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Abstract

The Standard Model (SM) of particle physics is well established with the discovery of
the Higgs boson by the independent experiments, ATLAS and CMS at LHC in 2012. The
properties of the discovered Higgs boson is very similar to the proposed one in the SM and
the discovery is considered as a remarkable success of this model. Inspite of this success,
many experimental evidences provide hints of some fundamental issues; mainly absence
of dark matter (DM), non-zero neutrino mass and hierarchy problem, which shows that
the SM is not a complete theory. A possible way out of this situation is to look beyond
the SM(BSM) to resolve these issues by accommodating new particles in the spectrum or
extending the gauge sector of the SM. Out of many attractive proposals of BSM, models
governing seesaw mechanism could explain the non-zero masses of neutrinos. Similarly,
DM issue is addressed by many multi-Higgs models with or without addition of extra
fermionic sector in the particle spectrum. Among the seesaw models, we consider Type 11
seesaw model, which is a simple extension of the SM with an additional SU(2)r, fermion
triplet and Minimal Left Right Symmetric Model(MLRSM) with additional Higgs fields and
right-handed neutrino, and extending the gauge group by a additional SU(2)r symmetry.
Alongside, we also consider Inert version of the Two Higgs Doublet Model with a charged
fermion singlet as partner to it. But the fate of these BSM scenarios will be decided by
the observation or monm-observation of these new particles at collider experiments. Our
main aim n this thesis is to focus on the collider signatures of Type III seesaw model,
MLRSM, and Dark Matter Models in the context of Large Hadron Collider(LHC) and
Future Leptonic Colliders(FLC).

In the first work of the thesis, we consider the Type III seesaw model to probe the heavy
fermions arising in this model at high energy electron-positron collider through their direct
production and subsequent decays. We study the single production of charged as well as
neutral fermions in association with leptons at 1 TeV center of mass energy and pair
production of charged fermion at 2 TeV center of mass energy. Our study establish that
final states arising from single production of heavy fermions can probe electron type mizing
very well with heavy fermions. 2j + e~ + F in the final state is the best channel providing
50 sensitivity using less than 2 fb~' luminosity. On the other hand, in the case of pair

xvii
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production we consider both electron and muon type mizing, taking once at a time. The
final state 4b+ 2l comes out to be the best channel and can be probed with 50 significance
using around 50 fo=' luminosity. Thus, clearly, the leptonic collider can fingerprint the
mixing very efficiently, unlike the case of LHC. The mass reach of around 1 TeV can be

achieved for the considered center of mass energy.

In the second work, we perform a collider study of the rich scalar sector of the Min-
imal version of the Left Right Symmetric Model. We consider the four-leptonic final
state arising from the pair production of doubly charged Higgs boson and trileptonic final
states arising from associated production of doubly charged Higgs boson with singly charged
Higgs boson at 14 TeV LHC. A full set of signal and SM background analysis for a selected
benchmark point is performed using 1000 fb=' integrated luminosity. We generalise the
study for upcoming High Luminosity -LHC and obtained required luminosity to probe four
leptonic final state is around 350 fb~! with 50 sensitivity. For the trileptonic case, the
required luminosity with 50 sensitivity is quite larger, around 800-1200 fb='. We demon-
strate the 50 mass reach of doubly charged Higgs boson around 980 GeV and 960 GeV

using 3000 fb=1 luminosity for four-leptonic and trileptonic final states, respectively.

In the last work, we consider Inert Higgs Doublet Model (IHDM) added with a charged
partner fermions, which are considered as fermionic dark matter candidate along with
scalar dark matter candidate originating from the Inert Higgs doublet. We emphasise the
discovery possibility of such charged fermions arising in Multi Component Dark Matter
Models at International Linear Collider(ILC) with its baseline center of mass energy of
250 GeV. The charged fermions are produced at ILC in pairs with gauge coupling and
decays to tau lepton and lightest dark matter candidate. We perform a complete signal
versus background study using ILCsoft. The outcome of the study is very impressive with

the potential of discovering charged fermions using 50 fb~' integrated luminosity.

Summarising, we focus on the models beyond the SM to probe the discovery potential

of additional scalars and fermions at LHC and FLC.
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Chapter 1

Introduction

Understanding the mystery of Nature is one of the main engagements of mankind from
the very beginning of its evolution. In particular the Particle Physics community focuses
on answers to all the pertinent questions related to the characteristics of the elementary
particles and their dynamics. Such elementary particles are expected to be the building
blocks of the universe. Thus their dynamics and characteristics play an important role in
the origin and evolution of the universe. A series of developments, in the 20th century,
including the revolutionary ideas of quantum mechanics and special theory of relativity
lead to deeper understanding of the world of subatomic particles. These further developed
into the insightful mathematical framework of Quantum Field Theory incorporating the
principle of gauge symmetry to guide particle interactions. The resulting theory is beau-
tifully manifested to summarise all the elementary particles and fundamental interactions
with their dynamics is widely known as Standard Model (SM) of Particle Physics.
While it successfully explains most of the experimental results at high precision, there are
compelling reasons to go beyond the SM (BSM). The lack of explanation for tiny neutrino
mass and the requirement of a dark matter (DM) candidate are two of the major concerns
of the present Particle Physics. There are many attempts to address these issues with
extensions of the SM proposed to include higher gauge symmetries or larger particle spec-

trum. This thesis will mainly focus on some of the BSM scenarios, especially considering
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2 Chapter 1.  Introduction

the signatures of such models in the collider experiments like the Large Hadron Collider

(LHC).

The arrangement of this chapter is in the following manner. First, we present the
short description of the Standard Model and then we provide the main reasons to go
beyond the Standard Model. Then we give a brief description of some of the BSM, which

follows by the outlines of the main chapters of the thesis.

1.1 The Standard Model

SM, combining the electroweak theory proposed by Glashow, Weinberg and Salam [1, 2]
to describe the electromagnetic and weak interactions, and quantum chromodynamics
(QCD) describing the strong interaction, provides a beautiful description of the properties

and interactions of the elementary particles. The SM is based on the following gauge group
SUBB)c x SU(2)L x U(1)y.

Here the subscript C represents color, the strong interaction charge, L represents left-
handed chirality and Y represents weak-hypercharge. There are total twelve gauge bosons
with spin 1 related to the local symmetry of the above gauge group. They can be described

in the following way:

e SU(3)¢ is the special unitary gauge group representing color charges with eight gluons
(Gﬁ), as gauge bosons (G/‘:‘) describe strong interactions among quarks.

e SU(2)1 is the gauge group of weak isospin, with three gauge bosons Wi, describing
weak interaction quarks and leptons.

e U(1)y is the unitary gauge group of hypercharge (Y') with one gauge boson B,,.

The building blocks of matter are fermions (spin—% particles) called leptons and quarks.
Both leptons and quarks are divided into three families with different masses. Leptons
have only electro-weak interactions while quarks have both electroweak and strong inter-
actions. Left-handed leptons are doublets under SU(2), containing one charged lepton [y,

and one neutrino vy, whereas the right-handed charged leptons (egr, ur, Tr) are singlets
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’ Field content | SUB)e || SU@)L [ UQ)y |
A
G, 8 1 0
Gauge Wy 1 3 0
B, 1 1 0
Lepton || L; = <ZL> 1 2 -1
L/
€R; 1 1 -2
Qz = <ZL> 3 2 %
L/
Quark UR; 3 1 %
dR; 3 1 ~2
+
Scalar ¢ = (ﬁ()) 1 2 1

Table 1.1: Standard Model fields are represented along with quantum numbers asso-

ciated with their symmetry groups. Here, i= 1, 2, 3 denotes the generation indez;

€ = e, T;u; = u,ct and d; = d,s,b respectively. In the subscript of G, the value

of A goes from 1 to 8, representing 8 gluon fields, and a = 1, 2, 3 for three weak gauge
bosons.

under SU(2)r. In the SM, there are no right-handed neutrinos. The quarks come in six
flavours in the SM. Three of them are up-type quarks, up (u), charm (c), top (t) and
rest three are down type quarks, down (d), strange (s) and bottom (b). Here again, the
left-handed up type (u) and down type (d) quarks form a doublet under SU(2), whereas
the right-handed partner of these quarks are singlet under SU (2), symmetry. Mass terms
of gauge bosons and the fermions in the above set up are not permitted, as they break
gauge invariance explicitly. On the other hand, experimentally we know some of these
have non-zero mass. A way out of this is the Higgs mechanism, which breaks the symme-
try spontaneously, and thereby generate mass terms for gauge boson. Fermions get their
mass through their Yukawa interactions with the Higgs field. Higgs mechanism requires

introduction of a scalar (spin-zero) field.
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4 Chapter 1.  Introduction

The quantum numbers of the SM fields corresponding to various gauge group can
be summarised as in Table 1.1. The particle content of the SM with respective masses,

electric charges and spins are given in Figure 1.1.

Electron Tau

Mass=0.000511 Mass=0.106 Mass=1.777
Charge=-1 Charge=-1 Charge=-1
Spin=1/2

Tau-neutrino

Leptons

Mass < 0.02
Charge=0
Spin-1/2

‘Top

Force Carriers

Mass=1.3 Mass=178
Charge=2/3 Charge=2/3
Spin=1/2 Spin=1/2

Strange Bottom

Quarks

Mass=0.006 Mass=0.1 Mass=4.3
Charge=-1/3 Charge=-1/3 Charge=-1/3
Spin=1/2 Spin-1/2 Spin=1/2

» All masses are in GeV.
+ Charges in terms of “e”.

Figure 1.1: Particle content with mass, charge and spin of the Standard Model.

The SM Lagrangian that is consistent with the gauge group and the field content may
be written as

Lsy = £quark + Elepton + EG’auge + Lyur + Ed)- (1-1)

The Lagrangian Lg,q,r includes the quark sector of the SM, is represented as follows

Equark = @]VYMDSQJ + qj’i"YHDZQj, (12)
where
. . T .
DY = (0, —ig, TG — ig Wi - ig'YB,), (1.3)
D! = (9, —ig TGy —ig'YBy), (1.4)
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1.1. The Standard Model 5

with @; the left-handed quark doublets and ¢; the right-handed quark singlets, and j =

1,2, 3 representing the three families. Similarly, Liepion for lepton sector can be written

as
Liepton = Ljin" DY L + Ujin" Dt (1.5)
where
o
Dl = (9, ig%vv;; —igYB,), (1.6)
Df = (0,—igdYB,), (1.7)

with L; the left-handed lepton doublets and ¢; the right-handed lepton singlets (¢; =
er, R, Tr). The kinetic term for the gauge field Lgquge under the gauge group SU(3)c x
SU(2)r x U(1)y can be written as

1 1 1
£Gauge — _ZGA“VGﬁy - ZWGMVW;CLLV - ZB#VB;W, (18)

where the field strength tensor Gﬁy, Wy, and B, represents the field content of SU(3)c,

SU(2)r, and U(1)y gauge groups, respectively. Gﬁy, W, and By, can be defined explicitly
in terms of the corresponding gauge field as

Gﬁu = aMGf - 8,/Gﬁ - gszBCGEGg ) (1.9)

W, = 0,Wy — 0,W! — geae Wi Wy (1.10)

Bm/ -~ a/,LBl/ i 81/B/j, 5 (111)

where f4pc and €4 are real; called structure constants, antisymmetric under interchange

of any two indices.

The L& and Ly, terms in Eq. 1.1 introduce the interaction of a scalar field, ® with
the gauge bosons and the fermions, thereby generating the masses to the corresponding

particles. We describe this in the next subsection.
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6 Chapter 1.  Introduction

1.1.1 The standard Higgs mechanism

The symmetry of the electroweak gauge group followed by SM forbids mass terms in the
Lagrangian for fermions and bosons. These masses can be generated through the well
known Higgs Mechanism proposed by R. Brout, F. Englert, P. Higgs, G. S. Gurlanik, C.
R. Hagen and T.W.B. Kibble [3-5] in 1964 preserving the renormalizability of the theory.
This is achieved by introducing a SU(2)1, doublet of complex scalar field with hypercharge
Y =1,
+
b= ¢ ) (1.12)
¢0
where ¢ and ®° both are complex scalar fields. The Lagrangian involving the scalar

field ® can be written as

Ly = (D) (D'®) — V(®), (1.13)

where the covariant derivative D,, = au—i-ig%Wﬁ—l—ig’%Bm with g is the SU(2)r, coupling

and ¢ is the U(1)y coupling. The scalar potential of the Lagrangian is given by
V(®) = p20Td + A(BTD)2, (1.14)

If A > 0 and p? < 0, the minimization condition on the potential V, i.e. % =0, for

the @ field, gives a non zero vacuum expectation value (VEV) which can be expressed as
12
<<1>Tq>> ==L (1.15)

Now we can expand the ® field around the minimum VEV and takes the following form

o L[ Oul@)+ide() | (1.16)

V2 \y+ h(x) +ig3(x)
Here ¢1(x), ¢2(z), ¢3(x) and h(zx) are all real fields with h(x) corresponding to the field
of physical Higgs particle. Using a gauge transformation, the fields ¢1, ¢o and ¢3 can
be removed from the scalar field ®, and transferred to the gauge bosons, Wj and B*.

Notice that we are now fixing the gauge by our choice of this transformation. This gauge in
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1.1. The Standard Model 7

which the physical spectrum is explicitly present is known as the unitary gauge or physical
gauge. This addition of degrees of freedom is now manifested in the gauge bosons, leaving
two massive charged gauge bosons, W* = %(W;} F ZWB) and one massive neutral gauge

boson, Z,,. The neutral gauge boson is a suitable combination of WE and B, given by
Zy = W2 cos by — By sin by (1.17)
The orthogonal combination,
A, = Wj’ sin Oy + B,, cos Oy (1.18)

corresponds to the massless photon, the mediator of EM interactions. The angle, Oy =

tan_l(%) is the weak mixing angle, also known as the Weinberg angle.

In this way, the SU(2)r x U(1)y symmetry is broken down to the U(1)gas symmetry,
with the corresponding gauge boson, the photon, indeed massless. The masses of the gauge
bosons in terms of the VEV of the ® and the gauge couplings are given by My,+ = %vg
and Mzo = 2v+/(g? + ¢?). Electromagnetic coupling constant e can be written in terms

of parameters g, ¢’ and Oy :
e = ¢’ sinfy = gcosOy .
The Higgs field itself, in this (unitary) gauge, can be written as

B(z) = — 4 (1.19)
) T2 v+ h(x) . '

As we mentioned earlier, the three degrees of freedom ¢1(x), ¢2(z), ¢3(x) of the scalar
doublet reappear as the longitudinal components of the massive weak-isospin triplet gauge

bosons. After the spontaneous symmetry breaking, the mass of the remaining degrees of

freedom in ® appears as SM Higgs boson with mass, M, = \/—2u2. Given that v = 246

U2

GeV from the measurement of Fermi coupling constant, Gp = 75 all other couplings

in the scalar sector are fixed in terms of v and Mj. Thus the trilinear and quartic self

interaction couplings of Higgs boson can be written as
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8 Chapter 1.  Introduction

2 M2 2 M?
A = —b = S8, Awnn = S = g8

The interaction between the Higgs field and fermion field, the so called Yukawa cou-

pling, gives masses to the fermions in the SM. The Yukawa Lagrangian
Lyuk = Y;?Qz ¢ drj + Y;QJLQZ Qg uRj + YZL ¢ lrj+ h.c., (1.20)

where é =1im¢ and i,j = 1,2, 3 represents three generations of fermions, and Yg’u’z are
the complex Yukawa couplings. In addition to providing masses to the fermions, these
terms also dictate the interaction of the Higgs boson, h, with the fermions. The predicted
physical Higgs boson h is discovered by ATLAS and CMS collaborations [6, 7] in 2012,
leading to the nobel prize for F. Englert and P. W. Higgs in 2013. The mass of the Higgs
boson is measured to be My ~ 125 GeV. This most awaited discovery of Higgs boson is
a grand success for Particle Physics community to complete the SM predictions and has

began a new era of Particle Physics.

Inspite of being a very successful model including the very stringent experimental
tests, many hints from theory and experiments clearly indicate that there are many un-
explainable phenomena which the SM is not capable of addressing. In the next section,

we are going to expose some of the open questions as well as limitations of the SM.

1.2 Limitations of the Standard Model

This section provides some of the fundamental physical phenomena in nature that the SM

does not adequately explain.

1.2.1 Dark matter and dark energy

There are many observational evidences which show that a large amount of the energy
content of the Universe is not visible. Evidences include observations of gravitational
lensing, the galactic rotation curve [8] and the anisotropy in the cosmic microwave back-

ground radiation [9]. Present estimates show that the visible matter accounts for about
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Visible Matter Dark Matter @® Dark Energy

Figure 1.2: The energy composition of the present universe.

5% of total content of the universe. The remaining 96% is still unknown called as DM
[10] and dark energy (see Figure 1.2). Of the missing 96%, about 27% accounts for DM,
which would behave just like other matter, but which only interacts very weakly with the
SM fields and therefore not visible, while the remaining 68% is being attributed to the
dark energy, a constant energy density of the vacuum of the universe. The SM does not
provide any fundamental particle that fits to the properties of DM. However, there are

many extensions of the SM, which include viable DM candidates in their mass spectrum.

1.2.2 Matter - antimatter asymmetry

Today we see the universe which is mostly made out of matter consisting of electron,
proton and neutrons. We do not find large regions of antimatter [11]. This can only
happen when the matter and antimatter are created in a disproportionate ratio during
the very early universe. However, the SM predicts that matter and anti-matter should
have been created in equal amounts. This clearly indicates the need to go beyond the

SM.
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1.2.3 Neutrino masses

According to the Standard Model, neutrinos are supposed to be particles without mass.
The SM theory can not construct a renormalizable term for neutrino mass due to the
absence of the right-handed neutrino of any flavour. One possible solution to acquire
neutrino mass is to extend the particle content of the SM. This is one of the shortcomings
of the SM which makes extensions necessary as neutrino oscillation experiments [12] have

shown that neutrinos do have mass.

1.2.4 Hierarchy problem of the Standard Model

The experimentally measured mass of the Higgs boson is found to be around 125 GeV.

The tree level Higgs mass in the SM is given by M? = Av?. This mass term gets modified

t
h h
t
W, Z
h h
h
/"\
\}
h 4 Y h
AN /

N

Figure 1.3: Different loop diagrams contributing to the Higgs mass.

when higher order perturbative corrections (see Figure 1.3) are included into it. The
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1.8. Few glimpses of BSM physics 11

modified physical mass of Higgs boson can be written as
M} = Mg, + AM?. (1.21)

Considering the major contributions due to the top-quark, W/Z bosons and self Higgs
itself in the loop, the one loop contributions to the corrections are given by,
3A2 2 N
AM? = el 4 7 4 = 1.22
=l L+ 5 (1.22)
where y; is the Yukawa coupling to the top quark, g is the SU(2); gauge coupling, X is
the quartic coupling of the Higgs and A is a cutoff scale.

As clearly seen, AM ,% gives a very large correction which is proportional to the square
of the cut off scale. If the SM is valid upto GUT scale (Mgyr ~ 10'% GeV) or Planck
scale (Mp ~ 10' GeV), then the corresponding coupling must be chosen very precisely
O(1071 —10717) to have the Higgs mass of the order of EW scale. This suggests that
there must be some new physics that become relevant at around a few TeV scale so that

the above fine tuning of the coupling is not required.

1.3 Few glimpses of BSM physics

Considering the shortcomings of the SM explained in the previous section we now discuss

some of the possible models beyond the Standard Model in this section.

1.3.1 Seesaw model for neutrino mass generation mechanism

The unambiguous evidence of the neutrino oscillation opens up a new window by ac-
counting for their tiny mass, which is about six or more orders of magnitude smaller than
electron mass and hence, provide the most compelling reasons to think beyond the SM.
One of the most appealing theoretical approaches to generate the neutrino mass, is known
as the seesaw mechanism [13-18]. In seesaw mechanism, the tininess of the neutrino mass

is attributed to the heaviness of a partner particle, justifying the name of the mechanism.
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12 Chapter 1.  Introduction

We discuss the theory behind the seesaw mechanism and its three different types in this

section.

In the seesaw mechanism, one assumes the existence of the right-handed neutrinos vr
besides the SM left-handed neutrinos vy. Under this assumption a Dirac mass term for

neutrinos can be written in the following form,
D y Lo S
Linass = MDVRVL + h.c. = i(mDVRI/L + mprivg) + h.c. (1.23)

Since neutrinos have no electric charge, in general Majorana mass terms can also be

possible. One can construct the Majorana mass term as follows,

1
ﬁnj\{ass,L = 5 mLDiVL + h.c., (124)
1 1
‘CrAr/L[ass,R = imRDIC%VR + h.c. = §mR77RV}% + h.c. (125)

Here the subscript ¢ represents the charge conjugation and v, /g are left and right-handed

neutrino representations. Now one can introduce a mass matrix

M = , (1.26)
m% mp
so that,
1
Linass = ‘Canss + [’ﬁmss + ‘Cflr?zass = §ﬁ%MnLv (1'27)
where left-handed neutrino field ny, can be defined as,
v, -, -
ng = 5 = (v 7). (1.28)
VC
R

We can now represent all the mass terms together in terms of Mass matrix as follows

(1.29)
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After Diagonalizing the mass matrix M, we get the physical mass corresponds to the

eigenvalues of M,

1 2
mi2 = b(mL—FmRi\/(mL—mR) +4m%)‘. (1.30)

Since vy, and 7§ have third component of isospin, I3 = —i—% and —%, respectively, the SM
gauge symmetries forbid the left-handed Majorana term. This means that my, is required
to be zero. In the seesaw theory, the right-handed neutrino field vy is assumed to be with
a heavy mass, whereas mp is of the electroweak scale. Therefore mp << mpg. Then the

simplified mass eigen values are
2

my ~ 2D (1.31)
mpg
and
m2
mo &~ mp (1 + —§’> ~ mg. (1.32)
mp

This suggests that mass m; is suppressed by 1/mpg, so if mp is very heavy then m; is
very light and my is very large. One can remark in the same context, to obtain the low
experimental mass limit for the neutrino, right-handed mass scale has to be in the GUT
scale. This mechanism provides a natural way of explaining the observed small neutrino

masses, known as Seesaw Mechanism.

There are three types of seesaw model on the basis of the way the Majorana mass terms

are generated. We briefly discuss three of them below.

Type I seesaw model:

In the Type I seesaw model [14], at least two SM gauge singlet right-handed heavy neu-
trino fields (Ng) are introduced. These new fields couple to leptons and the Higgs field,
through Yukawa interactions. The light neutrino mass is inversely proportional to the

heavy right-handed neutrino field and thus it is allowed to be naturally small.

