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Abstract

After the remarkable discovery of the Higgs boson at the Large Hadron Collider (LHC) in
2012, the standard model (SM) of particle physics has been established as the most successful
theory of elementary particles and their fundamental interactions except gravity. However,
there are convincing reasons to believe that there is new physics beyond the standard model
(BSM) as several observed phenomena as well as theoretical questions remain unanswered
in the SM. Among such observed phenomena, the presence of dark matter (DM) giving rise
to around 26% of the present Universe is very appealing. Although the first evidence for
DM appeared in the 1930s, it was only in the early 1980s that astronomers were convinced
of the fact that most of the mass holding galaxies and clusters of galaxies together is non-
luminous. Since the nature of particle DM and its interactions with the SM particles, except
gravitational interactions, are not yet known, there exist two broad scenarios: one in which
DM couples to SM with couplings of the order of electroweak interactions and one in which
DM-SM couplings are very feeble. The first scenario, popularly known as the weakly inter-
acting massive particle (WIMP) paradigm, is the most studied particle DM candidate in the
literature. WIMP can be defined as a new elementary particle whose interaction strength is
as weak as or weaker than the weak nuclear force. The typical mass range for WIMPs can
vary from a few GeV to a few TeV. WIMPs can be thermally produced in the early Universe
through their interaction with the bath particles. Their relic abundance can be found from
the very well known “freeze-out” mechanism. WIMPs can also leave observable signatures
at several direct, indirect search experiments by virtue of their sizeable interactions. While
no such observations have been made yet, the other scenario, known as the feebly interact-
ing massive particle (FIMP) scenario, has also gained attention in the last few years. In
this paradigm, DM will have very feeble interaction with SM particles, which prevents them
from getting produced thermally in the early Universe. However, it is extremely difficult to
produce or detect such particles directly in our ongoing experiments.

Another observed phenomena is the existence of tiny but non-zero neutrino mass and
large mixing, which have been confirmed by several neutrino experiments for more than two
decades till now. Specially, the more recent experimental results have not only confirmed the
results from earlier experiments but also discovered the non-zero reactor mixing angle 6,3.
The two most important unknowns at present in the neutrino sector are the mass hierarchy:
whether it is normal (mg > mgy > mq) or inverted (ms > m; > mg), and the leptonic Dirac
CP phase §. Apart from neutrino oscillation experiments, the neutrino sector is constrained
by the data from cosmology and rare decay experiments. For example, the combined data
from the Planck 2018 and BAO experiments constrains the sum of absolute neutrino masses
> iImi| < 0.12 eV at 95% CL. If there are no right-handed neutrinos, the Higgs field, which
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lies at the origin of all massive particles in the SM, can not have any Dirac Yukawa coupling
with the neutrinos. If we include right-handed neutrinos by hand without a Majorana mass
for the right-handed neutrinos, the required Yukawa couplings are extremely small, around
107! or smaller, usually considered as unnatural. Additionally, a bare mass term of the
right-handed neutrinos is allowed by gauge symmetries, introducing a new scale outside the
purview of the SM.

