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Synopsis

After the discovery of the Higgs boson at the LHC, the standard model (SM) is put on firm
ground. Despite its experimental verifications some theoretical issues such as the gauge-
hierarchy problem, flavor hierarchy problem etc. still remain unanswered in the SM. More-
over the SM can not explain the observed dark matter, neutrino mass and the baryon asym-
metry of the universe. These considerations naturally calls for some new physics beyond the
SM (BSM). Recently, quite unexpectedly, both ATLAS and CMS have reported an excess in
the diphoton channel at around 750 GeV [1, 2]. If this excess persists in the future run of the
LHC, this will be a clear signal for some new physics at the TeV scale.

Over the years many BSM theories have been proposed. Some of these, for example,
composite Higgs models, little-Higgs models and some extra-dimensional models predict
that the standard model (SM) Higgs is a pseudo goldstone boson (pNGB) of some sponta-
neously broken approximate global symmetry. In some of these models, the SM Higgs is
accompanied by other extra neutral scalars (collectively called ¢), either CP-even (H) or CP-
odd (A). These extra scalars can be SU(2) singlets or can come as a part of an SU(2) scalar
doublet. Some of these models have a two-Higgs doublet model (2HDM) structure [3, 4, 5].
To make the theory invariant under the bigger symmetry group, the SM fermions have vec-
tor like fermion (VLF) partners that together complete the group multiplet. The main focus
of the thesis will be to study the phenomenology of BSM neutral scalars with VLFs also
present. We also touch upon briefly its possible dark matter implications.

The outline of the thesis is as follows. In the introductory chapter we give a brief re-
view of the standard model of particle physics, discuss the drawbacks of the SM and the

motivations for going beyond the SM. In the next chapter we perform a model independent
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analysis of a general scalar ¢, either scalar or pseudoscalar, with Yukawa couplings to the
SM fermions. The interactions of the ¢ with the gauge bosons gg,vv, Zv,ZZ,WW (col-
lectively called V'V') are incorporated by effective five dimensional operators. In a specific
model these operators will be generated by heavy particles in the loop. We focus on such a
scalar produced by the gg — ¢ process as this is usually the dominant process. We present
the 8 TeV and 14 TeV LHC o(gg — ¢) cross section as a function of effective ¢gg coupling
(Kggg)- Using this, we obtain constraints on BR(¢ — tt,77,77) and kg, from the 8 TeV
LHC tt, 77,7~ channel results [6, 7, 8]. These results are detailed in Ref. [9].

In the next chapter we consider two models with an SU(2) singlet pseudoscalar (A) cou-
pled to either an SU(2) singlet or a doublet VLQ. We present the effective Agg coupling and
BR(A — v, Z~, 7 Z) for each of these models. For the doublet VLQ case we additionally
present BR(A — WW). For My < my/2, we present BR(h — AA) also and the h — v
signal strength. These results are detailed in Ref. [9].

In the next chapter we briefly discuss the two-Higgs doublet models (2HDM) which
will be relevant in the subsequent chapters. The 2HDM contains two scalar SU(2) doublets
®; and ®3. We choose a 2HDM potential such that electroweak symmetry is broken via
expectation values of ®; and ®,. We have five physical states, two neutral CP-even scalars
h, H, a neutral CP-odd scalar A and the charged scalars H*. The lightest scalar / is identified
as the SM Higgs. We will specialize to the so called “2HDM alignment limit” in which the
Yukawa couplings and the gauge couplings of the /» become identical to those of the SM
Higgs. Different kinds of Yukawa structures have been proposed and we consider those that
are safe from tree level flavor changing neutral currents. The usual types of couplings well
known in the literature that we study here are the so called 2HDM type-II, type-X and type-I
which we denote as 2HDM-II, 2HDM-X and 2HDM-I.

In the next chapter we discuss the phenomenology of 2HDM-II and 2HDM-X with SM
fermions only, and few models with VLFs also introduced. In the loop level ¢ — V'V pro-
cesses, these VLFs will interfere either constructively or destructively with the SM fermions
in the loop thereby modifying both o(gg — ¢) and BR(¢ — V'V'). We separately consider

two kinds of models, one in which the VLFs mix with the SM third generation quarks and

Xii



one in which these mixings are shut off. We present the x4, for each each of these models.
For the model where the VLF mix with the SM top quark, we analyze the deviation of the
top Yukawa coupling from its SM value. We present BR(¢ — tt,bb, gg, tat, bab), where ta, bo
are EM charge 2/3 and -1/3 heavy VLQ states present in these models. For the models where
VLFs and SM quarks do not mix, we present BR(¢ — tt,0b, 77, Z~,v7v). We find that in
some regions of parameter space the VLFs can modify x4, and BR(¢ — V'V') significantly
compared to the 2HDM with SM fermions only. We also find that in one of these models,
the addition of VLFs can open up regions of parameter space which are excluded in 2HDM
with SM fermions only. These results are detailed in Ref. [9]. As pointed out in the intro-
duction, there are many UV complete models that have a 2HDM structure and VLFs. The
phenomenology of one such model namely the SU(6)/Sp(6) little-Higgs model [5] has been
studied in Ref. [10].

In the next chapter we give a brief review of dark matter which will be relevant in later
chapters. We give the details of the relic density and dark matter direct detection cross section
(cpp) and discuss the constraints coming from dark matter experiments. In the next chapter
we present few models explaining the recent diphoton excess at the LHC at 750 GeV [1, 2].
We assume that the resonance is a scalar and produced through the gluon fusion process. We
consider a general scalar ¢ coupled to the SM fermions and VLFs (collectively called ).
We present the values of effective ¢gg and ¢y~ couplings required to explain the excess for
various ¢ widths. We present a model independent analysis of the constraints coming from
the 8 TeV LHC tt, 77, hh results [6, 7, 11]. We determine the constraints on the ¢)1) Yukawa
couplings from the perturbative unitarity of p¢ — ¢¢ and 1)) — 1) processes. These results
are detailed in Ref. [12]. We consider few specific models where ¢ is either a 2HDM scalar
or an SU(2) singlet. We analyze the 2HDM-II with SM fermions only and few models where
we add VLLs and/or VLQs to 2HDM of type-II, X and I. We analyze a model where a singlet
scalar is coupled to an SU(2) singlet VLQ, an SU(2) singlet VLL and the SM Higgs. For
each of these models we present the o (¢) * BR(y7y). For the singlet scalar model, if the VLL
has zero hypercharge, it cannot decay to any SM particles and can be a dark matter candidate.

In the next chapter we investigate this scenario. The important dark matter self annihilation
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channels are Vi) — tt, WW, ZZ hh,gg through ¢ and h exchange. We present the values
the model parameters should take for obtaining the correct relic density. We present the
constraints on the parameter space from the dark matter direct detection experiments. We find
that there are regions of parameter space that is consistent with the experimental bound on
opp- There are also some regions of parameter space for which direct detection is possible
in the near future. These results are detailed in Ref. [12]. In the last chapter we summarize

the thesis and offer our conclusions.
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Chapter 1

Introduction

The standard model (SM) of particle physics has been extremely successful in describing
nature at energy scales up to about ~100 GeV. All the particles predicted by the SM have
been discovered by experiments, with the Higgs boson discovery announced recently on
4th July 2012 at the LHC [13, 14]. The interaction strengths among the SM particles are
measured and are in good agreement with SM predictions. These indicate that the SM is the
correct description of nature, at least up to about a few 100 GeV. Below we briefly review

the standard model.

1.1 The Standard Model

The standard model of particle physics is a description of the fundamental particles in terms
of the SU(3). x SU(2)r x U(1)y gauge theory. The strong interactions among the funda-
mental particles are described in terms of the SU(3). group [15, 16, 17]. The weak and the
electromagnetic interactions are described in terms of the SU(2)y, x U(1)y group [18, 19,
20]. The particle spectrum of SM contains three generations of fermions. Each generation

furnishes a representation of the SM gauge group as shown in Table 1.1. The Lagrangian



| Fermions | SU@B). | SUR2), | U(1)y |

ar = (Z)L (g) (E)L 3 2 1/6

L’
O o [ |
€/ \H) \T )y
UR =UR,CR-LR 3 0 2/3
dp =dp,sp.bn 3 0 173
lr =eRr, R, TR 0 0 -1

Table 1.1: The representations of the fermionic particles under the SM gauge group where
the subscripts L and R refers to the left handed or right handed components of the fields.

describing the interactions between the SM fermions and the gauge bosons is given by

/
£ =Tpy"(i8, — gaaW[; + %Bﬂ)zL + g (10, + 9 Bu)lr

g g g

_ . s

+ QL"/H(ZC)M — §O'aWﬁ — EBM — gAaGZ)QL
_ L2 g

—|—’uR"/“(Zdﬂ — —3 BM — iAan)uR

/
+dmﬂ(z’au+%BM—%AaGg)dR (1.1.1)

where o are the Pauli matrices, \” are the Gell-Mann matrices and W, By, G}, are the
gauge fields for the SU(2), U(1) and SU (3) gauge groups respectively. The kinetic energy

terms for the gauge fields are given by
1 TaApVYIa 1 nv 1 apy ~a
L= _ZW WW—ZB B“”_ZLG G (1.1.2)

with We, = 0, W7 — 9, W — ge®™WEWS, By, = 0,8, — 0, By, G = 9,G% — 9,G% —
9sf achZGﬁ where 2% is the structure constant for the SU(3) group. As can be seen from
Table 1.1, the SM fermions are “chiral” i.e. one cannot write down a gauge invariant mass
term for them. In general, chiral fermions render the gauge symmetry anomalous through the

Adler-Bell-Jackiw (ABJ) anomaly [21, 22]. The divergence of the symmetry current .J;j:¢



corresponding to the gauge group g; is given as

) 1 gi,b , .
8““Jﬁ“a = __647T2 Dmb,ceﬂyaﬁﬂLi Fgg ¢ with
L L L R R R
DG"b?C =1r |:{tgi7a7 tgj>b}tgkaC] o tr[{tgiv(u tgj>b}tgkvc:| (1 13)

where Fg;*b’c are the field strengths for the gauge fields corresponding to the gauge group g,

itL’RQL’R]l/)L’R

(generated by the £, ,’s) under which the fermions transform as 1™ — explitL-HoL. B

and the trace (¢r) is to be taken over all the fermionic species. It is remarkable that in the SM,
the quantum numbers of the quarks and the leptons are such that, the anomaly is precisely
canceled once the trace is taken over a complete generation. For example, let us consider the
case when g; = g; = g = U(1)y. Then using Table 1.1 we have from Eq. (1.1.3)

GHIY—3x2><< 1)3+3x(2>3+3x< 1>3+2x<1)3+( 1)?
e 6 3 3 2

=0 (1.1.4)

1.1.1 The Higgs mechanism

The mass terms for the fermions and the gauge fields are generated through the Higgs mech-
anism [23]. One introduces a complex scalar H known as the Higgs field, which is an SU (2)

doublet and has hypercharge Y = 1/2. The Lagrangian for the Higgs filed is given by
L= (D,H) (D'H)+p*H H — \(H'H)? (1.1.5)

with z2 > 0, and D, H is the co variant derivative of H given by

/

D, H = (aﬂ - iggam/g - i‘%%) . (1.1.6)

The H can be parametrized as H = (H +iHz, Hz + z'H4)T. The potential term in Eq. (1.1.5)
is minimized for [T H = v? = ;2 /) which is identified with the vacuum expectation value

(VEV) (H'H) of H'H. The observed value of v is 246 GeV [24]. The VEV of H can be



chosen as!

(H) = = (1.1.7)

which breaks the global part of the SU(2)7, x U(1)y symmetry down to the U(1)¢ subgroup
generated by Q = T3+ Y: (H) — expliaQ|(H) = (H),where T = 03/2. This U(1), sub-
group is identified with the electromagnetic gauge group and the corresponding gauge field
A, is identified with the photon. In this way the SM unifies the weak and the electromagnetic

interactions. Evaluating £ on the minima we have

1 1
L= 192U2W+MWN_ 4 §U2(_9W3M +g'B“)(—gW3+g’BM) (1.1.8)

which yields three massive gauge bosons. To see this, we diagonalize the quadratic terms in

Eq. (1.1.8) by introducing the new fields

W (1/72) (W i)
ZH = (cos Oy W3 —sin Oy BM)

AP = (sin Oy W3 + cos Oy B) (1.1.9)
with tan @y = ¢'/g. In terms of these new fields, the £ is given by

1 1 /
L= g WHW, + (g +9%)0* 2" 2, (1.1.10)

from which we identify the mass terms for the W and Z bosons as my = gv/2 and my =
V g%+ g'?v/2. The A,boson remains massless as expected.
The potential term in Eq. (1.1.5) has an accidental global SO(4) symmetry, acting on

(¢1, b2, 03,04)" . Because of the gauging, the SO(4) symmetry is only an approximate sym-

'In terms of component fields, the minimization condition can be written as H? + H} + H3 + H3 = v*
which describes a three sphere. The points on this sphere are related to one another by SU(2) rotations. The
VEV of H can be chosen to be any point on this sphere. Physical observables do not depend on which point

we choose.



metry which becomes exact in the limit ¢’ — 0. After the electroweak symmetry breaking,
the SO(4) is spontaneously broken down to an SU(2)y subgroup. The would be Goldstone
bosons of the symmetry breaking transform as a triplet under the SU(2)y . This approximate
SU(2)y global symmetry, known as the “custodial symmetry” [25] is responsible for the
protection of the tree level relation m¥, = m?% cos® Oy .

The Higgs mechanism also gives masses to the SM fermions through the Yukawa cou-

plings. The Lagrangian involving the Yukawa couplings is given by
— LY =y g Hdly+ @y, Hulg + yl T Hlg + hec. (1.1.11)

where i, j are generation indices and H = iooH*. The y matrices are complex and off-
diagonal in general. The mass matrix for the fermions is obtained by plugging in the VEV
of H in Eq. (1.1.11) as

—Lmass = % (s dy + ylsti uy + bl B+ hc.). (1.1.12)
We can diagonalize the mass matrices by bi-unitary transformations as d;, — Uy, dy,, dg —
Ugpdpr, u, = Uypup, ug — Uypup, I, = Uy L, I — Up,lg. These transformations does
not change the neutral currents, since ﬂiL, Rﬂ/“uiL, R cZiL, Rv“di  Temains invariant. However,
the charge currents are transformed as @} y*d, — @} y* (U] Uy, )i;d},. The matrix Vg =
UJ , Ud, is called the Cabibbo—Kobayashi-Maskawa (CKM) matrix [26, 27]. Vg ar has four
independent parameters, three mixing angles and one complex phase. The complex phase is
responsible for the CP-violation in the quark sector. The corresponding transformations in
the lepton sector leaves the lepton charge currents l_iﬂ/ﬂyi invariant. Therefore, the lepton
sector of the SM conserves CP exactly and also conserves the lepton number separately for

each generation. In the rotated basis the mass terms of the fermions are simply given as
L= ff =" 2Lofr (1.1.13)
f f V2

where y are the diagonal Yukawa couplings.



1.1.2 The Higgs boson

The fluctuations of the H around its VEV can be parametrized as

H=U(x) 0 (1.1.14)

(v+h)/V2
where U () is an element of the group SU(2) = [SU(2)7, x U(1)y]/U(1)g. We can choose
the unitary gauge in which U(x) = 1 and the only remaining degree of freedom h is identified
with the Higgs boson. Putting Eq. (1.1.14) in Eq. (1.1.5) we have the Higgs mass given by

my, = v/ 2 v. The couplings of the & with the SM gauge bosons are given as

2 2%m 2
LY = SR+ Zh2Z“Z + W, +—ZhZ“Z (1.1.15)
v

The h plays an important role in unitarizing the theory. Without the AW W coupling the
scattering amplitude Wy W, — W W7, diverges at high energy [28, 29], where W, refers to
the longitudinal polarization of W. The h cancels the divergence as a result of the special
structure of the hWW'W coupling dictated by the underlying gauge invariance. The couplings

of the i with the SM fermions are given as

=S gy (1.1.16)
= v
)
We can see that the Yukawa couplings of the SM fermions are proportional to their masses
which is due to the fact that the fermion masses arise from the Higgs VEV. With the knowl-
edge of the Higgs couplings, we can study the Higgs phenomenology which we briefly dis-

cuss below.

Higgs phenomenology:

We start by summarizing the Higgs decay processes [30]. For m;, < 130 GeV, the dominant

decay channel is the h — bb mode with branching ratio (BR) ~ 80% followed by h — 77

with BR~ 7%. The loop level process h — gg mediated by the top loop and v+ mediated by



the top and W loop has BR~ 9% and 0.2% respectively around mj, ~ 120 GeV. The main
production processes for the i at the LHC are gg — h [31, 32], q¢ — h+V [33, 34] and qq —
V*V* — qq+h [35, 36, 37] where V' denotes the vector bosons Z, W. For mj, < 130 GeV, a
very promising discovery channel for the Higgs is the h — v [13, 14, 38, 39]. The excellent
mass resolution in the di-photon channel enables the signal to stand out above the background
in spite of the very small branching ratio. It was the di-photon channel in which the discovery
of the 125 GeV Higgs was first reported [ 13, 14]. Other than the di-photon channel, the Higgs
boson is also observed inthe h — ZZ* — 41 [13, 14,40, 41], h - WW™* — [viv [13, 14,42,
43], h — 77 [44, 45, 46, 47], h — bb [45, 48, 49] channels. To confirm the SM Higgs sector,
the Higgs couplings to the SM particles should match their measured SM values. It turns out
that the Higgs couplings, as inferred from the measurements of the Higgs production rates
and the branching ratios at the LHC agree with their corresponding SM values [50] within

the error bars.

1.2 Drawbacks of the standard model

Despite its enormous success, the SM has several shortcomings, both on the theoretical and
observational sides. One of the main theoretical drawbacks of the SM is that the Higgs
mass is not radiatively stable. When quantum corrections are included, the bare Higgs mass
receives corrections that are quadratic in the cut-off scale (A). For example, the top one-loop
contribution (Fig. 1.2.1) to the Higgs mass squared is given by m% = m,%o + 3y2 A%/ (87?)
where my, is the bare Higgs mass and y; is the top Yukawa coupling. If there is no new
physics up to the Planck scale then A ~ 10'? TeV and therefore the my has to be fine-
tuned to achieve a light Higgs mass of 125 GeV. This is referred to as the “Higgs fine-tuning
problem”. Any parameter which has the property that its quantum corrections are less than
or of the order of the parameter itself, is called a “natural” parameter. According to 't Hooft’s
“naturalness” argument [51], a given parameter x in any theory can be “natural” only if there

is an enhanced symmetry in the limit of xk — 0. The Higgs mass fine-tuning will be small if



Figure 1.2.1: Top loop contribution to the Higgs mass correction (left) and the ¢ loop cor-
rection to 42 (right).

5m,2l ~ m,% that is

3yZA?
82

mi = (1.2.1)

So the Higgs fine-tuning will be small only if the quantum corrections are cut off at the scale
A with A < 872(125)2/3y?GeV? < (1TeV)?. The quadratic sensitivity to the high scale
physics can also be seen in dimensional regularization. Let us consider a real SM singlet

heavy scalar ¢ of mass My interacting with the Higgs field as described by the Lagrangian
1
L=Lgy— N> HH — §M§¢2. (1.2.2)

The one loop correction to the 2 term in Eq. (1.1.5) due to the ¢ loop (Fig. 1.2.1) is given

by [52, 53]

ANoM2 /9
2_ Ve (4 2
op” = 162 (e log]\[¢> (1.2.3)

which in the minimal subtraction scheme ().S) becomes

12 2
g2 2oME M3
162 ° M2

(1.2.4)

where M is an arbitrary renormalization scale. From Eq. (1.2.4) we again see that the ;2
and hence m}zl is quadratically sensitive to the ¢ mass. The considerations above suggest that
if the Higgs sector is to be rendered natural, there should be some new physics at an energy

scale of < 1 TeV that cancels the quadratic divergences.



Apart from the fine tuning problem, the SM also cannot explain some of the experimental
observations like dark matter, baryon asymmetry of the universe and neutrino mass. Here we

briefly discuss these issues.

Dark matter:

The observation of the rotation curves of galaxies and clusters of galaxies strongly indicate
that our universe contains dark matter. This cannot be accounted for in the SM. The existence
of dark matter is further supported by the gravitational lensing studies of the bullet cluster.
Several BSM theories have been proposed to explain dark matter. Most of them assume that
dark matter is a weakly interacting massive particle (WIMP). WIMPs have ~ 100 GeV to 1

TeV masses and have electroweak interactions with the SM particles.

Baryon asymmetry:

It is observed that our observable universe is almost entirely composed of baryonic matter
and no anti-baryonic matter. If the big bang produced equal amount of matter and anti-
matter as is reasonable to assume, there must exist some processes which leads to the baryon
anti-baryon asymmetry during the evolution of the universe. One proposal to address this
asymmetry is “baryogenesis” which requires a large CP-violation. The required amount of

CP-violation is not present in the SM.

Neutrino mass:

In the SM as constructed earlier, the neutrinos are massless. However, neutrino oscillation
experiments suggest that the neutrinos should have a tiny mass of order 10~2 eV. One can
generate the mass terms for the neutrinos in the same way as for the other SM fermions by
adding Yukawa terms. But in order to get 10~2 eV size mass, the Yukawa couplings has to

be extremely small which is an unattractive feature of this proposal.



Beyond the standard model:

To address the shortcomings of the SM, several theories beyond the standard model (BSM)
have been proposed. Examples of these BSM theories are, supersymmetric theories (SUSY),
extra-dimensional models, little-Higgs models, composite Higgs models, two Higgs doublet
models etc. In the following chapter we will briefly describe some of these theories.

As we shall see in the next chapter, many BSM theories such as little-Higgs models,
extra-dimensional models and strong coupling theories have additional neutral scalars and
vector-like fermions as important ingredients. To capture the phenomenology of such mod-
els, our main focus in this thesis is to study some effective models of BSM neutral scalars
(collectively called ¢) with vector-like fermions also present. The study of such effective
models captures many features present in realistic BSM theories. We present a model inde-
pendent analysis of a scalar coupled to the SM particles and VLFs. We consider few effective
models of BSM neutral scalars with VLFs also present. We focus on the singlet scalar mod-
els and the two Higgs doublet model, with VLFs also added. We assume that the scalar
is produced by the loop level gluon fusion process (gg — ¢), as it is usually the dominant
production channel. Both the SM fermions and the colored VLFs contribute to the gg — ¢
process. We present the production cross sections and branching ratios of the neutral scalars
for each of these models, highlighting the effects of the VLFs. We also explore the dark
matter implications of a singlet scalar model namely the hidden sector dark matter model.
Below we briefly summarize few references that are relevant to our work.

An effective Lagrangian analysis of new heavy scalar particles is presented in Ref. [54].
The LHC phenomenology of singlet scalars is studied for example in Refs. [55, 56]. The
phenomenology of the abelian hidden sector model is studied in Ref. [57]. The phenomenol-
ogy of the abelian hidden sector model with VLFs added is studied in Ref. [58]. Ref. [59]
studies the dark matter implications of the abelian hidden sector model with fermions added.