Type 11 seesaw model:
The Type II seesaw model [16, 19, 20] is introduced by replacing the SU(2);, singlet

fermion as in Type I seesaw case by a scalar triplet, with hypercharge of the scalar fields,
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Y = 2. The VEV acquired by these triplet scalars induces Majorana mass to the neutri-

nos.

Type 111 seesaw model:

The Type III seesaw model [21] introduces a SU(2), fermionic triplet field with hyper-
charge Y = 0. The Yukawa term including SM lepton doublet and the SM Higgs field
along with the triplet fermion provides the necessary Majorana mass term through the
VEV of the Higgs field. The particle spectrum contains both charged and neutral heavy
fermionic fields in addition to the SM particles. In one of the works we present in this
thesis considers collider searches of heavy fermions in this model. We explain the details

of this model in subsection 1.4.2.

1.3.2 Minimal left right symmetric model

The Minimal Left Right Symmetric Model (MLRSM) [22-33] is a well motivated gauge
extension of the SM, providing a natural explanation for parity violation. Moreover, many
GUT models go through a Left-Right Symmetric stage before finally arriving at the SM
gauge symmetry. In the Left-Right Symmetric paradigm, the Abelian hypercharge sym-
metry group U(1l)y of the SM is extended to an SU(2)r x U(1)p_1, gauge group and
the right-handed SU(2)r fermionic singlets are collected into SU(2)g doublets, which
naturally requires the introduction of right-handed neutrino fields in the spectrum. Fo-
cusing on minimal model building possibilities (based on Type-I and Type-II seesaws),
the extended gauge symmetry is spontaneously broken down to the SM gauge symmetry,

thanks to a scalar field that lies in the adjoint representation of SU(2)rg.

1.3.3 Two Higgs doublet model

One of the important issues in the SM is mass hierarchy with the fermion sector. Consid-
ering this drawback as one of the primary motivation, the SM Higgs sector can be simply
extended with one more Higgs doublet, and as a result fermions can get mass from two
different doublets. This model is well known as the Two Higgs Doublet Model (THDM)
[34, 35]. The extended Higgs doublet respects the symmetries of the SM.
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1.3.3.1 Inert Higgs doublet model

This is a modified version of THDM [36] obtained by making the second Higgs doublet
decoupled from the rest of the particle spectrum. This model is proposed to address
some of the most challenging issues like the presence of dark matter. The second Higgs
doublet of this model is considered to be odd under a Zs symmetry, while rest of the
particle spectrum is even under the same symmetry such that fermions and scalar from
SM like Higgs doublet of the model will not have any coupling with the second Higgs
doublet. In addition to the SM like Higgs boson, this model contains a charged Higgs,
one pseudo scalar, a lightest neutral scalar which is considered as DM candidate. Due to
the imposed additional symmetry, second Higgs doublet neither gain VEV nor interact
with the fermionic sector of the model. Therefore, this model is named as Inert Higgs

Doublet Model (IHDM).

1.3.4 Supersymmetric models

“Hierarchy problem” discussed in the previous section indicates that physics beyond the
SM that protects the Higgs mass against large quantum corrections should exist in the
multi-TeV regime. One possible way to address the hierarchy problem is the introduc-
tion of supersymmetry, which unifies bosons and fermions into one framework, shielding
the scalar boson mass from diverging high-energy corrections. Supersymmetry requires
essentially the doubling of the particle content compared to the SM, with the lightest
super-partner providing a natural candidate for DM. Besides, these models have richer

scalar sector, making the electroweak symmetry breaking sector more robust.

1.4 Main focus of the thesis

As we discussed, we have seen that there are many reasons that forces us to look beyond

the SM.

Among many BSM physics models, we focus our study, primarily on models with

neutrino mass generation mechanism and DM issue in this thesis. While we will not

TH-2130_136121013



16 Chapter 1.  Introduction

discuss how these models address these issues, but we focus mostly on the possible collider
signatures of such models, both in the context of the LHC and Future Leptonic Colliders
(FLC) like the International Linear Collider(ILC) or Compact Linear Collider (CLIC).
The study in general addresses identification of heavy charged and neutral fermions arising
in different models. We limit our study to Type III seesaw model with heavy charged
as well as neutral fermions, the Left Right Symmetric Model, where interesting collider
phenomenology arise in the scalar sector, and one of the novel DM models with multiple
DM candidates. In one of the projects under the thesis work, we search for the signature of
heavy fermionic field arising in the Type III seesaw model including detailed background
study. In the second work, search for doubly charged Higgs boson though leptonic channels
arising in MLRSM is carried out in the context of LHC. In the third study, we consider

collider study of charged fermion singlet arising in Multi Component Dark Matter Model.

1.4.1 Overview of Future Linear Colliders

The proposed two leading future electron-positron linear colliders are the ILC [37] and

CLIC[38]. In this section we provide an overview of the two future colliders.

International Linear Collider:

The ILC would be the largest high luminosity linear collider across the globe in particle
physics, intended to make it for precision measurement and studying the Higgs boson
with a centre-of-mas energy of 250 GeV. The first stage of this collider will have a baseline
center-of-mass energy of 250 GeV and the second stage will have a center-of-mass energy
of 500 GeV which is planned with a possible upgradation upto 1 TeV. The length of the
ILC will be 30 km to 50 km. Two detectors concept have been employed for the ILC: one
is International Large Detector (ILD) [39] and other is Silicon Detector (SiD) [40]. The

main prototypes of the ILC is shown in Table 1.2.
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250 GeV 500 GeV
Collision rate 5 Hz 5 Hz
Electron linac rate 10 Hz 5 Hz
Number of bunches 1312 1312
Bunch population 2 x1019 2x 1010
Bunch separation 554 ns 554 ns
Pulse current 5.8 mA 5.8 mA
Main linac average gradient 14.7 MVm ™! 31.5 MV m~!
Average total beam power 5.9 MW 10.5 MW
Estimated AC power 122 MW 163 MW
Luminosity 0.75 x10** cm=2 57! 1 x10%* cm™2 57!
Beam polarization (e™) 80% 80%
Beam polarization (e*) 30% 30%

Table 1.2: The parameters of ILC for 250 GeV and 500 GeV.

Compact Linear Collider:

The another proposed electron-positron linear particle collider is to build at CERN is
CLIC [38] in order to better study the Higgs boson and top quark. There are three stages
to be built for CLIC: the first stage is with center-of-mass energy of 380 GeV; the second
stage is with a center-of-mass energy of 1.5 TeV and the final stage is with a center of

mass energy of 3 TeV. The main parameters of the CLIC is listed in Table 1.3.

Parameters Symbol Unit Stage 1 Stage 2 Stage 3
Center-of-mass energy NG GeV 380 1500 3000
Repetition frequency frep Hz 50 50 50

Number of bunches per train g 352 312 312
Bunch separation At ns 0.5 0.5 0.5

Total luminosity L 1034 cm=2 57! 1.5 3.7 5.9

Total integrated luminosity per year Lint b1 180 444 708
Main Linac tunnel length km 114 29.0 50.1
Number of particles per bunch N 10° 5.2 3.7 3.7
Bunch length o um 70 44 44

Table 1.3: The main parameters of CLIC energy stages.

Apart from these linear colliders, the Circular Electron Positron Collider (CEPC) [41—-
43], in a 100 km tunnel in China, which is aimed to study the Z, and W, and the Higgs

boson, with centre-of-mass energies from 90 to 250 GeV. The Future Electron-positron
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Circular Collider (FCC-ee) [44, 45] which will be built at CERN, for the study of the
entire Electroweak sector ( Z and W bosons, Higgs bosons and top quark) with centre

-of-mass energies between 88 GeV and 365 GeV.

In the next section we explain the models considered for our study in some detail.

1.4.2 Structure of type III seesaw model

In this section we describe the features of the Type III seesaw model [46, 47] relevant to
our study. The Lagrangian involving the SU(2)y, triplet fermion field, denoted here as X,
along with the SM part denoted by Lgas is given by £ = Lgas + Ly, with

Ly = Te(Sips) - %Mg Tr (S + £%) — V2 Y (451 - LB4), (1.33)

where My is the mass parameter of the triplet and Yy is the Yukawa couplings corre-
sponding to the lepton flavours ¢ = e, u, 7. The left-handed lepton doublets of the SM is
denoted by L = (v,¢)T, and the Higgs doublet by ¢ = (¢T, ¢°) = (¢F, (v+H+in)/V2)7,
with g?) = 419 ¢*. The fermion triplet ¥ is explicitly given by

5= s 3¢ = AT (1.34)

- —ZO/\/§ ’ y+ce _ZOC/\/§
and X¢ = CX7 is the conjugate of ¥, where C is the charge conjugation operator. Since

the triplets have zero hypercharge, covariant derivative takes the following form

3
Wulva o W)/

(1.35)
W, =WEV2

Dy=0d,—iV2yg

The two-component charged spinors are combined into Dirac spinor ¥ = ZEC + X5,
with Wp = X5, and ¥ = Y1¢ to conveniently express the mixing of the SM charged

leptons with the triplets, whereas the neutral component, E% is left as the two-component
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Majorana fermion. The Lagrangian in the new set up is given by

Ly = Wi+ Spi % —g W3 UyH0 + g (W5 Sxy* PrU + W, S¥AFPLU + hec.)
_ 1 _
~ MO — <2Mg 2930 + h.c>
- Y (¢020R vr + ¢O8% 1§ + V26000, + ¢t 2%, — \/§¢+ag\1/) + h.c.
l

(1.36)

The first line of the Ly represents the kinetic terms and this gauge interaction terms;
the second line of it gives the mass of the charged and neutral fermions and the last line

represents the Yukawa coupling terms of charged and neutral fermions with Higgs field.

The explicit form of Lagrangian containing Dirac mass term for the charged sector of

the model is given by

my 0 EL _ _ my UYT ER
—(EL szL> t . (1.37)

£5~(tn W)
sz]g ME \ L 0 ME \I}R
where vacuum expectation value v = /2 <¢0>: 246 GeV. A similar form of Lagrangian

for the mass term for neutral sector including neutrino and neutral component of the

fermion is given by

T c
L > —(UL 7(1)%0) . el (1
vY$,/2V2  Mx/2 IS
. 0 oYL /24/2 v

_(gi o =0/ = (1.38)
UY25/2\/§ Mz/z E%C

where we consider a diagonal Yy, = (YEe Yy, YET>. After diagonalizing the mass

matrix in Eq 1.38, we can write down the neutrino mass matrix in this model

m, = —fYZTZLYy. (1.39)
2 "E M,
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The Lagrangian after diagonalizing the mass matrices can be represented in terms of mass

basis and they are listed in Appendix A.1.

1.4.3 Details of the minimal left right symmetric model

Left-Right Symmetric Models [22-31] are extensions of the SM, where the gauge sym-
metry group is enlarged to SU(3). x SU(2)p x SU(2)g x U(1)p—r. In Minimal Left-
Right-Symmetric incarnations, the theory is additionally invariant under discrete left-right
symmetry (or D-parity) transformations that relate the SU(2)r, and SU(2)r sectors. The
right-handed SM fermionic degrees of freedom are grouped into SU(2)g doublets, which
renders the presence of right-handed neutrinos natural. Compared to the SM case, the
Higgs sector is significantly enriched. The SM SU(2); Higgs doublet is promoted to a
SU(2)r x SU(2)r Higgs bidoublet ® allowing to write gauge-invariant Yukawa interac-
tions yielding Dirac mass terms for all fermions. The breaking of the gauge symmetry
down to the electroweak symmetry further requires the presence of an SU(2)gr scalars,
which is considered as a triplet A in MLRSM. In order to maintain the theory D-parity
symmetric, we include its SU(2)y, counterpart Ay. The Lagrangian of the model [48, 49]

is written as,

EMLRSM = Ekinetic + EYukawa - ‘/scalara (140)

where Liinetic contains standard kinetic and gauge interaction terms for all fields. The

Yukawa interactions read

Lyukawa = = [yifEiLq)EjR + 41 lin®lR + Yy Gin g5 + VG Pasr )
1.41

1 1L (

+ iflj (EgRARejR + gfLAngL + h.C.)} ,

where & = o9®*o9 and A L,r = 102Ar r. As a consequence of the built-in D-symmetry,

both SU(2);, and SU(2)r neutrino couplings fr and fr are equal to a unique value f.
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The scalar potential Vicaiar is given by

Vicalar = —p3Tr[@10] — p3Tr[07d + @) — p3Th [AT Ap+ ALAR] + ) (Tr [@T@])Z

+ A2{<Tr[q>T<i>]>2 + (Tr[oTa] ) b A Te[@F ) Tx 670

+ MTr [0 @] Tr[0ld + ] + o { (Tr[alA,] ) (Tr[akAR] ) }

+ po{ Te[ALAL) T [ALAL] + Te[ApAg Tr[ARAL] } + pyTr[Al AL Tr[AfAR]
+ pa{ T [ALAL]Tr[ALAL] + Te[A] AL Tr[ARAR] |

+arTr[efe]Tr[AT AL + AL AR]
+ {oo (T[0T @) Tr[A] A L] + Tr[6T@] Te[A}AR]) + b}
+ T[0T AL AL 4 dfoARAL] + 1 T[0T Al dA R + AlLOTA, 8]
+ BoTr [T AT AR + ALBTAL®] + B3 Tr[BTAT DAL + ALOTAL &,
(1.42)

where we have introduced scalar mass parameters u; and quartic scalar interaction strengths

Aiy piy @i and f;.
The symmetry-breaking pattern of this model is splitted into two steps,

SU@R)L x SURRx UMpr 225 SU@)Lx UMy 2 U(l)ew .  (143)
At high energy, the SU(2)r, x SU(2)g x U(1)p—r symmetry group is first spontaneously
broken down to the electroweak symmetry group, and at a lower energy scale, the elec-
troweak symmetry is further broken down to electromagnetism. The first breaking step
results from the non-vanishing VEV acquired by the neutral component of the Ag field
at the minimum of the scalar potential, whilst electroweak symmetry breaking is induced

by the VEV of the neutral components of the Higgs bidoublet. Introducing the notations

1,2

V2

A0 _ VL,R :
< L,R> \/é

and

(#12) = (1.44)

the Standard Model VEV is given by vsm = k7 + k3 ~ 246 GeV. Without any loss of

generality, we make use of a rotation in the SU(2)r, x SU(2) g space so that only one of the
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neutral components of the Higgs bidoublet acquires a large VEV, k1 ~ vgy and k2 =~ 0.
In addition, electroweak precision tests constrain vy, to be smaller than 2 GeV [50], and
the breaking pattern of Eq. (1.43) enforces vp to be much greater than k;. D-parity
invariance moreover imposes the g and gr gauge couplings to be equal to a common

value g.

1.4.4 Concept of Inert Higgs Doublet Model

In the brief description of the IHDM in the previous section, we stated that there are two
Higgs doublets available in this model which undergoes the same symmetry group as SM.
The second Higgs doublet ®5 is imposed with an additional Zs odd symmetry while all
other SM fields are even under this additional symmetry. One of the main motivation
to impose this new symmetry is to prohibit the Yukawa coupling of ® with SM fields,
though direct interaction with gauge fields are preserved. Another main implication of
the model is to provide the lightest neutral particle belonging to Inert doublet which
can be considered as the DM candidate. We can write down the potential of the model

considering ®; as the SM Higgs doublet field

A A
V(@1,82) = if|®1 g3 @af? + T @[t + T (ol 4+ AF[01[?| 2o

As

2|01 Dy + <7(q>}q>2)2 + h.c.> : (1.45)

where p1 and pg are the mass of the @1 and ®s fields, and A; (i = 1, 2, 3, 4, 5) are mass
dimensionless couplings, and considered to be real parameters. Because of the presence of
Z5 odd symmetry, ®o does not get VEV and only ®; acquires VEV of 246 GeV through
EWSB. After the symmetry breaking, we can write down the two Higgs fields in the form

of unitary gauge,

P 0 P H 1.46
L TR L Y (1.46)
V2 V2

Here h is the SM like Higgs, HY is the lightest neutral Higgs, A is the neutral pseudo
scalar. Apart from these neutral scalars two charged Higgs bosons H* are obtained from

the @5 field.
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In the third study of our thesis, we modify IHDM with charged fermion singlet for the
study of the Multi Component Dark Matter scenario. We discuss the detailed description
of the model in the working chapter 4.

1.5 Chapter outline

In this section we present the brief description of different chapters of the thesis.

Chapter 2:

The signatures of heavy fermionic isotriplets (X) arising in Type III seesaw model are
probed through their direct production and subsequent decay at high energy electron-
positron colliders. Unlike the case of LHC, the production process has strong dependence
on the mixing of ¥ with electron (V;), making the leptonic collider unique to fingerprint
the presence of such mixing. We establish that pair production considered at /s = 2 TeV
can be employed to study both the cases of V, = 0 and V, # 0 with ~ 100 fb~! luminosity,
while the single production can probe the latter case with a few inverse femto barn lumi-
nosity at /s = 1 TeV. Exploring the mass reach, both the single and pair productions
are capable of probing Y of mass close to the kinematic limits through selected channels.
Investigating simultaneous limits on My — V, parameter space, we identify suitable final
states and their 3¢ reach on V, and My, at 300 (100) fb~! luminosity in the case of pair

(single) 3 production.

Chapter 3:

We investigate the potential collider signatures of singly-charged and doubly-charged
Higgs bosons such as those arising in MLRSM. Focusing on multi-leptonic probes in
the context of the High-Luminosity (HL) run of the LHC, we separately assess the advan-
tages of the four-leptonic and trileptonic final states for a representative benchmark setup
designed by considering a large set of experimental constraints. Our study establishes
possibilities of identifying singly-charged and doubly-charged scalars at the LHC with a

large significance, for luminosity goals expected to be reached during the HL phase of the
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LHC. We generalise our results and demonstrate that existing limits can in principle be

pushed much further in the heavy mass regime.

Chapter 4:

We study the presence of heavy fermions appearing in many extensions of the SM, in-
cluding models explaining DM issues, in the context of the proposed 250 GeV ILC. In
particular we consider the pair production of such heavy fermions and their subsequent
decay to 7 leptons. Keeping in mind the DM models, we consider the final state involving
a pair of 7 leptons and large missing energy. We perform a detector level analysis for
this final state with ILCSoft. A complete background study is performed considering SM
processes having similar final state available with the ILC repository. Our study shows
that exotic fermions of this type with mass around 120 GeV can be easily identified with
very small luminosity. Further we have carried out possibilities at higher energies of 350

and 500 GeV at ILC, respectively.

Chapter 5:
We summarize the studies carried out in the thesis and conclude with future prospect of

the research.
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Chapter 2

Direct searches of triplet fermions

at high energy e"e™ collider

This chapter is devoted to the collider study of triplet fermions arising in the Type
IIT seesaw model at high energy eTe™ collider. We investigate the production and
decay of charged as well neutral fermions resulting in all possible final states. We
perform a detector level analysis with SM backgrounds. This work is published in

FEur. Phys. J. C78 (2018) no.1, 42.

2.1 Introduction

It is now established beyond doubt by different experiments that neutrinos posses mass

albeit very small. The well known seesaw mechanism has emerged as the most popular

and perhaps the most viable way of generating tiny mass of the observed light neutrinos of

three different flavours. The seesaw mechanism effectively exploits the idea by introducing

a lepton number violating Majorana mass term, either directly or generated dynamically.
=

The tininess of the neutrino mass [51] in this case is achieved with the help of a large

mass scale present in the scenario, usually brought in as the mass of a heavy partner.

25
TH-2130_136121013
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Some details of the seesaw mechanism is presented in Chapter 1, Subsection 1.3.1.
One of the variants of the seesaw mechanisms, known as Type III seesaw model [21]
introduced with fermionic triplet fields with hypercharge Y = 0, has additional fermions
with masses in the range of TeV, and thus could possibly be searched for at the LHC
and at the proposed high energy leptonic colliders like the ILC [52-61] or the CLIC [62—
65]. Generically, we refer these high energy leptonic collider facilities as the FLC. The
phenomenology of Type III seesaw model in the context of LHC has been carried out in
some detail by many authors [66-73]. Experimental searches for the additional charged,
as well as neutral heavy fermions arising in this model are performed by both CMS and
ATLAS. Considering data from /s = 13 TeV run, CMS [74] has set a lower limit of
430 GeV on the triplet mass, while this study was carried out. The ATLAS results [75]
rule out masses in the range below 560 GeV under specific scenarios considered. CMS
had an update on their earlier study quoting mass limits of 390-930 GeV depending on
different choice of mixings [76]. However, they have not considered electron or muon type
couplings independently, as we consider in this study. We consider the mass of fermion
as 500 GeV for our study. At the same time, we also discuss the mass reach possible
through the process considered in this study, which can very well probe masses close to a
TeV. The larger value corresponds to the assumption of decay of the heavy neutral fermion
exclusively to W ¢, and the heavy charged fermion to Wv. Single production of the charged
and neutral heavy fermions in the electron-proton collider (LHeC) is studied in Ref. [77].
While there are studies of indirect influence of the presence of triplet fermions in the
context of Higgs pair production at the ILC [78], the direct production is not explored to
the best of our knowledge. The advantages of the leptonic colliders, being sensitive to the
mixing of the heavy fermions with electron at the production level, as well as their clean
environment, are exploited in the present study in which we investigate the possible reach
of high energy eTe™ collider in searching for heavy fermions, and discuss the sensitivity
to the mixing. Here we envisage a scenario with sufficiently large mixing between the
heavy leptons and the SM leptons. However, the compatibility of large mixing scenario
will be in conflict with generating small neutrino mass in pure Type III seesaw model.
We anticipate extended versions of the seesaw mechanism like for example the inverse

seesaw mechanism [79] to invoke small neutrino mass, at the same time allowing to have
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large Yukawa couplings, and consequently large mixing. In such extended scenarios, the
low energy (TeV scale) spectrum is assumed to be that of the simple Type III seesaw
mechanism, with all other particles beyond the kinematic reach of the colliders being
considered here. From this point of view, although the study is made in the context of
the Type III seesaw model, the conclusions can be easily adapted to any model in which

such triplet fermions are present with sufficiently large mixing with the SM leptons.

We focus our attention on the production of both charged as well as neutral fermion
triplets at the FL.C and explore the identification of these triplets over the SM backgrounds
in different channels. In particular, we discuss how the mixing can be probed through
the processes we study here. We may note that, in a realistic seesaw model we need at
least two triplet fields in order to accommodate the observed mass splittings of the three
neutrino flavours. However, in this study, for simplicity, we consider a single family of
triplet fermion field in addition to the SM fields. In a more realistic case, this is equivalent
to the case when the other fermions are much heavier, and therefore not relevant to the

phenomenology at the energies considered.