The purpose of this thesis is to study minimal models of scalar or fermion DM, where light
neutrino mass can also arise naturally with a non-trivial connection to the DM sector. To do
that, we have extended the particle content as well as the symmetry of the SM either by gauge
or global symmetries and studied their phenomenological consequences. We have shown that
such symmetries not only stabilize DM but also play a crucial role in generating neutrino mass
and mixing. We elaborate upon direct and collider search prospects of the models both in the
context of WIMP, and in some specific scenarios, we have also discussed the possibilities of
constraining the model from the cosmological observations like effective relativistic degrees
of freedom (DOF) in cosmic microwave background (CMB). We have also discussed the
interplay of thermal and non-thermal contribution to DM relic density. The thesis has been
divided into five chapters. We have started with a brief introduction of the DM physics and
the neutrino mass generation mechanism in chapter 1. In chapter 2, we have studied a class of
a very well motivated BSM framework based on the gauged B — L extension of the SM with
B, L being baryon and lepton numbers, respectively. This minimal and economical model
generating nonzero neutrino mass has been studied for a long time. The most interesting
feature of the minimal version of this framework is that the inclusion of three right-handed
neutrinos, as it is done in the type I seesaw mechanism of generating light neutrino masses, is
no longer a choice but a necessity due to the requirement of the new U(1)p_y, gauge symmetry
to be anomaly free. We have discussed three different versions of the model where neutrino
mass (either Majorana or Dirac) and DM physics, namely the stability, type and number
of DM candidates are dictated by the anomaly cancellation requirements. In chapter 3,
we consider the possibility of probing the left-right symmetric model (LRSM) via the CMB.
LRSM has been one of the most popular BSM frameworks studied in the literature. Here the
gauge symmetry of the SM is extended to SU(3). x SU(2), x SU(2)g x U(1)p_r, so that the
right-handed fermions (which are singlets in SM) can form doublets under the new SU(2)g.
This not only makes the inclusion of right-handed neutrino automatic, but also puts the
left and right-handed fermions on equal footing. Due to the presence of gauge interactions
of the right-handed neutrinos, they can be thermally produced in the early Universe and
contribute to the total effective relativistic DOF and can be significantly constrained. The
chapter 4 discusses the role of discrete symmetries in physics of DM and neutrinos. It is
based on two different scenarios where the relic abundance of DM is generated either from
a hybrid of thermal and non-thermal mechanisms or from purely non-thermal mechanism.
While in the first scenario, Z, symmetry plays the role of stabilizing DM and generating
radiative neutrino mass, in the latter scenario, the non-abelian discrete symmetry group Ay
is implemented to generate light neutrino mass and mixing. In the first case, we have shown
that a thermally under-abundant DM candidate can get non-thermal contribution to satisfy
relic density bounds. The second section is dedicated to providing a common framework
explaining the origin of tiny couplings required for light Dirac neutrinos and non-thermal
DM. In chapter 5, we have summarized our discussion and mentioned the future directions.

TH-2521 166121013



TH-2521_166121013

14



15

Permissions and Attributions

e The content of Chapter 2 is based on the following works,

(a) Phys.Rev.D 96 (2017) no.11, 115014 in collaboration with Debasish Borah.

(b) JHEP 1912 (2019) 109 in collaboration with Anirban Biswas and Debasish
Borah.

(¢) Eur.Phys.J.C 80 (2020) 6, 557 in collaboration with Debasish Borah.
e The content of Chapter 3 is based on the following work,

(a) Phys.Rev.D 102 (2020) 3, 035025 in collaboration with Debasish Borah,
Arnab Dasgupta, Chayan Majumdar

e The content of chapter 4 is based on the following works

(a) JCAP 1809 (2018) no.09, 014 in collaboration with Anirban Biswas, Debasish
Borah

(b) JCAP 1807 (2018) no.07, 039 in collaboration with Debasish Borah, Biswajit
Karmakar.

TH-2521 166121013


https://arxiv.org/abs/1709.08417
https://arxiv.org/abs/1908.04308
https://arxiv.org/abs/1911.04703
https://arxiv.org/abs/2005.02343
https://arxiv.org/abs/1806.01876
https://arxiv.org/abs/1805.11115

TH-2521_166121013

16



17

Contents

1 Introduction 25
1.1 Evidences of dark matter . . . . . . .. ... ... ... L. 26
1.1.1 Dark matter in galaxies and clusters . . . . . . . ... .. ... ... 26

1.1.2  Dark matter in the Milky Way: The standard halo model . . . . . . . 27

1.1.3 Dark matter and ACDM cosmology . . . . . . . ... ... ... ... 30

1.2 Dark matter candidates . . . . . .. ... Lo Lo 32
1.2.1 Thermal dark matter . . . . . . . . ... ... L 33

1.2.2  Non-thermal dark matter. . . . . . . . ... .. ... ... ...... 45

1.3 Existence of neutrinomass . . . . . . .. ... Lo 48
2 Dark matter and neutrino mass in gauged B — .. Model 54
2.1 Introduction . . . . . . . ..o 54
2.2 Gauged B—Lmodel . . .. . ... ... 55
2.3 Dark matter and radiative neutrino mass in U(1)g_ model . . . . . . . . .. 57
2.3.1  The Minimal Model . . . . . . . .. .. .. ... ... ..... ... Y4
2.3.2 Dark Matter . . . . . . . .. 61
2.3.3  Fermion Dark Matter in the Minimal Model . . . . . . ... ... .. 63
2.3.4  Scalar Dark Matter in a non-Minimal Model . . . . . . . . . .. . .. 64
2.3.5 Direct Detection of Dark Matter . . . . . . . .. .. ... ... . ... 70
2.3.6 Indirect Detection of Dark Matter . . . . . . . . .. .. .. ... ... 73
2.3.7 Lepton Flavour Violation . . . . . . . . ... ... ... ... .... 7
2.3.8 Collider Signatures . . . . . . . . . . . ..o 78
2.3.9 Results and Discussion . . . . . . . . ... 80