Refs. [60, 61] consider the possibility that the observed 125 GeV state at the LHC
is a CP-odd scalar, and the former shows that this possibility is disfavored by the LHC
data. Refs. [62, 63] analyze 2HDM Types I and II taking into account the 125 GeV LHC
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data, all pre-LHC constraints and results of the heavy-Higgs searches in various channels.
Ref. [64] performs a global fit of general 2HDMs using ATLAS, CMS and Tevatron results.
Refs. [65, 66, 67, 68, 69] shows the allowed parameter space of the 2HDM-II, applying the-
oretical (perturbativity, unitarity and vacuum stability) and experimental (LEP, Tevatron and
LHC 125 GeV Higgs data, precision observables and B-physics and electric dipole moment
measurements) constraints. Ref. [70] also includes the heavy Higgs exclusion limits to con-
strain the 2HDM. LHC 8 TeV constraints on the 2HDM parameter-space are also discussed
in Refs. [71, 72, 73, 74, 75]. The heavy neutral scalars of the 2HDM, namely A and H, are
studied in Ref. [76], where the LHC 8 TeV exclusion and 14 TeV reach from the processes
99— H — AZ and gg — A — H Z are presented. Ref. [77] constructed an SO(5) symmetric
2HDM which naturally realizes the "alignment limit" and puts constraints on it’s parameter
space from the 8 TeV LHC data. Ref. [78] puts limits on the the triple Higgs couplings and
presents a set of benchmark points for probing SM-Higgs pair production and the search of
heavy Higgs bosons through non-standard decay channels (i.e decays of A, H that involves
at least one Higgs boson in the final state). Ref. [79] calculates the loop factors for the AV'V
couplings in the MSSM and the 2HDM with a heavy chiral fourth generation. Ref. [80] stud-
ies A — WW, ZZ decays and compares this with the corresponding CP-even scalar decays
in 2HDM-II, and also with a chiral fourth generation or additional heavy vector-like quarks
(VLQ) added. In addition to these, here we also include the effects of VLFs on A — vy, Zvy
decays. The outline of the thesis goes as follows.

In Chapter 2 we discuss some of the BSM theories. Specifically, we describe the super-
symmetric extensions of the SM, extra-dimensional models, little-Higgs models, composite
Higgs models and models with extended scalar sector. Chapter 3 we present a model inde-
pendent study of neutral scalars (¢) coupled to the SM fermions and new VLFs. We obtain
the 8 TeV and 14 TeV LHC o(gg — ¢). We also discuss the constraints on the effective
couplings from the 8 TeV LHC results. In Chapter 4 we study an SU(2) singlet CP-odd
scalar (A) coupled to the VLFs which are either an SU(2) singlet or an SU(2) doublet. We
present the branching ratios of A and the effective Agg coupling in each of these models.

In Chapter 5 we briefly review the two Higgs doublet model. In Chapter 6 we briefly dis-
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cuss the phenomenology of neutral scalars (A, H) in the 2HDM type II and X where we
present the branching ratios of A, H and the effective H gg, Agg couplings. We subsequently
introduce the VLFs to the 2HDM type-II and X. We separately consider two cases, one in
which the VLFs mix with the SM third generation fermions and one in which the VLF mix-
ing with the SM fermions are shut off. We present the branching ratios of A, H and the
effective Agg, H gg couplings for each of this model. We also obtain the constraint on the
parameter space from the 8 TeV LHC 77 channel results. In Chapter 7 we specialize to
the diphoton channel ¢ — vy . We present a model independent analysis of the 13 TeV
LHC o(gg — ¢ — ~) and discuss the constraints from the 8 TeV LHC results and from
perturbative unitarity. We then consider the 2HDM and a singlet scalar model with VLFs
also present. In the 2HDM we consider the types-II, X and I. We obtain the 13 TeV LHC
o(gg — ¢ — ) for each of these models. We also present the constraints on the parameter
space from the 8 TeV LHC results and the perturbative unitarity. The singlet scalar model
can also provide a dark matter candidate. In Chapter 8 we present a brief review of WIMP
dark matter. We discuss the dark matter implications of the singlet scalar model in Chapter 9
where we present the regions of the parameter space which gives the correct dark matter relic
density. We also present in Chapter 9 the constraints on the parameter space from the dark
matter direct detection limits. In Chapter 10 we present the summary and conclusions of the

thesis.
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Chapter 2

Beyond the Standard Model

As mentioned in the introduction, the SM has a few drawbacks. To address these, various
theories beyond the standard model (BSM) have been proposed. In this chapter we briefly
discuss some of the BSM theories, namely theories with extended scalar sector, supersym-
metric theories, extra-dimensional theories, little-Higgs theories and composite Higgs theo-
ries. We also discuss some properties of the vector-like fermions that are present in many of

the BSM theories.

2.1 Extended scalar sector

One of the simplest extensions of the SM is obtained by simply extending its scalar sector.
There are several possible ways to extend the SM scalar sector. One option is to add an extra
SU(2) singlet neutral scalar ¢ which is charged under a U(1) gauge symmetry. This model
is called the abelian hidden sector model. One can introduce new fermions (v/) in this model
along with a Z> symmetry under which 1) is odd and the SM fermions are even. In this case,
the lightest Z3 odd fermion can be a dark matter candidate.

Another option is to introduce new SU(2) doublet scalars. One important example of
such models is the two Higgs doublet model (2HDM) which has two SU(2) scalar doublets
®1,Do. Electroweak symmetry breaking (EWSB) is achieved by minimizing the 2HDM
potential V' (P1,P2) with respect to ®; and $o. The 2HDM has two CP-even scalars i, H

13



one CP-odd scalar A and a charged scalar F*. Commonly, the lightest CP-even scalar is
identified with the 125 GeV Higgs boson. In general, the SM fermions will have Yukawa
couplings with both ®; and ®5 and there will be flavor changing neutral currents (FCNC).
In the 2HDM these FCNCs are usually forbidden by a Z» symmetry. Depending on the Z»
transformation properties of the SM fermions several types of 2HDM have been proposed.
The commonly studied types are so called 2HDM type-I, IT and X. The measurements of the
Higgs observables at the 8 TeV and 13 TeV LHC [81, 82] requires that the Higgs couplings
to the SM particles are close to their SM values. In the 2HDM this can be ensured by
considering the so called “alignment limit” where the Higgs coupling to the SM particles

become identical to those in the SM. The details of the 2HDM is presented in Chapter 5.

2.2 Supersymmetry

An elegant solution of the Higgs sector fine-tuning problem is provided by supersymmetry
(SUSY) [83, 84, 85, 86, 87, 88, 89]. SUSY is generated by extending the Poincare algebra
to include V set of fermionic generators (Q"’, Q',i=1,---N) which transforms as two com-
ponent spinors [(1/2,0),(0,1/2) respectively] under the Lorentz transformation. Therefore,
SUSY transformations takes bosonic degree of freedom into fermionic ones and vice verse.
The SUSY algebra is invariant under the U(N) rotations: Q° — U;;@Q’, U € U(N). This
symmetry is known as the “R-symmetry” which acts as a global symmetry on the physical
states. Each irreducible representation of the SUSY algebra is called a supermulitiplet. Each
supermultiplet contains equal number of degenerate bosonic and fermionic degree of free-
doms. A simple example of a supermultiplet is the chiral supermultiplet which contains a
two component Weyl fermion and a complex scalar. In any supersymmetric theory all the
particles inside a supermultiplet must transform identically under the underlying gauge (lo-
cal or global) symmetry of the theory. In SUSY theories there is no quadratic divergence
of the scalar mass, since for every bosonic (fermionic) loop contributing to the scalar mass
correction, there is a fermionic (bosonic) loop that contributes with an opposite sign and

equal magnitude [90, 91]. The solution to the Higgs fine tuning problem is thus obtained by

14



a suitable supersymmetric extension of the SM. The simplest of such extensions, known as
the minimal supersymmetric standard model (MSSM) is a NV = 1 supersymmetric extension
of the SM. In MSSM, each of the SM particles have a single supersymmetric partner. For
example, the quark doublet (¢7,,b;,) is accompanied by the (complex) scalar doublet (77, b )
and so on. Similarly, each massless gauge boson in the SM has a (Weyl) fermionic partner.
Supersymmetrising the Higgs, however requires introduction of two chiral supermultiplets
which consists of two scalar doublets H,,, H; with Y = £+1/2 and their corresponding super-
partners H,, H;. The second multiplet is required to cancel the gauge anomaly from the first
one.

SUSY cannot be an exact symmetry of nature all the way down to the lowest possible
scale. If it were, we would have observed the superpartners of all the SM particles, since
in an exact SUSY all the particles in a given super multiplet are degenerate. In the MSSM,
SUSY breaking is introduced in the Lagrangian through terms of positive mass dimensions.
Such terms, known as the soft breaking terms, are irrelevant at the ultra-violet (UV) scale
where SUSY becomes exact. The soft breaking terms introduces a mass splitting among the
particles within a given supermultiplet. Therefore, when we compute the Higgs mass loop
corrections, contributions from different particles in the supermultiplet no longer cancel each
other and introduces a quadratic sensitivity to the mass splitting. If the mass splittings are not
larger than O(T'eV') then the Higgs mass remains natural. For the MSSM, the R-symmetry
is simply U (1) g. The R-charges of the SM particles differ from their super partners by #1".
Therefore, the lightest supersymmetric particle (LSP) cannot decay to only SM particles and
become absolutely stable. Hence the LSP can be a good dark matter candidate. The MSSM
also successfully unifies [92, 93, 94] the gauge couplings ¢, ¢, gs.

ISince [R,Q] = Q, RQ[Y) = (QR+Q)[¢) = (Ry +1)Q[p) where R|¢)) = Ry |1), R being the generator
of U(].)R.

15



2.3 Extra-dimensional models:

In extra-dimensional models one conjectures the existence of extra spatial dimensions so that
locally the space-time looks like M* x E?, where M* is the Minkowski space and E is a
d dimensional space representing the extra dimensions. There are many varieties of such
models which can be broadly divided into two classes; one in which the extra dimension is
flat and one in which the extra dimension is “warped”. Below we briefly describe these two

types of models.

2.3.1 Flat extra dimension

In the flat extra dimensional models, the metric on M* does not depend on the extra-
dimensional co-ordinates. Let us consider a simple example where the space-time is globally

M* x T™ with the metric
ds*(z) = gy (v)datdz” — Sapdydy®. (2.3.1)

where z# are the coordinates on M* and y* are extradimensional coordinates. The SM fields
are assumed to be localized on an M* subspace and only gravity can leak into the extra-
dimensions. This leads to an effective reduction of the gravitational force as viewed by a

4-dimensional observer. To see this, let’s consider the Eienstein-Hilbert action

1 —
].67TG4+7L

where G4, is the 4+ n dimensional Newton’s constant and R 4., is the Ricci scalar for the
metric in Eq. (2.3.1). Putting the metric of Eq. (2.3.1) in Eq. (2.3.2) and integrating over the

extra-dimensions, the effective 4-d action is given as

St — / Ao /=giRa (2.3.3)

]_67TG4+ n
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where R4 is the 4-d Ricci scalar for the 4-d metric g, and V" is the volume of the extra-
dimension. As can be seen from Eq. (2.3.3), the 4-d Newton’s constant is given by G =
Gi4n/V™. So, in this scenario the smallness of Gy is explained by the volumetric suppres-
sion of the fundamental Newton’s constant (G4,,. A realistic version of this model is the

ADD model [95].

2.3.2 Warped extra dimension

In warped extra-dimensional models, one adds one extra compact spatial dimension and the
metric on the 4-d Minkowski space depends on the fifth dimension. An explicit example of
this scenario is provided by the Randall-Sundram (RS) model [96]. The RS model uses the

metric
ds* = e "Ry, (v)datdr” — R*d¢? (2.3.4)

where—7 < ¢ < 7 and k, R are constants with mass dimensions 1, —1 respectively. We can
see that the distance scales (or equivalently the energy scales) depend on the fifth dimen-
sional coordinate. In the original proposal of Randall and Sundrum, all the SM particles are
localized on a 4-dimensional brane at ¢ = 7. To see how the RS scenario solve the hierarchy
problem, let us consider the following Lagrangian for a brane localized scalar field ¢ which

has a bare VEV uy:
L= [ d'sv/=gina [9h(040)!(90) = A (90— 23) | (23.5)

where g/ is the induced metric on the brane. From Egq. (2.3.5) we have g/, = e~ kmipiv,

where n*" is the usual Minkowski metric. Then the Lagrangian in Eq. (2.3.5) becomes

L= / ' [e—QW’CRnW(aﬂqﬁ)T(a”qﬁ) —AeimER (gt Ugﬂ . (2.3.6)
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To canonically normalize the kinetic term, we rescale ¢ as ¢ — e "¢, Then Eq. (2.3.6)

becomes

.C:/d‘lx

We can see that the bare value of the scalar VEV is warped down to a smaller value v =

N (0"9)1 (07 9) = X (61— e‘mRv%)z} . (2.3.7)

voe "R As a result, although vg ~ O(M,), if we chose kR ~ O(10), v can be of the order
of the electroweak scale 246 GeV. In subsequent years, many papers [97, 98, 99] considered
the possibility of SM fields also living in the bulk of the space-time. One consequence of the
SM fields propagating in the bulk is the existence of the discrete Kaluza-Klein (KK) modes
for each bulk field. For any given bulk field, the mode with the lowest energy (zero mode
that has no nodes along the 5-th dimension) is identified with the corresponding SM field.
The KK modes are separated from the zero modes by a mass gap of about ~ ke *™f ~ O(1)
TeV. A difficulty arises when we consider fermionic fields in the bulk. In 4-d we can label the
fermionic states by their 5 eigenvalues, as 5 commutes with all the Lorentz generators. But

MN where

in 5-d, the 5 is used up in constructing the 5-d Clifford algebra [TM TN] = 2y
I'* =t u=0,1,2,3 and T'* = i75. Therefore, if a 5-d fermion 1) transforms under some
gauge group (G), then the ¢, = (1/2)(1 — ;) and p= (1/2)(1 4 75)1) must transform
exactly the same way under GG. This leads to vector-like fermions as opposed to the chiral
fermions of the SM. This problem is solved when the extra dimension, a circle, is orbifolded
by identifying the points ¢ and —¢. We can define a parity operator P; such that P5(¢) = —¢
and label the fermionic states by their Ps eigenvalues +1 (since P? = 1). We can define the
fields ¢4 and ¢_ as P5(14+) = ¢4, P5(¢—) = —¢_. When we KK decompose, only the 9+
will have a zero mode since v, being P5-odd, must have a node along the 5-th dimension.
The chiral fermions of the SM are identified with the zero modes of some fermionic fields.
For example, if we want the quark doublet g7, we introduce the 5-d SU(2) doublet quark
field v = (¢1,,1Rr) , impose the condition P5(1)1) = 11, P5(1)g) = —1r and identify the

zero mode of of vy, (1g,) with the q;,. The massive modes remains vector-like under the SM

gauge group.
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2.4 Little-Higgs models:

In little-Higgs (LH) constructions, the Higgs is identified as a pseudo Nambu Goldstone
boson (pNGB) of a spontaneously broken global symmetry. LH models necessarily have
a bigger symmetry group GG which is broken down to one of its subgroups, say H, by the
vacuum expectation value of a scalar field. The SM gauge group is contained within . The
Goldstone bosons of the symmetry breaking correspond to the generators of the coset space
G/H. A subgroup H’ of G is gauged and as a consequence some of the Goldstone bosons
cease to be exact Goldstone bosons and become pNGBs. The 125 GeV Higgs (h) is identified
as one of the pNGBs. At the tree level there is no potential for the pNGBs. EWSB occurs by
loop level processes. Because of the special structure of LH models the symmetry is broken
“collectively” and there are no quadratic divergences in the Higgs mass at one loop. The
bigger symmetry group in the LH models requires new vector-like fermions which together
with the SM fermions complete the symmetry group representations. As an example we
consider the “simplest little-Higgs” model[100, 101] where G = SU(3); x SU(3)2 which is
broken down to the subgroup H = SU(2); x SU(2)2 by VEVs of two SU(3) triplet scalars
¢1 and ¢2: (p1) = (0,0, f1)T (p2) = (0,0, f2)". We get 10 goldstone bosons which can be

parametrized as

0 0
gr=eT/TL o |, gy =T/ g (24.1)
fi f2
where
—n/2 0 hi —iho
T2 = 0 —n/2  hz—ihy

hi+iho hs+ihy n Lo

We can see that the fields Hy 2 = (h1 +iho, h3 +ih4){2 transforms as SU(2)1 2 doublets and

1,2 are SU(2) scalars. We now gauge the diagonal part (SU(3)y) of the SU(3) x SU(3)
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global symmetry. The SM gauge group SU(2);, € SU(3)y. The Lagrangian describing the

interactions of the SU (3) gauge fields and the Goldstone boson is given as
£ (Dup1)' (D#61) + (D) (D" 2) (242)

where D, ¢; = 0,,¢; —igi A} T ¢;. As aresult of the gauging, only the SU(3)y remains as an
exact global symmetry of the theory. Hence there are only 5 exact NGBs which come from
the breaking of the SU(3)y down to the SU (2)y (the diagonal part of the SU(2); x SU(2)3).
The other 5 NGBs become pNGB which are massless at the tree level. A combination of H
and H» is identified with the Higgs field. A potential term for the pNGBs is generated at
one loop. The absence of quadratic divergence (at one-loop) is ensured by the fact that the
one-loop diagrams contributing to the potential must involve both the gauge couplings, g1
and go, because if we set any of the g; to be zero, the original SU(3) x SU(3) symmetry is
restored and all the NGBs are exact NGBs. The one-loop diagrams involving both the g; and
g2 are at most logarithmically divergent. In the fermionic sector of this model one introduces
new fermions which together with the SM fermions furnish a representation of SU(3). For
example, along with the third generation quarks, an SU(2) singlet vector-like top partner
(Ty,,TR) is introduced to form the SU (3) triplet (t1,,b7,,77,)T. The Yukawa Lagrangian is

given as
L= o1 TR+ Nathdatp +h.c. (2.4.3)

This Lagrangian breaks the SU(3) x SU(3) to the diagonal SU(3). If we set any of the \;
to be zero, the SU(3) x SU(3) is restored which makes the quadratic divergence absent in
the Yukawa sector also. Several versions of the little-Higgs model exist in the literature [3,
4, 100, 102, 103, 104, 105]. Interestingly, many of the LH theories [3, 4, 100, 105] have a

2HDM structure.
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2.5 Strongly coupled theories

There exists another class of theories that relies on new strong interactions which dynami-
cally breaks the electroweak symmetry. As we have discussed in the introduction, the fine-
tuning problem arises in the SM because of the SM Higgs being a fundamental scalar. The-
ories based on strong dynamics assume that the Higgs is a composite of new fermions and
therefore free from the problems associated with fundamental scalars. The new dynamics is
assumed to originate from a non-abelian gauge theory, similar to QCD. A concrete realiza-
tion, amongst many others [106, 107, 108, 109] of this scenario is the minimal composite
Higgs model [110] which is based on a global G ;o p = SU(3). x SO(5) x U(1) invariance.
The G'yrc g is spontaneously broken down to H o = SU(3)e x SU(2), x SU(2)gp x U(1)
at some scale f > v by some strong dynamics, delivering 4 NGBs that transforms like a dou-
blet under the SU (2)r,. This SU(2)y, doublet scalar field is to be identified with the Higgs
doublet. The SM gauge bosons are coupled to the conserved currents of the global symmetry
G o of the strong dynamics thereby gauging a subgroup Gy = SU(3). x SU(2);, X
Ul)yC Hyom of Garor. The SU(2)r, x U(1)y gauge generators do not coincide with
the broken symmetry generators (corresponding to the coset space Gyror/Hayron) and
hence they cannot “eat” the NGBs which therefore become pNGBs. To represent SO(5), the
fermion content of the SM is enlarged to include extra fermions which together with the SM
fermions, furnish a representation of SO(5). One possible fermion representation is a 4 of
SO(5). In the quark sector for example one introduces the new quark fields Q,, q', ¢%,d}u’,

and form the SO(5) spinor (4 of SO(5)) as

a% 0k
qrL ,
’17/}q= 717/)114: uR 7’1/)[1: UR . (251)
L
dp dr

The electroweak symmetry is broken by the one loop effective potential generated for the H,
by the SM top, SM gauge bosons and the new fermion fields. Since v — 0 as f — 0, the v is

proportional to f and therefore free from the naturalness problem for f ~ O(TeV).
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2.6 Vector-like fermions

As we have discussed above, many BSM theories have vector-like fermions as an important
ingredient. Here we briefly discuss some properties of the vector-like fermions (VLF). As
mentioned in the introduction, the SM fermions are chiral, that is, the left handed and right
handed fermions transform differently under the gauge group. Vector-like fermions have the
property that under the gauge group, its right handed component transforms as the conju-
gate representation of the left handed ones. This allows for a gauge invariant mass term for
the VLFs, and therefore the Yukawa couplings of the VLFs to the Higgs boson are not pro-
portional to their masses (My1,). As a direct consequence, the VLFs decouple in the loop
level processes in the limit of My, — oco. Therefore, the limits on the VLFs from the Higgs
observables are looser. The current direct search limit on the mass of the vector-like top
partner is about 920 GeV [111]. The precision electroweak constraints on the VLF mass are
discussed for example in Ref. [112]. The LHC signatures of vector-like quarks are studied
for example in Refs. [113, 114, 115, 116, 117, 118].

As an example of how the VLFs arise in a concrete model we take the example of the
custodialy protected RS model [99] based on the SU(3). x SU(2)r x SU(2)r x U(1) x.
To represent the symmetry group, we must add new bulk fermions. For example, the third
generation quarks is embedded into a representation of SU(2);, x SU(2)g x U(1) x as

) £ #(=)
Qr=(2.1)15= b(L+) Q= (1,2)1 5= bf_) L Qyp = (1,2)1/6 = ) (2.6.1)
L R
where +and — denotes whether they are /’5 even or odd respectively. We recall from Sec-
tion 2.3.2 that only the Ps5 even fields have zero modes. The Higgs field is taken to be a
bi-doublet under SU (2);, x SU(2) i and can be parametrized as
% 9o

Y= . (2.6.2)
—¢p= ¢°

The electroweak symmetry is broken by the VEV (X) = diag(v,v)/+/2. The gauge interac-
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tions for the fermions is given as

L£999¢ = Qrin* DpQr + Qupiv" DuQuy, + Qupin DypQy (2.6.3)
where

g . g L)
DM=5>M—z§3GgAa—zec)Au—zE (TTW,+ T W, ) —igz (T = sty Q) Z,. (2.6.4)

The 5-d Yukawa Lagrangian is given as

£Yuk0wa )\tQLEQtR + /\bQLEQbR +h.c. (2.6.5)

Putting in the > VEV in Eq. (2.6.5) we get the mass terms for the down type fermions as

)\tU
— LM = b b+ bLbR (2.6.6)
V2 f
The fields b,b’ are KK decomposed as
br r(w Z S)bY R ( r(T)
=3 1@ @), (2.6.7)
n#0

The 5-d profiles f,,(¢), f,(¢) are given for example in Ref. [97]. We call b(L” rasbrp, b(Ll)
as b and b/}(zl) as blp. Since the modes with n > 1 are heavier than the n = 1 mode by at least
O(TeV), their contributions to the processes at the electroweak scale are suppressed (com-
pared to the n = 1 mode). Therefore we ignore the n > 1 modes from now on. Integrating

over ¢ the 4-d mass terms for the fermions can be written as
— L™ 5 Mybrbg + Myybr by, + My by, (2.6.8)
where My, = Ay s e T f () fiH (), Myy = Ni—e™ ™ f () £, () and My is the

2kmR
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vector-like mass term for &' which is of order ke *"%. The My, term introduces b <+ V/
mixing. We can define the new fields b, b which diagonalizes the mass term and identify the
lighter mass eigenstate (b;) with the SM bottom. Because of the mixing, the charged current
interactions will lead to bo — tW decays. The mixing also induces the decay processes
ba — b1Z,b1h processes. Similar analysis can be done for the top sector. The LHC signatures
of the VLFs in this model are studied in Refs. [116, 118].