We organise this chapter as follows. In Section 2.2 we discuss the present theoretical
and experimental constraints available on the Type III seesaw model parameters. In
Section 2.3 we describe the processes under study, and discuss the results. In Section 2.4

we explain the dependence of the mixing in detail. Finally, we conclude in Section 2.5.

2.2 Present constraints on the model parameters

We have discussed the Type III seesaw model briefly in Chapter 1. In this section we
describe the constraints arising from the different theoretical and experimental results

related to the Type III seesaw model relevant to our discussion.

We present an expanded form of the Lagrangian in the mass basis in Appendix A.1,
which provides various couplings explicitly. The Yukawa interaction term leading to the
off-diagonal mass matrix for the neutral fermions causes mixing in the charged lepton

sector. Mixing between the heavy fermion, ¥ and the SM leptons ( £ = e, u, 7) are
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denoted by V; = ﬂ# Ysy¢. Search for flavour changing rare decays, p — ey, 7 — py and
>
T — ey impose stringent constraints on the couplings when two of them are simultaneously

present, with the latest limits given by [46, 47, 80, 81]
VeV < 171077, |VoVy| <4.2-107%) |V, V| <4.9-107% (2.1)

However, these constraints will not be applicable if only one type of mixing is assumed
to be present. In that case, the single parameter bounds obtained from Electroweak

Precision Measurements are much weaker with the latest limits given by [81]
[Vel < 0.055, |V,|<0.063, |V |<0.63. (2.2)

The presence of mixing allow the triplet fermions to decay to the SM final states involving
leptons, gauge bosons and the Higgs boson, through the off-diagonal charged-current and
neutral current interactions. The decay widths of different channels depend on the masses

and mixings as given below

M3 M2\ M2
P ) = S (4o M) (g M
&y~ ) = a1 o2
2 3 2\ 2 2
0 _ 9 o My, My Mz
TE*= D w2) = mz'w’m( ~a8) (19752
Y4
M2\?
D0 Yved) = v (1-35)
S o
g M M?2
TS > uWw) = %ZyngM_g( MV2V> <1+2MV%V>
l 4
2 M3 M2 2 M2
s —tz) = — I |y ~2Z) (1422
E7=02) = ooy VY M2 M2 e
M3 M3
It - (*H) = 694 V]QMQ <1_M2> . (2.3)

Here g is the SU(2)1 gauge coupling, 6y is the weak mixing angle, and My, My and
My are the masses of the gauge bosons and the Higgs boson, respectively and we agree
with the expression in Ref [67]. The individual decay widths, and thus the total width

has the usual strong dependence on the mass of the decaying . However, this strong
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dependence cancels away in the branching ratio (BR), leaving it practically independent

of the mass for heavy fermions of mass beyond 500 GeV. This is especially facilitated with

Decay ¥* | Decay X° | BR in %

YE S WEY | 20 5 Wy 51
YE 5 Z0E | 20 5 Zy 26
Y+ 5 Het | X0 > Hy 23

Table 2.1: Branching ratio of the charged and neutral triplet fermion with mass, My, >
500 GeV, with only one of Vy is considered to be present, setting the other two to zero.

the fact that the masses of the gauge bosons and the Higgs boson are all approximately
around 100 GeV. From Eq. 2.3 it may also be noted that when only one mixing is present
we have I'(30 — >, (FWT) = I(X*F — 3, v,WH), T(2° — Y, 12) = ['(ZF — (£2)
and I'(Z° — Y, v H) = T(Z% — Y, W), thus resulting in the same BR’s to the
respective channels in both the cases, as presented in Table 2.1 for My, > 500 GeV. This
is naturally expected, as all the decays are facilitated by the same Yukawa interaction
term inducing mixing between the heavy fermions and the SM leptons, and the topology
of the two body decays keep the phase space factor the same. Of the charged (neutral)
triplets, about 51 percent decay to Wy (W), and 26 percent to Z¢ (Zv), with 23 percent
decaying to Hl (Hv).

Direct production of ¥ at the LHC goes through the single production process,
pp — (X9F u¥0+E with s-channel quark annihilation mediated by Z or W, and the
pair production, pp — X%+t¥%~ mediated by the Z or 7. The production cross sections
(the expression for invariant amplitude is given in the Appendix A.2) for the best case
scenario of My, = 500 GeV and V, = 0.05 is presented in Table 2.2 (right). While con-
sidering the present best case scenario, we are aware of the LHC future run projections,
where possibly regions up to My ~ 1 TeV can be explored with moderate luminosity
of 300 fb~!, which can go even up to 1.5 TeV with its HL option [73]. However, these
conclusions are sensitive to the inherent uncertainties and assumptions that require in the
case of a hadronic machine like the LHC. In this study, we go further to find the reach of

high energy electron-positron colliders on the mass, and find that it is mostly limited by

TH-2130_136121013



30 Chapter 2. Direct searches of triplet fermions at high energy e™e™ collider

Process cross section (fb) Process V. =0 OC;OSS S;Ctim(l)(fb) V.=0
pp — E;FZO* 17.9 : V,=0 | V,=005 |V, =0
zz : ;ji 45(1;;2 ctem 5> TN | 428 55.67 | 55.81
pp — T00E 0.1092 etem — x0%0 0.48 | 247x1075| 0
I 0.062 ce o | 1908 : )
pp — Sy 0.2329 efe” - 2Tt 0 0.054 0
ete” — X0y 246.2 0.027 0

Table 2.2: Cross sections for different production processes at 14 TeV LHC and 2 TeV
ete™ colliders. In the case of LHC, £ = e, u corresponding to the two combinations of
(Ve =0.05, V,, =0) or (V, = 0.05, Vo = 0), respectively. Both the above mizing scenarios
give identical results in the case of LHC processes with v in the final state, whereas the
pair production processes are independent of the mizing. The mizing in the case of ete™
collider is as explicitly mentioned. Mass of the fermion is taken to be My > 500 GeV.

the kinematics, and thus can reach close to My, = /s in the case of single production, and
My, = % in the case of pair production. A similar reach on the mixing parameter is also
obtained. The pair production mechanism being independent of the mixing, it is hard
to obtain information regarding mixing parameters at LHC. Firstly, the pair production
mechanisms involve gauge couplings of the triplets, and therefore the dependence on mix-
ing is not significant. The decay widths, on the other hand have strong dependence on
the mixings. However, in the total cross section, which is a product of production cross
section and branching ratio of the decay channel considered, this dependence is cancelled,
as long as the heavy flavour mixes with one flavour of the SM leptons. The single pro-

duction processes have very small cross section to be of significance even in the best case

scenario.

The ete™ colliders on the other hand has the advantage that the production mech-
anism itself could depend on the electron-triplet mixing parametrised by V., directly
through the couplings of the form eXV, where V = W, Z, in the case of both pair pro-
duction as well as the single production of the heavy fermions. To illustrate this the cross
sections of different processes are given in Table 2.2 (right), for the case of My = 500
GeV and different combinations of V;. Details including the relevant Feynman diagrams

is given in the next section.
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2.3 Direct production of the triplets

In this section we discuss details of the single as well as pair production of both the neutral

and charged triplet fermions at the high energy ete™ colliders.

2.3.1 Single production of X° and X+

The single production of neutral and charged components of the fermion triplet along
with a neutrino or lepton, respectively, are sensitive to the mixing of these heavy fermions
with the SM leptons at the production level. The Feynman diagrams involve an s-channel
exchange of gauge bosons. In addition, when V., # 0 the process receives a t-channel
contribution, as shown in Fig. 2.1. The Higgs mediated diagram is not included as the
contributions from this is negligible in the high energy lepton colliders, where the electrons

can be considered practically massless.

Figure 2.1: Feynman diagrams contributing to the process ete™ — L0~ (X% ). Note
that X0 production does not have a photon mediated s-channel contribution.

The expressions for cross sections of different cases are given in Appendix A.1. From
the Feynman diagrams, it is clear that the cross section is proportional to Y [V;|? in case
of neutral triplet production, and to the individual |V;|? in the case of cflarged triplet
production. It is expected that the s-channel contribution falls off with increasing +/s,
and thus become negligible at high energies considered here. On the other hand, the ¢-
channel contribution and the interference between the t- and the s-channel give substantial
contributions when V, # 0. We consider two different cases of (i) Ve # 0, V, =0, and (ii)
Ve =0, V, #0, with V. =0 in both cases. The first case leads to ete = eFLE, 20y

through both the s- and t-channels, whereas the second case leads to ete™ — pF3*, Y0y
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Figure 2.2: Cross section for ete™ — X0v, SFeT, N+~ against the centre of mass
energy, with Mx, = 500 GeV.

through purely s-channel process. As quoted in Table 2.2 the cross sections for the latter
case are very small, and therefore we consider the first case only in our analysis. Figure
2.2 shows the cross section against the centre of mass energy, with the cross section for
v grows to a saturation of 250 fb at around 2 TeV, while e¥X* production cross section
saturates at 18 fb around 1 TeV centre of mass energy. For our numerical analysis we fix
the centre of mass energy at 1 TeV, where the cross section for neutral single production
is sizeable, with 187 fb. While one of the expected design centre-of-mass energy of CLIC
is 1.5 TeV, we have not made specific attempt to tune to this energy. The results of the

analyses and the conclusions are expected to be applicable at this energy as well.

The heavy fermions further decay as per Eq. 2.3, leading to Wy, Zvv and Hvv final
states in the case of X0, and Wev, Z¢¢ and H// final states in the case of ©F productions.
With further decay of W, Z and H, this leads to the detector level final states of 25 + £,
2b + F (arising only from X0 production), 2b + 2/, 2j + 2¢, 2¢* + 2/~ (arising only from
»* production), and 2j + £+ J and 2¢ + [ (arising from both ¥° and X% productions).
The lepton flavour depends on the scenarios (i) Ve # 0 or (ii) V), # 0 considered, as well
as on the W decay channel. Scenario (i) can lead to single flavour final states, having only
electrons present, listed in Table 2.3 with the cross sections corresponding to these final
states, along with the SM backgrounds. The cross sections quoted are the fiducial cross

sections including the respective branching fractions obtained from Madgraphb [82] with

TH-2130_136121013



2.8. Direct production of the triplets 33

basic generation level cuts on the transverse momenta of the jets and leptons, pr(j) < 20
GeV, pr(f) < 10 GeV, and pseudorapidity of |n| < 2.5 employed. In addition, this
scenario can lead to mixed flavour cases of eufl, ete~utpu~F with cross sections very
close to those of efe™F, 2eT2e~ [ cases, respectively. Scenario (ii) will also lead to
mixed flavour case of eu ) along with p 25 £ and p*p~F final states. In the following we
restrict to the single flavour case with only electrons and jets appearing in the final state.
Coming to the backgrounds, the 2j 4+ J coming from neutral triplet has large continuum
QCD background. Similarly, the purely leptonic channel, 2e™2e~ has small cross section.
We therefore focus on the other cases of purely leptonic and semi-leptonic final states, as

well as the bb + J/ , where the b—quark pair arises from the H decay.

Final State Process (efe™ — YFeF, X0u) ox BR in b
Signal ‘ Background
2j+e +F Ytem - Whe v 32.7 WWZ(0.5), WW(74.5),
Yoy —» Whe v tt(1.68), ZZ(2.17), Zjj(2.77)
25 + e et (Ste +X7et) = Zete™ 4.2 eejj(34.5)
eet+ B | (Bte” + X et) » WheTy, Ze et | 148 | WW(14.09), WW Z(0.036)
Yo — WheTv, Zuv 77(0.35), t£(1.6)
2e” + 2et (Xte= +X7eT) = Zete 0.3 77,(0.065), eeee(3.6)
bb + ete” (Ste” +X7et) = H ete™ 7.2 HZ(0.27), ZZ(0.78)
bb+ E Yo — H v 37.6 HZ(2.1), Z7(8.9)
2j+F Yo — Z v 22.3 qq (440.1)

Table 2.3: Fiducial ross sections of signal and SM backgrounds corresponding to different

final states arising from the process e~ et — LEeT and ete™ — X0v, with pr(j) > 20

GeV, pr(¢) > 10 GeV, and pseudo rapidity |n| < 2.5 for jets and leptons. Centre of mass

energy of \/s =1 TeV and My = 500 GeV are considered with the assumed mizing of
V., =005 V,=V,=0.

We have used the FeynRules implementation of the model as explained in the reference
[46]. To analyse these selected final states, we generated 50000 events in each case using
Madgraph5 with the in-built Pythia6 [83] used for ISR, FSR, showering and hadronization.
The basic generation level cuts are those quoted above, with pr(j) > 20 GeV, pr(¢) > 10
GeV, and |n| < 2.5 for the jets as well as leptons. These events are then passed on to
Madanalysis5[82] to analyse and optimise the final selection criteria. Fastjet [84] is used

for jet reconstruction with anti-k7 algorithm and jet radius of R = 0.4. For the detector
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simulation, Delphes3 [85] with standard ILD card is used. Before applying any selection
cuts, proximity check for leptons are done with leptons closer than AR;, = 0.4 ignored.
Further selection was based on the required number of final state leptons and jets, and
considering the distinguishability of the kinematic distributions. In Table 2.4 the cut-
flow chart is presented along with the final significance that is expected at an integrated

luminosity of 100 fb=!'. We briefly discuss the selection cuts of each of the final states

below.
Final State Selection cuts No. of events | V., =0.05,V, =0
(All figures, except N are in GeV) Signal ‘ Backgd SS+ = Ssys
2j+e +F No cut 3273 8170
N() =2 N(e7) =1 N(b) =0 2187 | 3871
p(e~) > 100, p(j1) < 300, p(jo) < 200 | 1681 | 285 37.9 17.5
2j +e et No cut 420 3450
N(e*) =1, N(e~) = 1, N(j) = 2 273 | 1500
ple™), plet) > 140, M(eTe™) > 200 | 270 948
net) < 1, pe”) > -1 269 | 110 | 138 11.1
e et + F No cut 1489 1620
N(et) =1, N(b) =0 1103 1036
AR(eT,e7) < 4 1014 479 26.2 14.9
bb+e et No cut 718 105
N(et) =1, N(e~) = 1, N(b) = 2 180 14
M(ete™) > 140 180 0 13.4 11.1
bb+ K No cut 3760 | 1100
N(e*) =0,N(e") =0, N(b) =2 | 1243 | 221
AR(b,b) > 0.6 1194 140 32.7 17.0

Table 2.4: The cut-flow and signal significance for different final states arising from the
single production of 0 and X* at /s = 1 TeV and 100 fo~' luminosity for processes
e"et — SHT and ete™ — X0, with My, = 500 GeV and V. = 0.05, V,, =V, = 0.

1. 2j+e + F
The signal and background events after the basic generation level cuts are 3273 and

8170, respectively. After demanding that the event should contain two jets and one

electron, and veto-ing the presence of b-jet, the number of events reduce to 2187 and
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Figure 2.3: Kinematic distributions for the final state 2j + e~ I with pr(j) > 20 GeV,
pr(¢) > 10 GeV, and pseudo rapidity |n| < 2.5 for jets and leptons. Center of mass

enreqy of 1 TeV and integrated luminosity of 100 fb—! is considered.

3871 for the signal and background, respectively. The b-jet veto is used to reduce the
tt background events. A set of kinematic distributions are shown in Fig 2.3 before
applying further selections. This is followed by the selection of events with 100 GeV
< p(e7), p(j1) < 300 GeV and p(j2) < 200 GeV which reduces the background
events to about 7%, at the same time keeping about 77% of the signal events. This
leaves 285 background events against a signal of 1681. Overall, about 51% of the
original signal events are retained, against about 3.5% of the background events.

Assuming only statistical uncertainty, signal significance computed with formula,

\/SiiB’ where S is the number of signal events and B is the number of background

events, is 37.9 at the luminosity of 100 fb~! considered. In order to accommodate

the systematic uncertainties, we have considered the following formula,

S
VS+B+a? B2+ 52 5%

Ssys =

TH-2130_136121013



36 Chapter 2. Direct searches of triplet fermions at high energy e™e™ collider

where o and (8 are the systematic uncertainties in the background and signal events,
respectively. Systematics at leptonic colliders like ILC are expected to be well under
control. Assuming a very conservative value of 5% uncertainty in both the signal
and background cases, we obtain a significance of 17.5 at the integrated luminosity

of 100 fb—1.
2.2 te"e”

In this case, p(e”) > 140 GeV and p(et) > 140 GeV, and a selection of invariant
mass of electron-positron pair, M.+.- > 200 GeV, apart from demanding that
there be one electron and one positron, and two jets are employed to reduce the
background from 3450 to its 27.5%, while retaining 64.3 % of the signal events. The
background is further reduced to 110 events by a selection of the pseudo rapidity
of the leptons, n(et) < 1 and n(e”) > —1, leaving the signal almost unaffected. A

signal significance of 13.8 and 11.1 without and with assumed systematics as above

could be achieved in this case.

3. ecet+ F
Here, electron-positron pairs are more back to back compared to those in the signal
events. Demanding lepton separation, AR(e™, e~) < 4 reduces the background to
479 from 1620, while keeping 1014 signal events starting from 1489 events. This
leads to a signal significance of about 26.2 without any systematics, which goes

down to 14.9 with the assumed systematic uncertainties.

4. bb+ete

A cut on the invariant mass of the lepton pair, M, +.- > 140 GeV, apart from de-
manding two b-jets, one electron and one positron, takes away all the backgrounds,
leaving 180 signal events with signal significance of 13.4 without systematics uncer-

tainty and 11.1 with systematic uncertainty.

5 bb+ F
In this case, AR(b,b) > 0.6 reduces the background events from 1100 to 140, while

the signal is reduced from 3760 to 1194. The corresponding signal significance

without systematics is 32.7, which is reduced to 17.0 with the assumed systematics.
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Assuming that the kinematics of both the background and signal events remain more
or less the same, we can scale the luminosity to the required value for signal significance of
5¢. In Table 2.5 we present the projected requirement of luminosity for this case assuming
only statistical uncertainty, along with the expected number of signal and background
events after the selection criteria adopted as in Table 2.4. The 2j + e~ + F final state
gives the best case scenario with less than 2 fb~! luminosity leading to 50 sensitivity,
whereas the 2b + J channel can be probed at 50 level with a little more than 2 fb~!
luminosity. Purely leptonic channel of e*e~ + [ also require only less than 4 fb~! for

this significance.

Final state for \/554_78 =50 for Sgys = 50
Jeamn Y] s | B [[JjecammnY)] s | B
2j+e +F 1.7 29 5 1.9 31 5
bb+ F 2.3 28 3 2.5 30 4
e"et +F 3.6 37 | 17 3.9 40 | 19
2j+e et 13.1 35 14 14.1 38 16
bb+ete” 13.9 25 0 14.8 27 0

Table 2.5: Luminosity requirement for signal significance of 5o for different final states

of the processes e"et — L¥eT and ete™ — X0v at /s = 1 TeV with Ms = 500 GeV,

for the case of Ve = 0.05, V, =V, =0, along with the signal (S) and background (B)
events al the specified luminosities. Sy is taken as defined in Eq. 2.4.

2.3.2 Pair production of X

We next consider the pair production of the triplet fermions. The Feynman diagrams
corresponding to the production of charged fermion pairs are shown in Fig.2.4. The
neutral fermion pair production also goes through the same channels, except the one with
the photon exchange. Notice that the ¢-channel contribution to the cross section here is
proportional to the fourth power of the mixing parameter V. Thus, it is expected that the
s-channel dominates. Again, the s-channel for ° pair production is proportional to the
square of the ZX9%0 vertex, which is proportional to the [V;|?. Thus, the cross section for
neutral fermion pair production is very small. On the other hand, the ZX X~ vertex is

proportional to (|Vy|? — 2 cos? Oy ) —|V;|? 7°, and therefore receives a sizeable contribution
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even in the absence of mixing. In addition, the V. # 0 case has a t-channel contribution
with the initial electron (positron) converting to ¥~ (X1). However, non-zero values of
V- do not lead to such t-channel contribution. Thus the pair production process, while
sensitive to V,, is not sensitive to V, . In our analyses we consider these two cases of
(i) Ve # 0 and (ii) V. = 0, with the former resulting in a slightly smaller cross section
than the latter case, indicating destructive interference between the s- and the ¢-channel
processes. We reiterate that this advantage of the FLC, where the production is sensitive
to the mixing is absent at the LHC. The pair production of neutral fermions happens with
very small cross section, and therefore difficult to probe with the expected luminosities.
Therefore in the following we consider only the pair production of the charged fermions.
The cross section against the centre of mass energy for the two cases considered is given
in Fig. 2.2. The cross section peaks at about 1.2 TeV centre of mass energy with values
of 83 fb and 119 fb corresponding to the cases of V, = 0.05 and V, = 0, respectively. At
/s =2 TeV, the cross section is reduced by a factor of two with 43 fb and 55.7 fb for the

two cases.

Figure 2.4: Feynman diagrams contributing to the process eTe™ — LY in isotriplet-
electron mixing scenario.

While the production is not sensitive to the presence or absence of V), of V., the decay
require one of these to be present for the second case considered above (viz V., = 0).
Thus in our further analysis, we consider the two cases as (i) Ve = 0.05, V, = V; =0
and (ii) V,, # 0, Ve = V7 = 0. We would like to remind our reader that the mixing
entering only through the decay, as in the second case here, is not sensitive to the value
of the mixing as long as the mean life of the particle is so that it decays within the
detector. The dependence will cancel in the BR when only one V; is non-zero. With the

decay of ¥* to Wv, Z¢ or HY, and the subsequent decays of W, Z and H considered,
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Final State Process ox BR in fb
(efem = Xt%7) Signal Background
Ve=0.05 |V, #0
4+ F WHW vy 1.3 2.0 WWZ (1.4), WWvr(16.6)
4 +L0+ F W+Ze—v 0.6 0.8 tt(1.4), WW355(0.5)
45+ 00 ZZet e~ 0.3 0.4 WW Z(0.15), ZZ3j5(0.7)
2j + 4¢ ZZete— 0.02 0.03 77 7(0.0002)
2j+ 30+ F Wtze—v 0.04 0.05 WW Z(0.03)
2 +2+F | ZzZete—, WHZe—v 0.4 0.5 WWZ(0.12),t£(0.44)
2 +L+F | WHIW vy, WHZe—v 0.8 1.0 WW Z(0.27), WW (12.2), t£(1.4), ZZ(0.27)
2+ F WHW vy 0.1 0.2 WW (3.4), t£(0.43), Levr(181.7)
4b+ 2¢ HHete 1.7 2.2 bbbb £ (0.006), t1Z(0.026), tiH (0.006)

Table 2.6: Final state fiducial cross sections of the signal from ete™ — L=XT, and the

corresponding SM background processes, with the selection of pr(¢) > 10 GeV , pseudo

rapidity of leptons [ng| < 2.5 and the selection of pr(j) > 20 GeV, |n;| < 2.5. Centre of

mass energy of \/s = 2 TeV, and Ms, = 500 GeV are considered. The lepton in the final
state £ is e or p for the cases of Vo = 0.05 and V), # 0, respectively.

we have the purely hadronic final states of 4j + J, semi-leptonic final states of 45 + 2/,
4540+ F,25+40,25+30+F, 25 +20+ F, 2j +L+ F, 4b+2¢ and the purely leptonic case
of 20+ . Here ¢ = e for the first scenario and ¢ = y for the second one. We have included
only the case of Higgs decay to b-pair, as the other cases come with much smaller effective
cross section. Again, Z to b-pair decay is not included, and Z decaying to charged leptons
is not considered, as they have very small cross section. In Table 2.6 the cross sections of
these final states arising from the signal for the two cases considered are given, along with
the corresponding SM background cross sections. The cross sections are obtained from
the MC simulation with Madgraph5 with Pythia6 used for hadronisation and showering.
We have included the generation level basic cuts on the transverse momenta of jets and
leptons of pr(j) > 20 GeV and pr(¢) > 10 GeV, and considered jets and leptons with
pseudo rapidity of || < 2.5. The final states with 2j + 4¢ and 2j + 3¢ + J have very
small cross sections, and therefore require very large luminosities to probe these channels.
The purely leptonic final state of 2/ + J comes with large SM background of about three
orders larger than the signal. Thus, in our further analysis we do not consider these three

cases.

