + 50GeV
10-14
Br(H — bb)

R

T
sy}
N
N
=

T T T T T T T T T T T T
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

1500
Mpy[GeV]
Figure A4: Br(H — XX) vrs myg, for
tan § = 7.8 in the decoupling limit.
10°
my =mp+ + 50GeV
my =ma + 50GeV tan 3 = 20
cos(f—a)=0
10~
o
>
T 102
=
=
Q
10-3 4 = Br(H — bb)
= Br(H — 77)
— Br(H > 1)
= Br(H — gg)
Br(H — WH*)
104 T l T T T T T T T T T T T
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

My[GeV]

Figure A.6: Br(H — XX) vrs my, for
tan = 20 in the decoupling limit.
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Br(H — XX)

BRs for H near the decoupling limit where cos ( — o) = 0.004
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BRs for H in the crescent limit
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Constraints on cos(f — «) and tan 3
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Appendix B

THDM: Additional Results for the CP

Odd Higgs

CP Odd Higgs (A) Production near decoupling and in the crescent

limit
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Figure B.1: 2HDM Type II: Gluon fu-
sion production process for CP-odd Higgs

(A) near the decoupling limit at tan § =
1,7.8,15 and 20.

— tanf =20 10! 4

10° 4

10-3 4

= tan3 = 5. cos(f —a)=0.35
= tan3 = 7.8, cos(3 —a) =0.24

o (gg N A)[pb]' \/g — 14TeV — tan 3 = 15, cos(8 — a) = 0.13

= tan 3 = 20, cos(8 — a) = 0.10

T T T T T T T T T T T T T
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

M,4[GeV]

Figure B.2: 2HDM Type II: Gluon fusion
production process for CP-odd Higgs (A)
in the crescent limit for tan § = 5,7.8,15
and 20.
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BRs for A near the decoupling limit where cos (8 — a) = 0.004
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Appendix C

THDM: Additional Results for the

Charged Higgs

Charged Higgs (H*) Production near decoupling and in the crescent

limit
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114



BRs for (H*) in the decoupling limit where cos (3 — a) = 0
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Br(H* - XX)

BRs for (H*) near the decoupling limit where cos (8 — a) = 0.004
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BRs for (H*) in the crescent limit
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Figure C.12: Br(H* — XX) vrs my+,
for tan § = 7.8 in the crescent limit
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Figure C.14: Br (H* — XX) vrs my-+,
for tan 8 = 20 in the crescent limit




Perl Scripts to Compute Branching fractions

#!/usr/bin/perl -w
#This is a perl script written by myself to calculate the Branching
fractions of the various Higgs’s.

system("cp General_in_file 2HDMC.in");

$pfad="Final_charged_Nserc_banana_tb20"; #define t path
$outdirl = $pfad;

system("mkdir -p $outdirl"); #make output directory

#Charged Higgs Boson

$count = 0;

$step = 100; #number of steps
$blchnal

"MASS"; #block name in SLHA style
$blchnrl = 37; #block number in SLHA style

$min 150; #minimal value

$max 1450; #maximal value
#Ratio between the two vevs
$counttb = 0;

$steptb = 100; #number of steps

$blchnaltb

"MINPAR"; #block name in SLHA style
$blchnritb = 3; #block number in SLHA style
$mintb = 20; #minimal value

$maxtb = 20; #maximal value

#Light Higgs Boson
$countmh = 0;

$stepmh = 100; #number of steps
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$blchnalmh

"MASS"; #block name in SLHA style
$blchnrimh

25; #block number in SLHA style

$minmh 125.09; #minimal value

$maxmh 125.09; #maximal value
#Heavy Higgs Boson
$countmH = 0;

$stepmH = 100; #number of steps

$blchnalmH = "MASS"; #block name in SLHA style
$blchnrimH = 35; #block number in SLHA style
$minmH = 200; #minimal value

$maxmH 1500; #maximal value

#CP 0dd Higgs Boson

$countmA = 0;

$stepmA = 100; #number of steps

$blchnalmA = "MASS"; #block name in SLHA style

$blchnrimA

36; #block number in SLHA style

$minmA = 150; #minimal value

$maxmA 1450; #maximal value
# Mixing angle in terms of alpha and beta
$countsba = 0;