As we see, many BSM theories introduce additional neutral scalars and VLFs. In order to
test such theories, one needs to study the phenomenology of these new particles in detail. In
the next chapter we will present a model independent study of general BSM neutral scalars.
In Chapters 4, 6, 7 and 8 we will study the phenomenology of several effective models of

BSM neutral scalars with VLFs also present.
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Chapter 3

Model independent analysis of BSM

neutral scalars

This chapter is based on the work done in Ref. [9]. As mentioned in the introduction, sev-
eral BSM theories have additional neutral scalars. In this chapter we consider BSM neutral
scalars, either CP-even or CP-odd, coupled to the SM fermions and SM gauge bosons. Our
goal is to determine the 8 TeV and 14 TeV LHC production cross-sections of these scalars
and the possible constraints from the 8 TeV LHC in terms of few effective parameters. We
focus on these scalars produced by the gluon fusion process as it is usually the dominant
production channel. Our analysis goes as follows.

We define an effective Lagrangian with couplings of the neutral scalars to SM gauge
bosons and fermions (f). We denote the 125 GeV SM Higgs boson by A as usual, CP-even
scalars by H, CP-odd scalars by A and collectively call them the ¢. In models that contain
two CP-even scalars, we identify the lighter one (7) as the 125 GeV scalar observed at the
LHC. For the heavier states (¢), we show the constraints from the 8 TeV LHC, signal c.s. ¢
x BR into various SM two body final states at the 8 and 14 TeV LHC, as a function of the
effective couplings and the ¢ mass (M;). Because of CP invariance, CP odd scalars couple
to the gauge bosons only through higher dimensional (d > 4) operators. The CP-even scalars
can couple to the massive gauge bosons at tree level. Showing only the new physics terms,

the effective Lagrangian for any neutral scalar ¢ is
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1 1 = 1
Lepp =50u00"0 = SMGO" = Yo 0 iX fi = o g7 t00g 8V pwor G177 G

"iqﬁZZ(,Zst/UTZUTZMV -

1 1
- Yiuwar WOTWH 0.1
64m2 M 327T2MK¢WW¢ /u/o'TW W (3.0.1)
1 , 1
T 64n2M By @Y pvor A7TAFY — 327r—2MK¢Z7¢YW"T 77T AR

+Ysww OWHW, +ypz202" 7,

where X = 75,Y,57 = €00+ for the CP-odd scalar, while X = I (identity matrix), Y, - =
9uo g+ for the CP-even scalar and “a” are the color indices. In any given model the effective
couplings x4y will be generated by loop induced processes. For convenience we have
defined the dimensionless effective couplings x by pulling out an arbitrary mass-scale M in
the effective V'V terms. In any given model the x4y can be obtained by calculating the
relevant loop diagrams. If ¢ f f couplings exist, the SM fermions also contribute to the pV' V'
processes and these contributions must also be included in x4y, If the particles in the
loop go onshell, then the ¢1'V amplitude become complex. In that case the x4y should be
interpreted as |r4yv|. Eq. (3.0.1) should be interpreted as an effective Lagrangian at a scale
just above M. In Appendix A we present the explicit expressions for gy, and kg, for a
general scalar coupled to a set of fermions.

In terms of the effective couplings, the ¢ partial decay widths are given by

(6= 29) =g (20 M1 -1

327T 16m2M

1 Ky )2 3
PO =) =54 (167r2M Mg,

L/ Kggg )2 3

_%99 M

Lo —99) =5 (167T2M ¢

Ne n/2
(¢ — ff) =—y¢ffM¢(1 —4ry) (3.0.2)

where n = 3/2 for CP-even scalars and 1/2 for CP-odd scalars, and ry = m?c / Mg We have

included a color factor of 8 for I'(¢ — gg) . However, it turns out that the actual color factor
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is only 2. To compensate for this we have included an extra factor of 2 in the expression
of K¢y in Eq. (A.0.4). From the expressions of I'(¢p — V'V) (in Eq. (3.0.2)) and rgyy
(in Egs. (A.0.4), (A.0.7)), we can see that when calculated for a particular model, the “M”
cancels out from the expressions of the ¢ — gg and vy decay widths. Here we present our
results for M = 1 TeV. But if one wishes to choose some other scale, say M’ then our results

for the k44, have to be multiplied by M’ /M.

3.1 8 TeV LHC constraints and 14 TeV LHC cross section

In this section we discuss the 8 and 14 TeV LHC o(gg — ¢) and the constraints on y, x
from the 8 TeV LHC results. The currently relevant decay channels at the 8 TeV LHC are
¢ — vv,tt, 77 (collectively called XX). The 8 TeV LHC results put a certain upper limit
(UL) on each o(pp — ¢ — X X)) using which we can put constraints on x and y. We take the
upper limit on o (pp — ¢ — ~y) from the CMS analysis in Ref. [8] which puts constraints
up to My = 850 GeV, on o(pp — ¢ — 77) from the ATLAS analysis in Ref. [7] which puts
constraints up to My = 1000 GeV, and on o(pp — ¢ — tt) from the ATLAS analysis in
Ref. [6].

As mentioned earlier we will focus on the ¢ being produced through the gluon fusion.
However, if the ¢ couple to the b, other production mechanisms such as bb — ¢, bg — b¢ and
gg — bbo are possible. The relative importance of these processes compared to the gluon
fusion process depends on the bb¢ coupling which is model dependent. For example, if the
bb¢ coupling is ~ 0.5 then the total contribution of the bottom fusion process and b-associated
processes becomes comparable to the gluon fusion process for 444 ~ 20. In such scenarios
the b-fusion process and the b-associated processes have to be included in o(pp — ¢). We
do not include these in our analysis and focus only on the gluon fusion process. The b
quark associated production channels of the & including gg — bbh is studied for example in
Ref. [119]. The b quark associated production channels can be studied separately by tagging
on the final state b-jet as discussed in Ref. [7]. For a recent study of bb fusion and b quark

associated production channels for a light CP-odd scalar see Ref. [120].
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We obtain o(gg — ¢) for any M by relating it to the corresponding cross section for the

SM Higgs (¢spr) via the relation

I'(¢— gg)

o(99 — @) =0(99 — dsm) x Tbsar = 99) (3.1.1)
The (g9 — ¢ — X X) becomes
/{2
o(gg = ¢ = XX) = 0(gg — dsnr) X 22— x BR(¢ — X X). (3.1.2)

PsMIg

The 0(gg — ¢sar) can be obtained from Ref. [32] and x4y, 44 can be calculated in SM
using Eq. (A.0.7). Here we assume that the gluon PDFs involved for A, H and h are sim-
ilar. If more than one scalar have masses close to each other so that they are inseparable
within the experimental resolution, then contributions from all of them should be included in
Eq. (3.1.2).

In Fig. 3.1.1 we plot 0(gg — ¢) as a function of kg, at the 8 TeV LHC and 14 TeV LHC,
for My = 200,500,800 and 1000 GeV. In any given model one can calculate the k44, and
obtain o(gg — ¢) from Fig. 3.1.1. To discuss the constraints from the 8 TeV LHC results, we
assume the narrow width approximation o(gg — ¢ — X X) =0(99 — ¢) x BR(¢p — X X).
Using the 8 TeV LHC upper limit on any given channel (X X') we can put an upper limit on
o(gg — ¢) for a given BR(¢ — X X ), and using Eq. (3.1.1) we can translate this to an upper
limit on Kg44,. In Fig. 3.1.2 we show the constraints on k4,5 and BR(¢ — v, 77,tt) at 95%
confidence level from the 8 TeV LHC ~~, 77 and ¢¢ channel results respectively. The regions
above the curves are excluded at 95% confidence level. For the v channel the constraint
is strongest for My = 200 GeV where the 8 TeV LHC exclusion limit is strongest. There
are no constraints on kgge for BR(¢ — vy) S 10=%. In the 77 channel the constraint is
tightest for My = 500 GeV for which k444 2 3 is excluded for BR(¢ — 77) =~ 1. For the
tt channel we see that k44, 2 20 is excluded for BR(¢ — {t) ~ 1. We see that in general,
the constraints coming from the 77 channel is strongest. In Fig. 3.1.3 we plot contours of

o(g9g9 — ¢ — 7,77, tt) as a function of k44, and the corresponding BRs, using Eq. (3.1.2).
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Figure 3.1.1: o(gg — ¢) (in pb) at the 8 TeV LHC (left) and 14 TeV LHC (right) for m, =
200 GeV (red), 500 GeV (blue), 800 GeV (green) and 1000 GeV (yellow)
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F_igure 3.1.2: 8 TeV LHC constraints from the v channel (left), 777~ channel (middle) and
tt channel (right), for my = 200 GeV (red), 500 GeV (green), 800 GeV (blue) and 1000 GeV
(yellow). The regions to the top and right of the curves are excluded at the 95 % CL level.
We also show in Fig. 3.1.3 the 8 TeV LHC constraints on kg4, and BR(¢ — X X) by the
solid curves denoted by “8 TeV”.

If the ¢ couples to the SM gauge bosons W, Z then the constraints from the ¢ — WW, ZZ
decays can also become important. In this thesis we will focus on scenarios where the oW IV
and ¢Z Z couplings are small. In Chapter 6 and 7 we will work in the so called “2HDM
alignment limit” where the tree level oWW and ¢ZZ couplings are identically zero. In
Chapter 7 and 9 we will analyze a model where the ¢ is a SM gauge singlet. There, the
oWW, ¢Z Z couplings are generated via the ¢ — h mixing. We will see in Chapter 9, Sec. 9.2
that the 8 TeV LHC ¢ — hh results [11] constrain the mixing angle to be very small (see
for example Fig. 9.2.2), and hence the V'V couplings are also small. Therefore, we do not

analyze the constraints coming from the ¢ — ZZ, W W channels.
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Figure 3.1.3: Contours of the 14 TeV LHC o x BR (in pb) in the vy channel (upper-row)
and the 777" channel (middle-row) for mg = 200 GeV (left), 500 GeV (middle), 800 GeV
(right), and in the ¢ channel (bottom-row) for mg = 500 GeV (left), 800 GeV (middle), 1000
GeV (right). The region above the contour labeled *8 TeV’ is excluded at the 95% CL level
from the 8 TeV LHC result.
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As mentioned earlier, in any given model one can calculate the 44, and BR(¢ — X X)
to obtain constraints on the model parameters and the LHC cross sections at 8 and 14 TeV.

In later chapters we will present 44, and BR(¢ — X X) for some specific models.
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Chapter 4

Phenomenology of a singlet CP-odd

scalar model with vector-like fermions

This chapter is based on our work done in Ref. [9]. In many BSM theories such as the
little-Higgs models [121], technicolor models [122, 123, 124], the Higgs (%) is accompanied
by an SU(2) singlet CP-odd scalar. These models have a bigger symmetry group than the
SM and contain new vector-like fermions which together with the SM fermions complete
the representation under the symmetry group. In this chapter we study few effective theories
of neutral SU(2) singlet CP-odd scalars with vector-like fermions also present, without spe-
cializing to any particular model. Study of such effective theories is useful to look for the
CP-odd scalars without paying attention to any particular model. Specifically, we consider
two models where the CP-odd scalar is coupled to either an SU(2) singlet or an SU(2) doublet
vector-like quarks. We present the branching ratios of A and the effective Agg couplings in
each of these models. We also obtain the constrains on the parameter space from the o — v

signal strength.

4.1 SVU model

In what we call SVU model an SU(2) singlet CP-odd scalar A is coupled to an SU(2)

singlet, SU(3).. triplet VLQ (¢)) with hypercharge Y. Clearly, the electromagnetic charge
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Figure 4.1.1: BR (A — ~7) (black), BR (A — %) (blue), BR(A — ZZ) (red), BR(A —
WW) (cyan) as a function of m 4 with y4 = 0.1 and m,, = 1000 GeV for SV U (left) and
SV Q (right) models.

() =Y. To the SM Lagrangian we add

— — 2 —
£550, A0 A~ S A% 4 i) +eQA T — 9@ W7,y
w

_ _ A
i DY — iy A APy — i — FAA2HT H 4.1.1)

The SM Higgs doublet is written as H here. Here we have not considered possible terms
coupling the A to a SM fermion and a VLF for Y, = 2/3,—1/3 such as UrAup, ¥ Adp,
qH1r. We study this possibility of off-diagonal couplings between the 3rd generation SMQ
and a VLQ in the context of the SU(2) doublet ® in Chapter 6.

We restrict ourselves to m 4 < 2My 1, so that A cannot decay to a VLF pair. The possible
decay modes of A are to gg, vy, Z7 and Z Z through a VLF loop, but no decay to WW ™.
A cannot decay to a pair of SM fermions since such couplings are forbidden by gauge in-
variance. The effective AV#V" couplings induced by VLFs are given in Appendix B. From
these we compute the partial widths and the BR into the above modes. In Fig. 4.1.1 we plot
BR(A — 77), BR(A — Z7) and BR(A — ZZ) where we chose Yy, = 2/3 as an example.
BR(A — gg) is almost constant at around 0.999.

In Fig. 4.1.2 we plot K449/y4 as a function of m4. From this, one can read-off the
o(gg — A) at the 8 and 14 TeV LHC from Fig. 3.1.1 in Chapter 3. The peaks in Fig. 4.1.2
are due to the VLFs going onshell, although as mentioned earlier, we do not explore its

consequences in this work. In this model, the gluon-fusion c.s. of A is induced only through
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Figure 4.1.2: k444 /yaas a function of m 4 for my, =800 GeV (red) and 1200 GeV (blue) for
SV U model.
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Figure 4.1.3: BR (h — AA) (left) and /1~ (right) as a function of m 4 for SVU model.

loops of the heavy VLFs due to which the 8 TeV LHC exclusion limits on o X BR into the
Z 7 channel (see Ref. [125]) or the v channel (see Ref. [8]) are rather weak, unless 14
becomes so large that perturbativity is lost.

If my < my/2 (where h is the 125 GeV Higgs), then h — A A becomes kinematically al-
lowed and becomes a means of producing A in addition to the gluon-fusion channel discussed
above. In Fig. 4.1.3 we plot BR(h — AA) for A4, = 0.1,0.05 and 0.001. When this decay is
allowed, it will contribute to the Higgs total width thereby modifying the BRs into the other
channels. In particular, it will modify the signal strength 11, = I'(h — ) /Lgpr (h — v7),
which is measured to about 10% precision (see for example Ref. [126]). We thus see that the

constraint on \ 4 from the 8 TeV LHC is of the order of 0.01 if m 4 < my, /2.
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4.2 SVQ model

We consider a BSM extension, which we call the SV () model, with an SU (2) singlet A, and

one SU(2) doublet vector-like fermion ¢ = v1, p = (V11 R, V21, r)7 with hypercharge Yy.

To the SM Lagrangian we add

A}A‘* Moty 4.2.1)

LD %@LA(?“A - %miAQ + i D) — iy 4 Aprysih — qu/_n/) T o
where the gauge interactions of the 1) are understood and are not explicitly shown. For
Yy, = 1/6 one can add the terms yq’ﬂ/_)LFIuR + yélt/_JLHdR +1Yy24Aqr Y r + h.c which we will
not consider here but later in Chapter 6. As in the SV U model, there are no decays to a pair
of SM fermions, but unlike there, in this model A — W1~ decay is also possible through
the VLF loop, in addition to gg, 7y, Zv and ZZ modes. The expressions for the effective
couplings of the A to two SM gauge-bosons are given in Appendix B. We take Y, = 1/6 as
an example.

In Fig. 4.1.1 we plot the BR of A into vy, Zv, ZZ and WTW ™ modes. As in SVU
model, the BR into gg remains almost constant at around 0.99 for m 4 = 300 GeV. As the
Y112W coupling (g) is greater than the v;1); Z couplings (g/cw ) (T3 — Qs¥,), the BR into
WW is larger than into ZZ. Again, for the same reasons explained in the SV U model, the
exclusion limits from the 8 TeV LHC in the v, ZZ, W W channels are rather weak in this
model also.

The o(gg — A) in this model is twice of what was obtained in the SV U model because
there are two degenerate VLFs in the loop. The VLFs are degenerate since no Yukawa terms
involving the SM Higgs can be written down that can split the masses after EWSB. Since no
couplings to a pair of SM fermions exist, there are no b-quark initiated production processes

possible.
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Chapter 5

Two Higgs doublet Model type-1, 11, X

In this chapter we briefly review the two Higgs doublet model (2HDM) which will be rele-
vant in the next chapter. For a detailed review of 2HDM see Ref. [127]. 2HDM is a simple
extension of the standard model (SM) which extends the scalar sector of the SM. Specifi-
cally, one introduces two SU(2) doublet scalars &1 and ®, with hypercharge Y, and Yg,
respectively, along with a potential term V' ($; ®5) for the ®; and ®,. To obtain the vacuum
of the theory, one then minimizes V' (®1, $2) with respect to 1 and ®». The ratio
2 M2
p= (922/—22) (5.0.1)
(9°/Myy)

is very precisely measured and found to be very close to 1. In general, for n SU(2) doublet

scalars ®; with hypercharge Yo, and v.e.v. (®;) = v; we have [127]

_ i (ﬁ N Y‘I%?) vi
T2V

(5.0.2)

We see that if we want p = 1, we must take Yy, = £1/2. We take Y3, = Yg, = 1/2 which is

usually considered in the literature. Considering only the renormalizable terms we can write
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the general 2HDM scalar potential as

V(®1,02) = m3 ®Id) +m2,0L0g — (m2o® Do+ hc.) + AL (DT 1) + Ao (DI D)>

A
F A3D] D DLDy + Ay D Dol dy + 75 (@] @)%+ hc.] + 20| 01| Dy

F A DL Dyl By (5.0.3)

If m%Q = A\¢ = A7 = 0, then the theory has an exact discrete Z, symmetry under which &; —
—®1, Py — Py, As we will see later, this Z> symmetry forbids tree level flavor changing
neutral currents (FCNC). We will set A\¢ = A7 = 0 from now on but keep a nonzero m%2. The
m?, term breaks the Zo symmetry softly and does not give rise to tree level FCNCs. The
reason for choosing a nonzero m?, will be clear later. The ); in general can be complex, in
which case they contribute to CP violation. We are not interested in studying CP violation in
the scalar sector and therefore we choose the \; to be real.
Minimizing the V (1, ®5) with respect to ®1 and & gives the V.E.Vs (®;) = (1/1/2)(0,v;)

which satisfies the conditions

m3, — m12 + Mv? 4= 2 (Ag + M+ M) =0
M3y — m12 + Aov3 + = (/\r; + A+ \)vd =0. (5.0.4)

The EW vacuum (v) is given by v = /% +v3. It is useful to define the parameter tan 3 =

vy /v1. The fluctuations of ®; around the V.E.Vs can be parametrized as

o+
%= i . (5.0.5)
ﬁ(w + pi+in;)

Using Eq. (5.0.4) the mass matrix for the CP-even scalar sector (p1, p2) is given by

2)\1”(}% -|-m2 V2 _m2 + Aagr 01V
124 12 345V102
M= 2 " s o : (5.0.6)
—miy +Asa5v1v2 207 +mipyt
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The M? can be diagonalized by the orthogonal rotation

H cosaw  sina | [ p1
= (5.0.7)
h —sina cosa ) \ p2
with the mixing angle « given by
2C
tan2a = —— 5.0.8
anZo=——p ( )

with C' = —m3y + A345v1 02, A = 2\ 03 +m%25—f, B =2)\v? +m%2,’lj—;. The mass eigenvalues

are given by

<A+B:F\/(A—B)2+4CQ). (5.0.9)

DO | =

2
My H =

We will identify the lighter eigenstate / with the 125 GeV Higgs boson. The mass matrix

for the CP-odd sector (11,72) is given by

503 +mi 2 —m2y + Asa5v109
M3 = , vt . (5.0.10)
—mi9+ A34501V2  — 505 +m125—;

which can be diagonalized via the orthogonal rotation

G° cos sin
_ | cosB sy ) (5.0.11)
A —sinf cosB) \m2
where G is a Goldstone boson which will be eventually eaten by the SM Z boson. The mass

(m ) of the physical eigenstate A is given by

2

2 2 U 2
My = Mjo—— — A50~. 5.0.12
A =My Vo 50 ( )
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The mass matrix for the charged sector is

5 m%l-l—)\lv%—i-%)\gvg —m%2+%()\4+)\5)vlvz
M3 = ) . (5.0.13)
—m3y+ 5 (A +A5)vivg m3 + Aov? + 5)\31}%
which can be diagonalized by the orthogonal rotation
G* coS sin ks
= gosmi) [ (5.0.14)
H* —sinf cosf <I>§t

where G are the Goldstone bosons which will be eaten by the SM W bosons. Using

Eq. (5.0.4), the charged Higgs mass is given by
o _mipr® 1

2
mi+ = 10 2(/\4+)\5)L . (5.0.15)

From Eq. (5.0.6) we have

2

m2 +m3 = 2\v2 + 2\qv +m%gﬁ. (5.0.16)

For a 2HDM with exact Z» symmetry (m?, = 0) Eq. 5.0.16 gives
1
Aot = §(m%{+m%) — \gv3. (5.0.17)
It follows from Eq. 5.0.17 that \; has an upper bound given by
2 . 2 1 2
Av”cos® 5 > §(mH2 +m7,) (5.0.18)

since Ao > 0 (required for the stability of the vacuum). Since mj; > my, the upper bound on

A1 is given by

2
mj 9
Al > 2 (14+tan”p)

~0.25(1+tan?3). (5.0.19)
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We see from Eq. (5.0.19) that for large tan 3, A1 will become nonperturbative. If we require
the \; to be perturbative, i.e \; < 47, then we have the upper bound on tan 3 as tan 5 < 7 (for
m3, = 0). This is the same result obtained in Ref. [70]. We will always work with a non-zero
m?, so that we can explore higher values of tan 3. In total, there are eight free parameters in
the 2HDM scalar potential. After fixing v = 246 GeV, we are left with seven free parameters
which we take to be o, tan /3, m%z and the physical mass parameters my, m 4, mpy, M+ .
The gauge couplings (g4vv) of the h, H with the SM gauge bosons (VV) can be obtained

from the the gauge terms
L= (D,®)*+(D,®s)* (5.0.20)

with Dy, = 8, —ig/V2(W,TT + W, T7) —i(g/2cosfy)Z,. Substituting Eq. (5.0.5) in

Eq. , the terms involving p;,7;,v; can be written as

g a7 L 92 2N AT —
£y v W g sty (101 a2 22 (i) WL,
9 2, 2 9 9 o @, 5
8cos2 Oy (ny +m3) 2" Z,, + Z(Ul +vy)W “Wu + g(vl +v3) 2, 2" (5.0.21)

Using Eq. (5.0.7) the terms involving the physical states A, H, h can be written as

2 2 2

L= %1)008(/3— ) HWW,, + %USin([ﬁ - a)h,WJ“”VVM_ + mvcos(ﬁ —o)HZMZ,
g 9 yar 7 9 ot
—————si —)hZP 7, +=AWTrW  + ———ATH 7+ =0 WTHW
+200529stm(ﬁ @) nt 4 ® +800826W nt 1" H
2
9 2
— 77 5.0.22
800829Wv i ( )
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From Eq. (5.0.7) we can read of the hV'V and HV'V gauge couplings (g4yv) as

2

. g*v
ghww =sin(f — Oé)—2 ;
2
g-v
gHWwW = cos(ff — a)—2 ,
9
Cwin(A_y_ T
Gnzz =sin(f =) 2cos2 0y’
g*v
=c —q)—F—. 5.0.23
gnzz = cos(f a)2C082 o ( )

The tree level AV'V couplings are zero, as expected from CP invariance. We see that for
B —a =m/2, the gpyy couplings become identical to that of the SM Higgs. Therefore,
the limit 5 — « = 7/2 is called the 2HDM “alignment limit”. We also see that the gy

couplings become zero in the alignment limit.