As in the case of single triplet production, the events generated are then passed on to
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Selection cuts Ve = 0.05 Viu#0
Final State (All dimensional quan
-tities are in GeV) S| B | 25 |Sw| S| B S | Seys
47 + E N(@j) =4, p(j1) > 100 | 147 | 1679 34 1.5 | 243 | 2164 5 2

N(j) >3, p(j1) > 100 | 353 | 3914 | 5.4 1.7 | 503 | 3914 | 7.5 2.4
N(F) =1, N(j) = 4,
N(b) =0,

4 +0E + F p(¢*) > 100, £ > 100 | 50 | 12 6.3 6 | 73| 13 7.8 7.3
N(££) =1, N(j) > 3,
N(b) =0,
p(f£) > 100, £ >100 | 106 | 33 8.9 8.1 | 154 | 39 1.1 | 9.6
N(¢£) =1, N(j) = 4,
p(£%) > 100,

45 + oo~ AR, 07) > 2 20 | 0 5.3 52 | 74| 0 8.6 7.9
N(F) =1, N(j) > 3,
p(€+) > 100,

AR(et,07) > 2, 56 | 0 7.4 7 | 140 | o 11.8 | 10.1
NUt)y=1, N¢~) =1,
2+ 0T + F N(j) =2,
N(b)=0,p(~)>100 | 47 | 12 6.1 58 | 54 | 15 6.5 6.1
N(t£) =1, N(j) =2,

N(b) =0,
27 +0X+E | [n(0)] <1, p(6) <900,
p(j1) < 600, p(j2) < 300 | 87 | 365 4.0 3.0 | 121 | 10 105 | 9.3
N(H)y=1,N(~) =1,

ab+ £+ N@®) =4,plet)>60 | 24 | 0 49 |47 [ 34| 0 58 | 55
N(@t)=1,N(¢7) =1,
N®)>3,plet)>60 |114| 0 106 | 94 |163| 0 127 | 108

Table 2.7: Number of surviving events, and signal significance for different final states

arising from the pair production of XEXT at 300fb—1 luminosity at /s = 2 TeV, and

Ms, = 500 GeV. Ssys corresponds to the signal significance with assumed systematics
according to Eq. 2.4. S and B represent signal and background events, respectively.

Madanalysisb, using Fastjet for jet reconstruction with anti-k7 algorithm and jet radius
of R = 0.4. Detector simulation is carried out with the help of Delphes3 with standard
ILD card. Before applying any selection cuts, proximity check for leptons were done with
leptons closer than ARj, = 0.4 to the jets ignored. Further selection is based on the
required number of final state leptons and jets, and considering the distinguishability of
the kinematic distributions. In the 45 events, we consider two different situations with (i)

setting the number of jets exactly equal to four, and (ii) demanding every event has three
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jets or more. The second case provides marginal improvement in the significance, and
about double the signal events in each case. In Table 2.7 the cut-flow chart is presented
along with the final significance that is expected at an integrated luminosity of 300 fb~!.

We briefly discuss the cuts used to optimise the selection below.

1. 4+ F

With p(j1) > 100 GeV, the two cases of N(j) = 4 and N(j) > 3 give significance
of 3.4 and 5.4, respectively, for the scenario with V, = 0.05 when only statistical
errors are assumed. This is reduced to 1.5 and 1.7, respectively, with the assumed
systematics of 5% on both the signal and background event determination. The
scenario with V. = 0 has the corresponding significances of 5 (2) and 7.5 (2.4)
considering statistical (statistical plus systematic) uncertainty. Notice that this

channel is purely hadronic, and does not leave any trace of the type of mixing

involved.

— signal .
. 0.09 — signal
- wwjj R

0.08 wwjj

--- ttbar 0.07 - ttbar
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Figure 2.5: Kinematic distributions for the final state 4j + ¢* + E with pr(j) > 20
GeV, pr(f) > 10 GeV, and pseudo rapidity |n| < 2.5 for jets and leptons. Center of
mass energy of 2 TeV and integrated luminosity of 300 fb=' is considered for V., = 0.05.

2. 4§+ 4T+ F

Here / is electron or muon depending on the case of V. # 0 or V,, # 0. Unlike
the case of 45 + J, here the missing energy has a different topology (see in Fig
2.5 before applying selection cuts p(¢*) > 100, £ > 100) in signal compared to
that of the background (refer to Table 2.6 for the list of major backgrounds). A

TH-2130_136121013



42 Chapter 2. Direct searches of triplet fermions at high energy e™e™ collider

cut of p(f) > 100 GeV and F > 100 GeV are used apart from demanding one
lepton and N(j) = 4 or N(j) > 3, along with demanding N (b) = 0 to reduce the
tt background. The significance for the case of electron are 6.3 (6) and 8.9 (8.1)
without (with) systematics assumed, for the two cases of jet counting of (i) N(j) = 4
and (i) N(j) > 3, respectively. In the case of muon, these are 7.9 (7.3) and 11.1
(9.6), respectively. Notice that the systematics have less pronounced effect here, as
the events are small in number. We assume the charge of the lepton is identified,

with both the cases giving similar results.
3. 45+ 010

In this final state, the oppositely charged dileptons originate at the production in
signal, whereas they come from the decay of Z bosons in the case of the backgrounds.
Therefore, the leptons are expected to be more energetic in the case of signal events.
We employ a cut of p(¢*) > 100 GeV in both the cases of N(j) =4 and N(j) > 3.
In addition, we have assumed that the two leptons are separated with AR > 2, as
they are expected to be well separated in the case of signal events, whereas in the
case of background events they will be more collimated as they originate from the Z
boson in flight. With these selection cuts, the background is practically eliminated.
The significance for the four and three jet-counting are 5.3 and 7.5 for electrons, and
8.6 and 11.8 respectively for the case of muons. As the events are not very large,

the systematics do not have much effect here.

4. 2+ 22U+ F

Coming to the 2j + ¢ + [ events, p(f~) > 100 GeV is employed after demanding
exactly two jets and two oppositely charged same-flavour leptons, leading to a sig-
nificance of 6.1 and 6.5 for the case of electron and muon, respectively. Here again,

the systematics have only a small role to play.

5. 2]+ 4+ F
The major background here is the WW production with the semi-leptonic decay of

the pair. The lepton coming from the W is expected to be very energetic, unlike
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the case of the signal. A cut on the energy of the lepton, p(¢) < 900 GeV is em-
ployed, along with a cut on the pseudo rapidity of lepton |n(¢)| < 1, reduced the
background considerably. Further cuts on the momenta of jets p(j1) < 600 GeV
and p(j2) < 300 GeV are considered to reach an expected significance of 4(3) for
electron without(with) systematics considered. The case of muons presents a much

better scenario with expected significance of 10.6 (9.3).

6. 4b+ 2/

The background for the 4b events is quite suppressed. We have considered identifying
two oppositely charged leptons, and the cases of N(b) =4 and N (b) > 3, along with
demanding p(e*) > 60 GeV. The number of events surviving in the case of electron
mixing are 24 and 114 respectively, with vanishing backgrounds in both cases. In
the case of muon mixing, the significance is improved with the surviving number of

events of 34 and 163, respectively.

— 4j+MET — 4j+MET
14 4j+e*+MET 4jrp* +MET
12 — 4j+e*e” — djrptyT
%o — 2j+re*e +ME] — 2j+utu” +ME]
- — 2+ &% +MET = 2j+ 4t +MET
. + 8 4b+ete” o 4b+pty”
Q 6 - 50 limit - 50 limit
4
2
0
0 100 200 300 400 500 0 50 100 150 200
Luminosity in fo~! Luminosity in o~

Figure 2.6: Signal significance of different final states from pair production of L*

against integrated luminosity at \/s = 2 TeV. Mass of triplet fermion, My, = 500 GeV

and mizing parameters of Ve = 0.05 (left) and V,, # 0 (right) are considered with other
mixings set to zero.

Summarising, 45 + 2¢ and 4b + 2¢ provides the best case scenarios, where practically
no background events are present. Both of these cases could also distinguish the mixing
scenarios from the flavour of the leptons produced. The single lepton events with missing
energy accompanied by either four jets or two jets also provide very promising scenarios.
Here the four jet case can distinguish the two mixing scenarios with the flavour iden-
tification, whereas the two jet case has the leptons arising also from the W decay, and

therefore, it will give a mixed signal.
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All the final states in both the cases with two different mixing scenarios are used to
indicate the projected luminosity required for 5o significance in Fig. 2.6. Luminosity of
less than 300 fb~! is sufficient to probe all the channels with electron in the final state
(except 2§ + et + I) at 50 level . On the other hand, 45 + £ and 2j 4+ up~ + F require
about 130 and 180 fb~! luminosity, whereas all other channels with p in the final state

can be explored at 50 level with less than 100 fb~! luminosity.

2.3.3 Dependence on the mass of X

So far in the analysis we fix the mass of the heavy fermion to My, = 500 GeV. In this
section, we explore the mass dependence for a specific choice of mixing at a given centre
of mass energy. The cross sections for single and pair productions considered at the centre
of mass energies of 1 and 2 TeV’s, respectively, are presented in Fig. 2.7 against My. The
near threshold behaviour of the pair production with V., = 0 is distinctly different from the
case with V. # 0. This may be attributed to the fact that while the former case is a purely
s-channel process, the latter has a contribution from the ¢-channel as well, facilitated by
the presence of ZYe coupling. The single production cases are presented only for V., # 0
case, as the e production is not possible with V., = 0, while Xv production is very small
in the case of V,, # 0. The mass dependence seems to follow the same pattern in the
two cases of neutral as well as the charged fermion single production considered here. We
shall now demonstrate that with 300 fb—! integrated luminosity, the reach of ILC is close
to My =1 TeV.

Let us consider the case of 4b + 2/ final state in the ¥~ pair production with a
cross section of 43 fb at /s = 2 TeV with an assumed mixing of V. = 0.05 and mass of
My, = 500 GeV. The selection criteria considered in this study leaves 114 signal events
with an integrated luminosity of 300 fb~!. This corresponds to an effective cross section
times branching ratio of 0.38 fb. The selection cuts have eliminated the background, and

thus number of signal events required for 3o signal significance is about 9, corresponding

9

350 = 0.03. Assuming that the selection cuts

to a cross section times branching ratio of
behave the same way, the production cross section required to get this significance is

% x 0.03 = 3.39 ftb. At /s = 2 TeV, keeping V. = 0.05, this cross section corresponds
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.......... e e —>I% v, Ve = 0.05
— — e e'->I'e,Ve=0.05
e et - ¥t I, Ve =0.05
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Figure 2.7: Dependence of cross-section on the mass of fermions for pair and single

production. Single production is considered at /s = 1 TeV, whereas /s = 2 TeV is

considered for pair production process. Mizing is considered as indicated, with V,, =
V: =0 in all cases.

V., = 0.05 V, #0
Final State || S | B |o(Zt%) | Msx S | B |o(Zt27) | Ms
in fb in GeV in b in GeV
4b 4 20 91 0 3.4 945 9 0 3.0 997
45 + 20 9 0 6.9 910 9.2 |0.17 3.6 995
45+ 0+ F || 16 | 33.3 9.1 885 || 23.7 | 38.5 8.5 990
2j + 4+ F || 62 | 365 30.7 660 15 | 9.7 6.9 992

Table 2.8: The Mass reach at 2 TeV with integrated luminosity of 300 fo—! from selected

channels of pair production of charged fermions, giving 30 sensitivity. The corresponding

production cross sections o(3TX7), and the number of signal (S) and background (B)

events after employing the selection criteria are also given. Only single flavour with
{=e, pis considered for the cases of V. = 0.05 and V), # 0, respectively.

to a mass of My, = 950 GeV. A similar study of the 45 + 2¢ and 45 + ¢ + F final states
show that about 30 significance is reached with a pair production cross section of 6.9
and 9.1 fb, respectively. These correspond to mass reaches of about 910 and 885 GeV,
respectively. Considering the p channels with V), # 0 (as explained earlier, the results do
not depend on the value of V,,), the situation gets some what better with the addition
of 2j + ¢* + I also able to probe the model with My, very close to the kinematic limit
of 1000 GeV. Table 2.8 summarises the mass reach at a 2 TeV ILC with an integrated
luminosity of 300 fb~1.

The mass reach estimated to be achieved through the single production process at
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v/ = 1 TeV with an integrated luminosity of 100 fb~! for selected final states (arising
through single production channel) is given in Table 2.9. With the two selected channels
of 2j 4+ eTe™ and 2b + eTe™ arising from Y*eT production, and the final state 2b 4+ F

arising from v could probe the model with My, close to 1 TeV, assuming V, = 0.05.

Final State | S | B |o(XTe™) | Ms Final state | S B | o(X%)| My

in fb in GeV infb | in GeV
2j+e"et | 37| 110 2.5 956 bb+ 40.4 | 140.3 6.3 982
bbo+e et | 9| 0 0.92 978

Table 2.9: The Mass reach at 1 TeV with integrated luminosity of 100 fo~1 from selected

channels of single production of charged and neutral fermions, giving 3o sensitivity. The

corresponding production cross sections o(XFeT), o(X°) and the number of signal (S)
and background (B) events after employing the selection criteria are also given.

2.4 Dependence on the mixing

The limiting cross sections required for 3o significance listed in Tables 2.8 and 2.9 are

exploited to extract the two-parameter contours in the V. — My plane. As mentioned

B o>3071

o 0(30.7 - 9.1) b
B 0(9.1- 6.9) b
7 0(6.9- 3.4) o

mo<34f

650 700 750 800 850 900 950
Mz in GeV

Figure 2.8: Regions of My, — V. plane with different ranges of cross section values for
pair production at 2 TeV centre of mass energy as indicated. The ranges of cross sections
are the 30 limiting values given in Table 2.8.

earlier, in the case when only V), is non-zero, the process including the decay rates does
not depend on the value of the mixing. On the other hand, both the single and pair
productions are sensitive to the value of V.. Table 2.8 lists the limiting cross sections for

3o significance in the case of different final states arising from the pair production. It may
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be noted that the pair production process has a large contribution from the gauge coupling,
and the presence of non-zero mixing results in a destructive interference, thus reducing the
cross section from its value when V, = 0. In Fig. 2.8 regions of production cross section,
o > 30.7 fb is indicated in blue colour. The My, —V, two-parameter limits obtainable from
the final state 2j + e+ J' is indicated by the boundary of this blue region. Similarly, the
30 limits of My, — V, obtained from 4j + e+ J final state are indicated by the boundary
between the green and red regions, and that from 45 + eTe™ and 4b + eTe™ are given
by the boundaries of red and yellow regions, and yellow and pink regions, respectively.
2j + e+ I channel is capable of probing the entire range of presently allowed values of
V,, for varying value of Ms,. On the other hand, the other channels, 45 +e+ £, 4j +ete™
and 4b + eTe™ are not able to probe below My, ~ 850, 875, 925 GeV's.

Coming to the single production of ¥, the cross section vanishes in the absence of V.
In Fig. 2.9 regions of different cross section values corresponding to the limiting cases of

30 limits obtainable from different final states are indicated in the My — V. plane. Case

B 0<092fb
B o<63f
| @ 0(092-25)1
0 og>63fb
B o>25mH

0.00 | i i i .
500 600 700 800 900 500 600 700 800 900

Ms in GeV Mzo in GeV

Figure 2.9: Regions of Mx, — V. plane with different ranges of cross section values

for single production at 1 TeV centre of mass energy as indicated. Figure on the left

corresponds to XEte¥ production, and that on the right corresponds to X°v production.
The ranges of cross sections are the 3o limiting values given in Table 2.9.

of Ye production is shown in the left figure, with the boundary between blue and green
regions showing the two-parameter limits obtainable from 2j +eTe™ channel, whereas the
boundary between green and orange regions indicating the limits from 2b + ete™ final
state. In the figure on the right the two-parameter limits from 2b+ J resulting from X%v
is indicated by the boundary of the green and grey regions. Channels of 2b + eTe™ and
2b 4+ ' can probe V, to 0.04 to 0.01, depending on the value of My, whereas the final

state, 2j + ete™ is slightly less sensitive.
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2.5 Conclusions

Type III seesaw mechanism proposed to generate tiny neutrino mass provides an example
of BSM scenario with heavy leptons. We study the direct production of heavy leptons
at high energy ete™ collider through possible final states arising from their subsequent
decays. Present direct searches at the LHC limits the masses of such heavy fermions in
the range of 500 GeV or above. While the LHC is capable of discovering the presence
of heavy leptons in the TeV mass range, it is hard to probe the details of the couplings
involving mixing with the SM leptons. On the other hand, high energy eTe™ colliders like
the ILC or CLIC with electrons in the initial state are suitable for this purpose, where
the production process itself is sensitive to the mixing. While the simple Type III seesaw
models require small Yukawa couplings, and consequently small mixing, we imagine a
broader scenario with additional mechanism to generate small neutrino mass despite the
presence of large mixing, and explore the collider consequence that may follow. Thus the
conclusions drawn in this work are applicable to any scenario where there exists a heavy
lepton which mixes with the SM leptons, as long as any additional spectrum arising in such
scenario do not affect the decay branching ratio of the heavy leptons, possibly because

such resonances are heavier, and thus beyond the reach of TeV energy colliders.

Investigating the single and pair production of the neutral as well as charged leptons
at eTe™ collider at centre of mass energies of 1 TeV and 2 TeV, respectively, we perform
detailed detector-level analyses to identify interesting final states, and the achievable

significance for selected parameter choices.

Single charged (neutral) triplet fermions are produced in association with a charged
(neutral) SM leptons or a neutrino. Consequently these processes are absent in the case
when > do not have any mixing with the SM leptons. In order to avoid FCNC constraints,
in our study we assume that the triplets mix with either electron (V) or muon (V,),
and not to both. The case of mixing with tau lepton in not considered in this work as
we focus on final states involving only electrons, muons and jets. Study of ¥/ and
% production show that the cross sections in the case of V., # 0 is negligibly small.

Focusing on the triplet-electron mixing scenario, we first study the most optimistic case
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of Vo = 0.05 and My, = 500 GeV, fixing these parameters at their present experimental
limits. Performing a full detector simulation, considering all the SM backgrounds for
various detector level final states arising from Ye and Yv, we find that 2j +e~ + F, 20+ F
and eTe™ + F could be probed at 50 significance (assuming only statistical uncertainty)
with 2 to 4 fb~! luminosity. Among the other final states, 2j 4+ ete™ and 2b + ete~
channels require about 14 to 15 fb~! luminosity for 50 significance. Extrapolating this
result to higher values of My, we find that a 1 TeV eTe™ collider with 100 fb~! luminosity
could probe the mass very close to the kinematic limit of about 950 to 980 GeV, assuming

Ve = 0.05.

Coming to the pair production, the cross section for 0 pair production turns out to be
negligibly small. On the other hand, the XX~ production process is present even in the
absence of mixing, as the gauge coupling dictates the strength of ZX "X~ coupling, leading
to the pair production through s-channel process. The presence of mixing provides only a
very negligible addition to this in the s-channel. The production is practically insensitive
to the triplet mixing with muon or tau lepton. In the scenario with V. # 0 additional
t-channel opens the avenue to discriminate this case with the case of V., = 0. In the latter
case, we consider V), # 0 so as to facilitate the decay of the triplet to the SM leptons.
However, the dependence on V,,, when present alone, is cancelled out in the BR. Thus we
carry out our analysis in the two scenarios of (i) V. =0, V}, # 0 and (ii) V. #0, V, = 0.
We perform the analysis with all possible detector level final states arising from the pair
production and subsequent decays. Cross sections of multi-lepton channels with more
than two leptons in the final state, and the purely leptonic channel of 2¢ + F are very
small, and therefore is not considered in this analysis. Among the other channels, the best
case scenario is given by the 4b + 2¢ channels coming from the H¢ decay of X, requiring
about 50 fb~! luminosity for 50 significance in both the scenarios considered. In all cases,
the first scenario with triplet-muon mixing provides better sensitivity, mostly because of
the larger cross section available. The final states of 45 +u*p™, 4j+p+F and 25 +pu+F
can be probed at 50 level with luminosities of 50, 60 and 70 fb—!, respectively, whereas
their counterparts in the V, # 0 case replacing p with electron require luminosities of
140, 100 and 460 fb~!, respectively. The difference between the two scenarios can be

attributed to the distinctions in muon and electron identification and efficiencies, as well
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as to the slightly different kinematic distributions in the two cases. 2j+£¢+ F final state,
on the other hand, does not seem to favour any scenario, requiring moderate luminosities
of about 200 fb~! in the case of V, # 0, and 175 fb~! in the case of Vi, # 0. This may be
due, again, to the fact that the cross sections are almost the same in the two cases. The
purely hadronic case of 4j + J has a much better background compared to other channels
(except the 4b + 2/ case), but suffers from efficiencies involved in the jet formation and
identification, thus requiring slightly larger luminosities of 260 and 130 in the cases of
Ve # 0 and V), # 0, respectively. Coming to the reach of My, through the pair production,
the two channels, 4b + ete™ and 45 + eTe~ could probe beyond 900 GeV with 300 fb—!
luminosity, whereas all the channels with muonic final states could probe very close to

the kinematic reach, going above 990 GeV.