2.4 Two-component dark matter and type-III seesaw in U(1)g_r, model . . . . . 82
24.1 TheModel . . . . .. .. 84
2.4.2 Constraints on the model parameters . . . . . . .. .. .. ... ... 91
2.4.3 The Boltzmann Equations for Two-component DM . . . . . . . . .. 92
2.4.4  Direct Detection . . . . . . . ... oL 95
245 Results. . . . . . 97
2.4.6 LHC signatures of fermion triplets. . . . . . . . .. .. .. ... ... 102

2.5 Two-component dark matter and Dirac neutrino mass in U(1)g_, model . . 106
25.1 TheModel . . . . . . ... 106
2.5.2  Constraints on the model parameters . . . . . . . ... ... .. ... 111
2.5.3 Boundedness of Scalar Potential . . . . . . . .. ... ... ... 111

TH-2521 166121013



2.5.4  Perturbativity of Couplings . . . . . . . . ... .. ... .. ..... 112
2.5.5 Collider Constraints . . . . . . . . . . ... ... ... ... ... 112
2.5.6 Cosmological Bound on Additional Light Degrees of Freedom . . . . . 113
2.5.7 Dark Matter: Relic Density and Direct Detection . . . . . . .. ... 114
2.5.8 Results and Discussion . . . . . .. .. ... oo 115

3 Light Dirac neutrinos with dark matter in left-right symmetric model. 120

3.1 Introduction . . . . . . . .. 120

3.2 The DLRM . . . . . . . e 122
3.3 ANgin DLRM . . . . . oo 123
3.4 Dark Matter in DLRM . . . . . . . ... . o 125
3.5 Results and Discussion . . . . . . . . ..o 130

4 Dark matter and neutrino mass with discrete flavour symmetries 134
4.1 Introduction . . . . . . . ... 134

4.2 sub-TeV fermion triplet dark matter with radiative neutrino mass . . . . . . 136
4.2.1 Fermion Triplet Dark Matter (FTDM) . . . ... . ... ... .... 136

4.2.2  Scotogenic Extension of FTDM . . . . .. ... ... ... ...... 137

4.2.3 Neutrino mass generation at oneloop . . . . . . ... ... ... ... 141

4.2.4  Relic Abundance of dark matter candidate X, in Scotogenic FTDM 142

42,5 LHC constraints on @i . . . . . . . . . ... 150

4.2.6 Direct Detection . . . . . . . . ..o 152

4.2.7 Indirect Detection. . . . . . . . . ..o 154

4.3 A, Model for Dirac neutrinos and FIMP dark matter . . . . . ... ... .. 155
4.3.1 Freeze-in Dark Matter . . . . . . .. ... ... L. 161

5 Summary 166
A 171
A.1 Important vertices . . . . . . . . . . . .. 171
A.2 Diagonalisation of mass matrix of real scalars . . . . .. ... ... ... .. 172
A.3 Diagonalisation of mass matrix of pseudo scalars . . . . . . . . ... ... .. 173

A.4 Collision term of the Boltzmann equation for DM conversion process &y — £,6,173
A.5 The 4x4 rotation matrices for diagonalization of the real scalar mass matrix 175
A.6 The 3x3 rotation matrices required to diagonalize the pseudo scalar mass

Matrix . . . . . . e 175

B 176
B.1 Physical Masses of Gauge Bosons . . . . . ... ... ... L. 176
B.2 Fermion-gauge boson interactions in DLRM . . . . .. ... ... ... ... 178
B.3 Annihilation cross-sections of right handed neutrinos . . . . . .. ... ... 180

C 181
C.1 Full calculation of the Lagrangian of fermionic triplet > . . . . . . . . . . .. 181
C.2 Ay Multiplication Rules . . . . . . .. .. . oo 184

TH-2521 166121013



19

List of Figures

1.1 Rotation curves of spiral galaxies as observed by Rubin etal [1]. . . . . . .. 26
1.2 Representation of the collision of two galaxy clusters. Red region are showing

the electromagnetic interaction within the visible sector matter by the Chan-

dra X-ray observatory. The Blue region is the region where most of the DM

is present after the collision mapped by the gravitational lensing. Figure has

been taken from [2]. . . . . . . ... 27
1.3 Variation of the energy densities of different halo profiles with the radial dis-
tance r (in kpc)from the centre of our Milky way galaxy. . . .. .. .. ... 30