5.1 The Yukawa couplings

In the absence of any additional symmetries (apart from the EW gauge symmetry), the SM
fermions will have Yukawa couplings with both the ®; and ®5. For example the most general
Yukawa term involving the charge -1/3 SM fermions (d;) can be written as

LY =yl @i ®idjr + y5din Padsr (5.1.1)
where ¢;7, are the SM-quark SU(2) doublet. Substituting the V.E.Vs of ®; and ®5 in Eq. (5.1.1)

gives the mass terms

L55 — y}chLivlde + yfchLivngj. (5.1.2)
In general the the £Y“F and £™%55 cannot be diagonalized simultaneously and there will be
flavor changing neutral currents (FCNC). So a necessary condition for the absence of tree
level FCNC:s is that all the quarks of a given charge must have Yukawa couplings with only

one Higgs doublet [128]. However to guarantee the absence of tree level FCNCs, we need a

41



second condition. To derive this let’s consider the neutral Z current

JYy = (g/ cosoy ) [ Krar + qr K ryR] (5.1.3)
with, K, =T} —Qsing,,
Kp=Tp—Qsing,, (5.1.4)

We diagonalize the mass terms in Eq. (5.1.2) by a bi-unitary rotations q;, — Upqr,,qr —
Ugrqg- Under these bi-unitary rotations the K, and K, transform as Ky, p — UL K1, RUL R
From Eq. (5.1.3) we see that the conservation of flavor requires that (U, K| = [Ug, Kg] = 0.
Also, the charge conservation requires that [Uz, Q] = 0, [Ug, Q] = 0. Then from Eq. (5.1.4)
we arrive at the condition {T 2 ,Q] = {T %,Q] = 0, that is all the quarks of a given charge
() and helicity must have the same 7. Combining this with the first condition, we con-
clude that the necessary and sufficient condition for the absence of tree-level FCNC is that
all the quarks of a given charge must have the same 7™ for a given helicity, and should have
Yukawa couplings with only one Higgs doublet [128]. In the 2HDM this condition can be
enforced by imposing a Z5 symmetry under which the 2HDM scalars and the SM fermions
transform in a certain way. The Z5 transformation of the 2HDM scalars can be taken to be
D1 — —Py, Py — Py. Whether a given SM fermion couple to @1 or 5 depends on its trans-
formation property under the Z». Usually three types of Yukawa structures are considered in
the literature, the so called 2HDM of type-1, type-II, type-X. Below we briefly discuss each

of these types .

2HDM type-I:

In 2HDM of type-1 (2HDM-I) all the SM fermions are left unchanged under the Z3. In this

case all the SM fermions couple to the ®5. This Yukawa term is given by
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LD —yaqrPodp — yudr Poup + hec. (5.1.5)
where &y = 102®3. The Yukawa couplings of h, H, A are given by

1 - _
LYk 5 — (yuhcaﬂLuR +yghcadrdr +yucgiAupur —ygcgiAdrdp + h.c.) (5.1.6)

V2
and the mass terms for the SM fermions are given by

[£mass —L(deﬁCZLdR +yusplrur+h.c.). (5.1.7)
V2
The h, H and A Yukawa couplings can be written as yp,qq = (mq/v)(ca/58)s Yhuu = (Mu/v)(ca/585),
Yidd = (ma/v)(sa/sp), Yruu = (Mu/v)(sa/5p), yadd = —(ma/v) cot B, Y auu = (mq/v) cot B,
where Mg, = Ya.u53/ v/2 and we have introduced the notation ¢y = cos#, sy = sinf. In the
alignment limit the H and A Yukawa couplings become the same and the » Yukawa cou-

plings become identical to that of the SM Higgs boson.

2HDM type-11:

In 2HDM type-1I (2ZHDM-II) all the right-handed down-type SM fermions transforms under
Zy as dp — —dp and the up-type fermions remain unchanged. In this case all the down-type
fermions couple to @1, while all the up-type fermions couple to ®2. The Yukawa term for

the 2HDM-II is given by
LD —yaqrPr1dp — yuGroup + h.c. . (5.1.8)

The h, H, A Yukawa couplings in this case are given by ypqq = —(mq/v)(Sa/C8), Yhuu =
(mu/v)(ca/58)s Yrda = (Ma/v)(ca/cs)s Yruu = (Mu/v)(8a/58)s Yadd = (mq/v)tanp,
Yauu = (mg/v) cot B, where mg = yqcos B/v/2, my = yusin /2.
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2HDM type-X:

In 2HDM type-X (2HDM-X) all the right-handed SM leptons (e) transform under Z5 as
er — —ep and all other fermions remains unchanged. In this case The Yukawa term for the

2HDM-X is given by

L5~ (Yadr,Padp + yuGr Poup +yel, Preg + h.c). (5.1.9)

The i, H, A Yukawa couplings in this case are given by ypce = —(me/v)(Sa/C3)s YHee =
(me/v)(ca/cp), Yace = (me/v) tan 3, where m, = y,cos3/+/2 for the leptons. The quark
Yukawa couplings are same as in 2HDM-1.

The measurements of the Higgs signal strengths o x x at the 8 TeV LHC [81, 82] reveals
that the AX X couplings are very close to that of their SM values, where pxx = o(h) X
BR(h— XX)/[o(h) x BR(h— XX )|gy. For example, measurement of the iy puts a
95% confidence level constraint on the KWW W coupling (gpww) as 0.81 < grww/ g,%%w <
1.01 (Table 14 of Ref. [129]). Therefore in the 2HDM, the “alignment limit” (8 — o = 7/2)
is strongly favored (see for example Ref. [63]). Also, since in the alignment limit the tree
level gauge couplings of the H, A are zero, the heavy Higgs searches [125] in the WW, ZZ
channel do not put any significant constraints on the parameter space. In the chapters to
follow we will always work in the alignment limit.

In the next chapter we will discuss the phenomenology of the neutral heavy scalars (H, A)
in 2HDM-II, X. Then we will analyze several models where we introduce new vector-like

fermion to 2HDM-II and X.
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Chapter 6

Phenomenology of neutral scalars in Two
Higgs doublet model with vector-like

fermions

This chapter is based on the work done in Ref. [9]. As discussed in Chapter 5, the two Higgs
doublet model is one of the simplest extensions of the SM, obtained by extending its scalar
sector. Apart from the 125 GeV Higgs boson (h), the 2HDM has three new scalars, namely
the neutral heavy scalars A, H and a heavy charged scalar H*. Their phenomenology is
very rich and has been studied extensively in the literature (see for example Refs. [65, 66,
67, 68, 69, 130]). It will be interesting to explore the possibility of extending the 2HDM
to include new fermions. One possibility is to simply add an extra generation of chiral
fermions. Such chiral fermions are strongly disfavored from experiments [24]. However,
there exists the possibility where the new fermions are vector-like under SU(2) x U(1)y. In
fact there are several UV complete models [3, 4, 100, 105] which has a 2HDM structure with
new vector-like fermions also present. In this chapter, we will study the phenomenology
of some effective theories which has the structure of the 2HDM, and also contain VLFs.
We will focus on the neutral scalars A, H. We present the branching ratios of A, H to two-
body decay channels and obtain the LHC cross sections in the gluon fusion channel. We

also present the constraint on the parameter space from the 8 TeV LHC 77 channel results.
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We will first briefly discuss the phenomenology of the neutral scalars (H, A) of 2HDM-II
and X with the SM fermions only. We will then study several models where we introduce

vector-like fermions to the 2HDM-II and X.

6.1 2HDM with SMF only

As mentioned before, the 2HDM has two neutral heavy scalars H and A (collectively called
¢ here). The phenomenology of these neutral scalars has already been studied for example
in Refs. [62, 63, 64, 76]. The 8 TeV LHC constraints on the 2HDM parameter-space are
discussed for example in Refs. [71, 72, 73, 75]. Here we will briefly review some of the
phenomenological aspects of H, A. We present the branching ratios of the neutral scalars and
the effective ¢gg couplings. We focus on the scenario where the lightest 2HDM scalar / is
identified with the 125 GeV Higgs. Ref. [60] considered the possibility that the observed 125
GeV state at the LHC is the CP-odd scalar (A), and found that this possibility is disfavored
by the LHC data. The couplings of the ¢ to the SM gauge bosons and the SM fermions
are given in Chapter 5. As we have mentioned in Chapter 5 we will work in the 2HDM
alignment limit which is strongly favored from the measurements of the Higgs observables.
For a detailed discussion of 2HDM alignment limit see [ 130] . We recall that in the alignment
limit the tree level couplings of the H and A are similar. Also, the tree level couplings of
both the H and A to the SM gauge bosons become zero in the alignment limit. In this
case the couplings of the H and A to the SM gauge bosons are generated by loop level
processes with SM fermions running in the loop. The effective ¢gg couplings (k444) can
be obtained from the general expressions given in Appendix A using which one can obtain
o(gg — ¢) from Fig. 3.1.1 in Chapter 3. Production cross sections of A, H in 2HDM has
been studied for example in Refs. [131, 132]. If A and H have nearly degenerate masses
so that experiments cannot distinguish them, their contributions must be added in any given
channel. Because of different CP properties of the A and H, their sum will be incoherent
ie.opp— o= XX)=0(pp— A— XX)+0o(pp— H— XX). Below we present the ¢
branching ratios and k44, for 2HDM-II and 2HDM-X.
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6.1.1 2HDM-II

The Lagrangian and the ¢ couplings for the 2HDM-II is given in Chapter 5. In Fig. 6.1.1
we plot the branching ratios BR(A — 77,bb) as a function of m 4 for tan 5 = 1,5,10,15,30
and BR(A — tt) for tan 8 = 1,5,10,15, in the alignment limit. We see that for my <
2m,, the dominant decay channel is A — bb since the A77 coupling (x mtan () is smaller
than the Abb coupling (x mytan3). For m4 > 2my, the A — tt channel opens up and
dominates for small tan 5. However for large tan 3 the Att coupling (o cot [3) is suppressed
and BR(A — bb) dominates as can be seen from Fig. 6.1.1. The loop level branching ratios
BR(A — ~7,Z~) are shown in Fig. 6.2.5 (by the dashed curve) in Sec. 6.2.2 where we
discuss 2HDM-II with VLFs. We see that the BRs into vy and Z~ are smaller compared to
that of the corresponding loop induced SM Higgs branching ratios even for tan 5 = 1 when
the couplings of A to the SM fermions are equal to the Higgs Yukawa couplings. This is
because the partial width I'(h — ~v,vZ7), being dominated by the W loop, is larger than
the partial width I'(A — ~+,vZ) in which only the fermions contribute (see for example
Fig. 2.10 of Ref. [133]). For larger tan 3 the branching ratios are even smaller because of
the increased I'(A — bb) and I'(A — 7777). The discontinuity at m 4 = 2m; in the BRs
in Fig. 6.2.5 for tan3 = 1 is because of the onset of A — t¢ on-shell decay. For larger
tan 3, the discontinuity is smaller since the Att coupling becomes smaller. The h — AA
decay, possible for m 4 < my, /2, is studied in Ref. [63] and we will not discuss it here. Since
the coupling of the H to the SM fermions are same as the A in the alignment limit, the H
branching ratios to the SM fermions will be quite similar to that of the A and we do not
explicitly show them here.

The effective couplings k444 and kg4 can be obtained from the general expressions
given in Eq. (A.0.7) in Appendix A. In Fig. 6.1.2 we plot contours of 444 and K44 in the
m 4 — tan  plane. Using this one can calculate the o (¢ — gg) from Fig. 3.1.1 in Chapter 3.
Near mg & 2my, K 4gg & 2.5 X K[ g, SinCE FlA/2 ~ 2.5 % Fl% for mg &~ 2my (see Fig. A.0.2in
Appendix A) which explains the difference in the behavior of k 444 and k g4y near m 4 ~ 2m;.

In 2HDM-II, the Hbb coupling and Htt have a relative sign between them which results in
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Figure 6.1.1: BR(A — 7777 ,bb)(left, middle) for tan 5 = 1,5,10,15,30 and BR(A — tt)
(right) for tan 5 = 1,5,10, 15 in 2HDM Type-II model. The loop-level BR(A — V'V) in the
Type-II 2HDM are shown in Fig. 6.2.5 by the dashed-black curves.
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Figure 6.1.2: Contours of k44, (left) and Contours of k444 (left) and kg, (right) in the
Type-1I 2HDM. (right) in the Type-11 2HDM..
destructive interference between the t contribution and the b contribution. For my4 ~ 10
GeV the cancellation becomes significant since b can go onshell at this value of m 4 and can
contribute significantly to x4, Which explains the behavior of 44 near mpy ~ 10 GeV in
Fig. 6.1.2.

We saw in Chapter 3 that the ¢ — 77 channel 8 TeV LHC results puts stringent constraint
on Kggq and BR(¢ — 77). Here we present the constraints on m 4 — tan 3 plane from the 8
TeV LHC ¢ — 77 results for the 2HDM-II. As mentioned before, if m 4 and my are within
the experimental resolution so that they cannot be separated, then both of this contributions
must be added. For the ¢ — 77 channel the experimental invariant-mass resolution is about
30%. Therefore, we consider two cases, one when m4 and my are within 30% and add

the contributions from the “degenerate” A and H, and another when they are split by more
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Figure 6.1.3: For Type-II 2HDM, regions of the m setan 3 plane (blue region) which is
excluded at 95% confidence level from ¢ — 777~ decay when only A is present (left) and
when m 4 and mp; are degenerate (right).
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Figure 6.1.4: For the Type-X 2HDM, BR(A — 77, tt) (left, right) for tanf =
1,5,10,15,30, and BR(A — bb) (middle) for tan3 = 1, 5. The BR(A — v, Z~) for the
Type-X 2HDM is shown in Fig. 6.3.1 as the dashed-black curve.

than 30 % and treat them separately. When they are degenerate, we have BR(A — 7777 ) ~
BR(H — 7%77) in the alignment limit and we can use the constraints obtained in Chapter 3
if we interpret x4, shown there as 1//-@124gg + /i%[gg and BR(¢ — 77) as BR(A— 7t77) +
BR(H — 7777). In Fig. 6.1.3 we plot the constraints on m 4 — tan 3 plane from the 8 TeV

LHC 77 channel results for these two scenarios.

6.1.2 2HDM type-X

We recall from Chapter 5 that in 2HDM-X, all the quarks couple to the H, A like cot § and
all the leptons couple to H, A as tan /3. Since all the SM quarks couple very weakly to A
for large tan 3, o(gg — A) becomes very small for large tan 5. As a consequence there
are no constraints from o (pp — A) x BR(A — 7777). In Fig. 6.1.4 we show the tree-level
BR(A — 7777 ,bb, tt). The BR(A — V'V') for the Type-X 2HDM is shown in Fig. 6.3.1 (by

the dashed-black curve) in section 6.3.
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Figure 6.1.5: For the Type-X 2HDM, contours of s 444 (left) and # g 44 (right).

In Fig. 6.1.5 we plot contours of 444 and £ p744. From this one can read off o(gg — ¢)

for 8 TeV and 14 TeV LHC from Fig. 3.1.1 in Chapter 3.

6.2 2HDM with vectorlike fermions

In this section we will extend the 2HDM to include new vector-like fermions. As mentioned
before, there are several examples of UV complete models that have a 2HDM structure struc-
ture. In order make the theory symmetric under the larger group, they also necessarily have
new vector-like fermions which together with the SM fermions furnish a complete repre-
sentation of the bigger symmetry group. Instead of committing to a single UV complete
model, here we study the phenomenology of the A, H in some effective models where we
add vector-like fermions to the 2HDM. Such an analysis will capture many of the common
features present in realistic BSM theories as far as the phenomenology of A, H is concerned.
We mainly focus on the scenario where my < 2My [,;». We do not study the scenario where
¢ can decay to a pair of vector-like fermions. In order to be safe from direct search lim-
its [111, 134, 135, 136] on VLQ mass we will take My 1o > 920 GeV. We first study the
scenario where the VLFs have off-diagonal couplings with the third generation SM fermions.
Subsequently we consider the scenario where the off-diagonal coupling of the VLFs with the

SM fermions are absent.
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6.2.1 2HDM with VLQ-SM Yukawa coupling

In this section we consider the scenario where VLFs couple to the third generation SM
quarks. These kinds of models are very similar in nature to many of the realistic BSM
theories. We analyze three situations separately: the M VU model where we introduce an
SU(2) singlet VLQ of charge 2/3 to the 2HDM-II, the MV D model where we introduce an
SU(2) singlet VLQ of charge -1/3 to the 2HDM-II and the MV () model where we introduce
a VLQ SU(2) doublet to the 2HDM-II. We also consider an explicit example of an UV com-
plete model namely SU(6)/Sp(6) little-Higgs model [5] where our analysis can be used to

obtain the effective 4, couplings and o(gg — ¢).

MVU model:

Here we introduce an SU(2)-singlet VLF , with EM charge 2/3, and add to the 2HDM

Type-II Lagrangian the following terms

LD My — (yl QL1+ hc.). (6.2.1)

After EWSB the mass terms for the EM-charge 2/3 fermions can be written as

1 _ _ -
LM% = ) (yuvthtR +y1utryr+ h-C-) + My ). (6.2.2)

We define the mass eigenstates t%’ r and toy, g, for the EM-charge 2/3 quarks as

U ;40 U
tL7R = COSHL,RtL,R — SlneLvRtQLJ{,

Vi R = SinegRt%’R+C089ngt2L7R. (6.2.3)
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The mixing angles are given by

tan 29% = Qﬂyllew
202 _ 9 )2 4 2,2
Yu V3 o T YTV
2v/2
tan20Y = V21yutiv: . (6.2.4)

vavs —2MJ —yivf

The mass eigenvalues are given by

1 Y 2oy y 22
B Zu M, 212 L —M L2, 6.2.5
mo 4, 5 <\/§U2+ w) + 5 v F \/§U2 v + 5 vy ( )

For notational brevity we call t° simply as ¢, which we will identify with the SM top-quark.

Constraints on the mixing from EWPT and a vector-like top decaying to Wb, Zt, Ht are
studied in Refs. [112, 116, 137, 138]. The A couplings to the EM-charge 2/3 fermions in

terms of the mass eigenstates are given by

i _ _ _ _
L= %A (?JAtttLtR +Yatatotortor + Yarsttortr + yAtttht2R) +h.c., (6.2.6)

where

U U U U._.
Yau = (yuCLCRcosﬁ—ychsRsmﬁ),
U U U U _.:
YAtgty = (YuS[, SpCos S+ Y157 cpsinB),
U U U U ..
Yaist = —(YuST, Cpcos B —yicy, spsin B),

YAty = —(yucgs% cos 3+ ylcgc% sin f3). (6.2.7)

52



2000 2000
1800 / / 1800

1600 1600

1400 1400
1200 1200 ///’
0.94
1000 1000
088 /92/
0.86
800 //// 800 0.84

3.0 1.0 B .0 4.0
N »n

M,(GeV)
M.b(GeV)

Figure 6.2.1: For the MV U model, contours of xp for tan 5 =1 (left) and tan 5 = 5 (right)
with y,, chosen such that m; = 163 GeV.

The h couplings to the EM-charge 2/3 fermions are given by,

U U U U .
Yni = (—yuCl, cpeosa+yicl spsina),
U U U .U .
Yhtoty = (—YuS[ SpCOSa —y1S] Cpsina),
U U U U ..
Ynhtot = (YuS[, CRCOSQ—Y1C] Spsina),

Yhtty = (yucgs% cosa+ylcgc% sina). (6.2.8)

Because of the ¢ — 1) mixing the y; will be different from its SM value (yhtt[ ). We define
the quantity rpe = Y /Y5, yhtt which parametrizes the deviation of the htt coupling from its
SM value. The experimental limit on kp;; is 0.63 < |kpy| < 1.2 [50]. In Fig. 6.2.1 we plot
Kntt in the g1 — M, plane for tan =1 and 5. For large 3 and small My, the mixing is large

and the kypy, differs from 1 by about 15% as can be seen from Fig. 6.2.1.

In Fig. 6.2.1 we show contours of /eAgg/yl in the m 4-M,;, plane for {tanf,y,} = {1,1.4}
and {5,1}, and also show /@XLF as a function of y; for 1000 GeV, M, = 1250 GeV and tan

VLF

Agg small.

=0.1,1, 5,10,15. For large tan 3, the mixing angles become small, which makes x
For Fig. 6.2.1, we fix 3, = 1.4 so that m; is close to its M .S value mt =163 GeV [139],
and once a specific choice of y; is made, m; can be fixed exactly by choosing v,, slightly

differently; the resulting change in x ALF due to such differences in y,, is insignificant. ~ The
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Figure 6.2.2: Contours of kyit'/yf for {tan 3, y,} = {1, 1.4} (left) and {5, 1} (middle)

for the MV U model. kX]g“gF as a function of y1, for my = 1000 GeV, M,, = 1250GeV and
tan =0.1,1,5,10,15 is plotted on the right.
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Figure 6.2.3: Contours of BR(A — tt) (black), BR(A — bb) (blue), BR(A — tat) (red),
BR(A — gg) (green) with M, = 1000 GeV, y1 = 1 for tan 3 = 1 (left) and 5 (right), for the
MV U model, with y,, chosen such that m; = 163 GeV.

fermionic BRs for m 4 < (M, +m;) will be largely unchanged from the Type-II 2HDM plots
shown in Fig. 6.2.3. However, if m 4> (M, +m;) the A — tot decay becomes kinematically
allowed. In Fig. 6.2.3 we plot BR(A — (t), BR(A — bb), BR(A — gg) and BR(A — {a1),
for My, =1 TeV, y; = 1 and tan 3 = {1,5} with y, fixed such that m, is at the physical
value. For tan =5, BR(A — tt) becomes small since y 44 x cot 3. BR(A — ~v,Z7) do

not change by much from the 2HDM-II case.