Probing the sensitivity to the mixing parameter, V., we obtain two-parameter limits
achievable by different final states from single and pair productions. The single production
channels are capable of probing low mass regions for small mixing values, going up to 0.01
for triplet-electron mixing parameter in the case of masses close to 500 GeV with 2b+e™Te™
and 2b+ F arising from Ye and X%v, respectively. The pair production, on the other hand
can probe smaller values of mixings for larger M — ¥ values, where the best suitable final

state is 25 + e + F.

The study clearly demonstrates the potential of high energy e*e™ collider to probe
the presence of heavy leptons, and the details of their couplings with the SM particles,
thus supporting the case for such leptonic collider even with successful running of the
LHC. Considering the nature of the process, with the presence of t-channel production in
some of the mixing scenarios, we anticipate that beam polarisation could be utilised to

enhance the sensitivity.
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Chapter 3

Investigating the scalar sector of
left-right symmetric models with

leptonic probes

In this chapter, we study the multi-leptonic channels to probe the heavy Higgs bosons
in the context of Minimal Left Right Symmetric Model at 14 TeV LHC. We perform
a detailed signal versus SM background analysis which indicates that the channels
we study have the potential to probe heavier mass of doubly charged Higgs bosons
with a High-Luminosity LHC. This work is published in Phys. Rev. D98 (2018)
no.3, 035008.

3.1 Introduction

As we have discussed earlier in the previous chapters, the SM cannot provide any explana-
tion for the observed non-zero neutrino masses and mixings [50]. In the SM, the Higgs field

is responsible for the generation of the masses of all known fundamental particles, but it

51
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cannot accommodate the tiny observed neutrino masses within only renormalizable inter-
actions. The situation nonetheless changes at the non-renormalizable level since neutrino
masses can be generated through the dimension-five Weinberg operator [86] that gener-
ally arises, within a renormalisable ultraviolet-complete theory where new heavy fields
are introduced, through a seesaw mechanism. As mentioned in Chapter 1, the different
realisations of such a mechanism can be broadly classified into three categories named
Type I [13-15, 17, 87] (that relies only on right-handed neutrinos coupling to the Higgs
field), Type II [16, 19, 20, 88] (that makes use of a new scalar field lying in the adjoint
representation of SU(2)r) and Type III [21] (where at least two extra fermionic fields
lying in the adjoint representation of SU(2), are included) seesaws. In most common
seesaw implementations, heavy fields are supplemented to the SM in an ad-hoc fashion so
that the desired neutrino properties are reproduced after the breaking of the electroweak
symmetry. Seesaw options where the symmetries of the SM are extended also exist, like
in Left-Right Symmetric theories [22-33] where minimal and non-minimal realisations
naturally feature Type I/II and Type III seesaw mechanisms respectively. In their most
minimalistic form, Left-Right Symmetric theories are symmetric under parity transfor-
mations in the ultraviolet regime, although low-energy parity violation arises after the
spontaneous breaking of the Left-Right Symmetry at a high energy scale. Finally, such
theories can also be embedded within an SO(10) grand unified context and feature gauge

coupling unification.

With a particle content exhibiting three extra vector bosons, three right-handed neu-
trinos and several new scalar (Higgs) fields whose components possess either a double,
a single or a vanishing electric charge, MLRSM feature various collider signatures that
can be used as probes for new physics [22-31, 33]. The Higgs sector of the model has
in particular been recently investigated [89-101]. In the present work, we study several
Higgs processes giving rise to the production of four-lepton and three-lepton systems and
focus on setups where these final states are stemming from the production and decay
of either a pair of doubly-charged Higgs bosons, or of an associated pair comprised of
a doubly-charged Higgs boson and a singly-charged Higgs or vector boson. Unlike most
earlier studies, we consider a framework where both Type I and Type II seesaw mech-

anisms are implemented and contribute to neutrino mass generation. Equivalently, the
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neutral component of the left-handed (Ar) and right-handed (Agr) Higgs triplets both
acquire non-vanishing vacuum expectation values vz, g # 0. This opens up certain decay
modes that are forbidden when vy, = 0 (as for a Type I seesaw mechanism) and that could
be used as handles on distinguishing a vy, = 0 from a vy, # 0 scenario. While the phe-
nomenology corresponding to the vz, # 0 case has been widely studied in a pure Type II
seesaw context [68, 102-108], the one connected to a mixed Type I/II seesaw model still
remains to be comprehensively explored. Several processes become open only by virtue
of the non-zero vy, value, but still remain suppressed as v, is bound to be small. This
non-vanishing vy, value nevertheless allows us to weaken the constraints on the charged

scalar particles stemming from flavour data.

Unlike in earlier MLLRSM studies, we consider a high integrated luminosity of LHC
collisions at a centre-of-mass energy of 14 TeV. We adopt a scenario motivated by current
experimental constraints (in particular on the doubly-charged Higgs bosons) and perform
a systematic comparison of expected new physics signals and SM background including
the simulation of the detector effects. The rest of this chapter is organised as follows.
In section 3.2, we discuss the MLRSM theoretical framework and its particle content,
before designing a representative benchmark scenario that could be probed by multi-
leptonic probes. In section 3.3, we study the collider phenomenology of this setup and
quantitatively estimate how it could be discovered or constrained at the High-Luminosity
run of the LHC. We then generalise our findings as a function of the mass scale of the

model, before concluding in section 3.4.

3.2 The minimal left-right symmetric model

3.2.1 Theoretical framework

We have briefly discussed the Minimal Left Right Symmetric Model in Chapter 1. The
scalar potential of the model is given in Eq.1.42. In this same notation, all field transfor-

mations under a D-parity symmetry operation can be written as [101]
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qr <> qR qL < q%n
b — ¢ b + 05
t f or t B (3.1)
Ap < AR AL A%
O+ of O+ Pt

depending whether D-parity symmetry is seen as a generalised parity or charge conjuga-

tion. The minimal model field content is shown in Table 3.1.

Field | SUB) [ SUQ2)L [ SU@2)r [ U()B-L
_ (UL il
qr, = <dL> 3 2 1 3
drR = <dR> 3 1 2 3
6 = <”L> 1 2 1 1
er
(p = <”R> 1 1 2 -1
€R
0 +
o=("1 ¢1> 1 2 2 0
(% %)
AJr \/5 A++ )
Ap=("L L 1 3 1 2
(%" 2w
_(ARIV2 AR
A _< A —alrya 1 1 3 2

Table 3.1: MLRSM field content, presented together with the representations under

SU(?))C X SU(Q)L X SU(?)R X U(l)B_L.

Under those assumptions mentioned in model description in Chapter 1, we neglect all
contributions to the gauge boson masses that are proportional to vy, so that these masses

approximatively read

2 2 27.2 2 2

9 ;2 2 ) 2 g-ki cos” 20w ki

M2, =2k, M =2k, M= ( _ 7>’

W=y ™ Wr R 27 Acos? Oy 2 cost Oy v% (3.2)
2,2 . .2 :
g vy, cos” Oy

My, ==Lt — =

cos 20y

with 6y indicating the weak mixing angle.
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After symmetry breaking, the Higgs sector is left with four neutral scalar fields Hg, HY,
HY and HY, two neutral pseudoscalar fields A and A9 (as well as two neutral Goldstone
bosons eaten by the Z and Zr bosons), two singly-charged Higgs bosons H li and H2i (as
well as four charged Goldstone bosons eaten by the W+ and Wét bosons) and two doubly-
charged scalar bosons Hfi and H;%i. Within the above-mentioned approximations, the

scalar masses are given by

1 1
Mo =2Mki ,  Mpo = 5043012% . Mpg=2pwh, My = 5 (3 = 2p1)v%
1 1
ME}Q F 5“37)12% —2(2\2 — )\3)/9% ) Mig F 5”%%@3 —2p1),
1 1 1 1
2 2 2 . W 2 2
Mps = 5(ps = 2p1 )R + Jaski ., Mps = Sagvp + Jasky
1 1 1
o 2 2 2 - 2 2
MHLii = 5(93 —2p1)ve + 5043/@’1 , MHﬁi = 2povp + 5043]{71 .
(3.3)

Here we neglected the left-right triplet mixing induced by the §; potential terms as they
are suppressed by the k?/ UIQ{ ratio. Notice that the different states are not necessarily

mass-ordered.

Turning to the neutrino sector, the f;; Yukawa couplings of Eq. (1.41) give rise to
neutrino Majorana masses after symmetry breaking, as the neutral component of the Ap,

Higgs field acquires a non-zero vacuum expectation value [31],

Bak?

(2p1 — p3)vR (38.4)

v =

Hierarchy of the vacuum expectation values expected in this case is |vp| << vsm << |vg|.

The 6 X 6 neutrino mass matrix is then given, in the (vz,vgr) gauge eigenbasis, by

I V2fvr, Mp | (3.5)

ML Mg

where MD, MR and f are 3x 3 matrix with elements (MD)ij = %yijk:l, (MR)ij = ﬁfij’L)R

and f;; are the Yukawa couplings.

The light and heavy neutrino sectors are decoupled in the absence of any left-right
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mixing potentially induced by a non-vanishing Dirac mass matrix Mp, and the light and
heavy masses are in this case respectively governed by the f;; and Mg, parameters. In
contrast, non-zero Dirac masses give rise to neutrino mixings parameterised by a mixing
matrix R,

U s 1— IRRT R U, 0

R — - : (3.6)
T V —R"  1-1IR'R] \ 0 Ug

In this expression, R = MpMz!, whilst U, and Ug are respectively the two matrices

diagonalising the light and heavy neutrino mass matrices M, and Mp, with
(M,)ij = V2fijor, — (Mp)ae(MR) ' (MD)sj- (3.7)

This shows that light neutrino masses arise from a combination of Type-I and Type-II
seesaw contributions and are derived from the diagonalisation of the upper-left block of the
mass matrix M by a Ur, rotation, Uy, being the usual Pontecorvo-Maki-Nakagawa-Sakata

(PMNS) matrix.

3.2.2 Constraints and MLRSM benchmark scenarios with light doubly-
charged Higgs bosons

In order to design simplified phenomenologically viable benchmark scenarios for the col-
lider studies performed in the next section, we account for various constraints arising from

current data.

The scalar sector of the theory must include a neutral scalar boson that is consistent
with the observation of a SM-like Higgs boson with a mass of about 125 GeV. We enforce

the HY boson to be such a boson, its mass being set to

My = 125 GeV. (3.8)
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The extra neutral scalar bosons, in particular those with a large bidoublet component
(i.e., HY and AY), generally mediate tree-level flavor-changing neutral current interac-
tions. Consequently, their mass is constrained to be above about 10 TeV [109-113] from
experimental kaon mixing data [114]. On the other hand, the scalar potential pertur-
bativity and unitarity further push these Higgs bosons to be heavier than 18 TeV. The
minimum mass configuration is realised for a Wx boson satisfying My, > 8 TeV [115],
a constraint that is by far compatible with the most stringent LHC bounds regardless of

the details of the right-handed neutrino sector [116-120]. Consequently, we impose
MH? = MA<1) =20 TeV, My, =10 TeV < vg = 21639.39 GeV. (3.9)
Saturating the present limits on the SU(2), triplet VEV arising from the p-paramater [50],
vy, = 2 GeV, (3.10)
and recalling that we have chosen
k1 ~ vgm = 246 GeV and ko ~ 0, (3.11)

we make use of Eq. (3.3) together with the setup of Eq. (3.8) through Eq. (3.9) to numer-

ically derive the (tree-level) parameters of the scalar potential,
A1 =0.129 , ag = 1.708 , 2X2 — A3 = 0. (3.12)

On the basis of the results of the ATLAS searches for same-sign dileptonic new physics
signals [121], we moreover impose a lower bound on the masses of the doubly-charged
scalars Hfi and Hﬁi. Assuming that the branching ratios into electronic and muonic
final states are both equal to 50%, the SU(2)z and SU(2)r doubly-charged Higgs-boson
masses have to be larger than 785 GeV and 675 GeV respectively. We adopt an optimistic

scenario and take their masses close to the experimental limits,

Mpy++ = My = Myiv = 800 GeV. (3.13)
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This leads to
po = 6.2817 x 1074 , p3 — 2p1 = 0.0025 , (3.14)

with the other gauge and scalar boson masses being, therefore,
Mz, = 16754 GeV, Mg = 6756 GeV, MHg = Myg =767 GeV,

My =784 GeV, My =20 TeV. (3.15)

The parameters related to the neutrino masses and mixings can be constrained by LHC
searches in the same-sign dilepton plus dijet channel, such a signature being relevant
for probing right-handed neutrino production via an s-channel Wg exchange [122]. A
wide fraction of the parameter space turns out to be excluded by 8 TeV and 13 TeV
LHC data due to the non-observation of any such signal [123, 124]. For the choice of
Eq. (3.9), right-handed neutrinos have to be heavy. The neutrino sector can also undergo
several low energy tests from intensity frontier experiments looking for lepton-number
violation (such as neutrinoless double-beta decays) or for lepton-flavor violation (like rare
muonic decays into electrons such as p — ey or p — 3e). The associated combined
limits induce a hierarchy between the mass of the SU(2)g scalar bosons and the mass
of the heaviest right-handed neutrino that must be 2 to 10 times smaller [125, 126] for
My, = 3.5 TeV. These bounds are however derived under the assumption that either a
Type I or a Type II seesaw mechanism is implemented. Considering a model featuring a
combination of Type I and Type II seesaw mechanisms (as in this work) enables us to evade
those bounds [127, 128], the SU(2) g triplet scalar masses being even allowed to be smaller
than the heaviest right-handed neutrino mass. Right-handed neutrinos could nevertheless

be indirectly constrained by neutrinoless double-beta decays and cosmology [129-131].

With the above assignments, the only parameters left to be considered are the mass
parameters of the heavy and light neutrinos, My, with ¢ =1, 2, 3, 4, 5, 6. We consider
the lighter degrees of freedom (i.e., the left-handed neutrinos corresponding to i = 1, 2,

3) to have a mass of the order of 0.1 eV to agree with cosmological data. For simplicity,
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we assume a unified scenario for the right-handed neutrino sector,

MN4:MN5:MNGEMNR:12 TeV, (316)

which allows one to evade all the above-mentioned bounds and feature perturbative

Yukawa couplings of O(1).

In addition, the heavy-light neutrino mixing is constrained from neutrino oscillation
data. After having fixed all physical masses of the neutrinos and assuming that |fvy| <<
|Mp| << |Mpg|, the Mr mass matrix can be read off these masses, in a first approximation,
and the Type-1I seesaw contribution to the light neutrino masses can be deduced from

the (inputted) M, matrix [132],

M, O\ /2
L ) (3.17)

Mp =M = =
D Nr (UR My,

The Dirac mass is of about 100 GeV with an assumed M, ~ 0.1 eV for the considered
scenario. The cancellation in Eq. (3.17) between the Type I and Type II seesaw contri-
butions are hence fine-tuned to the level of 10'°, such a fine-tuning being stable against

quantum corrections [133]. This further impacts the light-heavy neutrino mixing matrix,
T =—R'U, = —(MzY)TMLUL ~ 0.018U , (3.18)

which also dictates the strength of the heavy neutrino decays into left-handed leptons
and a Standard Model W-boson. The rest of the neutrino mixing matrix stems from the
unitarity properties of that matrix, which subsequently fixes the strength of the heavy
neutrino decays into a final state system made of a right-handed lepton and a possibly
off-shell heavy gauge boson. The heavy-light neutrino mixing is actually rather large, as
v, is large, which opens the door for unusual heavy neutrino decays into the left-handed

sector.
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3.2.3 Main feature of our benchmark scenario

In order to determine the experimental signatures associated with the production of two
scalar bosons or one vector and one scalar boson at the LHC, we first present, in Table 3.2,
the decay table related to the relevant (lighter) fields. The large right-handed neutrino
masses have deep consequences on the couplings of the SU(2), doubly-charged and singly-
charged Higgs bosons to leptons, as they are proportional to My, /vr. This impacts the
decay pattern of the scalar fields which will rarely decay into non-leptonic final states.
The Hzti boson, hence, decays almost exclusively into a same-sign dileptonic system and
the H 1+ Higgs boson into a lepton-neutrino pair. Other non negligibly small HLH decay
modes include a virtual H1+ boson, and these sum up to a branching ratio of 3% after
considering all three lepton flavours. The SU(2)g doubly-charged HEJF boson in contrast
only decays into a same-sign lepton pair, the potential decay modes into an SU(2)r gauge
boson and another scalar being kinematically closed. Finally, the lighter neutral HY and
AY bosons almost exclusively decay invisibly, the neutral scalar boson HY nevertheless
undergoing rare visible decays into electroweak gauge bosons, whilst the singly-charged

Wr boson always decays into a dijet system.

Doubly-charged bosons Neutral bosons
BR(H} T — £74T) 33.3% BR(HY — vpvg) | 31.8%
BR(H;t — ¢T¢T) 32.3% BR(HS — Zvy) | 0.83%
BR(H T - Wtty) | 1.0% BR(HY — Wlv,) | 0.38%

BR(HY) — ZZ) |0.52%

Singly-charged bosons BR(H) - WW) | 0.26%
BR(H{ — (1) 33.26% BR(AY — verg) | 32.1%
BR(H{ — W*2) 0.22% BR(A) — Zvwy) | 0.85%
BR(W} — ¢7) 100% BR(A§ — Wiyy) | 0.38%

Table 3.2: Branching ratios (BR) associated with the different decay channels of the light

scalar and vector bosons within the considered MLRSM realisation. We independently

denote by £ = e, u, 7 any lepton flavor, and omit any channel whose branching ratio is
smaller than 0.1%.

As the considered new particles significantly decay into leptonic final states, natural
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collider probes include final-state systems made of three or four leptons, as the corre-
sponding SM background is additionally small. We thus focus on the production of two
doubly-charged Higgs bosons and on the associated production of a doubly-charged Higgs

boson and a singly-charged gauge or Higgs boson,
pp — HZF/}HE/} , pp — HE HT and pp — HI?EI/V&F , (3.19)

for which representative leading-order Feynman diagrams are shown in Figure 3.1. Other
hard-scattering processes involving new Higgs and gauge bosons could also possibly lead
to multi-leptonic final states, but with suppressed and negligible rates. For instance,
HzEjEWjF production suffers from a strong vy suppression, and the large mass of the
heavier Higgs bosons yields to a severe phase-space suppression for any process in which

they could be produced.

Ql

Figure 3.1: Representative Feynman diagram of the various MLRSM processes giving
rise to multileptonic final states.

Leading-order cross sections are given in the top panel of Table 3.3 for LHC proton-
proton collisions at a centre-of-mass energy /s = 14 TeV. The production of a pair
of doubly-charged Higgs bosons proceeds via a Drell-Yan-like process and the exchange
of an s-channel neutral gauge or Higgs boson. By virtue of the smallness of the SM
Yukawa couplings and the heavy mass of the Zr and extra Higgs bosons, virtual Z-boson

and photon contributions dominate and lead to a cross section of about 0.197 fb and
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Total rate at /s = 14 TeV

pp— HfTH; = | 0.197 fb Total rate at /s = 14 TeV

pp— HETHE~ | 0.076 fb pp = H R Hp = (7070701012 fb
pp— HitH 0.28 fb pp — HFEHF — (50T + Fp | 0.17 fb
pp — H; —Hy 0.10 fb

Table 3.3: Production cross sections associated with the set of processes shown in
Eq. (3.19), for proton-proton collisions at a centre-of-mass energy of 14 TeV and in
the context of the adopted benchmark scenario. The cross sections are obtained by mul-
tiplying the results returned by MG5_aMC [? |, when leading-order matriz elements are
convoluted with the leading-order set of NNPDF 2.3 parton densities [T |, with an NLO
K-factor of 1.25 [t ]. Total production rates are presented on the left panel, whereas
branching ratios into the two final states of interests are included on the right panel. We
independently denote by £ = e, u any light lepton flavour (and the lepton flavours can be
different within any given process).

0.076 b for the production of a pair of SU(2), and SU(2)r doubly-charged Higgs bosons
respectively, including in both case a next-to-leading order (NLO) K-factor of 1.25 [? |.
Doubly-charged Higgs bosons can also be produced in association with a singly-charged
Higgs or gauge boson. While the H;fiWR:F production cross section is negligible by virtue
of the heavy mass of the Wg boson, a HfiH 1 system can be produced via the exchange
of a lighter SM W-boson, other diagrams contributing to a smaller extent. The associated

cross section is of about 0.38 fb.

Including the relevant branching ratios, four-lepton final states arise from the produc-
tion and decay of a pair of doubly-charged Higgs bosons each decaying into a same-sign
dilepton, the associated cross section being of about 0.12 fb. On the other hand, trileptonic
final states originate from the associated production of a doubly-charged and a singly-
charged Higgs boson, with a similar total rate of 0.17 fb. Other leptonic final states,
like those featuring a same-sign dilepton system, cannot be produced with a sufficiently
large rate to be relevant. Despite the smallness of these cross sections, we demonstrate in
Section 3.3 that the associated MLRSM signals can potentially be observed (or excluded)
at the HL run of the LHC.
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3.3 LHC phenomenology

For our analysis, we have used the FEYNRULES package [134] and the existing implemen-
tation of the MLRSM model [49] to generate a UFO model [135] that can be used within
the MG5_.aMC platform [? ]. We have generated hard-scattering events both for the
signal processes of Eq. (3.19) and for the SM background, the tree-level matrix elements
being convoluted with the leading-order set of NNPDF 2.3 parton distributions [? |. The
simulation of the QCD environment (parton showering and hadronisation) has been per-
formed with PyTHIA 6 [83], and we have included the response of a CMS-like detector
with DELPHES 3 [85] that internally relies on FASTJET [84] for the reconstruction of the

physics objects, using the anti-k7 algorithm with a radius parameter R = 0.4 [136].

We require, at the matrix-element level, that all leptons and jets have a transverse

momentum pgTen and pseudorapidity 18" satisfying

PE() > 10 GeV,  pE™(0) > 10 GeV,  [p#"(j)| <25  and  |pF"(0)| < 2.5,
(3.20)

and are separated in the transverse plane by an angular distance of at least 0.4,
ARE"(4,7) > 04, AR (4,0) > 0.4 and AR (L, 0) > 0.4 . (3.21)

We analyse the reconstructed events with MADANALYSIS 5 [82] and impose a basic event
preselection where the reconstructed leptons and jets are required to be central and to

have a transverse momentum larger than 20 GeV,
pr(j) > 20 GeV, pr(f) > 20 GeV, In(7)] < 2.5 and In(f)] <2.5. (3.22)

We furthermore ignore any lepton lying within a cone of radius R = 0.4 centred on a jet.