1.4 This figure shows an incredible agreement between the measurements from

LSS, supernova, BBN, and CMB. It also suggests that our Universe is almost

flat. Figure has been taken from [3].. . . . . . .. ... ... L 32
1.5 Variation of the relativistic degrees of freedom as a function the bath tem-

perature T. A small difference is noted between g, and g.s due to neutrino

decoupling and annihilation of the electron positron to photon. Figure has

been taken from [4]. . . . . . ... L 38
1.6 Variation of the comoving number density (Y, ) of x as a function of x = m, /T

from three different values of the thermally averaged cross-section (ov). The

solid line represents the equilibrium comoving number density. Figure has

been taken from [5]. . . . . . . .. 38
1.7 Upper limits on WIMP-nucleon scattering cross-section as a function of WIMP

mass for spin-independent (left panel) and spin-dependent (right panel) inter-

actions. Figure has been taken from [6,7]. . . . .. .. ... ... ... ... 41
1.8 Upper bounds on the thermally-averaged cross-section for DM particles an-

nihilating into bb (top-left), W+W = (top-right), 77 (bottom-left), and u*pu~

(bottom-right) at 95% CL. Figure has been taken from [8]. . . . . .. .. .. 43
1.9 Schematic diagram for searching of DM production via missing transverse
momentum in a general LHC detector. Figure has been taken from [9]. . . . 44

1.10 Contrasting behaviour between freeze-in and freeze-out scenarios. The final
yield decrease with increasing interaction strength in case of freeze-in case
(as shown by the upward arrow) whereas the opposite is happening for the
freeze-out case. Figure has been taken from [10]. . . . . . . .. ... ... .. 46
1.11 Schematic illustration representing the approximate orders of magnitude of
coupling constants (A, \') required for thermal and non-thermal DM produc-
tion. Figure has been taken from [11].. . . . .. .. ... ... 47

TH-2521 166121013



1.12

2.1
2.2

2.3
2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

2.15

Mechanism generating neutrino mass at one-loop as considered by Ernest
Ma [12]. . . oo

One loop neutrino mass for the particle content shown in table 2.1, 2.2
Fermion DM relic abundance as a function of DM mass for different benchmark
values of free parameters. . . . . . . . . . ...
One loop neutrino mass for the particle content shown in table 2.1, 2.3

Relic abundance of scalar doublet DM 1°" as a function of its mass for different
benchmark values of DM-Higgs coupling, in the low mass regime. The mass
splitting between 1%, n* and n° is fixed at 5 GeV, 50 GeV in the left and
right panel plots respectively. . . . . . . ... ... oL
Relic abundance of scalar doublet DM 7°" as a function of its mass for different
benchmark values of DM-Higgs coupling, in the high mass regime. The mass
splitting between n%, n* and n°" is fixed at 5 GeV.. . . . . . ... ... ...
Spin independent direct detection cross section for fermion DM mediated by
Zpy, for different benchmark values of ggp, Mz,,. . . . . . . . . .. .. ...
Spin independent direct detection cross section for fermion DM mediated by
singlet scalar ¢, for different benchmark values of ¢-Higgs mixing &.

Spin independent direct detection cross section for fermion DM mediated by

Zpy, for randomly varied Mpyr, Mz, ., gpr in the range denoted by the labels.

Parameter space allowed from relic abundance and direct detection criteria
of fermion DM annihilating purely through Zg; portal for randomly varied
Mpnr, Mz, , g1 in the range denoted by the labels. The excluded parts of
parameter space corresponding to LEP, LHC are shown as shaded regions.