MYVD model:

In the MVD model, we introduce an SU(2)-singlet VLF y, with EM charge -1/3, and add to

the 2HDM Type-II Lagrangian the following terms
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L= MX XX — (ygch(I)lXR-Fh.C.) . (6.2.9)

The mass eigenstates, b%’ r and byy, r for the EM-charge —1/3 fermions are defined in the

same way as in Eq. 6.2.3 with the mixing angles HER. The mixing angles are given by

2v/2ygv1 M,
Yqui = 2Mx+yz01 (6.2.10)
tan29U — 2\/5 1YuV1V2 )
R yd'ul—?]\/fx—yzvl

tan20P =

The mass eigenvalues are given by

2 2
1 Yd Y3 o Yd v3
Mgty = 5 \J (Evl + MX) + ?Ul + Evl — MX + 71}1 . (6211)
The A couplings to the EM-charge—1/3 fermions are given by
Yau = (ydCfcg sin 3 — ygcgsg sin f3),
YAloty = (defsg sin 8 + yzsfcg sin 3),
YAt = — (ydsfcg sin 3 — ygcfsg sin f3),
Yoy = —(yacr si sin B+yacy ey sin B). 6.2.12)
The h couplings to the charge —1/3 fermions are given by
Yhtt = (ydcfcﬁ sina+ ygcgsg sina),
Yhtots = (degsg sina — yzsfcg sina),
Yntyt = (—yasT cBsina —yocP sBsina),
Yhtty = (—ydcfsg sinoH—yzcgcg sina). (6.2.13)

As in the case of charge 2/3 fermions, we choose y4 such that m{)” S = 4.2 GeV [140]; yppe

stays close its SM value. In Fig. 6.2.4, we plot contours of Y-t /y5 in the m 4 — M, plane
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Figure 6.2.4: Contours of kil /y5 for {tan3,y4} = {1,0.03} (left) and {5, 0.12} (middle)

for the MV D model. kY-t with ys for ma = 1500 GeV, M, = 1000 GeV and tan § =
1,5,10,15 is plotted on the right..

for {tan 3, yq} = {1,0.03} and {5,0.12}, and £ Y1’ as a function of y, for m 4 = 1500 GeV,

M,, = 1000 GeV for tan 5 = 1,5,10, 15.
MVQ model

For the MV model, we add an SU(2) doublet VLF )’ and add to the Type-II 2HDM

Lagrangian the terms
LD MooQ'Q' + (MqQ qrQ — 1 Q) Patp — §2Q P1bg + h.c.) . (6.2.14)

Below we only show the top-sector since in most of the BSM models, usually the top sector
is relevant. The M induces a mixing between () and qr,. We diagonalize the VLF masses

by redefining the ¢ and ()’ fields by an orthogonal rotation to obtain
LML QQ + (—y qr®otp— i Q) datr+h.c) | (6.2.15)

with ME)h = /(M3 + MZ2y), yil = (yuMag — 1 Myq) /M, 517 = (yuMyq +51 M) /M),
which imply y50' = (y, — 51 My /Mqq) /\/1+ (Maq/Mqq)? and 5 = yelf Mg /Mg +

71 \/ 1+ (Myg/Mqq)?. The kg4 due to the ¢, b in the MV () model are qualitatively similar

to the MV U case presented earlier and we do not show this explicitly.
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SU(6)/Sp(6) little-Higgs model

Here we apply the results of our analysis to a specific example of a BSM model namely
the SU(6)/Sp(6) little-Higgs model (LSS) [5]. In the LSS model, an SU(6) global sym-
metry is broken down to Sp(6) by the expectation value of an antisymmetric condensate.
Interestingly, the scalar sector of this model has a 2HDM structure and to complete the sym-
metry representation of the bigger symmetry group it also has new vector-like fermions. In
Ref. [10] we have studied this model in detail. It has two charge 2/3 VLQs 2,¢3 and two
charge —1/3 VLQs bo,bs. Here we apply some of the results of Sec. 6.2.1 to this model.
While comparing with Ref. [10], one should keep in mind that there we had tan 8 = vy /vo
while in this analysis we have tanf = v9 /v, and therefore tan 3 here is related to that of
Ref. [10] via tan 8 = (1/tan 3%%%). In Ref. [10] we have found the allowed points of the
parameter space from the 8 TeV LHC Higgs measurements and the precision electroweak
constraints. Some of the allowed points can be found in Appendix B of Ref. [10]. Here we
focus on two such sample points namely sample-points 1 and 2. For the sample-point-1, the
two lightest VLFs are the ¢ with a mass of 1218 GeV, the by with a mass of 1315 GeV, and
we have tan§ = 1.36, mya = 1671 GeV, y; = 1.7, y,, = 1.2 and m; ~164 GeV. Here y; is

1“‘%23, and for point-1, since y; > y4, to a very good approximation s14 ~ 1

givenby y1 =y
and c14 =~ 0. Also my & co3yova/ v/2 in the limit where t3 is decoupled away, i.e. 1, = Y223,
and co3 =~ 0.9. The by is an SU(2)-singlet since it does not mix with the other charge -1/3

states. Keeping only the lighter ¢, since the ¢3 is somewhat heavier, a good approximation is

obtained by considering the addition of only a singlet EM charge +2/3 state v as introduced

VL

Agg due to the I3 can be read off from

in Eq. 6.2.1. Ignoring the smaller b contribution, the x
the tan 5 = 1 curve of the rightmost panel of Fig. 6.2.1 to be approximately 0.4. This is about
10% of the SM-fermion contribution. For the sample-point-2 the the lightest VLQ is the by
with a mass of 947.5 GeV. The bs is an SU(2)-singlet state and does not mix with the other
charge -1/3 states. For this point, m4 = 1671 GeV, tanf = 1.36, yo = 1.422,c93 = 1.15.

KAgg Ccan be read off from the tan3 = 1 curve of the rightmost panel of Fig. 6.2.4 to be

approximately 0.3.
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6.2.2 2HDM-II with VLQ-VLQ Yukawa coupling

In this section we study few example models where the off-diagonal couplings of the VLFs
with the SM fermions are shut-off. We add SU(2) doublet and singlet VLFs with SM-like hy-
percharge assignments, and write Yukawa couplings between them both involving the @1 5.
We separately consider three minimal extensions of 2HDM-II: MV Q) D;; model where we
introduce an SU(2) doublet VLQ and an SU(2) singlet down-type VLQ which have Yukawa
couplings only with ®;, MV QQU22 model which is similar to MV () D11 model but with an
up-type VLQ singlet (instead of a down-type one) and has Yukawa couplings involving only
®y, MV QU12 model where the right-handed up-type singlet couples to 1, whereas the left
handed up-type singlet couples to 3. We also consider a model similar to MV QD but
for 2HDM type-X and denote it by MV () D .X1;. Although there could be Yukawa couplings
between a VLF and an SMF also present, we do not write them here for simplicity, and their

effects are investigated separately in section 6.2.1 .

MV QD11 model:

To the Type-II 2HDM we introduce one doublet VLQ, v = (¢1,v2) with hypercharge Y,
and one singlet VLQ (x) with hypercharge (Y;, —1/2) so that VLF couplings with ®; are

allowed. The additional Lagrangian terms to the 2HDM-II are

LO iy + iy — (1 ®ixr + 1Yr®ixL +he) — My — Myxy.  (6.2.16)

We can also write the terms ¢/, ®ox g and 1) p®2 ., which we do not add here but will

consider them subsequently as another model. These terms are forbidden if Y — —x under
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the Z5 symmetry of 2HDM-II. The terms involving h, A, H and VLFs after EWSB are

— _ r . . I
LD =Myppp — MyXx + EA sin B(iy1v2LX R +iG1Y2rXL + hoC.)

v . _ 1 _ _
— ——cos (1 + 4 +h.c.)+ —=hsina( + 4 +h.c.
7 B(y1varxr + J102RXL ) 73 (y1¥2rX R+ T102RX L )

1 _ -
—%Hcosa(yu/)QLXR+y11/JZRXL+h.c.) (6.2.17)

Gauge interactions of the VLFs are present and not shown explicitly. 12 and y mix after

EWSB, while ¢ is itself a mass eigenstate. We define the mass eigenstates (; and (2 as

Yor,.r =Cir,rco80, R —Cor, gSinGy, R,

XL.R =CiL,rsin0, p+Cop, RCOSO), R, (6.2.18)

where the mixing angles are given by

2V 2ucs(yi My + 51 My)
tan20y, = 5 o) 5 2/ 2\
Q(Mw _]”X) —v Sﬁ(yl — i)
Qﬂvcﬂ(ylM + i1 My)
tan20p = oo SIS . (6.2.19)
2(M7 — M) +v2s3 (57 — yi)

The mass eigen values are given by

1 1 N 1 -
M o= §\/(]\[¢ + M, )2+ éc%fuz(yl —1)%+ \/(M¢ — M, )2+ 502025(341 +71)%. (6.2.20)

In terms of these mass eigenstates, Eq. (6.2.17) can be written as

LD — MGG — Myhrn + ki ZuGivuGs + eQi AuCivuG — vig (1AG LG R + hec)

— (WG Cir+hc) =yl (HGrLGR + hec), (6.2.21)
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where i, j = 1,2. Ther;; are given by

ki1 = (g/ew)(T°/2)(c} + cfp) — Qsiy ],

ka2 = (9/ew )[(T?/2)(s7 + sk) — Qsiy],

k12 = —(g/cw)(T°/2)(spep + sre) (6.2.22)
and the y;‘} are given by
yi = (1/vV2)sg(—yicLsp -+ G15LCr),
ysh = (1/V2)sg(y15Lcr — GicLsg),
yih = —(1/V2)ss(yicLer +sLsg),
Yo = (1/V2)ss(y1sLsR +J1cLCR).- (6.2.23)

The yzhj are given

Yl = —(1/V2)salyicrsp+sicr),
yhy = (1/V2)sa(y151.cr +T1015R),
yly = —(1/V2)salyrcrer — G1s1cr),

yh = —(1/V2)sa(—y1515R+ G1cLeR). (6.2.24)

The couplings yg can be be obtained from theylhj by the replacement,s, — —c,.We take the
y1 and g to be real, enforcing CP invariance in the BSM sector. The relative sign between
y1 and ¢ in Eq. (6.2.16) is physical for the following reason. If we want to get rid of this
relative sign we need to make the transformations x; — —xr and xXgr — XR, Of X1 = XL
and xg — —xr. In either case, the M, changes its sign and is therefore a physical effect.
For chiral fermions, the sign of the mass term is not physical since one can rotate it away by

the above transformations.
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Figure 6.2.5: BR(A — 77) (top-panel) and BR(A — Z~) (bottom-panel) with My, = M, =
1000 (GeV), tan 3 = 1 (left) and 30 (right) in MV Q D11 model (solid-black) and in 2HDM
Type-II (dashed-black). BR(A — ff) in Type-1l 2HDM are as shown in Fig. 6.1.1

Instead of the x (with hypercharge (Y, —1/2)), if we consider a VLF (say ) of hyper-
charge (Yy,+1/2), we get a different model where the ¢ couples to the ®; instead of the ;.
This model will have similar phenomenology as MV () D11 model, which we discuss later.

The effective k411 couplings for this model are given in Appendix A. When 1 =1,
in addition to C'P invariance, the Lagrangian in Eq. (6.2.17) is also invariant under I” and
C' individually, with A transforming as A KR A A Y, _A. This implies that the VLF
contribution to k 41y iS zero since AVWV‘“’ is not P invariant (although it is C'P invariant).
Also, the VLF contributions are maximum for My, = M, when the mixing between the VLFs
(12 and x) is maximum. We will take My, and M, to be equal from now on.

In Fig. 6.2.5, we plot BR(A — V'V), for Y, = 1/6 as an example, which is the SM
quark-doublet hypercharge assignment. The tree-level decays to SM fermions BR(A —
bb, 777, tt) are unchanged from what is shown in Fig. 6.1.1 for the Type-II 2HDM. We
see that for small values of tan 3 the VLF contribution to BR(A — V'V') is small compared
to the 2HDM-IL This is because the y;; are proportional to sin 3. For large tan 3 and for
large m 4, the VLF contributions to the BR(A — ~+) become significant.

In Fig. 6.2.6, we plot contours of x 44, for M, = 800 GeV, 1700 GeV. Using this, one
can read-off the o(gg — A) at the 8 and 14 TeV LHC from Fig. 3.1.1 in Chapter 3. The
corresponding contours in the Type-II 2HDM (without the VLFs) are shown in Fig. 6.2.7. In
Fig. 6.2.7 (left) we plot y%, and y{} (defined in Eq. (6.2.21)) in the alignment limit (5 — o =

7/2), which shows that the i couplings to the VLFs become very small as tan 3 increases.
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Figure 6.2.6: Contours of k444 (top) and K44 (bottom) for My, = M, = 800 GeV (left),
1700 GeV (right), y1 = 0.5, g1 = 1 for MV () D11 model.
Thus, the VLFs can modify o(gg — A) and I'(A — V'V) significantly, while the /& remains
SM-like as required by the LHC measurements of the 125 GeV state. We find that the VLF
contributions partially cancel the SM fermion contributions for a range of low tan 3 values
and for some ranges of the m 4, while for larger tan [ the effective couplings always increase
compared to the 2HDM-II. To illustrate this point more explicitly, we plot k 444 as a function
of tan 3 in Fig. 6.2.7 for m 4 = 300 GeV and 600 GeV.

In Fig. 6.2.6, we also plot contours of k44 for m = mpy, in the alignment limit. Cor-
responding contours in Type-Il 2HDM are shown in Fig. 6.1.2.

The constraint on the 2HDM was nontrivial only for large tan 3 (see Fig. 6.1.3). There-
fore, for large tan 3, since the k44, is bigger for this model compared to 2HDM (see Fig. 6.2.7),

and BR(¢ — 77) from which the tightest constraint appears is almost unchanged, the con-
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Figure 6.2.7: For the MV () D1, model, yfll (red), yill (blue) as a function of tan /3 (left);
K Agg s a function of tan 3 for GeV (middle) and 600 GeV (right), with y; = 0.5, 1 = 1 and
M., = 300 GeV (blue), 1000 GeV (green) .

straint on this model will be tighter.

MV QU model:

We introduce one doublet VLQ (¢) with hypercharge Y, and one singlet VLQ (§) with
hypercharge Y, 4-1/2, which couples only to ®3. We add the following terms to the 2HDM-

II Lagrangian
LD i +EiIPE — yotp Dol g — Gath rD2E L +h.c — Myhn) — MeEE. (6.2.25)

Here we do not include the terms 1 L(ilf rand ¥ rd 1€&1, as their effects have been considered
in MV Q) D11 model. As the BR(A — V'V')s do not change much compared to the 2HDM-II

case, we do not show them here. Similar to MV () D11 model we diagonalize the mass matrix

by an orthogonal rotation and define the couplings yg The mass eigenvalues, mixing angles
can be obtained from that of MV ()Dy; by the replacements y1 — y2 and ¢z — s3. The y;’s
in MV ()QUso model can be obtained from yij’s in MV ) D;; model by the replacements
y1 — y2 and s, — —cq. The y,{%’s in MV QU3 model can be obtained from the yij’s in
MV (D11 model by the replacements y; — y2 and sg — cg. The couplings yg can be
obtained from the yfj’s in MV () D11 model by the replacement s, — —s,. The effective

Kggg 10 this model can obtained the general expressions given in Appendix A.

¢

In Fig. 6.2.8 we plot contours of k 444 and 744 in m 4-tan 3 plane. Since the Yii in this

case goes like cos 3, for large tan 3 the k44, do not change by much from the 2HDM-IL
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Figure 6.2.8: Contours of k444 (top) and K44 (bottom) for My, = M, = 800 GeV (left),
1700 GeV (right), y1 = 0.5, g1 = 1 for MV (QUs3 model.
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MV QU2 model

We introduce one doublet VLQ(1)) with hypercharge Yy, and one singlet VLQ (&) with hy-
percharge (Y, +1/2). We consider the case where {r couples only to ®; and &7, couples

only to ®5. To the 2HDM-II Lagrangian, we add

LD i +EiPE — (. @1€p + 1hp®a€s +he) — Mypp— M EE. (6.2.26)

We get different models if instead of the couplings above, the ¢5 couples to ®1 and v, cou-
ples to ®o, or, if instead of £ we introduce a VLF singlet (say x) with hypercharge (Yy—1/2)
with couplings to ®; and ®5. All these models have similar phenomenology as MV QU2
model. After EWSB, EM charge Y, + 1/2 component of 1) mixes with {. We define the

mass eigenstates (1,(2 as

U1r,r = Cir,rcos0p, R — Cor gSINOL, R,

§L,R = Cir,rsindr g+ (Cor, reostr, g. (6.2.27)

The mixing angles are given by

tan20; = 2\/?1}(1/105]\154-@185]\41/,)
2(MF — Mg) —v(gish —yich)’
242 g Me + 1155 M,
tan20p = V2u(yrcs Me + 155 M) (6.2.28)

2(M} — ME) +v*(ish —yicd)

The mass eigenstates are given by

1 1
M= (\/(M¢+Mg)2+§'02(yl%—ﬂle%)zi\/(M¢—M§)2+§v?(yl%+§15ﬂ)2 :

(6.2229)

N | =
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The gauge interactions of the (;, and the ¢(;(; Yukawa couplings are defined in the same
way as in Eq. (6.2.21). The effective couplings x;; are of the same from as in Eq. (6.2.21).

The effective couplings y{‘} are given by

yih = (1/V2)(y1sscrsr+iicssLer),

vy = —(1/V2)(y153SLCR+ J1CoCLSR),

vty = (1/V2)(y1sgcrer — GicgsLsr),

3/§41 = —(1/\/5)(3/1«%&83 — J1CCLCR). (6.2.30)

The effective couplings yzhj are given by

Yl = (1/V2)(=y15aCL5 R+ T1CaSLCR),
Yhy = (1/V2)(y1865LCR — §1CaCLSR),
Yty = —(1/V2)(y15acLer + T1CaSLSR),

b = (1/V2)(y15a5LSR + J1CaCLCR). 6.2.31)

The effective couplings yg can be obtained from the yzhj by the replacements s, — —c, and
Ca — Sq- In this model, the effective couplings do not reduce to zero for y; = g1, unlike in
MV Q) Dq1and MV (QUsaz models, as there are no additional P and C' symmetries in the VLF
sector.

In Fig. 6.2.9, we plot the BR(A — V') for an example choice of Y}, = 1/6. The BR(A —
vy, Z7) for tan § = 1,y; = 0.5, y1 = 1 and the tree-level BR(A — 77,bb, tt) are not explicitly
shown in Fig. 6.2.9 as they are identical to those shown for the MV () D1; model in Fig. 6.2.5,
and Type-1I 2HDM in Fig. 6.1.1 respectively.

In Fig. 6.2.10, we plot contours of x 444 for y1 = g1 = 1 and M, = M¢ = 800 GeV and
1700 GeV. From this, one can obtain o(gg — A) at the 8 and 14 TeV LHC from Fig. 3.1.1

in Chapter 3. For low values of tan( the effective coupling increases compared to the
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Figure 6.2.9: BR(A — ) (left) and BR(A — Z7) (right) with My, = M, = 1000 GeV for
tan /5 = 30 for MV QU2 model (solid-black), and the corresponding variation in the Type-II
2HDM (dashed-black). These BR for tan 5 = 1 and the BR(A — 77,bb, tt) are not explicitly
shown here as they are identical to those in Figs. 6.2.5 and 6.1.1 respectively.

2HDM-II case, while for larger values of tan /3 the effective coupling decreases compared
to the 2HDM-II. To show this more explicitly, we plot x 44, With tan 3 in Fig. 6.2.11. The
decreased coupling is due to a destructive interference between the contributions from SM
fermions and the VLFs. If we reverse the sign of y; or 41, we get the opposite effect; for low
values of tan 3 the effective coupling decreases compared to the 2HDM-II while for larger
values of tan 3 the effective coupling increases compared to the 2HDM-II. In Fig. 6.2.10 we
also plot contours of 44 in the alignment limit. From this, one can also obtain o (g9 — H)
from Fig. 3.1.1 by reading k 44, there as kg4, as mentioned earlier.

In Fig. 6.2.12 we plot the region of the m 4-tan 8 parameter-space which is excluded
at 95% confidence level for two cases, when only A is present, and when A and H are
degenerate and both present. For comparison, we have also plotted the corresponding limit
for the 2HDM-II case. We see that the constraints are loosened compared to the 2HDM-
IT due to the presence of VLFs. This happens because of the reduction of K444 (Kggg)

compared to the 2HDM-II.

6.3 2HDM-X with VLQ-VLQ Yukawa coupling

To the 2HDM Type-X model in Eq. 5.1.1 in Chapter 5, we introduce VLFs in a similar
fashion as in MV (Q D1, model as a representative case, and call it MV () D X1 model. The

other ways of coupling VLFs similar to MV QU292 or MV QU12 model will be qualitatively
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Figure 6.2.10: Contours of k 444 (top) and k44 (bottom) for y1 =1, 1 = 1, for My, = M, =
800 GeV (left) and 1700 GeV (right) for MV QU2 model.

m,=300 GeV, y;=1, j,=1 my=600 GeV, y;=1, y,=1

Figure 6.2.11: kg4qwith tan 3 for m4 = 300 GeV (left) and 600 GeV (right) with y; = 1,
g1 =1 and M, = 800 GeV (blue), 1000 GeV (green) for MV QU2 model and 2HDM-II
(dashed-black).
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Figure 6.2.12: For MV QU5 model, regions of the m 4-tan 8 parameter-space excluded at
the 95% CL from ¢ — 77~ decay when only A is present (left), and when A and H are
degenerate and both present (right), with y; = g, = 1, My, = M, = 800 GeV (dark-blue
region), 1000 GeV (light-blue and dark-blue regions). All shaded regions are excluded in the
2HDM-II.

similar to our results here. We introduce a doublet VLQ 1) = (¢1,1)2) with hypercharge
Yy, and a singlet VLQ () with hypercharge (Y;, — 1/2) which couples only to ®;. To the

2HDM-X Lagrangian we add

LD il +xiDx — (o, @ixp+ i1 p®ixr +he) — My — Myyy.  (6.3.1)

After EWSB )5 and x mix to give two mass eigenstates (1,(2. Since the VLQs couple to
the ®; in the same way as in MV () D;; model, the mixing angles and the mass eigenstates
are identical to those of MV ()D;; and can be read off from Egs. (6.2.19) and (6.2.20) re-
spectively. The gauge interactions of ¢; and the ¢(;(; couplings also remains the same as in
MV () D11 model and can be read off from Egs. (6.2.30) and (6.2.31). In Fig. 6.3.1 we show
BR(A — V'V) including the VLF contributions for the MV () D X1 model, and the tree-level
BR(A — 7777, bb, tt) is unchanged from what are shown in Fig. 6.1.4 BR(A — v+, Z~) for
tanf =1, y; = 0.5, §; = 1 are almost identical to the 2HDM values shown in Fig. 6.2.5
and are therefore not shown explicitly in Fig. 6.3.1. For tan/ = 30, BR(A — v, Z7) is
increased compared to 2HDM-II, because for large tan 3, I'(A — bb) becomes much smaller
in 2HDM-X.

In Fig. 6.3.2 we plot contours of k 444 and K744 . The K444 contours in 2HDM-X (without

VLFs) are shown in Fig. 6.1.5. Using these plots, one can read off o(gg — A) for 8 TeV and
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Figure 6.3.1: BR(A — 7, Z7) with M, = M, = 1000 GeV (solid-black) for tan = 30 for
the MV () D X171 model, and the corresponding variation in the 2HDM-X (dashed-black).

14 TeV LHC from Fig. 3.1.1 in Chapter 3. As expected, for large tan 3, k 444 is significantly
larger in this model compared to 2HDM-X since the VLFs contribute substantially while
the SM quark contributions alone are very small. In order to show explicitly how large the

change is, we plot £ 444 as a function of tan /3 for m 4 = 300 GeV and 600 GeV in Fig. 6.3.3.

6.4 2HDM-II with VLL-VLL Yukawa couplings

In this section we investigate the scenario in which we add vector-like leptons instead of
VLQs. We introduce one doublet VLL (¢) with hypercharge, Y;, and one singlet VLL
(x) with hypercharge, Y,, — 1/2. The Lagrangian we consider is exactly the same as in
Eq. (6.2.16), except here the VLLs ¢ and x do not couple to gluons. Although vector-like
leptons do not contribute in gg — A, they contribute in A — v+, Zv. As an example, we
choose Yy, = —1/2 and plot BR(A — ) as a function of m 4 in Fig. 6.4.1, with My, = M=
500 GeV, for tan 3 = 1 and 30. We see that the effect of VLLs is qualitatively similar to
vector-like quarks; for low tan 3 the effect of VLLs is negligible while for large tan # and
large m 4 VLL contributions are significant. Near m 4 = 1000 GeV, the VLL contribution is
quite large due to them going onshell for our choice of VLL mass of 500 GeV (see Fig. A.0.2
in Appendix A). BR(A — Z~) will show the same behavior and we do not show this explic-
itly.