The SM background contributing to the £T¢+¢~ ¢~ final state is mainly pair production
of Z boson, associated production of WW with a Z boson and a top quark-antiquark pair

with a Z boson. On the other hand, WZ, ZZ, WWW, ttZ and ttW are main SM
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backgrounds contributing to £*¢*¢¥ f; final states. We discuss about these backgrounds

in detail in the next section.

3.3.1 Four-lepton probes

After simulating all the potential contributions to the SM background (except for fake and
charge-misidentification contributions), our preselection implies that the main background
to a four-lepton signal are events issued from the production of a pair of (possibly off-
shell) Z-bosons where both weak bosons decay leptonically. Subdominant contributions
are expected to originate from the production of a WW Z system and the associated
production of a top quark-antiquark pair with a Z-boson. These last components of
the background could potentially be rejected by (at least loosely) vetoing the presence
of missing energy and b-tagged jets in the final state. The signal fiducial cross section,
normalised at the NLO accuracy and including the basic preselection is of 0.11 fb, for a
corresponding background cross section of 18.9 fb, 1.3 fb and 0.13 fb for the Z-boson pair,
ttZ and tribosonic components, respectively. These last numbers include a QCD next-to-
next-to-leading-order (NNLO) K-factor of 1.72 for the diboson case [137] and NLO ones

of 1.38 and 1.04 for the two other processes [1387 | respectively.

T
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Figure 3.2: Normalized invariant mass spectrum of the system made of the two
positively-charged leptons, after selecting events containing two pairs of same-sign leptons
and vetoing the presence of b-tagged jets for the signal and the background.

To optimise the signal significance, we select events featuring exactly two pairs of
opposite-charged leptons and veto those exhibiting any b-tagged jet. Signal leptons being

originating from the decay of heavy Higgs bosons, we further impose that the pr of the
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Figure 3.3: Left: Dependence of the LHC' sensitivity to the four-leptonic MLRSM signal
on the integrated luminosity. Right: Dependence of the signal fiducial cross section after
all selections on the double-charged Higgs boson mass Mg++. The corresponding 3o

(blue) and 50 (red) reference lines are indicated, assuming an integrated luminosity of
3ab—t.

three leading leptons pr(¢1), pr(¢2) and pr(¢3) satisfy
pr(f1) > 200 GeV,  pr(fs) > 150 GeV  and  pp(f3) > 60 GeV. (3.23)

We then use, as an extra handle on the new physics signal, the invariant masses of the
systems formed by the two pairs of same-sign leptons M (£7¢") and M (¢~ ¢7). As in any
resonance search, the shape of the signal spectrum is expected to show peaks correspond-
ing to the physical masses of the parent particles, i.e., the doubly-charged Higgs bosons

in our case, as illustrated in Figure 3.2. By imposing that these invariant masses fulfil
M) >300 GeV  and ML £7) > 300 GeV, (3.24)
we are able to make the selection almost free from any background contamination, with

about 15 background events being expected for a luminosity of 1 ab™!.

In the left panel of Figure 3.3, we present the sensitivity of the LHC to the MLRSM
four-leptonic signal for different luminosity goals, the sensitivity s (expressed in o) being

defined by [139]

s=v2 x <(S+B) 1“@21%%552)] —fjln [1+B(Q§fﬂ)]>é . (3.25)

where S and B, respectively, indicate the number of surviving signal and background
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events, and x represents the systematic uncertainties on the background. Assuming x =
0.1B, a discovery could occur for about 350 fb~!, whilst a signal significance of s = 8.5¢
could be expected for 1 ab™!'. Conversely, assuming that exclusion statements could
be achieved for a sensitivity of about 20, the considered benchmark scenario could be
excluded at the very beginning of the LHC Run 3. In order to assess the stability of our
predictions with respect to the systematics, we vary the x parameter to up to 20% of
the background, and investigate the induced modifications on the predictions. The latter
are found robust and almost agnostic of such a change. In right panel of Figure 3.3, we
generalise our conclusions to heavier scenarios and present the dependence of the fiducial
cross section associated with the production of the four-lepton signal on the mass of
the doubly-charged Higgs boson. We compare it to the cross sections yielding potential
30 (blue) and 50 (red) observations for an integrated luminosity of 3 ab~!. Whilst the
discovery reach can in principle be pushed above 980 GeV regime, it is clear that hints for
new physics could be observed for much heavier scales. Four-leptonic probes consist thus
of key MLRSM signals, both by virtue of the associated background-free environment and

by the moderate value of the signal cross sections.

3.3.2 Trileptonic probes

With a larger signal cross section, trileptonic probes are expected to provide good handles
on any potential new physics signal. In our case, trileptonic signal events originate from
the associated production of a doubly-charged and a singly-charged scalar. The signal
production rate after preselection is of about 0.14 fb. Such a signal rate must compete
with diboson and triboson backgrounds as well as with top backgrounds through the
associated production of a top-antitop pair with a weak boson, any other background
contribution having been found negligible after requesting the presence of three leptons.
The corresponding cross sections are of 214.5 fb, 32.5 fb, 1 fb, 2.77 fb and 1.71 fb for
W2z, Z2Z, WWW , ttZ and ttW production, after including NNLO QCD K-factors in the
diboson cases (Kywz = 2.01 and Kzz = 1.72 [137, 140]), an NLO QCD and electroweak
K-factor in the triboson case (we have conservatively chosen Ky ww = 2.27 [141], which

differs from the much smaller K-factor of Ref. [142]), an NLO QCD K-factor in the ttZ
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case (Kyuz = 1.38 [138]) and an NLO K-factor including the resummation of the threshold
logarithms in the ¢tW case (Kyuw = 1.07 [143]).

Our selection requires events to contain two leptons carrying the same electric charge
and a third lepton with an opposite charge. We moreover veto the presence of any
reconstructed b-tagged jet to control the top-quark-induced background. As in the pre-
vious section, we impose a stringent selection of the lepton properties, and constrain the

transverse-momentum of the two leading leptons to satisfy

pr(€1) > 250 GeV and pr(f2) > 80 GeV. (3.26)

The signal selection efficiency is practically of 100%, while the dominant diboson back-
ground is reduced by a factor of 50. We then reconstruct the invariant mass of the

same-sign dilepton system and use it as an extra handle on the signal, requiring

Myptpr > 300 GeV, (3.27)

which reduces the triboson and remaining top-induced background to a barely visible
level. Although a veto on events featuring an opposite-sign dilepton system compatible
with a Z-boson could help in reducing the remaining background, we instead require the

selected events to contain a large amount of missing transverse energy,

Fr > 150 GeV. (3.28)

These selections are sufficient to get a decent sensitivity to the signal, as shown in the left
panel of Figure 3.4 in which we present the dependence of the significance s calculated
as in Eq. (3.25) on the integrated luminosity. Both the ¢t¢T¢~ and ¢~ ¢~ ¢T channels
are expected to yield promising results, a 50 discovery being reachable within about
800 — 1200 fb~! of proton-proton collisions at /s = 14 TeV in both cases. Combining
the two channels, a signal may even be observed during the earlier phase of the LHC
Run 3, with a luminosity of about 500 fb~!. While promising, the trilepton channel is
not as competitive as the four-lepton one. Nevertheless, the option of a combination is

conceivable and could potentially lead to an even better expectation. Our results are
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Figure 3.4: Left: Dependence of the LHC sensitivity to the trileptonc MLRSM signal

on the integrated luminosity. We separately indicate results for the £70Y¢~ (blue) and

=07 4% (cyan) channels, as well as for their combination (red). Right: Dependence of the

signal fiducial cross section after all selections on the double-charged Higgs boson mass

Mpy++. The corresponding 3o (blue) and 50 (red) reference lines are indicated, assuming
an integrated luminosity of 8 ab™'.

generalised in the heavier mass scale case on the right panel of Figure 3.4, in which we
present the dependence of the trilepton fiducial cross section (including thus the selection
efficiency) on the mass of the doubly-charged Higgs boson. In contrast to the four-leptonic
channel, the entire luminosity expected to be collected during the high-luminosity run of

the LHC will only allow us to barely reach the TeV mass regime.

3.4 Conclusions

Left-Right Symmetric Models offer natural explanations for parity violation at the elec-
troweak scale and an elegant way to address neutrino masses through the embedding of
a seesaw mechanism. As a consequence of their symmetry breaking pattern, they feature
additional scalar fields including SU(2); and SU(2)g triplets. Such an enriched scalar
sector offers various handles for discovering Left-Right Symmetric new physics and to
distinguish it from other extensions of the Standard Model. In this work, we have focused
on the multi-leptonic collider signatures of this scalar sector and estimated how the LHC
could be sensitive to it in the upcoming years. By carefully designing first a benchmark
configuration viable relatively to present data, we have found that the production of four-

lepton and trilepton systems is enhanced and could be as used the main discovery mode
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of the model, even if current constraints already push the new physics masses to a high

scale.

For our study, we consider a scenario with doubly-charged scalar masses fixed to 800
GeV, heavy right-handed neutrinos with masses of 12 TeV and a Wg boson of 10 TeV.
With all other model parameters set to guarantee consistency with flavour data, we obtain
a scenario featuring one light singly-charged and two light neutral scalar bosons with large
triplet components. Although the cross sections associated with the production of these
light doubly-charged and singly-charged states have been found to be of about 0.1-1 fb, we
have shown, by relying on state-of-the-art Monte Carlo simulations, that a simple selection
strategy could allow for observing the resulting four-leptonic and trileptonic signals within
the reach of the High-Luminosity phase of the LHC. In other words, MLRSM singly-
charged and doubly-charged Higgs bosons lying in the TeV range could be reached in
a not too far future thanks to an analysis strategy yielding an almost background-free

environment.
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Chapter 4

Study of charged dark fermions at
ILC250

In this chapter, we study the 2T + M ET final state to probe the charged fermions
arising in Dark Matter Models at 250 GeV ILC. We perform a detailed signal
versus SM background analysis using ILC software package (ILCsoft) and show that
charged fermion of 100-124 GeV mass can be probed with significance larger than

bo using appropriate beam polarisation combinations. Manuscript under review by

the collaborators.

4.1 Introduction

The heaviest of the leptons present in the particle spectrum of the SM is the tau lep-
ton with mass a little above a GeV. However, many models beyond SM included heavy
fermions, especially non-coloured fermions, in their spectrum. With the tiny neutrino
mass now established, heavier neutral leptons are somewhat accepted as a reality to make
the seesaw mechanism possible. On the other hand, presence of heavy charged leptons

are not as compelling. At the same time, there are many interesting BSM scenarios where
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such particles are necessary for various reasons. For example, with the experimental ob-
servations suggesting that about 27% of the total energy of the universe can be categorised
as DM [51, 144], some of the recent scenarios have proposed fermionic or scalar DM can-
didates with charged fermion partners. An attractive model among the simple scaler DM
scenarios is the so-called ITHDM [145-149] with an additional scalar doublet compared to
the SM, which does not interact with the SM fields other than their gauge interactions.
This inertness owes to their oddness under a Z symmetry under which all other particles
are considered to be even. The stability of the neutral component of this doublet field is
also ensured by the same Zs symmetry. The DM thus gauge produced can get annihilated
before freezing out at a later temperature. The annihilation is typically mediated by the
SM Higgs boson in the s-channel or with the gauge bosons in the t-channel. The former
can have SM fermions or gauge bosons in the final state, whereas the latter can have
only gauge bosons in the final state. Thus, for lighter DM with mass less than My, the
relevant s-channel process is proportional to the square of the effective scalar quartic cou-
pling, usually denoted as Ar. However, the same coupling controls the nuclear scattering
of DM in the direct detection experiments, and therefore are stringently constrained. This
severely restricts the annihilation cross section, making the dark matter over-abundant
in this region. On the other hand, once kinematically allowed (with dark matter mass
larger than My ), the gauge boson annihilation channels overkill the dark matter making
it under abundant in this region of parameter space. Thus, the simple IHDM is pushed
to a corner with the push and pull arising from the direct detection constraints on the
one hand, and the relic density consideration on the other. However, as shown in a recent
work [150] the presence of a charged fermion partner to the inert doublet along with the
addition of another (fermionic) dark matter can effortlessly accommodate both the relic
density constraint and the direct detection limits. The charged fermion in this case can
have mass a few 100 GeV to a TeV compatible with all DM measurements. Apart from
this, there are many studies with fermionic or scalar DM candidates along with additional
charged fermions suitably chosen to be compatible with all the experimental constraints
[151-157]. The other context in which models with heavy fermions arise are supersym-
metric models with heavy charginos and neutralinos and the extensions of SM addressing

electroweak baryogenesis [158-160]. LHC search for the presence of heavy fermions are
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mostly limited to those arising in supersymmetric models. ATLAS [161] and CMS [162]
search for chariginos and neutralinos lead to exclusion of about 650-750 GeV assuming
massless neutralino, which is considerably relaxed to 125 GeV for the lightest chargino

when the mass splitting with the neutralinos is close to Z mass.

In this study, we consider the possible presence of heavy charged fermions (™) existing
in association with the scalar DM. Being Zs odd such fermions allow Yukawa couplings
with the dark scalar field along with standard fermions. x* being considered as gauge
singlets, the left-handed SM doublet is present in the Yukawa interaction, allowing the
heavy fermions to decay directly to the charged leptons. We assume that the couplings
to the first two generations of leptons are quite suppressed so as not to run into trouble
with the ¢ — 2 measurements. Moreover, we consider only diagonal Yukawa interactions,
avoiding lepton flavour violating interactions. Thus, we focus on the tau decay of y*
along with large missing energy. With the pair production and decay, the signal of a
tau-pair with large missing energy closely mimics the pair production of stau (7) and its
decay to tau and neutralino (y). CMS search for stau with 35.6 fb~1 data at 13 TeV
in this channel has restricted the production cross section of around 3 pb for Mz ~ 100
GeV, which is reduced to around 30 fb for higher masses of 200 GeV at 95% C.L. [163],
considering the mass of the missing neutralino to be 50 GeV. In their HL projection
with 3000 fb~! luminosity at 14 TeV centre of mass, ATLAS has presented the exclusion
regions in the m; — M0 plane, showing that mz ~ 100 GeV with myo > 60 GeV will not
be restricted, whereas restrictions on larger mass regions are more stringent [164]. One
may note that these studies have two distinctions with the case proposed in the present
study. Firstly, while 7 is a scalar, we have a heavy fermion, x*. This means, the selection
criteria tuned to the supersymmetric search may not be applicable as it is.! Secondly,
unlike the 100% branching ratio (BR) of 7 to 7, in the present case there are other equally
competing channels, which can reduce the BR to one-third. Moreover, it is precisely the
low mass regions of around a 100 GeV, which are comparatively difficult at the LHC what
we focus on here. We show that the proposed ILC with a baseline centre of mass energy

of 250 GeV is quite capable of exploring the presence of x* with small luminosity. For

specificity, we consider the model studied in Ref.[150]. However the results of this study

LA recast of this search with x* channel as the signal is being performed.
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do not depend on the details of the model, and can be adapted easily to other similar
models with a charged fermion decaying to tau and missing energy. While carrying out
a detailed analysis at the 250 GeV ILC with close-to-realistic collider-detector simulation
including all the relevant backgrounds considered, we also indicate what may be expected
at possible higher energy versions of the eTe™ collider. We may add that with low centre of
mass energy, the baseline design of ILC is limited in its explorations of particle dynamics
beyond the SM. New particles in most BSM scenarios are already restricted by the LHC
or will be explored by its HL version, with masses beyond the production threshold of 250
GeV ILC. In this backdrop, the scenario we discuss in this chapter with heavy leptons of
mass around 100 GeV comes as an attractive possibility at the ILC. As we demonstrate,

ILC will be able to probe its presence within a short period of its commissioning.

We proceed with a brief description of the model in Section 4.2 followed by the in-
troduction to the simulation tools, with ILC detector concept and the signal and SM
background processes in Section 4.3. Section 4.4 presents the analysis and discussions

and then we conclude the results in Section 4.5.

4.2 Model description

While charged fermions present in many extensions of the SM, we focus on the case
where such a fermion decays predominantly to charged leptons and missing particles.
For definiteness we consider the DM model briefly indicated in the Introduction. The
framework presented in the model discussed here introduce of an SU(2), singlet charged
fermion y* to the standard THDM scenario, with the same Z, charge as that of the inert
doublet, ®,, the neutral component of which (HY) is the scalar DM candidate. This,
while taking care of the regions with DM mass mgo < my, the mass of weak gauge
boson, does not address the issue with over-killing due to the annihilation into gauge
boson pairs resulting in under-abundance in the regions mgo > myy. In the proposed set
up sufficiently large presence of another DM candidate (considered here as a fermion, 1,
and made stable with another discrete symmetry Z}) takes care of the under-abundance

of the scalar component. In addition, possible interactions between 1) and H brings in
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an altogether new dimension to the dynamics by allowing conversion of 1 to H° whenever
kinematically allowed. In addition, considering the collider signatures of DM models, the
presence of charged fermion and the additional interactions lead to signatures that could
be distinct from the typical IHDM scenario. We focus on the collider study of x* in this
work. Below we present the relevant details of the model. The Lagrangian of the model

is given by

L = Lsu+ (Du®2) (DF®s) + Xin" D) x + iy O,

— My xx — My — (y1 LPox g + h.c) — yaXxd — ysibp — V, (4.1)

where the covariant derivatives are given by D, = o + igh. W + ig’ %B” and D" =
o+ + ig/%B/‘. The scalar potential V can be written as ,

2 2
Vo= pd®ids + o (0]®s)" + A3(R]D1)(]03) + | (2] D2)]

5D (@]02)° + 1l 4 1 610+ Ae(610)° + 3 (a0 (B]01) + sd(@}) + B

56 + i+ as(61 )+ el + Mr(6T8)(@11) + Ms(FT9)(@22). (42)

Here ¢ is the SM Higgs field. We have introduced another singlet scalar field ¢ which
mediate the interaction of ¥ to the visible spectrum through its mixing with SM Higgs

field. The inert doublet in terms of the physical charged and neutral fields may be written

as &y = HijAO . With this, the physical spectrum of the model has two charged
V2

scalars H*, one is neutral scalar, H and the other is neutral pseudo scalar A° coming

from the ®, filed. The lighter of H° or A° and ¢ are the DM candidates. We consider H"

to be lighter, and thus the DM candidate. In addition, masses of the charged fermion, y*

and the charged scalar, H* should be larger than that of H? so as to enable their decay.

We study the possible presence of x* through its production at the ILC in its baseline
centre of mass energy of 250 GeV. The production is controlled by the gauge coupling and
the mass of the particle with the cross section lying in the order of pb. Depending on the
mass hierarchy with H* and A, the decay of xy* can be through x* — Hr, H*v,, A1,

with further decays of H* and A° as detailed in the following discussions.
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4.3 Signal background processes, event generation, detec-

tor simulation

We discuss the signal and background processes, event generation and the analysis with

ILD detector simulation in this section.

4.3.1 Signal processes

We assume a scenario where T is Z, odd, like the inert Higgs doublet, and therefore can
be pair produced or produced in association with H¥, H?, A% In this study we consider

*+e~ annihilation.

its pair production through the s-channel mediated by Z or v in e
Possible t-channel process mediated by H®/A° enabled by y; Yukawa coupling require y —e
mixing. Considering this mixing to be tiny to suppress possible dangerous contributions
to g — 2, this channel is negligible. The Feynman diagrams corresponding to the s-channel

gauge production is given in Figure 4.1. Further, with negligible x — © mixing, the only

Figure 4.1: Feynman diagrams for the production of the process e“et — xTx~ at 250
GeV ILC.

possible decays of y are to the final state involving 7 and v, with the decay widths given

by

0 yi Mo i
I'(xt—7TH") = ir M, [1- . (4.3)
X+
+ + 40 yi m,%xo ’
I'xT—774% = 2L M, [1- 4.4
(x g ) 64r X mi+ (44)
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2

2 m2

T(xt = v, HY) = 6?’71 M, (1 - 1;*) . (4.5)
T myy

The only distinction between the three channels are due to the masses of the inert Higgs
bosons. Thus, depending on the mass hierarchy, one or all channels are possible. We
consider H? to be the lightest of all the Zy odd particles, and therefore, stable and
a candidate DM. On the other hand, A° and H* further decays through the IHDM
channels to H? and the gauge bosons Z and W, respectively. Whenever kinematically
disfavoured, the gauge bosons would be produced off-shell. In the present model with the
additional heavy fermion, both A and H* pick up additional decay channels of A° — 7y
and H* — v.xT, both depending on the Yukawa coupling, 3;. This clear distinction from

the pure IHDM case would be a helpful discriminator in the phenomenological studies.

BP’s | Myo | Myo | Mp+ | My+ | w1 | QA7 ogy in pb

BP1 | 59.1 | 119.1 | 124.1 | 122.3 | 1.91 | 0.120 | 3.723x10~'2
BP2 | 67.1 |127.1 | 132.1 | 110.9 | 1.56 | 0.117 | 5.723 x 10~'2
BP3 | 63.6| 94.9| 92.9|120.0 | 1.64 | 0.120 | 1.124 x 10!
BP4 | 65.8|122.2 | 120.2 | 169.5 | 2.72 | 0.120 | 3.086 x10~!2
BP5 | 79.2 | 127.4 | 125.4 | 208.9 | 2.70 | 0.117 | 4.768 x10~!2

Table 4.1: Parameters satisfying DM relic density and direct detection cross-section.