Spin independent direct detection cross section for scalar DM for different
benchmark values of DM-Higgs couplings. The region ruled out from XenonlT
and LHC results are shown as shaded regions. . . . . . .. .. ... .. ...
Fermion DM annihilations into putu~, 777~ compared against the indirect
detection bounds. The points denoted by x correspond to the ones satisfying
relic abundance criteria. . . . . . ... Lo Lo
Fermion DM annihilations into W+ W ™, bb compared against the indirect de-
tection bounds. The points denoted by X correspond to the ones satisfying
relic abundance criteria. . . . . . ... Lo Lo
Scalar DM annihilations into utp~, 777~ compared against the indirect de-
tection bounds. The mass splitting between scalar doublet components is
Am,, = 5 GeV. The points denoted by x correspond to the ones satisfying
relic abundance criteria. . . . . . ...
Scalar DM annihilations into W*+W =, bb compared against the indirect de-
tection bounds. The mass splitting between scalar doublet components is
Am, = 5 GeV. The points denoted by x correspond to the ones satisfying
relic abundance criteria. . . . . . .. ..o
Scalar DM annihilations into W+W ™ compared against the indirect detection
bounds. The mass splitting between scalar doublet components is Am, =
50 GeV. The points denoted by x correspond to the ones satisfying relic
abundance criteria. . . . . .. ...

TH-2521 166121013

20

52

60

63
67

69

69

70

71

71

72

72

74

75

75

76



2.16

2.17

2.18

2.19
2.20

2.21

2.22

2.23

2.24

2.25

2.26

2.27

2.28

2.29

2.30

21

BR(p — ev) as a function of scalar DM mass for different values of Yukawa
couplings and singlet fermion mass. The mass splitting between scalar doublet
components is Am, =5 GeV. . .. ... 78
Decay width and branching ratio of Zg;, into different final states. The shaded
regions in the first three plots correspond to the regions ruled out by the LEP

and LHC bounds. . . . . . . .. .. 79
Evolution of comoving number densities of both & and & for two cases (a)
me, > mg, (left panel) and (b) mg, > myg, (right panel). . . . . ... ... .. 94

Feynman diagrams for all possible annihilation channels of two DM candidates. 95
Feynman diagrams for spin-independent elastic scattering processes of DM

with nucleons (or quarks) in the model. . . . . . .. ... ... ... ... .. 97
Relic abundance of two DM candidates with degenerate masses keeping all
other model parameters fixed to benchmark values. . . . . ... ... .. .. 98

Relic abundance of two DM candidates with non-degenerate masses: Mg, =
2My, (left panel) and M, = My, /2 (right panel), keeping all other model
parameters fixed to benchmark values. . . . . . . ... ... ... ...... 99
Relic abundance of two DM candidates with non-degenerate masses (M, =
2My,) for different benchmark values of: gauge coupling gp; (left panel),
singlet scalar-SM Higgs mixing (right panel). . . . . . . . ... ... ... .. 99
Scan plot showing the parameter space in Mg, — M¢, plane allowed from total
DM relic abundance, perturbativity, bounded from below criteria of the scalar
potential. . . . .. . oL 100
Scan plot showing the parameter space in gg;, — Myz,, plane allowed from
total DM relic abundance, perturbativity, bounded from below criteria of the
scalar potential. . . . . . . . ... 100
Effective spin-independent scattering cross section off nucleons for individ-
ual DM candidates. All the points satisfy total DM relic, perturbativity,
bounded from below criteria of the scalar potential. The projected sensitivi-
ties of XENONnNT (blue region) and DARWIN (gray region) experiments have

been shown in both the plots. . . . . . . . .. ... ... ... ........ 101
Summary plot showing the allowed points with and without applying the
direct detection bounds from XENONIT experiment. . . . . . ... ... .. 102

Left panel: Plot showing improvement in production cross-section of the wgt
pairs due to Zp;, mediation for two choices of centre of mass energies in proton
proton collisions. Right panel: Decay length of 1/J§E versus its mass compared
with the ATLAS bound on disappearing charge track searches at 13 TeV

centre of mass energy. . . . .. ... 104
Feynman diagrams for spin-independent elastic scattering processes of DM
with nucleons (or quarks) in the model. . . . . . . ... ... 0oL 115

Left panel: Relic abundance of two DM candidates with degenerate masses
keeping all other model parameters fixed to benchmark values. Right panel:
Total relic abundance of two DM candidates (Qpyh? = Qg h? + Q¢,h?) with
degenerate masses Mg, = M, for different benchmark values of U(1) 5_ 1, gauge
coupling. . . . . .. 116

TH-2521 166121013



2.31

2.32

2.33

2.34

3.1

3.2

3.3

3.4
3.5

3.6

3.7

3.8

4.1
4.2

4.3

4.4
4.5

22

Total relic abundance of two DM candidates (Qpyh? = Qg h? + Q¢,h?) with
degenerate masses Mg, = Mg, for different benchmark values of: mixing angle