To summarize, we considered several effective theories which has a 2HDM with VLFs

also present. We presented the 2-body branching ratios of the neutral scalars H, A and the
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Figure 6.3.2: Contours of x 444 (top) and k44 (bottom) for 31 = 0.5, g, = 1, for My, = M, =
800 GeV (left) and 1700 GeV (right) for MV Q) D X1, model.
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Figure 6.3.3:  444with tan 3 for m4 = 300 GeV (left) and 600 GeV (right) with y1 = 0.5,
¢ = 1 and M, = 800 GeV (blue), 1000 GeV (green) for MV ) DX, model and 2HDM-II
(dashed-black).
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Figure 6.4.1: BR(A — ~v) with My, = M, = 500 GeV, y; = 0.5, 71 = 1 for tan 3 = 1 (left)
and tan 3 = 30 (right) for MV L E1; model.

effective ¢gg couplings in each of these models. We found that the VLFs can modify the
BR(A— VV)and kg4 significantly compared to the 2HDM with SM fermions only. Using
these effective couplings one can calculate the 8 TeV and 14 TeV LHC o(gg — ¢). We also
discussed the constraints on the parameter space from the 8 TeV LHC ¢ — 77 results. We
found one particular model in which the constraints on the parameter space is relaxed due to
addition of VLFs. Our analysis should be applicable to many realistic BSM theories which

has a 2HDM structure and also VLFEs.
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Chapter 7

Diphoton rates in 2HDM and a singlet

scalar model

This chapter is based on the work done in Ref. [12]. In this chapter we analyze the 13 TeV
LHC o(pp — ¢ — ~y) for a scalar (¢) coupled to the SM fermions and new vector-like
fermions. As before we will assume that this scalar is produced via the gluon fusion process.
We first perform a model independent analysis to obtain the 13 TeV LHC o (pp — ¢ — 77)
as a function of effective ¢gg and ¢~y couplings. We also perform a model independent
analysis of the 8 TeV LHC constraints and the perturbative unitarity constraints. We then
consider few specific models namely the 2HDM-II, X, I and a singlet scalar model. For each
of these models we obtain the 13 TeV LHC o(pp — ¢ — 7) and the constraints on the
parameters space from the 8 TeV LHC results and the perturbative unitarity.

Earlier, both the ATLAS and the CMS had reported an excess in the di-photon channel
at an invariant mass of about 750 GeV [1, 2]. The predicted o(pp — ¢) X BR(¢ — )
were 1013 fb at ATLAS and 3.75 4+ 1.2 fb at CMS with both the 8 TeV and 13 TeV LHC
data combined. The best-fit width of these resonance was I'y ~ 45 GeV at ATLAS and
'y ~ 0.1 GeV at CMS. However, recent results from both ATLAS and CMS indicate that
the presupposed excess was a statistical fluctuation [141, 142]. In this work we also present
from our publication [12], the regions of parameter space which could have explained the

di-photon excess.
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7.1 Model Independent analysis

In this section we present a model independent analysis of a general scalar ¢ coupled to the

SM and vector-like fermions. We consider the following effective Lagrangian

/
Yo 7 Yr 7 Yr .z K/qghh]\ffqg 9 -

LD -2 —==frHfpr——= — ——0h" —my Y+ h.c., 7.1.1
where f denotes the SM fermions and ) collectively denotes the new vector-like quarks ((Q)
or leptons (L). We present the o(pp — ¢ — ) at 13 TeV in terms of the effective ¢gg and
¢y couplings. We also present the constraints on y,, from the 8 TeV LHC results and the

unitarity constraints.

7.1.1 13TeV LHC o(g99 — 77)

In this section we present the the 13 TeV LHC o(gg — ¢ — ) as a function of effective
¢gg and ¢yy couplings for different values of ¢ width. As in Chapter 3 we work with the
narrow width approximation (NWA) (g9 — ¢ — vy) =~ o(g99 — ¢) * BR(¢ — ~y7) and
obtain o(gg — ¢) from o(gg — ¢gr) via the relation in Eq. (3.1.1). The cross sections for
the 14 TeV LHC o(gg — ¢gpr) is given in Ref. [32] for My up to 1000 GeV. To get the
approximate 13 TeV LHC o (gg — ¢gps) we scale down the 14 TeV o(gg — ¢sps) numbers
by 10%. In order to get an approximate analytical form of the o(gg — ¢gps) we fit a curve
to the 13 TeV LHC o(gg — ¢sar) numbers. We take the following functional form for the

13 TeV LHC U(gg — (bSM)Z

400—M

o(gg — dsar) = 8.7 x e~ TA for 400 < My < 700 GeV

700—M,

=0.922 x e7 15 for 700 < My < 1000 GeV. (7.1.2)

In Fig. 7.1.1 we plot the 13 TeV LHC o(gg — ¢ — 7y) as obtained from 7.1.2. The cross

sections for the 13 TeV LHC o(gg — ¢ — 77) obtained from Ref. [32] is also shown in
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Figure 7.1.1: 13 TeV LHC o (g9 — ¢ — ) (in fb)with M as obtained from Eq. 7.1.2. The
13 TeV LHC o(gg — ¢ — 77y) cross sections obtained from Ref. [32] is shown by the blue
dots.

Kpgg Kpgg

Figure 7.1.2: For My = 750 GeV, contours of 13 TeV LHC o(gg — ¢ — ) (in fb) (top left
and bottom) and the regions 0.5 < o(gg — ¢ — ) < 5 fb(top right) and 4 < o (g9 — ¢ —
v7) < 10 fb for various x% shown .

Fig. 7.1.1 by the blue dots. We write ¢ width (I'y) as

LR, (7.1.3)
T o

where k3 include the ¢ couplings and the phase space factors for all the relevant processes.
As the benchmark point we chose M, = 750 GeV. In Fig. 7.1.2 we plot contours of o(¢) x
BR(7yv) and the region 0.5 < (g9 — ¢ — 7y) < 5 fb as a function of kg4, and kg~ for

various /<;12~.
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7.1.2 8 TeV LHC constraints

If the ¢tt, 77 couplings y,’m and kgpp couplings in Eq. (7.1.1) are nonzero then ¢ —
tt,77,hh (collectively called X X') decays are possible and 8 TeV LHC ¢ — tt, 77, hh re-
sults [6, 7, 11] can put constraints on yg,r,yQ and Kgpp . In this section we analyze these
constraints.

In the NWA we have

0(g9— ¢ — XX)=0(99— ¢) x BR(¢p = XX)

I'¢p— XX
=o0(g9 — ¢) X L= XX) : (7.1.4)
Lot
Using Eq. 3.1.3 in Chapter 3 0(gg — ¢) can be written as
g
o(gg — ¢) = algg = dpsar) X -2 (7.1.5)
¢Sm99

which can be written using the expressions for k444 in Appendix A as

ja
o(g9 — @) =0a(g99 — dsm) x %Mﬂ. (7.1.6)
ye Fija(re) my

The T'(¢p — ff) are given by
NC 1\2 i 'rL/2
L6 = [1) = 1o W) mg (1—drp) (7.1.7)
where n =1 and 3 for CP-odd and CP-even scalar respectively. The I'(¢ — hh) is given by

2 2\ 3
(¢ — hh) = % (1 —4m—’;> . (7.1.8)

Let m%‘ﬁ x) be the value of rgg, for which the o(pp — ¢ — X X) reaches its upper limit

from the 8 TeV LHC ¢ — XX results. Then an upper bound on yg ,y} and /@ihhcan be
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Figure 7.1.3: Feynman diagram for the processes {7 — 1) and ¢p¢ — ¢¢ .

obtained from

2 2
Yo Frplre) me - % _ (“%_%) (7.19)
Q W F1/2(rt) my, 512“ Késnagg

where % is related to the partial ¢ — XX width via k% = 167I'(¢ — X X)/M, The

max

K gag(X) for ¢p— tt, 77,77y channels can be found in Chapter 3.

7.1.3 Unitarity constraints

In this section we obtain the constraints on the Yukawa couplings (y,,) from the perturbative
unitarity of ¥y — 1 and ¢ — ¢ processes. We consider the loop level processes given
by the diagrams shown in Fig. 7.1.3. We first consider the process {1 — ¥10. We expand

the amplitudes (a;) in partial waves as

M(cos) =167 (20 + 1)a; Pi(cosb). (7.1.10)
l

A necessary condition for perturbative unitarity is Im(a;) < 1 [24]. By optical theorem, the
imaginary part of any scattering amplitude Im[M (¢¢) — 11))] is related to the total cross-

section o (Y1) — ¢¢) via the relation

ImM [ (p1)1(p2) = Y (p1)Y(p2)] = 2Ecmpono [U(p1)Y(p2) — ¢(k1)d(ke)]  (7.1.11)
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The Feynman diagram for the 1) — ¢¢ process is shown in Fig. 7.1.4. In the CM frame we

parametrize the momenta as

p1= (E1/M0707p1/))’p2 = (EdMO»O? _p’(/i)

k1= (E4,0,0,p4c080), ko = (£4,0,0, —pgcosl).

In the CM frame the differential cross section is given by

do (1—2r¢)1/2
dcosf 327s

1 2
Z|M|

where 1y, = m3 /2E} and

22yt (1—2r4)(1—cos®0)

w?(l — 71— /1 —2r4cos0)%

|M

Collecting all the terms we have

do

4
_ Y 7
dcos 1287r5f(cose)

where

< (1—2r4)%?(1—cos?6)

fleosb) = 2(1—1y—/1—2r4co80)?

(7.1.12)

(7.1.13)

(7.1.14)

(7.1.15)

(7.1.16)

For Ey, 2 m the integration of f(cosh) over cosf gives ~ 1 and hence o ~ y;‘zj /(1287s). To

~

get a conservative bound we assume that M (1) — 1)) is dominated by the | = 0 partial

wave. Using Eq. (7.1.10) and Eq. (7.1.11) we obtain Im(ag) = y;, (4 x (167r)2) < 1 which

gives yy, < 10. For the ¢¢ — ¢¢ process shown in Fig. 7.1.3 we obtain a similar result for

the M(¢p¢p — ¢¢) but multiplied by the color factor (N,) due to the fermions running in the

loop. Therefore the bound on y,, from the ¢p¢ — @@ process is given by y, N, * <10,
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Figure 7.1.4: Feynman diagram for the process 1) — ¢¢ .

7.2 Diphoton rates in the 2HDM and a singlet scalar model

In this section we consider few specific models. We present the 13 TeV LHC o(gg — ¢ —
~7) for each of these models and present the constraints on the parameter space form the
8 TeV LHC results and the unitarity constraint. We first consider the case where ¢ is one
or both of the 2HDM scalars coupled to VLFs and then consider a model where ¢ is an
SU(2) singlet coupled to VLFs. In the 2HDM we consider the types II, X and I. For the
2HDM we consider two scenarios, one in which M 4 > Mp; so that only the H contribute
to o(gg — ¢ — ) and one in which My, M4 are within the experimental resolution in
which case both the A, H contribution has to be included in o(gg — ¢ — 7). As discussed

in Chapter 3, because of different CP properties of H and A their sum is incoherent i.e

o(gg— ¢ —=yy)=0(g9g = H —=yy)+o(gg = A— ).

7.2.1 Two Higgs doublet model

In this section we obtain the 13 TeV LHC o(gg — ¢ — ) for the scalars of 2HDM-II, X and
I. As our benchmark points we take M = 750 GeV for the case when only the /1 contribute
and My =735 GeV M4 = 750 GeV when both the H and A contribute. Our results are not

very sensitive to the mass splitting of H and A. For the 2HDM-II we analyze the situation
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where only the SM fermions (SMF) are present and subsequently we analyze the scenario
where we introduce new vector-like fermions. For 2HDM-X and I we present our results
only for the scenario with SMF and VLFs since for 2HDM-X and I the SM contribution to
the kyyy are small. We show our results only for SM-like charge assignments. For other

charge assignments on can scale our results by Q;%.

2HDM type-11

We already discussed 2HDM type-II in Chapter 5. We restrict ourselves to the 2HDM align-
ment limit. We recall that in 2HDM-II all the up-type SM fermions couple to the A as cot
while all the down-type fermions couple as tan 3 and in the alignment limit the H couples
in the same way as A. It follows that x# can not be made arbitrarily small in this model; the
minimum occurs at tan 8 ~ 5.7 corresponding to /@% = 0.12 when only H contribute, and
0.24 when both H and A contribute. Any value of /@% (other than 0.24) can be realized by

two values of tan 3; one for tan 8 < 5.7 and the other for tan 3 > 5.7.

2HDM + SMF only:

We first consider the case when only the H contributes to o(gg — ¢ — 7). In this case we
have /@% =3and o x BR,, ~0.002 fb for tan 3 = 0.83. Next we consider the case when both
H and A contribute. As mentioned earlier we take M = 735 GeV and M 4 = 750 GeV. In
Fig. 7.2.1 we plot 0(gg — ¢ — ) Vs. /-z% obtained by varying tan 8. The two branches of
o* BR, in Fig. 7.2.1 correspond to two values of tan /3 that gives the same r2. The upper
branch for which tan 5 < 5.7 has larger cross sections because of the larger contribution from

the top.
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Figure 7.2.1: 13 TeV LHC o(gg — ¢ — ) (in fb) vs. k& for My = 735 GeV, M4 = 750
GeV .

2HDM-II + SMF + VLL:

We add one doublet VLL 1! with hypercharge Yy, and one singlet VLL y with hypercharge
(Yyr —1/2). To the 2HDM-II Lagrangian we add

Lo PliPy + iy — (gL o®1x g +he) — Mypy! — My Rx. (7.2.1)

This model is same as the MV ()D1; model in Chapter 6 with g set equal to zero. As in
MV QDy; model we define the mass eigenstates ¢! and ¢}. The mass eigen states, mixing
angles and the effective qsgfgf couplings (y;é-) can be obtained from those of the MV Q) D1,
model in Sec. 6.2.2. We take Y;; = —1/2 and choose the mass parameters of the VLLs such
that the lighter mass eigenstates (C5) of the charge —1 VLL is My 7, = 375 GeV. In Fig. 7.2.2
we plot o * B+ as a function of y! for various values of {tan (3, x%}, and also the unitarity

constraint from 1) — 11) process given by v/2(y4% + yQAQ) < 10 as ared vertical line where.

2HDM-II+SMF+VLL+VLQ:

We introduce one doublet VLQ ¢ with hypercharge Yq, one singlet VLQ & with hyper-
charge Yy +1/2, one doublet VLL ! with hypercharge Yy, and one singlet VLL x with
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Figure 7.2.2: 13 TeV LHC o (g9 — ¢ — 7y) (in fb) for My = 735 GeV, M = 750 GeV
for 2HDM-II +VLL model. The region to the right of the red vertical 1)1 — 11/ channel is
shown by the red vertical line.

hypercharge (Y1 —1/2). To the 2HDM-II Lagrangian we add

LYY + Xy — (40 @1 xR +h.c) — Myp ! — Myx + iy + iyt + e

- (y%@i@z&z +h.c) — Myap®p? — MeEE. (7.2.2)

In this model the VLQ couplings are are same as in MV QUs2 model of Chapter 6 in
Sec. 6.2.2 and the VLL couplings are same as MV () D1, model in section in Sec. 6.2.2.
As before we define the mass eigenstates ¢{,¢J for the VLQs and ¢t Cé for the VLLs. The
mass eigenstates, mixing angles and the effective ¢(;(; couplings (yz‘»‘?-) can be obtained from
MV QU5 for the VLQs and MV () D1, model for the VLLs. We take Né =3, Yya = 1/6,
Yy =-1 /2 and choose the mass parameters of the VLFs such that the lighter mass eigen-
states (Cé) of the charge —1 VLLs has mass 375 GeV .

We first consider the case when only the H contributes to o(gg — ¢ — 7). In Fig. 7.2.3
we plot contours of o(gg — ¢ — ) = 0.5 fb in the y§ — 3! plane with the VLQ mass
parameter chosen so that the lightest VLQ mass eigenstate has mass M = 1200 GeV. We
also show in Fig. 7.2.3, the unitarity constraint on y{, yll from ¢¢ — ¢¢ (shown in solid red)

and 1) — 1) (dashed red) channels given by the equations [y, (N’)'/* +yb,] < 10 and
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Figure 7.2.3: 13 TeV LHC o(g9g — ¢ — 77v) (in fb) for My = 750 GeV in the
2HDM+VLL+VLQ model for M c1 = 1200 GeV My, = 375 GeV and unitarity constraints

from ¢é — ¢ (solid red), i — b (dashed red)

(ydy + yég) < 10 respectively, where y3, and yéQ are the couplings of the H to the lighter
VLQ and the lighter VLL respectively. In this case the 8 TeV LHC ¢ — tt results do not put
any additional constraints.

Next we consider the case when both the H and A contribute to o(gg — ¢ — 7). In
Fig. 7.2.4 we show the contours of o(gg — ¢ — ) and the region 0.5 < o(gg — ¢ — 77) <
5 fb for My = 735, M4 = 750 GeV and M<§ = 1200 GeV for various KJ%. The unitarity
constraint from ¢ — 11 is now 21/ Hydy + ybs] < 10, since both the H and A contribute.
In Fig. 7.2.4 we also show the unitarity constraints on y{ and yll from ¢p¢ — p¢ (solid red)
and ¢y — 1) (dashed red). The constraints on y, from the 8 TeV LHC ¢ — ¢t results are
also shown in Fig. 7.2.4 by the red dots. In Fig. 7.2.5 we plot contours of o(gg — ¢ — )
in the M, — y? plane obtained by saturating the unitarity bound 3y (N)YA 4 yby] < 10
and choosing My, = My/2 with MCE = 1200 and 1500 GeV for tan =5.7 for which the
maximum cross section occur. One can use this plot to estimate the largest possible cross
section in this model. Because of saturating the unitarity constraint, for ¢ small, 3/ is large
and therfore the £y, is small and the BR(¢ — ) is large. On the other hand, for y large,

y' is small and therefore the Kggq 18 large but BR(¢ — ) is small. For this reasons there
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Figure 7.2.4: For 2HDM-X + VLL+VLQ model, contours of 13 TeV LHC o (g9 — ¢ — 77)
(in fb) (left) and the region 0.5 < o(gg — ¢ — 77) < 5 fb (right), for various k% shown,
for My =735, M4 = 750 GeV, Mcg = 1200 GeV and My 1, = 375 GeV. To the right of the
red dots and the gray dots are excluded from 8 TeV LHC ¢ — ¢ data and the 8 TeV LHC
¢ — 77 data respectively.

are two values of y? which gives the same o(gg — ¢ — 77).

2HDM-X+VLFs:

We now move on to the 2HDM type-X. As discussed in Chapter 5, all the SM-quarks in this
model couple to the H, A as cot /3, while all the SM-leptons couples as tan 3. As a result,
the I'y, in this model is dominated by ¢ — 77 decay for large tan /3. Since m is smaller than
my, the I'y can be smaller than that of the 2HDM-II. Specifically, the smallest m% ~ 0.028
occurs for tan 5 = 11.5.

We introduce VLQs and VLLs in the same way as in 2HDM-II. As before we start with
considering only the A contribution. We first choose M Q= 1200 GeV. In Fig. 7.2.6 we show
contours of o(gg — ¢ — ) in the y{ — ! plane for various #2, for ]\4C24 = 1200 GeV and
My = 750 GeV. We also show in Fig. 7.2.6 the unitarity constraints on y{, y{ from ¢¢ — ¢¢
(solid red) and ¥ — 1) (dashed red). As in the 2HDM-II case there are no constraints on
y from the 8 TeV LHC ¢ — ¢t results. However, for large tan 3, BR(¢ — 77) can be large

in this model and the 8 TeV LHC ¢ — 77 puts an upper bound on y{. For tan 3 = 11.5 this
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Figure 7.2.5: For 2HDM-II + VLL+VLQ model, contours of 13 TeV LHC o(gg — ¢ — v7)
(in fb) with g} chosen to saturate the unitarity bound [yg, (N/)'/* +yby] < 10 for My, =
Mgy/2,tan3 = 5.7, MCS = 1200 (left) and 1500 GeV (right).

bound is shown by the gray dot in Fig. 7.2.6.

We now consider the case when both the H and A contribute. We start with choosing
MCS = 1200 GeV. In Fig. 7.2.7 we show contours of o(gg — ¢ — 77y) = 1 fb and region
0.5 < o(gg — ¢ — vy) <5 fb in the y{ — ¢} plane for MC§ = 1200 GeV, My = 735 and
M4 =750 GeV. We also show in Fig. 7.2.7 the unitarity constraints on y{, yﬁ from ¢ — P
(solid red) and 1)1) — 1) (dashed red). The upper bounds on y{ from the 8 TeV LHC ¢ — 77
results and ¢ — t¢ results are shown in red and gray dots respectively. In Fig. 7.2.8 we plot
contours of o(gg — ¢ — ) in the My —y? plane obtained by saturating the unitarity bound
(Yo (N4 +yby] < 10 and choosing My f, = My/2, for Mg = 1200 and 1500 GeV with

tan $=6.8 for which the maximum cross section occurs in the 2HDM-X

2HDM-I + VLFs:

Finally, we analyze the 2HDM type-I with VLFs. As discussed in Chapter 5, all the SM
fermions couple to [, A as cot 3. The I'y can be very small for large tan 3 and therefore the
o(gg — ¢ — ~y7y) can be quite large in this model. We first discuss the case when only VLLs

are introduced and subsequently discuss the case when both VLLs and VLQs are introduced.
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Figure 7.2.6: For 2HDM X + VLL+VLQ model, contours of 13 TeV LHC o (g9 — ¢ — 77)
(in fb) for various /@F shown, for My = 750, GeV for M, = 1200 GeV. Unitarity constraints

from ¢ — ¢¢ and 1) — 1»1) are shown in solid red and dashed red respectively. The region
to the right of the gray dots are excluded from the 8TeV LHC ¢ — 77 results.
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Figure 7.2.7: For 2HDM-X + VLL+VLQ model, contours of 13 TeV LHC o(gg — ¢ — 77)
(in fb) (left) and the region 0.5 < o(gg — ¢ — vy) < 5 fb (right), for various n% shown,
for My =735, M4 = 750 GeV, MC" = 1200 GeV and My, = 375 GeV. To the right of the

red dots and the gray dots are excluded from 8 TeV LHC ¢ — t¢ data and the 8 TeV LHC
¢ — 77 data respectively.
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Figure 7.2.8: For 2HDM-X + VLL+VLQ model, contours of 13 TeV LHC o(gg — ¢ — v7)
(in fb) with g} chosen to saturate the unitarity bound [yg, (N/)'/* +yby] < 10 for My, =
Mgy/2,tanf3 =6.8, MC§ = 1200 (left) and 1500 GeV (right).

Here we only present the results for the scenario when both H and A contribute.

2HDM-I + VLLs:

We introduce the VLLs in the same way as in 2HDM-II + VLL model. We again take
Yy =—-1 /2 and choose the mass parameters of the VLLs such that the lighter mass eigen-
value of the charge —1 VLL is 375 GeV. In Fig. 7.2.9 we plot o(gg — ¢ — vY) vs. ! for
various {tan 3, k& } for My = 735, M4 = 750 GeV. We also show in Fig. 7.2.9, the unitarity
constraint on 4} from the 11y — 19 process as a red vertical line. We see that in this case,
0% BR+ 2 10 tb can be comfortably reached within the unitarity constraint, but for small

2
Rp.

2HDM-I+VLL+VLQ:

We introduce the VLLs and the VLQs in the same way as in 2HDM+VLL+VLQ model. As
before we take Yy = —1 /2 and choose the VLF mass parameters such that the lighter mass
eigenvalue of the VLL is My, =375 GeV. We first present our results for M, Q= 1200 GeV.