$stepsba = 100; #number of steps

$blchnalsba = "MINPAR"; #block name in SLHA style
$blchnrisba = 20; #block number in SLHA style
$minsba = 0.99498743710662; #minimal value

$maxsba 0.99498743710662; #maximal value
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#Z_2 softly breaking parameter
$countmi2 = 0;

$stepm12 = 100; #number of steps

$blchnalm12 = "MINPAR"; #block name in SLHA style
$blchnrim12 = 18; #block number in SLHA style
$minml2 = -32400; #minimal value

$maxml2 -32400; #maximal value
while ($count <= $step && $counttb <= $steptb && $countmh
<= $stepmh && $countmH <= $stepmH && $countmA <= $stepmA
&& $countsba <= $stepsba && $countml2 <= $stepml2) {
$var2 = $min + $count*($max-$min)/$step;

$count += 1;

+

$var2tb = $mintb + $counttb* ($maxtb-$mintb)/$steptb;

$counttb += 1;

+

$var2mh = $minmh + $countmh* ($maxmh-$minmh)/$stepmh;
$countmh += 1;

$var2mi = $minmH + $countmH* ($maxmH-$minmH) /$stepmH;
$countmH += 1;

$var2mA = $minmA + $countmA* ($maxmA-$minmA)/$stepmA;
$countmA += 1;

$var2sba = $minsba + $countsba*($maxsba-$minsba)/$stepsba;
$countsba += 1;

$var2mi2 = $minmi12 + $countmi2* ($maxml12-$minmi2)/$stepmi?2;
$countml2 += 1;

#print ("This is run $count of $step.\n");
changeparam("2HDMC. in",$blchnal,$blchnrl, $var2);
changeparam("2HDMC. in",$blchnaltb,$blchnritb, $var2tb) ;

changeparam("2HDMC. in",$blchnaimh,$blchnrimh, $var2mh) ;
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changeparam("2HDMC. in",$blchnaimt, $blchnrimH, $var2mh) ;
changeparam("2HDMC. in" ,$blchnaimA,$blchnrimA, $var2ml) ;
changeparam("2HDMC. in",$blchnalsba,$blchnrisba, $var2sba) ;
changeparam("2HDMC. in",$blchnalm12,$blchnrimi2, $var2mi2) ;
system("./Demo 2HDMC.in 2hdmphys.out"); #running the code

system("mv 2hdmphys.out $outdirl/2hdmphys.$count.txt");

sub changeparam {
my ($file,$block,$entry,$val);
my ($failed) ;
($file,$block, $entry,$val) = @_;
movefile("$file","$file.bak");
open(FILEIN,"$file.bak") || die;
open(FILEQUT,">$file") || die "Cannot open file $file.";
$failed = 1;
LOOP: while (<FILEIN>) {
if ((/"Block +$block /i) || (/"Block +$block$/i)) {
$failed = 0O;
print {FILEOUT} ($_);
while (KFILEIN>) {
if (/~[BD]/i) {
print {FILEOUT} ($_);
next LOOP;
}
if (/[ \tl+$entry[ \tl+.*x\#/) {
s/~ [ \tl+$entry[ \tl+.*\#/ $entry $val \#/;
}
if ($block =~ "ALPHA") {print {FILEQUT} (" ".$val." #");}
print {FILEOUT} ($.);
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}

else {print {FILEOUT} ($_)}

b

if ($failed) {
print ("Error in changeparam() when looking for Block $block.\n");
exit 1;

+

close(FILEIN);

close (FILEOUT) ;

unlink("$file.bak");

sub movefile {
my ($fromfile,$tofile,$targetdir);
($fromfile,$tofile) = @_;
if ($tofile =~ /\//) {
($targetdir = $tofile) =~ s/\/["\/1*$//;
unless (-d $targetdir) { system("mkdir -p $targetdir") }
}
unless (-f $fromfile) {
print ("Error in movefile: Cannot find file $fromfile.\n");
exit 1;
}

system("/bin/mv -f $fromfile $tofile");
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