We consider a few benchmark scenarios in our study. Our primary criteria is the
accessibility of x at a 250 GeV ILC. This limits us to consider m, < 250 GeV. The DM
candidate H? is considered always with mgo ~ 60 GeV. The masses of H+ and A° are
chosen so as to enable or disable decay of x to these states. In order to be specific, we
have considered the benchmark points listed in Table 4.1, which are compatible with the
DM relic density and direct detection. Before going to our numerical study, we computed
the cross section for pp — xTx~ at 13 TeV LHC for different m, and made sure that the
cross sections are safely below the present LHC bounds as well as the expectations at the
HL-LHC, as discussed in the Introduction section. We plot the cross section against m,

in left panel of Fig. 4.2. On the other hand, the ILC provides much larger cross section
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Figure 4.2: Production cross-section of the process (Left) pp — x+tx~ at 18 TeV LHC

and (Right) e~et — xTx~ at 250 GeV ILC for different mass of x. orr, OoLr and

Tunpol correspond to 100% Right-polarised electron and left-polarised positron beam, 100%

Left-polarised electron beam and right-polarised positron beam, and unpolarised electron
and positron beams, respectively.

for the pair production, as plotted in right panel of Fig. 4.2. Right-handed electron beam
has about five times larger cross section compared to that of the left-polarised electron
beam. Notice that only the opposite polarisations of electron and positron are relevant in
their Z or 7 interaction. In practice 100% beam polarisation is not achievable. For the
mixed case, degree of polarisation of the beams is defined in terms of the number of left-

Nr=NL with

handed (V) and right-handed (/Ng) electrons present in the beam as P = FA-5k,

P, = +1 corresponds to 100% right-polarised beam (N, = 0) and P, = —1 corresponds to
100% left-polarised beam (N = 0). A similar definition for the degree of polarisation of
positron beam also holds. The cross section with electron beam of degree of polarisation
P, and positron beam of polarisation P, can be written in terms of the cross section with

beam of 100% polarisations as

o(PoPy) = = (14 P)(1 = P,) o + i (1—P)(1+P,) org. (4.6)

e

The cross sections for a selected m,, for different centre of mass energies of 1/s=250, 350, 500
and 1000 GeV with unpolarised beams are listed in Table 4.2. In all cases, we can see that
the cross sections are large enough to probe up to the kinematic limits of masses m, ~ é
We first focus on the benchmark points BP1, BP2 and BP3 at the 250 GeV ILC, and take
up BP4 and BP5 for higher energy versions. For BP1 and BP2 considered in Table 4.1,

charged fermion y* decays are restricted to 7+ HO, as the other two possibilities of A%
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V/s in olete” — xTx7) infb
GeV || M, =100 | M, =200 | M, =300 | M, = 400
250 1377 - - -
350 837 - - -
500 422 337 - -
1000 106 105 100 89

Table 4.2: Production cross section of the process ete™ — x T~ at different centre of
mass energies and different mass of x with unpolarised beams. Masses of x are expressed
in GeV.

and H*v, are not kinematically accessible. On the other hand, for BP3, both of these
channels open up, with further decay of A? and H* to detector level final states. Table

4.3 quotes the branching ratios of the decays of x for the three benchmark scenarios, and

that of HT and A° for the relevant BP3. With these BR’s, the final state with 77~ + Fp

Dark fermion x scalar boson H T

BP1 | BR(x" — 7TH") | 100%
BR(H* — 77v,H?) | 80.9 %
BP2 | BR(x" — 77H) | 100%
BP3 | BR(H' — utv, H°) | 2.38 %
BR(x" — H7") | 52.79 %
BR(H* — etv.H®) | 2.38%
BP3 | BR(x" — H'v,) | 32.86 %
BR(H* — qqH") 14.27 %
BR(xt — A1) | 14.34%

psedo scalar A°

BR(A? — 777~ H") | 88.87 %
BR(A% = pTp~H®) | 0.407 %
BP3 | BR(A° — ete HY) | 0.413 %
BR (A% — qqH") 7.8 %
BR(A® — vvH) 2.44%

Table 4.3: Branching ratios (BR) associated with the different decay channels of the
scalar and fermion

arising from e~e™ — xTx~ have the cross sections listed in Table 4.4. The ILC is ex-
pected to have £80% electron beam polarisation and +30% positron beam polarisation

[54]. We use these polarisation combinations in our analysis. The 7 will further decay to

TH-2130_136121013



80 Chapter 4. Study of charged dark fermions at ILC250

leptons and hadrons, with BR’s of 32% and 68%, respectively [165]. ILD is expected to
have very efficient hadronic tau reconstruction [166], and we consider all possible decay

channels of tau in our analysis. The final state of our signal event contains two opposite

charge 7 leptons and missing energy. Both 7s decaying hadronically to 7+ — 7t70u,

with 26%, 7+ — ntv, with 11%, 7+ — 7579 with 9.26%, 7+ — n*r*rFv with 9%,

3=

and last decay of hadronic mode is 7 — 7 7%79% % with 1.04 % which accounts for

total hadronic decay of 7 is around 64.79%. Apart from hadronic decay modes, there are

+

two leptonic decay modes of 7, one is to 75 — e*.v, and another is to 7+ — ,uiﬂuuT ac-

counts for 17.85% and 17.36%, respectively. Before the detailed discussion of our analysis,

Final state | BP’s | oy09%po in fb o(P., P,) in tb
orr | orr | (—=80%,+30%) | (+80%, —30%)
BP1 | 306 | 1562 233 924
ete” — xtx~ | BP2 | 709 | 3597 540 2129
— 7t~ F; | BP3 | 145 734 110 435

Table 4.4: Final state cross section of the process e et — xtx= — ttr B at

250 GeV ILC with 100 % left-right (LR) and right-left (RL) polarised electron-positron

beams, along with the expected (—80%,+30%) and (+80%, —30%) polarizations for dif-
ferent benchmark points mentioned in Table 4.1.

we consider the SM background to this process.

4.3.2 Background selection

Background can be broadly categorized into 2-fermionic and 4-fermionic, with major con-
tributions from two and four-fermions at the parton level final states, with bremsstrahlung
radiation included wherever significant. The backgrounds are further classified into lep-
tonic, hadronic and semi-leptonic, depending on the final states. Below we list all 2-
fermion, 4-fermion (leptonic, semileptonic and hadronic) SM backgrounds to the signal of

opposite charged 7 lepton pair and missing energy:

e 2-fermion leptonic (efe” — Z — 2f): This background comes from the pair

production of charged lepton with the intermediate state of Z boson.
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e 2-fermion hadronic (eTe™ — Z — ¢q): The final state of this background is the

pair production of quarks with the intermediate state of Z boson.

e 2-fermion bhabhag ( e"e™ — e“e'y): The production of electron and positron

along with a photon (bhabha scattering).

e 4-fermion leptonic (efe™ — WTW~ — (tyl~i/ete” — ZZ — (Tl yy):
Final states of 4 leptons consisting of mainly processes through ZZ and WW in-
termediate states. Those events containing a pair of lepton and missing energy are

background of our signal.

e 4-fermion leptonic (ete™ — W W+ _ZZ,,;, — 4f): Production of 4 leptons
mainly coming from processes with both ZZ and W W intermediate states. Those

events containing a pair of lepton and missing energy are background to our signal.

e 4-fermion leptonic (ete™ — Zete  — ("0 vuy): Final states of 4 leptons
consisting of mainly processes through Z and electron, positron production. Those

events containing a pair of lepton and missing energy are background of our signal.

e 4-fermion leptonic (ete — W*eTy, — (14~ v7): Final states of 4 leptons
consisting of mainly processes through W boson and either electron, electron type
neutrino or positron and positron type neutrino production. Those events containing

a pair of lepton and missing energy are background of our signal.

e 4-fermion leptonic (ete™ — Zywy — €10 vy): Final states of 4 leptons con-
sisting of mainly processes through Z and neutrino and anti-neutrino production.
Those events containing a pair of lepton and missing energy are background of our

signal.

e 4-fermion leptonic (ete™ — Zee/WTeTy, — 4f): Production of four leptons
consisting of mainly processes through single Z along with a pair of electron positron
or W boson and lepton and a neutrino. Those events containing a pair of lepton

and missing energy are background of our signal.

e 4-fermion semileptonic ( ete™ — WTW™ — 4f/ e7e™ — ZZ — 4f): A pair

of charged leptons and pair of quarks, consisting of mainly processes through ZZ
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and WW intermediate states. In ZZ boson case, one Z boson decays to a pair of
charged leptons and the other Z boson decays to a pair of quarks. In the latter case,
one W boson decays to a charged lepton and a neutrino and other W boson decays

to quarks.

e 4-fermion semileptonic (e*e™ — Zee — 2j4¢): Final state of 4 fermions consist-
ing of mainly processes through Z and electron, positron production. Those events

containing a pair of lepton and two jets are background of our signal.

e 4-fermion semileptonic (ete™ — W¥eTv — 2jl1,): Final state of 4 fermions
consisting of mainly processes through W boson and either electron, electron type
neutrino or positron and positron type neutrino production. Those events containing

a pair of lepton and two quarks are background of our signal.

e 4-fermion semileptonic (ete™ — Zwwy — 2jvey): Final state of 4 fermions
consisting of mainly processes through Z and neutrino and anti-neutrino production.
Those events containing a pair of neutrino anti-neutrino and two jets are background

of our signal.

e 4-fermion hadronic (ete™ - WTW ™ — 4j/e e™ — ZZ — 4j): Final state of 4
fermion consisting of quarks, consisting of mainly processes through ZZ and WW
intermediate states. In both ZZ case or WW case, both Z boson and W boson

decays to quarks.

e 4-fermion hadronic (ete™ — W-W+_ZZ,,;, — 4f): Production of 4 quarks,
mainly coming from processes with both ZZ and WW intermediate states. Those
events containing a pair of light quark jets and missing energy are background to

our signal.

In addition, eTe™ — vwh, where h is the SM Higgs boson with its all possible decays can
potentially contribute to the background. We have considered this in our analysis as well.
In Table 4.5 we present the cross section of all the above background process for the two
different polarisation combinations considered. For convenience we have also included the

corresponding cross sections for 100% beam polarisations.
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SM background poln 0100%pol oot in fb
infb | (—80%,+30%) | (+80%, —30%)
LR 21226.35 12993.8 10377.8
2f-Z1 RL 16470.02
2f _leptonic LR 25286.93
RL 24228.04 25183.36 24605.9
2f_z_bhabhag LL 25183.35
RR 25128.28
2f_hadronic 2f-Z_h LR | 129148.58 78046.46 46214.8
RL 71272.8
vvh nnh LR 128.64 77.53 42.58
RL 65.09
LR 1636.03 958.96 88.82
Af ZZWWMIX_I RL 53.96
LR 1564.21 915.57 63.34
A4f - WW_I RL 14.6
LR 157.96 95.88 63.73
Af-ZZ RL 99.51
LR 1084.08
RL 1019.53 1053.4 1017.63
4f_singleZee_l LL 1009.6
4f leptonic RR 1008.41
LR 3334.66
RL 29.09 1966.9 148.7
4f _singleW _1 LL 39.95
RR 39.9
LR 192.75
4f_singleZnunu_l RL 39.3 114.14 29.75
LR 922.048
RL 21.59
Af-sZsW Miz_l LL 27.67 550.6 55.40
RR 27.6
LR 18780.9
4f - WW _sl RL 172.7 10992.91 758.38
LR 1422.1
Af-ZZ sl RL 713.5 856.92 467.2
4f_semileptonic LR 9999.5
RL 85.6 5898.16 445.42
4f _singleW _sl LL 119.6
RR 119.28
LR 459.05
RL 316.5 378.28 299.68
4f _singleZee_sl LL 259.75
RR 258.95
LR 456.7 271.80 92.5
4f_singleZnunu_sl RL 130.7
LR 12383.3 7252 564.9
Af - ZZWWMIX _h RL 224.84
4 f_hadronic LR 14874.3 8706.2 600.36
4f-WW_h RL 136.35
LR 1402.05 841.4 402.93
Af-ZZ_h RL 604.9
signal
BP1 e"et = xTx~ LR 305.7 233.5 924.4
— 7t H°H" RL 1562
BP2 e"et — xTx~ LR 709 540.66 2129
— 7t HOHO RL 3597
e"et = xTx™ LR 144.5
BP3 — 7t~ HOHY, 110.26 434.6
e"et = xTx— RL 734.4
— r1vrvs HOHO

Table 4.5: Cross section list of SM background for the signal final state TV~ MET at
ILC250 for three different Benchmark Point (BP), for (—80%,30%) and (80%, —30%)
polarization.
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4.3.3 Event generation and simulation

We conduct this study at 250 GeV ILC with two beam polarizations of (P, P,) =
(—80%, +30%) and (+80%, —30%). The Monte Carlo samples for both signal and back-
ground are generated with 100% polarizations in appropriate combinations. From this
we obtained the cross section for the above polarization combination using the expres-
sion given in Eq.4.6, generalised to include other polarisation combinations also for the
backgrounds which require those. Coming to the background, we take a set of full two
fermion and four fermion samples, which are centrally generated by ILC Physics group
using WHIZARD version 1.95 [167], which includes the effects of initial state radiation.
In table 4.5 we present the background samples used in this analysis along with the statis-
tics. The table also gives the signal and background cross sections. For hadronization and
showering including 7 decay, we used PYTHIA (version 8.212) [83, 168]. Each 7 is allowed
to decay by TAUOLA++ v1.1.4 [169] at ILC. The 7 leptons in the signal are allowed to
decay to all possible modes. For simulation and reconstruction of the events, tools are
used from software package called ILCSoft[170]. The generated events are passed through
the ILD [171] with GEANT4-based MOKKA toolkit [172] for detector simulation. The
simulated energy deposits are digitised and reconstructed using MARLINRECO in Marlin
Framework [173]. After the event reconstruction, the output is collected in the form of
Particle Flow Object (PFO), each of which corresponds to individual final state parti-
cle. Charged PFOs are classified as electrons, muons and charged hadrons, while neutral
PFOs are neutrinos, photons and neutral hadrons. All photon PFOs in the proximity of
charged particles are considered as being induced by FSR or Bremsstrahlung. We explain
the methods and performance of the signal selection and background rejection in section

4.4.

4.4 Analysis and discussion

We now go through the details of analysis including the kinematic selection to improve

the signal significance over the background.
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4.4.1 Reconstruction and event selection
Preselection for 7 decays

For the preselection, the first requirement is to form two isolated oppositely charged jets
originating from two oppositely charged 7 leptons. We prepare an algorithm to generate
two jets (which would be identified as originating from the two 7’s) from reconstructed
PFOs as follows. First of all, we find the most energetic charged PFO and collect other
PFO’s making a cone of radius 0.2 radian around this. This we consider as the first 7 jet
( jet1). While forming the second 7 jet ( jets), we find the second most energetic charged
PFO which is not assigned in jet;. Then other nearby PFOs are collected around this
second most energetic charged PFO making an angle less than or equal to 0.2 radian. It
is made sure that the same PFO will not be part of both the jets. The jets thus formed

are further required to have opposite average electric charge.

Event reconstruction and selection

Optimised for Particle Flow Algorithm (PFA), ILD has a high precision silicon vertex de-
tector (VTX) made of three extremely fine silicon pixel sensors with the innermost radius
of the sensor 15 mm. It can measure the particle tracks with spatial resolution of 2.8
pm. The arrangement is followed by a large volume Time Projection Chamber (TPC),
which provides upto 224 points per track. TPC is optimised for 3D point resolution with
spatial resolution better than 100 ym and an energy loss (—%) based particle identifica-
tion. Additional silicon strip tracking detectors are placed outside the TPC, one behind
the end-plate of the TPC (ETD) and one in between the TPC and the Electromagnetic
Calorimeter (ECAL). This is done with the motivation to provide high precision space
points, which improves the tracking performance of the momentum resolution. An Si-W
based highly segmented ECAL is placed outside the tracking system with the inner radius
of 1.8 m and 30 longitudinal layers and small transverse cell size of 5 x 5 mm?. ECAL
is followed by steel scintillator type highly segmented Hadron Calorimeter (HCAL) with
upto 48 longitudinal layers, corresponding to 5.9 interaction lengths. HCAL surrounds

the ECAL and has its outer radius of 3.4 m. There are two options based on Steel-based
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absorber structure. An analogue based read out system uses the scintillator tiles of 3 x 3
cm? and the gas based readout uses a 1 x 1 cm? cell geometry with a binary or semi-digital
readout of each cell. A system of high precision radiation hard calorimetric detectors are
installed outside the forward region of the ECAL and HCAL to measure the luminosity
and to monitor the quality of the colliding beams. This whole system of tracking set up
and calorimeters are surrounded by a large volume superconducting coils to provide an
axial magnetic field of 3.5 Tesla. In order to return the magnetic flux of the solenoid, an
iron yoke is instrumented with scintillator type strips and at the same time this serves as
a muon detector. With such arrangements, the ILD is capable of high precision 7 tracking

and reconstruction [166].

Along with the distribution of number of PFOs, the kinematic distributions includ-
ing the total visible energy, individual PFO energy, invariant mass distributions of the
jets, projected angle between the jets in the XY-plain (¢jetijer2) and cos Oyigiple = P./P,
where P corresponds to the magnitude of the sum of all visible momenta, for BP1 are
given in Fig. 4.3, and 4.4, for the two polarisation combinations of (—80%, +30%) and
(+80%, —30%), respectively. As listed in Table 4.5, we have combined the background

into six different groups of

1. 2f-leptonic: This include eTe™ — 2¢ and ete™ — ete ™y events, with a combined
cross section of more than 38 pb (220 pb) for the polarisation combinations of

P, = —80%, P, =+30% (+80%,—30%).

2. 2f-hadronic: This is mainly the ete™ — qg process with cross sections of 78 pb (46
pb).

3. vvh: The ete™ — vih process with all possible decays of h is included in this

background, with a cross section of 78 fb (43 fb).

4. 4f-leptonic: Major contributions arise from ete™ — ZZ — 44, ete™ — WW —
202v, ete™ — ZZ — 202v, eTe” — Zetem — 2e 2u, eTe” — Zvv — 202v,

ete”™ — Wev — 202v. The combined cross section is about 5.6 (1.5) pb.
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Figure 4.3: Kinematic distributions of 7+ 7~ + Er final state for BP1 (-80%, 30%)
polarization, with all backgrounds before applying any selection cuts with 100 fb~! inte-
grated luminosity.
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Figure 4.4: Kinematic distributions of 75 7= + Erp final state for BP1 (80%,- 30%)
polarization polarization, with all backgrounds before applying any selection cuts with 100
fb~ 1 integrated luminosity.
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Cutl No. of jets > 2

Cut2 No. of charged PFO’s < 14.

Cut3 The visible energy Fyisible < 105 GeV.

Cut4 Energy of PFO Eppo < 55 GeV.

Cuth Miettjet2 < 100 GeV.

Cut 6 Miet1, Miera < 2.5 GeV

Cut 7 | The projected angle of jetl and jet2 on the X-Y plane, ¢jet1jet2 < 3.0 radian.

Table 4.6: FEvent selection criteria adopted for both the combinations of beam polarisa-
tions considered.

5. 4f-semileptonic: The total cross section in this group of backgrounds including
ete™ - WW/ZZ — Af, ete” — ZZ — Af, ete” — Zee — 2520, eTe” —
Wev — 2jev, ete™ — Zvv — 252v is 18.4 (2.1) pb

6. 4f-hadronic: This group of backgrounds include ete™ — WW/ZZ — 4j with total
cross section of 16.8 (1.6) pb.

For the distributions given in Fig. 4.3, and 4.4 we have considered an integrated luminosity
of 100 fb~!. While larger fraction of the signal events in both the polarisation combinations
have relatively small number of charged PFO’s of less than 10, most of the background
processes, except the 2f-leptonic background, mostly have much larger number of charged
PFQO’s. Thus we considered an optimised selection of events with smaller than 14 charged
PFQO’s as our first criteria, after demanding that every event has at least 2 jets. Left side
plot in the second row of Fig. 4.3, and 4.4 shows the distribution of total visible energy
Eisible obtained by summing over the energies of all the PFO’s in a particular event.
Cut-flow table with number of signal and background events after every selection cut
discussed above is given in Table 4.7 and 4.8 for the two beam polarisation combinations
of (—80%,430%) and (+80%, —30%), respectively. For the signal events, most of the
events have the total visible energy less than around 100 - 120 GeV, whereas for all the
backgrounds have a large fraction of events with larger energies. This trend is also true
for the energy Fpro of individual PFO’s shown in the right side plot in the first row.We
have, therefore, selected events with Eisiple < 105 GeV and Eprpo < 55 GeV. The jets in
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the signal events originating from 7 is expected to have the invariant mass (Mjet1,2) close
to the mass of 7, whereas for the background this is not the case. We have introduced a
cut of Mjet1,2 < 2.5 GeV as another selection criteria. The invariant mass of the two jets
(Mjetijet2) do not go beyond around 100 GeV. This is because of the presence of the two
missing particles (H°) of mass around 60 GeV. On the other hand, almost all backgrounds
have a good fraction of events with much larger Mjet1jet2. Exception is vvh background
events, where the Mict1e2 is expected to be not more than the Higgs mass. We introduce
a selection of Mjetijet2 < 100 GeV. Considering the angle between the jets in the XY-plain
(@jetijet2) , most of the backgrounds show a peak with back-to-back jets. This is more
pronounced in the case of 2-fermion events as expected. This distributions is given in the
right side plot of the last row. Notice that the vvh events with small number of events
is not visible in the plot. We considered a selection of @jet1jet2 < 3.0 radian. We have

summarised the selection criteria in Table 4.6. The distributions for BP2 and BP3 are

SM background ‘ Ocutd Ocutl Ocut2 Ocut3 Ocutd Tcuts Tcut6 Ocut? | Otot—bkg
2f _leptonic 38177.26 | 30548.76 | 30512.70 | 3020.59 | 2935.41 | 2850.20 | 2790.86 | 1323.20
2f_hadronic 78046.45 | 77920.03 | 18380.41 | 2109.51 | 2106.09 | 2106.04 | 1068.35 62.57
vvh 77.53 77.07 14.39 10.52 10.45 10.32 9.18 8.66 | 2823.10
4f _leptonic 5655.67 5180.90 5178.48 | 1710.15 | 1594.07 | 1536.03 | 1518.26 | 1363.03

4f_semileptonic | 18422.88 | 18421.22 5088.81 140.92 140.92 140.91 80.15 65.75

4f_hadronic 16799.70 | 16799.70 14.53 | 0.00026 | 0.00026 | 0.00026 | 0.00026 | < 1075

BP1 233.50 226.55 226.30 225.27 225.23 225.14 218.27 208.47

Signal BP2 540.66 52.46.8 523.99 521.60 521.52 521.41 505.40 482.69

BP3 110.24 106.96 106.84 106.35 106.33 106.31 103.04 98.42

Table 4.7: Cut flow table with cross section (o;) in fb after each cut applied for both
signal and background for the final state T~ MET at 250 GeV center of mass energy,
with integrated luminosity of 100 fb=t for (—80%, 30%) polarization.

given in Fig. B.1-B.4 in Appendix B. The distributions show similar behaviour as that of
BP1. The decay pattern of BP2 is the same as that of the BP1, with the only difference
being the reduced m,, and a consequent increase in the cross section. In the case of BP3,
however, the decay pattern is different as explained in Section 4.3.1. While in the case
of BP1 and BP3 the missing energy and momenta are carried by two H° produced, in

the case of BP3 it is shared by the neutrinos as well. This results in the PFO energy
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SM background ‘ O cut0 Ocutl Ocut2 Ocut3 Ocutd Ocuts Ocut6 Ocut? ‘ Otot—bkg
2f _leptonic 34983.78 | 27483.29 | 27450.04 | 2218.70 | 2161.75 | 2104.11 | 2060.67 962.54
2f_hadronic 46214.80 | 46092.05 | 12666.33 | 1716.93 | 1710.06 | 1709.23 877.78 50.74
vvh 42.58 42.31 7.91 5.76 5.71 5.66 5.14 4.86 | 1178.89
4f leptonic 1467.58 1202.84 1201.01 198.86 185.55 181.11 178.10 141.72

4 f_semileptonic 2477.65 2475.14 739.63 63.28 63.22 63.22 28.62 19.02

4 f_hadronic 1568.29 1568.29 3.47 0.0044 0.0044 0.0044 0.0044 | <1075

BP1 924.46 893.46 892.35 888.10 888.10 887.91 861.09 822.27

Signal BP2 2129.05 2057.64 2055.10 | 2045.31 | 2045.30 | 2044.88 | 1983.11 | 1893.69

BP3 434.68 420.10 419.58 417.58 417.58 417.49 404.88 386.62

Table 4.8: Cut flow table with cross section (o;) in fb after each cut applied for both
signal and background for the final state T™7~ MET at 250 GeV center of mass energy,
with integrated luminosity of 100 fb=t for (+80%, —30%) polarization.

distribution and the invariant mass distributions. However, the selection criteria will not
change considerably, and therefore, we have employed the same selection criteria for all

the benchmark points. The cut-flow for all the BP’s are included in Table 4.7 and 4.8.