In Fig. 7.2.10 we plot contours of o(gg — ¢ — ~y7y) = 1 fb and the region 0.5 < o (g9 — ¢ —
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Figure 7.2.9: For 2HDM-I +VLL model,13 TeV LHC o(gg — ¢ — ~) (in fb) with My =
375 GeV. The unitarity constraint from ¢ — 1) channel is shown by the red vertical line.
~vy) < 5 for MCS = 1200 GeV and My = 735, M4 = 750 GeV. The unitarity constraints
on y‘f,yl1 from ¢¢p — ¢¢ and 1) — Y1) channels are shown in solid red and dashed red
respectively. In Fig. 7.2.11 we plot contours of o(gg — ¢ — v7) in the My —y? plane
obtained by saturating the unitarity bound [y3,(N’)'/* 4+ yby] < 10 and choosing My =

My /2, for Mg = 1200 and 1500 GeV with tan 5=25.

7.2.2 Singlet scalar model

In this section we analyze a scenario where an SU(2) singlet CP-even scalar ¢ is coupled to a
VLL ¢ with hypercharge Y, and VLQ U with hypercharge Y;;. We also introduce a coupling
of the quﬁ with the SM-Higgs h. We call this the SVU 1 model. We consider the following

Lagrangian:

M? M3 K ! -
Lo-—lhptp——282_2o*pgig- L onin—um
75 2 2 V2 vy

T — 2 w0 — YT
MyUU =50y — - “5oUU (7.2.3)

We assume that ¢ gets an expectation value (®) = ¢ and expand ¢ around £ as & = g5+§ and
as usual H is expanded around the its vacuum expectation value v/v/2 as H = (iz +0)/v2

(in the unitary gauge). The kgy, as defined in Eq. (7.1.1) becomes kgpj, = \/ﬁ(,u + KE) [ My.
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Figure 7.2.10: For 2HDM-I + VLL+VLQ model, contours of 13 TeV LHC o(g9 — ¢ — 77)
(in fb) (left) and the regions 0.5 < o(gg — ¢ — ) < 5 b (right), for various k3 shown, for
Mg =735, M4 =750 GeV, ]ng = 1200 GeV and My 1, = 375 GeV.
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Figure 7.2.11: For 2HDM-I + VLL+VLQ model, contours of 13 TeV LHC o(g9 — ¢ — 77)
(in fb) with ) chosen to saturate the unitarity bound [y, (N2)1/4 + o] < 10 for My, =
Mg/2, tan 8 = 25, Mes = 1200 (left) and 1500 GeV (right).
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After EWSB QE and h mix, giving rise to two mass eigenstates ¢ and A which we define as

& = cosO,d+sinOph

h = —sin «9hg5 + cos thAL (7.2.4)

The lighter eigenstate h is identified as the SM Higgs boson. The mixing angle is given by

\/ﬁwhh v
tan20y, = ————5——. (7.2.5)
(1— ]\f[,?/M(%) M,
In terms of the mass eigenstates the Lagrangian Eq. (7.2.3) can be written as
1 L, (M2 — M?
L:a—me2@@i—2Qﬁﬁ£—ﬂ——Jﬁ¢mp (7.2.6)

In our numerical analysis we will take s;, as an input parameter. For a given model s;, can be
related to the model parameters using Eq. (7.2.5).
If U and ) can not decay to any SM particles it will be stable at cosmological scale. But,

if Yy = 2/3 than we can write down the mixed operator
L> —yyUqt . H+hc, (7.2.7)

where q% is the third generation SM quark doublet. In this case U — ¢3h decays are possible.
We can take ¢ to be small enough so that FCNCs are small but large enough so that U is

not stable at the cosmological scale. If Yy, = 0 then we write down the mixed operator
LD —yyl}.H+h.c, (7.2.8)

where l% is third generation lepton. If ¢, = 0 then £ has a Z5 symmetry under which ¢) — —1)
and all the SM particles are unchanged. In this case i) cannot decay to any SM particles and

can be a dark matter candidate. We will explore this scenario later in this thesis.
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13 TeVLHC o(gg9 — ¢ — v7)

In this section we discuss the 13 TeV LHC o(gg — ¢ — ~7) in this model. The effective
couplings K¢gq, K¢y in this model can be obtained from the general expressions given in
Appendix A. As in the 2HDM we take My = 750 GeV as the benchmark point. In the ¢
width (I'y) we include the partial widths I'(¢ — 12, hh,tt, gg). The unitarity constraints on
yu, Yy from UU — UU and 1) — 1) processes obtained from the general expression given

in Sec. 7.1.3 is given by
yy + N yy < 10. (7.2.9)

We chose My, = 350 GeV, Yy, =0, Yy = 2/3, s;, = 0.01 and plot in Fig. 7.2.12 the o(gg —
¢ — ) by scanning y7, 1y, in the range 0 < yy < y7**,0 <y < Yy, “* subject to the uni-
tarity constraint given by Eq. (7.2.9). The 8 TeV LHC /i channel as discussed in Sec. 7.1.2
constrains kg, or equivalently s;, to be very small. For example s;, < 0.05 for yir = 5,
k% = 0.1. For y; = 0.1, the BR(¢ — v¢)) is dominant and y,, largely controls x#. For
K% = 3, the 04 X BR,. can reach only 0.01 fb for s; = 0.01 as seen in the left plot. For very
small y,;, < 0.1, the total width (i.e. k%) is small and dominated by ¢ — gg decay through
the top and U loops and the tree-level ¢ — hh, tt decays. For y,, — 0, s, = 0 both 0 x BR
and n% comes from U loops and scales as yé and y%] respectively; o * B R, increases with
#% in this region up to around k3 ~ 0.03 as can be seen from Fig. 7.2.12. We can see that for
sp = 0.01 we can get 0 * BR, ~ 10 fb.

In Fig. 7.2.13 we show contours of o, * BR. (in fb), and various £ as colored regions,
with the parameters not along the axes fixed at sp, = 0.01, M, = 350 GeV, My = 1000
GeV, yy = 1, yy = 5. We also show in Fig. 7.2.13 the unitarity constraint on y,, (shown
here by red line) for y;; = 5. For yy =5, 0 >~ 1.5 pb and the partial widths I'(yp, ;4 441 for
sp = 0.01, My = 1000 GeV are 0.0065,0.0031,0.16 GeV respectively. For very small 3,
or My, > My/2, T'(¢ — 1p) ~ 0 and I'y is dominated by I'ypp, 44 4435 in this limit BR, ., ~
3.3%1073 and o * BR., ~ 5 1b for the set of parameters chosen with s;, = 0.01. If we decrease

My, o * BR,,, can be even larger; for My ~ 650 GeV, My, > My/2, 0 x BR., ~ 12 fb can
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Figure 7.2.12: In the SV U1 model for Yy, = 0, Yy = 2/3, the 04 * BRy (in fb) vs. n%, for
My, = 350 GeV, My = 1000 GeV, s, = 0.01 and yy,y, scanned over the range 0 < yy <
Y™, 0 < yy < y,;*" subject to the unitarity constraint.

be reached as can be seen from Fig. 7.2.13 although for a small /@% ~ 0.03. For My, < My/2
and y,, large, I is large being dominated by ¢ — 17 decay resulting in very small o * BR.,.
Thus, in the SV U1 model, it is not possible to generate both a large o4, x BR,,, of a few
fb and also a large 2 a 3. The reason is simply because a large I" corresponding to #2 ~ 3
suppresses the B R, to tiny values. In order to get an idea of how large o(gg — ¢ — 77) can
be within the unitarity constraint, in Fig. 7.2.14 we plot contours of o(gg — ¢ — ~7) in the
Mgy —yu plane with My, = My/2 —25 GeV, sj, = 0 and y,, chosen to saturate the unitarity
constraint yUNC1 /4 + %y < 10 from the 1) — 1)1p channel.

We could take Y;, = —1, and since ¢ is an SU(2) singlet, it has EM charge Q,, =Yy, = —1.
For this case, to prevent a cosmologically stable charged relic, we additionally include a
mixing term to a SM lepton that allows 1) to decay. Of course in this case 1) cannot be
dark matter. One such example of a mixing term is to the SM SU(2) singlet 7r, namely,
LD —M{Z)TQ/)TC +h.c., with Mq’/)T taken small enough that leptonic FCNC constraints are not
violated, but large enough that the 1) decay life-time due to vy — h7 decays is much smaller
than cosmological time scales. Since 1) has EM charge, it will contribute to I'y, also. In

Fig. 7.2.15 we show for Yy, = —1, contours of o4 * B2, and regions of n% for parameters
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Figure 7.2.13: In the SV U4 model for Yy, = 0, Yy = 2/3, the contours of 0 * BR (in fb),
and regions of K% <0.1(red), 0.1 < KD% < 0.5 (blue), 0.5 < K% <1 (gray), 1< /1% < 2 (green),
2< H% < 3 (pink), /@% > 3 (orange); parameters not along the axes are fixed at s, = 0.01,
My, = 350 GeV, My = 1000 GeV, y,, = 1, yy = 5. Unitarity constraint on y,;, for yy =5 is
shown by the red horizontal line. .
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Figure 7.2.14: In SV U model, contours of o4 * BR~~ (in fb) for My = 1200 GeV (left)
and 1500 GeV (right) with M, = M,/2— 25 GeV, s, = 0 and y,, chosen to saturate the

unitarity constraint yUNc1 /4 + 1y < 10.

not shown along the axes fixed at y,, = 1, yiy = 5, s, = 0, My = 1000 GeV. We also show
in Fig. 7.2.15 the unitarity constraint on y,, from ¢¢ — ¢¢ process for yyy = 5. In order to
see how large the o(gg — ¢ — ) can be in this case, in Fig. 7.2.16 we plot contours of
o(gg — ¢ — yy) in the My — yyr plane with M, = M, /2, s;, = 0 and y,, chosen to saturate

the unitarity constraint yUNc1 /4 + 1, < 10 from the Y1) — 1p3) channel.

7.3 750 GeV diphoton excess

In this section we show the regions of parameter space that are consistent with the earlier 750
GeV excess. We start with a model independent analysis. In Fig. 7.3.1 we show the required
values of k444 and gy, Which gives the required o(gg — ¢ — ~y) for various K. We next
present the regions of parameter space which would have explained the diphoton excess in

the 2HDM-II, X, I + VLF models and the SV U1 model.
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Figure 7.2.15: In the SV U model for Yy, = —1, Yy = 2/3, 55, = 0, yy = 5, contours of
o * BR. (in fb), showing the regions HL% < 0.1 (red), 0.1 < K12—\ < 0.5 (blue), 0.5 < K% <1
(gray), 1 < k% < 2 (green), 2 < % < 3 (pink), x% > 3 (orange), with My = 1000 GeV (left),
and y,, = 1 (right). Unitarity constraint on y,, from ¢¢ — ¢¢ for y;; = 5 is shown by the red
horizontal line..

Br / / ' | T ®[iso /

7'/150 100 ] 7’/100

6/ L .

5} 50 ] 5_/
§4'/ 5/_ £4-/25 ]

3/ — 3//

e

1 1fb ] 1t 1fb

500 600 700 800 900 1000 500 600 700 800 900 1000
M,(GeV) M,(GeV)

Figure 7.2.16: In SV U model, contours of o(g9 — ¢ — ~7) (in fb) for My = 1200 GeV
(left), 1500 GeV (right) with My, = M, /2 GeV, s, =0, Yy, = —1 and y,, chosen to saturate

the unitarity constraint yUNc1 /4 +yy < 10.
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Figure 7.3.1: For My = 750 GeV, contours of 13 TeV LHC o (g9 — ¢ — v7) (in fb) (left)
and the regions 4 < o(gg — ¢ — ) < 10 fb (right) for various x% shown.

2HDM-II +VLL +VLQ model:

In the 2HDM-II+VLL+VLQ model we set M Q= 1000 GeV and My, = 375 GeV. In
Fig. 7.3.2 we plot contours of o(gg — ¢ — vy) = 6 fb with My = 735, M4 = 750 GeV
for Mgg = 1000 GeV and show the regions that give the required cross section. Since both
BRy; and /@% are largely controlled by tan 3, a given “1% implies a certain BRy;. In Fig. 7.3.2
we show by thick red dots the upper limit on y{ for a given k% from the LHC #f search limits.
For k% > 0.5 (tan 3 < 3), BR(¢ — tt) > 0.9; therefore we get a nontrivial constraint on y{ in
this region. For % ~ 0.24 (tan 3 ~ 5.7), the BR(¢ — tt) is reduced to ~ 0.5 and we do not
get any constraint on y{ from the ¢ — ¢t results in the range we consider. We see that in this
case it is possible to generate o * B, = 6 fb for m% ~ (.24, without violating the unitarity
constraint and the constraints from 8 TeV LHC ¢ — tt searches. For o * BR,, = 6 fb the
maximum k% ~ 0.5. The reason for the larger cross section is the inclusion of A contribu-
tion; Kk ayy ~ 2.5* kgyy when My ~ M¢/2 with M the mass of the fermion in the loop,

and about 1.33 % k gy y for My, > My .

2HDM-X+VLL+VLQ model:

We again choose MCé’ = 1000 GeV and My, = 375 GeV and show the regions that are

compatible with the excess. In Fig. 7.3.3 we show contours of o(gg — ¢ — ) = 6 fb and
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Figure 7.3.2: For 2HDM-II + VLL+VLQ model, contours of 13 TeV LHC o(gg — ¢ — 77)
(in fb) (left), 4 < o(gg — ¢ — vy) < 10 b (right) for various k% shown, for My = 735,
My =750 M g = 1000 GeV and My, = 375 GeV. The region to the right of the red dots are
excluded from 8 TeV LHC ¢ — tt data. Unitarity constraints from ¢¢ — ¢¢ and 1) — )
are shown in solid red and dashed red respectively.

the regions 4 < o(gg — ¢ — v7) < 10 fb. Because of the enhanced o(gg — ¢), the 8 TeV
LHC ¢ — tt results put constraints on y} for Mgg = 1000 GeV. The upper bound on y{ is
shown by the red dots. The upper bound y{ from the 8 TeV LHC ¢ — 77 result is shown by

the gray dot. We see that in this case it is possible to generate o x BR., = 6 fb for /{% ~(.1.

For o * BR, = 6 fb a maximum of /{% ~ (.5 can be reached in this model as in the 2HDM-II.

2HDM-I +VLL model:

In Fig. 7.2.9 we have plotted the 13 TeV LHC o(gg — ¢ — ) with My, = 375 GeV
for My = 735 and M4 = 750 GeV and also show the unitarity constraint from 1) — 1))
channel by the red vertical line for 2HDM-I+VLL model. We see from Fig. 7.2.9 that within
the unitarity bound o(gg — ¢ — v7) ~ 6 fb can reached in this model for {tan 3,x%} =

{25,0.007}.
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Figure 7.3.3: For 2HDM-X + VLL+VLQ model, contours of 13 TeV LHC o (g9 — ¢ — 77)
(in fb) (left) and the region 4 < o(gg — ¢ — ) < 10 fb (right) for various x% shown, for
My =735, M4 =750 GeV, Mgg = 1000 GeV, My 1, = 375 GeV. To the right of the red dots
and the gray dots are excluded from 8 TeV LHC ¢ — ¢t data and the 8 TeV LHC ¢ — 77
data respectively.

2HDM-1+VLL+VLQ model:

In the 2HDM-I +VLL +VLQ we choose MC§ = 1000 GeV and My, =375 GeV. In Fig. 7.3.4
we show contours of o(gg — ¢ — 7) = 6 fb and the region 4 < (g9 — ¢ — 77y) < 10 fb
for various k3 with MCQq = 1000 GeV and M =735, M 4 =750 GeV. Since BR(¢ — tt,77)
becomes small for large tan 3, there are no constraints on y{ from the 8 TeV LHC ¢ — tt, 77
results, for the range of parameters we have considered. We see that at MCZ = 1000 GeV,

o+ BR ~ 10 fb can be reached within the unitarity constraint for £ ~ 0.5.

SV U1 model:

In Figs. 7.2.13 and 7.2.15 we have plotted in the M, —y,, plane, the 13 TeV LHC o (¢) x
BR(ryy) for s;, = 0.01,Y, = 0 and sj, = 0,Y}, = —1 respectively with M;; = 1000 GeV and
yu =5, for SV U+ model. For Yy, = —1, 0(¢) x BR(7y7) ~ 10 fb can reached for K% as can
be seen from Fig. 7.2.15. For Y, = 0 the maximum cross section for yy = 5, My = 1000
GeV is ~ 5 fb. However, for lower values of y;7, 0(¢) X BR(7y7) ~ 10 fb can be reached for

Yy = 1,y = 5 as we can see from Fig. 7.2.15 (bottom right plot).
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Figure 7.3.4: For 2HDM-I + VLL+VLQ model, contours of 13 TeV LHC o(g9 — ¢ — 77)
(in fb) (left) and the region 4 < o(gg — ¢ — ) < 10 fb (right) for various /i% shown, for
My =735, M4 =750 GeV, ]ng = 1200 GeV (top) and ]WCS = 1000 GeV (bottom).
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Chapter 8

WIMP dark Matter

Astrophysical and cosmological experimets in the last few decades have revealed a substan-
tial abundance of dark matter. The most convincing evidence for the existence of dark matter
comes from the study of the rotation curves of the galaxies and clusters of galaxies. The
circular velocity v, of any point located at a distance r from the center of a given galaxy
is given by v = /GM (r)/r where M(r) is the total mass contained within the radius 7.
Study of the optical signals emitted from galaxies indicates that the visible matter is mostly
concentrated near the center of the galaxy and therefore v, should fall off as we move away
from the center. However, the observed rotation curves reveal that v, remains almost con-
stant with 7. This observation strongly suggests that there must be a halo of invisible matter
surrounding every galaxy. Further evidence of the dark matter comes from the gravitational
lensing studies of the bullet cluster. The most favoured candidate for dark matter are the
so called “weakly interacting massive particles” (WIMP). As the name suggests the WIMPs
have weak interactions with the SM particles and have masses in the 100 GeV to few TeV

range.

8.1 Relic density

Here we consider a stable DM species in the thermal equilibrium in the early universe. The

early universe was hot and dense and the dark matter particles (/) were in thermal equilib-
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rium with the SM particles (X)), since both the 1) — X X and the reverse processes hap-
pened at the same rate. When the universe cooled down to a temperature (77) less than the
dark matter mass (M), the Xgpr Xgpsr — Y1) processes became energetically unfavorable

—My/T However,

and the equilibrium dark matter density was Boltzmann suppressed by ~ e
since the universe is expanding and cooling, after a certain amount of time rate of the self
annihilation processes 1) — Xgpr X g fell below the expansion rate and the dark matter
particles “freezed out” when their density became almost constant. This process is governed

by the Boltzmann equation

dn
i —3Hn — (oxx0re)(n® —nZ,) (8.1.1)

where n is the number density of the dark matter, n., is the equilibrium number density of the
dark matter, H is the Hubble constant and (o x x v;.¢;) is the thermally averaged cross section
for the process 1)1 — X X. In the radiation dominated era the Hubble’s constant is given
by H(T) = 1.66./gx(T*/M,;) where g, is the effective degree of freedom at temperature
T'. The dark matter particles freezes out when the interaction rate becomes equal to the

expansion rate of the universe
H(Ty) ~n{oxxVret) (8.1.2)

H(Ty) ~ n{oxxvre). Introducing the variable Y = n/s, where s is the entropy density

iven by s = 272¢, 7 /45, Eq. (8.1.1) can be written as
g y q

ay
% = —<UX)(”U>S(Y2—Y62(]) (8-]-3)

where we have used the conservation of entropy per co moving volume a® (where a is the

scale factor for the expansion of the universe)

d(sa®)
dt

=0 (8.1.4)
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which implies ds/dt + 3H = 0. For (oxxv) small, Y is approximately conserved. After

freeze out, the conserved value is given by Y; =n/ss. Using Eq. (8.1.2) we have

N 3.78:Ef
/ R /g*szp]\/fpl<UXXU>

(8.1.5)

where x; = M,,/T;. The present entropy density is given by so = 2% g1 /45 = 22.1 X
10~ 2 eV? where we have used present the temperature 7y = 2 x 10~* eV and g0 = 6.3 [143].

The present number density is then n, = soY. The relic density of v is given by

_ oMy
Pc

Qdm

10_101’f

= eVv3 (8.1.6)
vV Gxf ]\Jplpc<O_Xerel>

where p,. is the critical density given by p. = (2.95 x 1073v/h eV)* with h = H/100 km s~
Mpc~!. Using g.; ~ 100 [143] we have

10_29.77]0

eV2, (8.1.7)
(OX X Urel)

Qdm =

For x; > 1, the dark matter particles are non relativistic and (ox yv) can be expanded

as [144]

(ox xvrer) = a+b(v?) +O(v")

:a+6—b+(’)(v4) (8.1.8)
Tf

The second line in Eq. (8.1.8) follows from the fact that the dark matter particles obeys the
Maxwell-Boltzmann velocity distribution and therefore (v*) = 3g/x; where g = 2 is the
relativistic degree of freedom for Dirac fermions. The x y can be determined iteratively from

Eq. (8.1.2) as

I 0.038g My My, (0 x x Urel)

VI f

Ty = (8.1.9)
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The observed value of the relic density is given by (2, =~ 0.26 +0.015 [145]. In order to
obtain the correct relic density we need (o x x V1) & 2.3 X 10727 eV—2 for xp~25. We will

fix z; = 25, since xy depends only logarithmically on the parameters.

8.2 Dark matter direct detection

As we have discussed earlier, the WIMP dark matter must have interaction with the SM
particles to get the correct relic density. This means that the WIMPs can be detected by
earth based experiments as the WIMPs pass through the earth. The most promising method
is direct detection in which one sets up a very sensitive detector on earth and measures
the recoil energy of the detector nuclei as the WIMPs elastically scatters off them due to
the ¥ X — 1 X processes. In this work we are interested in the case when the interaction
is mediated by a scalar in which case the scattering cross section is spin independent. For a
WIMP (1)) of mass M, scattering off a target nucleon (V) of mass My, the spin independent

cross section is given by [146]

2M2

M ‘
opp(N = YpN) = mw(wﬁwmﬁ (8.2.1)

For a nucleus with N neutrons and Z protons, this cross section has to be multiplied by a
factor of A% = (Z + N)? to get the total direct detection cross section. Several experiments
are now operating to detect the direct detection signals of dark matter. So far no signals
have been observed which puts stringent limits on the WIMP direct detection cross sections.
The most stringent limit comes from the LUX experiment, which sets a bound on the direct
detection cross section of about opp < 1074 cm? [147).

There are several BSM theories that have dark matter candidates. One very popular can-
didate is the neutralino in the R-parity symmetric supersymmetric theories. Some little-Higgs
theories with T-parity also have scalar dark matter candidates. In Chapter 9, we will analyze
a specific model namely the abelian hidden sector model with new vector-like fermions [59]

that have a fermionic dark matter candidate.
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Chapter 9

Singlet scalar model and dark matter

This chapter is based on the work done in Ref. [12]. In Sec. 7.2.2 of Chapter 7 we analyzed
the SV Uy model defined by the Lagrangian in Eq. (7.2.3). This model has an SU(2) singlet
neutral CP-even scalar ¢, an SU(2) singlet vector-like quark U with hypercharge Y7, and an
SU(2) singlet vector-like lepton ) with hypercharge Y;,. When the mixing between the v
and the SM fermions is zero then this model has a discrete Z> symmetry (¢ — —1), as we
have mentioned in Chapter 7. This Z2 symmetry makes the 1) stable and therefore the 1) can
be a good dark matter candidate. In this chapter we analyze the dark matter implications of
this model. We obtain the allowed regions of the parameter space which gives the correct

relic density while also satisfying the dark matter direct detection cross section.

9.1 Relic density

The relevant self annihilation channels are 1) — [ f,hh, ZZ W W~ gg through the ¢ and
the h exchange. Here we present the cross sections for these processes. The Feynman
diagrams contributing to these processes are shown in Fig. 9.1.1. The 1) — hh process also
has a ¢ channel contribution which is not shown in Fig. 9.1.1. The ¢ channel contribution is
small because it involves the A1) coupling which is suppresses by sj,. Therefore we do not
include the ¢ channel contribution to the 1)¢) — hh process.

In the CM frame, the 4-momenta of the initial 1/ particles can be written as p; = (£, 0,0,py),

105



~
¥ t ,
P1 Ps PNy ) , ’ Ps
—_—— - _¢_h_ K )
¢’h pil- ¥ ™ i
v f ¥ h~
“p2 /

P2
Ps 8
N ¥ (o ™~ v
P1 P3 plx
h ,h
v v P4 /W P1 8
P2 /P2

Figure 9.1.1: Feynman diagrams contributing to the 1) — f f,hh, V'V, gg processes.

p2 = (E£y,0,0,—py). In this frame the spin averaged cross sections for the process o (¢1) —

X X) can be written in terms of the amplitudes M (¢¢) — X X) (abbreviated as M x x) as

1 am2\ V% /1
oxx = (1— mX) (ZlMxxl2) 9.1.1)

8T SVye] S

where v, is the relative velocity of the 1 particles and s is the center of mass energy. Using
Eq. (9.1.1) one can get the relic density €1;,, from Eq. (8.1.7) in Chapter 8. The squared

amplitude for the SM fermion final states are given by

1 o LYR 5 2 2
Z|Mff| =————cp,s;Tr(p2.p1 —my,)Tr(p3.ps —m75)Spw

4 4
2.2 2
1 Y53y Am
U2 2 a2 2 [1- L) | Sy 9.1.2)
4 4 S
where
IS (M — My)* 9.1.3)
BW — .
[(s— M2)2 = M2T2][(s — M?)? — MZT?]

and we have used p3.ps = s/2 — m?c . In the non-relativistic limit s ~ 4Mi and py ~
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M,vpe1/2, using which Eq. (9.1.2) can be written as

ami\
o =iy chsy M, 1-—= Vyet SBW - (9.1.4)

For the s channel 1)1 — hh process, the squared amplitude is given by

L M8 [ i
PTG | [(s— MD)2— MITE] T [(s— MR)? — ML)
_ ZChShIi(/)hhth’Ung 2 (915)
[(s— MP)(s — M2) — M, MgT',T'y) Urel

where k3, is the hhh coupling. The squared amplitude for the ¢9) — W1 W™ channel is

given by
2 _ 1y12/1 2 94U2 uv . po 1 *P v *o
—|MWW| 15 S sherTr(pepr — my)=—9"9 €, (P3)e)] (p3)eX, (pa)ex; (1) Spw -

A1 Ao
(9.1.6)

Summing over the polarizations and using Y- ¢ (k)e3” (k) = (¢ — k*k"/ M?2) we get

(s/2— M)

2
4M{;LV ) UrelSBW- 9.1.7)

_lMWW| = _ywshchg 02 M (2 +

The 1) — gg process proceeds via the ¢ and h exchange through the triangle loops as shown
in Fig. 9.1.1. Both the SM fermions and the U contribute in the loop. In terms of the effective

¢gg coupling (k44,) defined in Chapter 3, the M gg|2 is given by

2
1 2 1v, 8 v
1 Mogl* = 575 Trp2.p1 —md) (050 — p3.pag™ )PPl — ps.pag”) x 8

2
Clzl’{égg n 3%”’2199 B 2ChShkhgghhgg
=R - M2 (=M= T3] (5= M)(s— M2) — My Myl
X Z e/\leAleA?e/\Q erel (9.1.8)
A1,A2

where e‘;i are the gluon polarization. The factor of 8 in Eq. (9.1.8) comes from the color
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Figure 9.2.1: Feynman diagrams contributing to direct detection process YN — )N

sum. After summing over gluon polarizations we have

2 /6 2 2,.2
1|M |2: 16y, M, { ch’%gg ShFhgg
4 99

(16720)2 | [(s — M3)2 MZF] [(s— M?)2— M2T?]

B 2ChShKhggRhgg )2 9.1.9)
[(s — MP)(s— M3) — My MyDyTg) Vrel: o

The K444 in this model can be obtained from the general expression given in Appendix A.

9.2 Dark matter direct detection cross section

The spins independent dark matter direct detection cross section (cpp) on the nucleon N
is mediated by the i and ¢ exchange as shown in Fig. 9.2.1. The scalar coupling to the
nucleon is generated through the quark content of the nucleon and also through the gluon
content of the nucleon by the ¢gg, hgg effective couplings . Since the A is lighter, the opp
is dominated by the A contribution for large sp. But for small sp, (< 0.05) the hiy) coupling
becomes small and the ¢ contribution becomes comparable to that of the ~. We define an

effective Lagrangian for the scalar nucleon coupling as

L= >\¢NN$NN+>\¢NNBNN

= (chANN = SEAGNN)AN N + (cpAp NN + Sp AN N )N N. (9.2.1)
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The o pp in the non-relativistic limit is given by

opp = @ (Sh(ch)\hNN —SpAonN)  cn(ChApnN +sh>\hNN)>

81 Mf% M(g

y1/zch5h>‘hNN(|p1/J| —m%) - >\¢NNC}L1+A¢]\fh]

9.2.2

8T ]\[h )‘hNN Ghl—Ah ]\[¢ ( )
where Ay = (AsnN/AnNN)(Sh/cn) and Ag = (AanN /AN N) (Sh/ch)s Py = Myvy with
vy = 1073 [148] and the nucleon mass my = 1 GeV. We take A,y y = 2 x 1073 [148, 149].
The ¢ NN coupling is generated by the effective ¢gg coupling induced by the U loop. Fol-
lowing Ref. [150] we obtain the NN coupling as \yyn = (2/27)j(p ) (yumpy /M) where

f(p’ =1- X Jp, () and the f(p’ is defined by the relation m,, nj(p’ = (p,n|mqqq|p,n).

qg=u.d,s

The numerical values of fTZ’n are given in Ref. [150] using which we get Ay n ~ 0.063ypmy /M.
In Fig. 9.2.2 we plot contours of €2, = 0.1,0.25,0.3 and for Ay = 2 x 1073, my =

1 GeV, show the regions with opp > 5 107%cm?2, 1074 cm? < opp < 5% 10~ *Pcm?,

10—46 0—45 0—47 0—46 0—48 0—47cm2

em?><opp <1 cm?, 1 em?<opp <1 cm?, 1 em? <opp <1 ,
107%em? < opp < 107*¥ em?, opp < 10~*em? with parameters not varied along the axes
fixed at s, = 0.01, My, = 350 GeV, yy = 5 and My = 1000 GeV. We also show in Fig. 9.2.2
the unitarity constraint on y,, from ¢¢ — ¢¢ process for yi7 = 5 and the constraint on s, from
the 8 TeV LHC ¢ — hh results [11]. We see that for s, = 0.01, y,, < 3 the direct detection
cross section is close to or less than the current experimental limit opp < 1074% cm? [147].
We see that in order to get the correct relic density while also satisfying the dark matter direct
detection cross section, we should be near the ¢ or the h pole My, = My /2. We also see that
in order to satisfy the 8 TeV LHC ¢ — hh constraint, sj, has to be small (< 0.05). In Fig.9.2.3
we plot contours of €2, = 0.1,0.25,0.3 and the regions opp < 10~*8 cm? (gray shaded),
107*® < opp < 10747 ecm? (blue shaded), 10~% < opp < 10746 cm? (yellow shaded) and
opp > 107% cm? (orange shaded) in the M4 —yr7 plane with My, = M, /2—25 GeV, s;, =0
and y,, chosen to saturate the unitarity constraint yUJ\/'c1 /4 +yy < 10 from the 1)1) — 1) chan-
nel. Since sj, = 0, the only relevant self annihilation channel is ¢¢) — gg. For yys large, y,, is

small (because of saturating the unitarity constrain) and therefore the ¢1/1) coupling and the
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Figure 9.2.2: In the SV U model for Y, = 0, Yy = 2/3, contours of (24, = 0.1 (dashed
blue), 0.25 (solid blue), 0.3 (dotted blue) with the colored bands showing opp as marked,
for yy = 5, My = 1000 GeV, and with the parameters not varied along the axes fixed at
sp = 0.01 and My, = 350 GeV. The red horizontal line shows the unitarity constraint for
yu = 5, and the thick red line shows the 8 TeV LHC A channel constraint.

Kggg 18 large. On the other hand for yr small, yy, is large and therefore the ¢i)¢) coupling is
large and k4, is small. As a result, for a given M, there are two values of yir which gives
the correct relic density. Similar result also hold for the o). In Chapter 7 we obtained the
13 TeV LHC o(¢) x BR(¢ — ) in the My — y;r plane for the same choice of parameters.
Using Fig. 9.2.3 and Fig. 7.2.14 one can obtain the 13 TeV LHC o (¢) x BR(¢ — ~y) for any
Mg,y which also gives the correct relic density and satisfies the experimental constraints
on opp. For example My = 550 GeV, yy ~ 7.5 gives the correct relic density of 0.25 and
opp < 10716 cm?. For the same value of My and yy,, 0(¢) x BR(¢ — v7) ~ 0.25 fb.

The direct-detection cross section bands we show in Fig. 9.2.2 is per nucleon, and without
including a factor of A = Z + N for coherent spin-independent scattering [146], where Z is
the number of protons and NV is the number of nucleons inside the nucleus. Thus our direct
detection cross section is to be multiplied by a factor of A for the spin-independent case,

before comparing with an experiment. For instance, for the LUX experiment [147] with a

Xe target, our direct detection cross section numbers are to be multiplied by A = 131.
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Figure 9.2.3: In the SV U model for Yy, = 0, Yy = 2/3, s5 = 0, contours of (g, = 0.1
(dashed blue), 0.25 (solid blue) and 0.3 (dotted blue) with the colored bands showing opp
for My = 1200 GeV (left), 1500 GeV (right) with y,, chosen to saturate the unitarity bound

yu Nty <10 and My, = M, /2 — 25 GeV.
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Chapter 10

Summary and conclusions

Chapter 1 is an introductory chapter where we discuss some drawbacks of the SM on both
theoretical and observational sides. Several BSM extensions have been proposed to over-
come these issues. One important class of such theories are those, where the Higgs is real-
ized as a pNGB of some spontaneously broken global symmetry. Examples of such theories
are the little-Higgs models, technicolor models, composite Higgs models etc. In these theo-
ries, the Higgs is often accompanied by additional neutral scalars, either CP-odd or CP-even.
Depending on the group structures and symmetry breaking patterns, these scalars can either
be SU(2) singlets or can be embedded in an SU(2) doublet scalar. To complete the symmetry
group representation these theories also contain new heavy VLFs. In this thesis we focus on
the phenomenology of neutral BSM scalars with VLFs also present. In Chapter 1 we also
briefly summarize some references that are relevant to our work. In Chapter 2 we briefly
review some of the some of the BSM theories, namely theories with extended scalar sector,
supersymmetric theories, extradimensional theories, little-Higgs theories and theories with
strong dynamics. In Chapter 2 we also briefly discuss the phenomenology of vector-like
fermions.

In Chapter 3 we perform a model independent analysis of BSM neutral scalars coupled
to SM fermions and gauge bosons and also to new VLFs. We assume that these scalars are
produced through the gluon fusion channel. We obtain the 8 TeV and 14 TeV LHC o(gg —

¢) as a function of the effective ¢gg couplings (k44,). We obtain the o(gg — ¢) by relating
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it to the corresponding cross section o(gg — hgyy) for the SM Higgs given in Ref. [32]. We
obtain the constraints from the 8 TeV LHC ¢¢, 77, channel. We find that the most stringent
constraint comes from the 77 channel. For BR(¢ — 77) ~ 1, the upper limit on £ 4, is about
~ 3. The ¢ — t¢ channel results puts an upper limit x4, < 20 for BR(¢ — tt) ~ 1. In any
given BSM model one can calculate the 44, and BR(¢ — tt,77,77) and use our results to
obtain the LHC cross sections and the constraints on the parameter space of the model.

In Chapter 4 we present a simple model where a CP-odd SU(2) singlet scalar (A) is
coupled to the VLFs, either SU(2) singlet or SU(2) doublet, and also to the SM Higgs.
We obtain the effectiveAgg couplings and BR(A — V'V') for each of these models. For
ma < mp/2, the h can decay to a pair of A thereby modifying the h — ~~ signal strength
(ft~~) from its SM value. We also obtain the constraints on the parameter space from the
8 TeV LHC p., results for mg < my, /2. There exists many BSM theories [122, 123, 124]
with a similar structures to our effective model. For such models, one can use the results of
this chapter to obtain the LHC cross sections and constraints on the parameter space.

In Chapter 5 we present a brief review of two-Higgs doublet models. We present the
details of the mass spectrum of the physical scalars in the 2HDM and their couplings to the
SM fermions in the 2HDM type-I, I and X. We discuss the so called 2HDM *“‘alignment
limit” and also the constraint on tan 3 from the perturbativity argument for the 2HDM with
an exact Z» symmetry. In Chapter 6, we briefly discuss the phenomenology of the neutral
scalars (collectively called ¢) of 2HDM-II and X. We present the effective ¢gg couplings
and the branching ratios of the ¢ to the SM fermions and gauge bosons. We also obtain the
constraint on the parameter space of the 2HDM-II from the 8 TeV LHC ¢ — 77 results. We
then add vector-like fermions to the 2HDM-II and X. We separately consider two cases, one
in which the VLFs mix with the SM third generation fermions and one in which this mixing
is shut off. We present the effective ¢gg couplings and the branching ratios of ¢ in each of
these models. We find that the addition of vector-like fermions can significantly modify the
Kpgg and BR(¢ — V'V). The modification is even more prominent in the 2HDM-X. We also
find that in one of these models, the constraint on the parameters space of the 2HDM-II is

relaxed because of adding the VLFs. The results of this chapter can be used to obtain the
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o(g9g9 — ¢) and BRy for realistic BSM theories which has the 2HDM structure with VLFs
also present.

In Chapter 7, we specialize to the di-photon channel. We first perform a model indepen-
dent analysis for a scalar coupled to the SM fermions and the new VLFs (¢). We obtain the
13 TeV LHC o(gg — ¢ — ) as a function of the x4, for various ¢ widths. We discuss
the constraints on the parameter space from the 8 TeV LHC ¢ — tt, 77, hh results. We com-
pute the constraints on the ¢)1) couplings from the perturbative unitarity of ¥1) — 17 and
p¢ — ¢¢ processes. We obtain the 13 TeV LHC o (gg — ¢ — ) in few specific models,
namely the 2HDM-LIL X and a singlet scalar model with VLFs also added. Whenever rele-
vant, we present the constraints on the parameter space of these models from the 8 TeV LHC
¢ — tt, 77, hh channel results and the perturbative unitarity constraints. In the 2HDM we
consider two scenarios, one in which only the H contributes to o(gg — ¢ — ~7) and one in
which both the / and A contribute. In our analysis, we choose a benchmark point My = 750
GeV and obtain the 13 TeV LHC o(gg — ¢ — 7) as a function of the VLF couplings for
VLL and VLQ masses fixed. Subsequently, we obtain the 13 TeV LHC o(gg — ¢ — ) as
a function of the VLQ coupling and My with VLQ mass fixed, My, ~ My/2 and the VLL
Yukawa couplings chosen to saturate the unitarity constraint. Such plots give an estimate
of how large o(gg — ¢ — ~7) can be within the unitarity constraint. For example, in the
2HDM-II, o(gg — ¢ — ) ~ 70 fb can be reached (see Fig. (7.2.5)) within the unitarity
bound. Earlier both ATLAS and CMS had reported an excess in the di-photon channel at
an invariant mass of 750 GeV [1, 2]. But recent results form ATLAS and CMS [141, 142]
suggest that the observed signal was merely a statistical fluctuation. Here we also show the
regions of parameter space compatible with the earlier excess.

In Chapter 8 we briefly review the WIMP dark matter, where we discuss the dark matter
relic density and the direct detection cross section. In Chapter 9 we analyze the dark matter
implications of the singlet scalar model (SV U1 model) presented in Chapter 7. The SV U
model has a discrete Z> symmetry under which the v is odd, while the SM particles are
even. Therefore the 1) cannot decay to any SM particle and can be a dark matter candidate.

In Chapter 9 we find the regions of the parameter space which gives the correct relic den-
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sity while also satisfying the constraints from the dark matter direct detection experiments.
The relevant self annihilation channels are ) — tt,hh, WW Z Z gg through the ¢ and h
exchange. The ¢y — tt, WW, ZZ channels are possible if the SM Higgs mix with ¢. The
Y1) — gg process can be nonzero even for sy = 0 (where s, is the mixing angle for the h — ¢
mixing) because the ¢ can couple to gg through the VLQ loops and can give the correct relic
density as can be seen from Fig. 9.2.3. In general we find that in order to get the correct relic
density while also satisfying the direct detection limits, the ¢ mass (M,,) should be close to
the ¢ pole (My, ~ My/2).

Typically, BSM theories add a set of new heavy particles along with the SM particles.
Therefore to test these theories we must study the phenomenology of these new particles
in detail. We saw in Chapter 2 that there exist several BSM theories which have additional
scalars and also new VLFs. In this thesis we study the phenomenology of the BSM neutral
scalars (¢) in the presence of VLFs in a model independent way, without focusing on a spe-
cific model. To this end, we consider several effective models of BSM scalars with VLFs
also present. We provide predictions for LHC cross sections, branching ratios and possible
constraints on the parameter space for each of these models. Predictions of LHC cross sec-
tions and branching ratios are crucial for testing any BSM model. Using our results one can
obtain the LHC cross sections and branching ratios of the BSM neutral scalars for a large
class of models. One of the models namely the singlet scalar model also has a dark matter
candidate in the form of a vector-like lepton (VLL). Here we highlight the role of the VLQ
to the relic density and dark matter direct detection cross section. Both of these processes
receive significant contributions from the ¢gg effective coupling induced via the VLQ. Inter-
estingly, we find that even if the ¢ — A mixing is small, the VLQ contribution is sufficient to
give the correct relic density while also satisfying the constraints from the dark matter direct
detection cross section.

Here we discuss some of the possible directions that can be pursued in the future. We
saw in Chapter 6 that in cases where VLQs mix with the SM third generation quarks (¢,b),
the decays ¢ — tot, bob can be large for My 2 My, p, + My as can be seen from Fig. 6.2.3.

It will be interesting to study in detail, the ¢ — tot,bob — btW decay channels as signatures
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of both ¢ and t9,b2. Due to mixing with the SM quarks (SMQ), the VLQs will also make
additional contributions to the flavor changing processes such as B — KIT1~, B — K*ITI~
decays and BY — B?, K0 — K9 DY — DY mixings. It will be worthwhile to find out the
amount of allowed SMQ+<+»VLQ mixing consistent with the flavor observables in the context
of the 2HDM. Studies of such flavor changing processes in certain vector-like extensions of
the SM is done for example in Refs. [137, 151, 152, 153, 154, 155, 156, 157], to list a few.
The other issue that should also be investigated is the stability of the electroweak vacuum.
In general, fermions through their Yukawa couplings with the Higgs, contribute negatively
to the beta function (/3)) of the Higgs quartic coupling (\). The VLFs therefore may drive A
negative, rendering the electroweak vacuum unstable at some finite energy scale (A). It will
be important to find out the constraints on the VLF Yukawa couplings and masses requiring

the vacuum to be stable up to a certain A.
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Appendix A

The effective ¢ogg and ¢~ couplings

In this appendix we present the decay widths I'(¢ — 77,gg) and the effective Kggq, K¢y
couplings for a general scalar ¢ coupled to a set of fermions f with charge () . We define

the Yukawa couplings from the Lagrangian

LD —meff—vorroff. (A.0.1)

They feynman diagrams contributing to these processes are shown in Fig. A.0.1.

The amplitude for the ¢ — ~~ process is given by

. NI (y vy s
IM(p—yy) = Z 8_7:2 (:;—fff) (le)Qfol,e’f(pl) 5 (p2) Ff%(’r'f;mf), (A.0.2)
f

pi pl
H pa
y
@ @
y } g 58
po¥s 2

Figure A.0.1: Feynman diagrams contributing to ¢ — v~y (left) and ¢ — gg (right).
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where

Dﬁy = Euuaﬂp?pg )

DH = (p2uP1v — P1-P2Guv )

FA(rmy) = 4 /d/

Tf mf Tf xr (Tf l’y)
1—4

FH (ry,my) 4rf/ d:E/ ( :Ey)7
TF—xY

Tf Mq%

Squaring M, summing over the photon polarizations and including the appropriate phase

space factors, the decay width is given by

, 1 vorr\ (€97 i
D@ =97) = 52 zf:(m_f> - (N Fl/Q(rf,mf)) : (A.0.3)

From the expression of I'(¢ — 77) in Eq. (3.0.2) we infer

M
Koy = 2€7 ZN ! QFvors—F| /2(7“f) (A.0.4)

The amplitude for ¢ — gg is given by,

1
M(p— gg) = 8W22< ) )2 D%, el (p1)* Eg(pg)*F32(’r'f7mf) (55@). (A.0.5)

Squaring M, summing over the gluon polarizations and the color indices and including the

appropriate phase space factors, the decay width I'(¢ — gg) is given by

L6 —g 128%% Z K%ff) <4W> (N Ff@z(rf,mf))] © aos
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Figure A.0.2: Fy}, and F], vs. My for m = 250 GeV.

From the expression of I'(¢ — gg) in Eq. (3.0.2) we again infer

M _a
Kogg = 95 D_Yoss m—fF 1(/% (rs). (A.0.7)
f

To demonstrate the dependence of ky,, on My and m ¢, we plot in Fig. A.0.2 the functions
F{‘}Q and Fl% as a function of M for an example value of m = 250 GeV. We see that when
My ~ 2my, the F1/2 becomes very large because of [ going onshell. We also see that at

Mg ~2my, Fl% becomes =~ 2.5F15/[2.
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Appendix B

Effective couplings in SVU and MVU

models

Here we present the effective AV'V couplings (k1) in the SVU and MV U models. The
Kggg and K¢~ in these models can be obtained from the general expressions given in App.

A. The k47, is given by

- M
KAZy = 26% ZNéQi(Tg Qisiy)ya f/;(n,rz) (B.0.1)

with 7 = m%/m? and

FO(riry) =4 /1d /l_yd ! (B.0.2)
ri,ry) = 4r; x . 0.
1/2 Z “Jo Yo ri+(ry—Day+ry(z?—1x)

The k477 for SVU and SV () model is given by

M
KAZZ_z( >ENZ T - Qisty)ya—— i (risr7) (B.0.3)

with
FOiry) =4[ d /H/d i (B.0.4)
e T h
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The ko w for SVQ model is given by

Kaww =2 ( ) > Niya 1/;(”,7-W) (B.0.5)

with ry = m¥, /m¥.
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