We compute the significance using the formula

S
S+ B+22(5+ B?)

(4.7)

Osig

where S and B are the signal and background number of events, and z is the expected sys-
tematic uncertainty. Considering the various uncertainties including those involved in the
T reconstruction, we assume a conservative 20% uncertainty uniformly for all background

and signal events.

Significance at 100 fb~1

Polarisation (—80%, +30%) (+80%, —30%)

Systematics | x =0.02 |  =0.05 || x =0.02 | x = 0.05
BP1 3.6 1.47 28.2 11.4
BP2 8.3 3.36 42.1 16.9
BP3 1.7 0.69 15.3 6.2

Table 4.9: Signal significance corresponding to cut flow Table 4.7 and 4.8 at 100 fb~1
luminosity with = corresponds to systematic uncertainty of 2% and 5% for both signal
and background.

The signal significance obtainable at 100 fb~! integrated luminosity is quoted in the
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92 Chapter 4. Study of charged dark fermions at ILC250

right columns of Table 4.9. Beam polarisation with more right-handed electrons favours
better, as the background is reduced to about one-third compared to the opposite polar-
isation combination, while the signal is increased almost four-fold. With the polarisation
combination of (4+80%,—30%) we can reach a significance of more than 50 at moderate
luminosity of 50 fb~!. With large background remaining, at the same time with large sig-
nal cross section available, it is the systematics which control the significance. Therefore

larger luminosity does not change the significance considerably.

4.4.2 Higher energy collider options

It is expected that the ILC would have an energy upgrade possibly to 350 GeV and 500
GeV, and perhaps also up to 1 TeV centre of mass energies. The CLIC being discussed
also is expected to have centre of mass energies of 380 GeV and 1500 GeV. In this section
we briefly extend our discussion to possibilities at these collider options. The benchmark
points BP4 and BP5 mentioned in Table 4.1 are considered for this. We assume that the
beam polarisations remain the same as that of the 250 GeV ILC, and quote the cross
sections for the two polarisation combinations for three different centre of mass energies
are given in Table 4.10 along with the estimated background. The background processes
are obtained from the ILC repository. Apart from all the backgrounds discussed in the
250GeV ILC we have included the background that may arise from eTe™ — tf process as

well. In the absence of full detector study, we have not attempted a detailed analysis here.

o(Pe, P,) in fb and significance (o)
Final state BP’s | /s | Polarisation (—80%, +30%) (4+80%, —30%)
GeV No cut | After cut | o | No cut | After cut | o
in fb in fb in fb in fb
BP4 | 350 | Background | 104570 1871.8 58940 795.6
ete™ = xTx~ Signal 39.7 35.6 0.9 | 141.8 124.8 | 7.6
— 1t~ Fr | BP5 | 500 | Background | 60077 1075.4 46568 628.6
Signal 32.2 28.7 1.3 | 110.3 97.1 7.4

Table 4.10: SM background and signal cross section for the final state T~ MET at

ILC350 and ILC500. Reduction after selection is assumed from that in the 250GeV ILC

study. Significance is obtained for 100 fb~' integrated luminosity and with an assumed
systematic uncertainty of x = 2%.
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Instead, we prepared a rough estimate of the significance assuming a similar reduction in
the events after the selection as that in the case of 250 GeV ILC above. The signal and
background cross sections obtainable after the selection are listed in Table 4.10, along
with the corresponding significance, for the two combinations of the beams. This clearly
indicates that the high energy versions of ILC are capable of probing the presence of x

up to its kinematic limit.

4.5 Conclusions

In many ways, electron-positron colliders bring in advantages over the hadronic colliders
like the LHC in the search for new physics beyond the SM. The advantages include the
cleaner environment with the initial state being point-like particles without substructure,
and the possibility of beam polarisation. In this work we consider probing the presence
of a heavy charged fermion of mass around 100 GeV at the baseline configuration of
the ILC with a centre of mass energy of 250 GeV. Such fermions are present in many
extensions of the SM. In particular we consider the charged fermions arising in DM models
as partner particles of the DM candidates. These fermions, being odd under the same
Zo symmetry that the DM candidate follows, decay eventually to the DM particle and
other SM particles. As a specific example we considered the charged fermion added to
the THDM. In this case the fermion () decays to the scalar DM (H") and an SM lepton.
Suppressing mixing with the first two generations of the leptons, we consider it interacting
predominantly with 7. There are no dedicated search that LHC has performed to look
for dark heavy fermions like this. However, the limits drawn from the pair production of
supersymmetric particle, 7 decaying to 7 and neutralino come close to pair production
and decay, x — THY. We have made sure that the parameters we are considering are
safely within the experimental limits obtained from these 7 searches at the 13 TeV LHC
as well as the expected limits at its HL. version, HL-LHC.

We consider the possibility of pair production of x and further decay of y at the
250 GeV ILC with two different beam polarisations of (P., P,) = (—80%,+30%) and

(+80%, —30%), resulting in a final state with 777~ pair and large missing energy. The
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7’s are further allowed to decay to all possible channels. SM backgrounds to this signal
arising in all processes are obtained from the ILC repository. The signal events are
generated through MadGraph, and processed through Pythia and MOKKA, which is the
ILD simulator. Both the signal and background events are then analysed with the help of
MARLINRECO, the standard tool used in the ILC studies. The kinematic distributions
obtained thus are studied for event selection so as to enhance signal events over the
background events. We considered three different benchmark scenarios with m, 100 - 124
GeV, around the kinematic limits of the collider. The first and second scenarios (BP1
and BP2) are selected to have y decay exclusively to H°7, whereas the third scenario
considered a mass hierarchy with the scalar bosons so that decays to A%y, and HTr
also contribute substantially to the width. The study shows that both BP1 and BP2
cases can be probed with a significance of 3.6 and 8.3 for the polarisation combination of
(—80%, +30%) and an assumed systematics of 2% and integrated luminosity of 50 fb=!,
whereas BP3 case is somewhat more difficulty. On the other hand the (+80%,—30%)
polarisation combination spares much better, where all the three scenarios can be probed
with much large significance. The latter polarisation combination is capable of probing

the presence of x in all the three scenarios even with a more conservative systematics of

5%.

Following the same selection method of analysis strategy, we also study BP4 and
BP5 with larger mass of y at ILC350 and ILC500. The polarisation combination of
(+80%, —30%) can probe a x of mass around 170 GeV and 200 GeV, respectively, for
Vs = 350 GeV and 500 GeV, with larger than 50 significance.
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Chapter 5

Summary and conclusions

In this chapter, we summarize all the outcome of the studies carried out in the

thesis.

The SM particle spectrum is complete with the discovery of the Higgs boson by the
ATLAS and CMS collaborations at LHC in 2012. In the history of particle physics, it is
the remarkable success of the SM. Therefore it can be said that SM is very successful with
its predictions of particle content and the dynamics of fundamental fields. Nevertheless,
the SM is unable to explain many of the major issues that arise in nature and hence it
has come to picture that the SM is not a complete theory to address particle dynamics at
all energies. In the present era, particle physicists are in the hunt for solutions to many
of such issues that arise in the SM. Few of the major unexplained phenomena are (i) SM
has no mechanism to generate neutrino mass, (ii) no solution to address the DM content
of the universe, (iii) the matter and antimatter asymmetry and (iv) hierarchy problem

lead by Higgs mechanism.

With a possible prospect to address these issues, one must think beyond the SM and
many such models have been proposed beyond the Standard Model. Among these, seesaw
models could make a benchmark in the particle physics phenomenology by providing a
viable mechanism to generate neutrino mass with the help of heavy scalar or fermion fields

95
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96 Chapter 5. Summary and conclusions

in addition to the particle spectrum of the SM. There are other alternative BSM scenarios
with multi Higgs models, which are proposed to address DM issue and hierarchy problem.
These multi Higgs models can be simply achieved by adding other Higgs fields along with
the SM Higgs doublet. Such multi Higgs models along with exotic fermionic partner
particle can solve the issue of DM by providing scalar and fermion component of dark
matter candidate. Search of these additional scalars and fermions are of much interest to
the particle physics community in experimental as well as in phenomenological studies.
This thesis is mainly based on Type III seesaw model, Minimal Left Right Symmetric
Model and Multi Component Dark Matter Model with their collider studies of additional

scalars and fermions.

In the first chapter, we have provided a brief introduction of the SM of particle physics
along with its main difficulties. Further, we have briefly discussed different possible at-
tempts to resolve these difficulties. Out of many possible BSM scenarios, in the thesis we
focus on collider phenomenology of Type III seesaw model, Minimal Left Right Symmetric
Model and Dark Matter model. Details about these models are presented in this chapter,
followed by outline of the rest of the chapters of the thesis.

In the second chapter, we have investigated heavy fermions at high energy electron
positron collider arising in Type III seesaw model through their direct production and
possible decays using appropriate center of mass energy for both pair production and
single production. The electron positron collider brings in specific advantage of possibility
to probe the mixing of SM lepton with Type III seesaw fermions, unlike the case of pp-
collider. Identifying the SM backgrounds, a detector level simulation and analysis is
carried out at center of mass energy of 1 TeV for all possible final states arising in single
production of charged and neutral fermion in association with a lepton and a neutrino,
respectively. Assuming maximum possible electron type mixing, our study shows that
fermion mass reach for single production can be closed to 1 TeV, with the integrated
luminosity as small as 100 fb~!. On the other hand, the pair production of charged
fermion is studied using the same analysis technique at a center of mass energy of 2 TeV
and an integrated luminosity of 300 fb~!, considering the presence of both electron type

and muon type mixing, but taking one at a time. It is found that minimum luminosity
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required to probe the best final state 4b+ 2/ is about 50 fb~! with 50 significance. Larger
mass of charged fermion in pair production can be probed with even smaller values of

mixings.

In the third chapter, we have focused on the collider signature of the multi leptonic
final states arising from the scalar sector in Minimal Left Right Symmetric Model and
get an estimate of the sensitivity of 14 TeV HL-LHC in the upcoming years. The four-
leptonic final state arising from pair production of doubly charged Higgs boson in the
model requires about 350 fb~! integrated luminosity to probe with 5o significance. Using
the same analysis, our study can be extended to an integrated luminosity of 3 ab~! and
with this HL-LHC, doubly charged Higgs mass reach can be obtained upto 1080 GeV with
50 sensitivity. The trileptonic final state arising from the production of doubly charged
Higgs boson in association with singly charged Higgs requires larger integrated luminosity
ranges from 800 -1200 fb~! to probe with 50 significance and the mass reach of doubly
charged Higgs boson can be obtainable from trileptonic final state is upto 960 GeV at an
integrated luminosity of 3 ab—! with 50 sensitivity. Thus the scenario considered in our

study can be probed in the HL versions of LHC.

In chapter 4, we have studied a well motivated BSM scenario to address another
contentious issue of the present day particle physics. There are many dark matter models
consisting of additional charged fermion or scalar partner particles. In this work of the
thesis, we consider searches of such charged fermions of the order of 100 GeV mass at
the 250 GeV ILC where the gauge produced heavy fermion decays to 7 leptons and DM
particle. Close to realistic collider and detector simulation is used to study the significance
of the 27 4+ Pp signal events from the SM background events made available by the ILD
repository. Our analysis shows that unlike the HL-LHC, 250 GeV ILC would be able to
discover such a fermion within its kinematic reach in the very early stages of its data

taking.

In summary, we have focused on beyond the Standard Model setup mainly based on
seesaw mechanism to generate neutrino masses and some multi component dark matter
models. Collider signature of additional scalars and fermions arising in these scenarios

are probed by using suitable detector level analysis. We believe that the study detailed
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in this thesis will be helpful in deciphering BSM dynamics at the LHC as well as the

upcoming electron-positron colliders.
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Appendix A

Details of Type III seesaw model

A.1 The Lagrangian

The Lagrangian of the Type III seesaw model, discussed in Section 1.4.2 and 2.2, in the

mass basis is given below,

L= Lgin+Loc+ Lo+ Lo+ Lo+ Lo+ LE+ L8+ Ly,

where L, is the kinetic part and

Lcc
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Appendixz A. Details of Type III seesaw model
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where, the left and right projection operators are denoted by, Pr r = %(1 F v5). The

couplings, g; are explicitly given below in terms of the other parameters of the original

Lagrangian. Here, the fields and the couplings, g; are given in block matrix form, with
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.
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Here, v = v/2(¢") is the vev of the doublet scalar field, ¢ = J\Z—ZQYQYE, e = % SYE,
= ) 0
and Uppns is the lepton mixing matrix. The Yukawa coupling matrix Yy, = (Yxe Ys, Ysr),
where Yy, are the Yukawa couplings appearing in Eq. 1.33. The mixing of ¥ with the SM
leptons are denoted by V, = fM Ysy, where £ = e, pu, T
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A.2 Cross sections for single and pair productions of fermions

Expressions of the invariant amplitudes for the pair and single production of charged and

neutral fermions are given below, with the general expression of cross-section given by,

2 |M|?
Ccll_z % (47’(’&) 1|67T!92'

1. Process ete” —» X2t

The invariant amplitude for the pair production of charged fermion can be written as ,

’M‘Q - |M87‘2+ 1 |Mt‘2 ‘MSZ|2 )
52 cos? Oy sint Oy \ (t —m%)?2 (s — m%)?

()
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: Mine g Mg (A.25)
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Mt — NC\2 39m2 ot 2 39 £)2 53 1 212 16m% 2 _ )2
e = (9r14) ms, (s + 2t —ms;) — 32(s + 1) _m722( —p7)° — w2 (ms; —1)7 ).

Here, M; is the invariant amplitude for the ¢-channel process, M, and M,, are invariant
amplitudes for s-channel processes with Z boson and photon propagators, respectively

(see Fig. 2.4). M3% gives the interference of t-channel with s-channel with Z boson prop-

agator. Mgﬁ and M;ft give the interference of s-channel having photon propagator with

the s-channel having Z boson, and the ¢-channel processes, respectively. The factor g;;’s
are the corresponding elements of the coupling matrix given in Eq. A.10-A.24, and the

4M2
=

boost variable 3 in the above expressions can be written as 8 =1/1 —

2. Process e'(p1)e (p2) — Eo(ps)ve(m)

The invariant amplitude for the single production of neutral fermion can be written

(with t = (p1 — p3)2) as ,

1 M2 M 2 Mts
|M|2 b ((‘ t’ ’ S|

int A .26
cost Oy sin® Oy \ (t — m22)2 (s = m22)2 (t— m2z)(5 = mQZ)) ( )

where

2 2
M = (9N R+ (985 98D’ (8% (645" — 3218) + B* (1662 — 3205)) +
C C\2 C C CH\2 C
64 5232 <9]LV14 (9h3)” gha+gia (9X9) 9%14)
2 2
IM> = ((gﬁﬁ gna) + (925 9ha) ) (82 (64 5% — 32t s) + B (16 t* — 32t s)) +
2 2
(975 GRG)" oNG + (985 9R5)”) (32 1582 - B* (1612 — 3215)
2 2
My = (GRS oR97+ (@G ohD) (64 ¢ s —1285%)82 + (64 ¢ 5 — 32 7))

Here again, M;, M, are invariant amplitudes for the t-channel, s-channel with Z boson

propagator and M5, is the interference term involving t- and s-channel with Z boson
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104 Appendixz A. Details of Type III seesaw model

sfMgJ
s+M§ :

propagator shown in Fig 2.1. 8 in the above expressions can be written as § =

3. Process e (p1)e” (p2) — X7 (p3)e™ (pa)
The invariant amplitude for the single production of charged fermion can be written (with

t=(p1 —p3)2) as ,

|M|2 — |]\4’}’|2 1 |Mtl2 1 ’MS|2
s2 4sint Oy (6 —m¥,)?  4dcost Oy sint Oy (s — m%)?
R L M
2sin® Oy s(t —m?,)  4dcos? Oy sint Oy (t —m¥,)(s —m%)
1 MYz
<2 zntQ b) (A.27)
2 cos? Oy sin” Oy s(s — m7)
where
2 2
M = ((of 95"+ (9F5) 9FF)°) (8% (64 52 =828 5) + B (16 2~ 32 ¢ 5))
2 2
+ 64 8287 (955 95)° + (0% 985)°)
2 2 2
M2 = 16 ¢ 8% (g)9)°(t = 25) ((9R* + (92D))

2 2 2
+32 s 82 (D) (2s = ) ((9119)” + 32159

M, [P = 45%(s” + tB2(t — 25))

W cC CcC NC NC
MY = 32 8%2s — B2 t)(t—2s) (955 9514 9111 9o1d)
W cc cc , CcC CC
MEY = 8 B%(t—2s)(2s — tB%) (9%, 9fs + 951 9544)
N N N N N N N
M = B (ghT) (82 — 16t s) (gmi1 + 9111) +B% goig (64t s (g — g111) +32 8% 9217

Here, My, M,, M, are the invariant amplitudes with the propagator of W boson (t-
channel), Z boson and photon, respectively . Mﬁfv is the invariant amplitude of in-
terference terms of the s-channel with Z boson propagator and the t-channel with W

boson propagator. Mlg,ftW is the invariant amplitude of interference term with s-channel

containing photon propagator and the t-channel containing W boson propagator. M7 is
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A.2. Cross sections for single and pair productions of fermions 105

the invariant amplitude of interference term having s-channel with Z boson and photon

sfM%
s+MZ-

propagator ( see Fig 2.1). (3 in the above expressions is given by =
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Appendix B

Kinematic distributions of

77~ 4+ Fp final state in Chapter 4

We study the charged dark fermions at 250 GeV ILC in Chapter 4 considering two different
type of polarization combinations. The behaviour of different kinematic distributions are
almost same for BP1, BP2 and BP3. Therefore, the selection cuts mentioned in Table 4.6
are employed in all of the benchmark points considered at 250 GeV center-of-mass energy.
We show the kinematic distributions for BP2 and BP3 in Fig. B.1-B.4 for two different

set of polarizations below which are discussed in Section 4.4.1 of the Chapter 4.

107
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108 Appendiz B. Kinematic distributions of 757~ + Ep final state in Chapter 4

Events
Events

R B D
0 510 15 20 25 30
Charged PFO

12} 2}
< <
[ [
L|>.| >
i}
10
. I i LS DU U D U U RN DU | S |
0 20 40 60 80 100 120 140 5 .
Evlslble [GeV] Mjeu[GeV/CZ]
10°
[%2] 12
] 2
c c
[ [
> S
m m
L P T SR S S S
0 05 1 15 2 25 3 35 4 45 5 100 150
2 2
Mierp [GeVIC™] Miesjerz [GEV/C? ]
[ 10° =
105§
0 » c
2 2 T
c c X
i 3
m m
103M 103?
[ R N W RN RN R I R BRI A AR I
-1 -08 -06 -04 -02 0
cos@ B ettjer

visible

Figure B.1: Kinematic distributions of 7+ 7= + Er final state for BP2 (-80%, 30%)
polarization polarization, with all backgrounds before applying any selection cuts with 100
b1 integrated luminosity.
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Figure B.2: Kinematic distributions of 7+ 7= + Er final state for BP2 (80%, -30%)
polarization polarization, with all backgrounds before applying any selection cuts with 100
b1 integrated luminosity.
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110 Appendiz B. Kinematic distributions of 757~ + Ep final state in Chapter 4
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Figure B.3: Kinematic distributions of 7+ 7= + Er final state for BP3 (-80%, 30%)
polarization polarization, with all backgrounds before applying any selection cuts with 100
fo=1 integrated luminosity.
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Figure B.4: Kinematic distributions of 7+ 7= + Erp final state for BP3 (80%,-30%)
polarization polarization, with all backgrounds before applying any selection cuts with 100
b1 integrated luminosity.
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Appendix C

Acronyms and abbreviations

SM : Standard Model

BSM : Beyond Standard Model
LHC : Large Hadron Collider
QCD : Quantum CromoDynamics
VEV : Vacuum Expectation Value
ATLAS : A Toroidal LHC ApparatuS
e : Electron

" : Muon

T : Tau

CMS : Compact Muon Solenoid
GeV : Giga electron Volt

TeV : Tera electron Volt

EM : Electromagnetic

EW : Electroweak
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114 Appendiz C. Acronyms and abbreviations

EWSB : Electroweak Symmetry Breaking
DM : Dark Matter
GUT : Grand Unified Theory

MLRSM  : Minimal Left Right Symmetric Model

THDM : Two Higgs Doublet Model
ITHDM : Inert Higgs Doublet Model

ILC : International Linear Collider
CLIC : Compact Linear Collider

FLC : Future Leptonic Collider

MCDM : Multi Component Dark Matter
BR : Branching Ratio

fb : femto barn

pb : pico barn

) : Missing Energy

MET : Missing Transverse Energy

Br : Missing Transverse Energy

ISR : Initial State Radiation

FSR : Final State Radiation

ILD : International Linear Detector

MC : Monte Carlo

FCNC : Flavour Changing Neutral Current
PMNS : Pontecorvo-Maki-Nakagawa-Sakata
NLO : Next-to-Leading Order

NNLO : Next-to-Next-to-Leading Order
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UFO
WIMP
BP
PFO
LR

RL

HL

TH-2130_136121013

: Universal FeynRule Output

: Weakly Interacting Massive Particle
: Benchmark Point

: Particle Flow Object

: Left Right

: Right Left

: High Luminosity
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