(left panel) and (b) quartic couplings (right panel). . . . .. ... ... ... 117
Summary plot showing allowed parameter space of the model from all relevant
experiments and observations. . . . .. ... 118

Effective spin-independent direct detection scattering cross-section of individ-
ual DM candidates. Green points are satisfying the boundedness of potential,
perturbativity of couplings and the total DM relic density constraint whereas
the black points are allowed from all relevant constraint such as direct detec-
tion, LHC, LEP and CMB bound on ANgg. . . . . . . . . . . .. ... ... 119
DM parameter in terms of DM masses space satisfying all relevant constraints.
The colour coding is used to denote gpy,, Mz, in left and right panels respec-

tively. . . . A %Y . ol - - - . 119
Feynman diagrams of vg annihilation. Here g = eg, itg, Tr, f = €r, Ur, TR, R
with q being quark. . . . . . .. ..o 124
Decoupling temperature of right handed neutrinos as a function of Wx mass
for different gauge couplings ggr. . . . . . . . ..o 125
AN as a function of decoupling temperature (left panel) and Wx mass (right
pandt: BF . . . . . R . . B L =Y 126

Parameter space in gg — My, plane from Planck 2018 20 constraints on ANeg.126
Allowed values of gg; and gr which will reproduce the value gy after the

spontaneous breaking of SU(2)g x U(1)g_r, to the remaining U(1)y. . . . . . 127
Allowed gpr, — My, parameter space from Planck 2018 bound on AN.g at
20 in minimal U(1)p_p gauge model with light Dirac neutrinos. . . . . . . . 127

Left panel: DM relic as a function of DM mass for different benchmark combi-
nations of gg, Wg). Right panel: Parameter space satisfying relic abundance
criteria of right handed fermion quintuplet DM in DLRM. The shaded regions
are ruled out by Planck 2018 bound on AN.¢ at 20 for respective values of ggr.128
Left panel: Additional relativistic degrees of freedom required to bring Neg
within Planck 2018 1o bound N = 2.99 + 0.17. Right panel: Allowed
parameter space in ggr — Myy,, plane from Planck 2018 1o bound Neg = 2.99 +
0.17 after considering additional relativistic degrees of freedom. . . . . . .. 132

Feynman diagram of neutrino mass generation at one loop. . . . . . . . . .. 141
Feynman diagrams for all possible annihilation and co-annhilation channels.
Two diagrams in first row are annihilation of ¥? while rest are co-annihilations.144
Left panel: Solution of coupled Boltzmann equations given in equations (4.17)-
(4.19) for a particular benchmark point Myo = 1TeV, Mg = 2 TeV, M, = 200
GeV, AM =4 GeV, ys; = 0.854 x 1072 and y, = 1.5. Right panel: Relic den-

sity of 9y for thermal interactions (ys = 0) and thermal plus non-thermal

interactions (ys = 0.854 x 1077). . . . . . ... 146
Variation of Qw? h? with thlJ. .......................... 147
Comparison of Y0 with respect to different model parameters. . . . . . . .. 148

TH-2521 166121013



23

4.6  Allowed parameter space in ys; — AM for y; = 1.5 (left panel) and 0.1 < y; <
2.0 (right panel). In both plots mass of ¢° has been varied between 1 TeV to

5 TeV and M, is kept fixed at 200 GeV. . . . . . ... ... ... ... ... 149
4.7 Lifetime of lei versus DM mass compared with the ATLAS bound on disap-
pearing charge track searches. . . . . . . .. ..o 151

4.8 Spin-independent DD scattering processes in the model. The first two pro-
cesses are for pure triplet fermion DM model while the last one arises ad-
ditionally in the present model due to the introduction of the singlet scalar
P 153

4.9 Left panel: DD cross-section for pure triplet fermion as a functions of DM
mass. Right panel: DD cross-section for singlet scalar mediated diagram as a
function of DM mass for different benchmark values of £ with fixed My, =200
GeV and y, =(1'0. . . ol - - - . 153

4.10 Parameter space of Yukawa coupling ys and Mo that satisfy the relic density
constraint. The color-bar indicates the variation of the another Yukawa ys.

The Black line corresponds to the Fermi-LAT bound, the points above that
line are allowed. To generate this plot we have fixed the singlet mass (M) at
2000GeV. & . . . . L U . . .. . . W T 154
4.11 Correlations between different model parameters for 3o allowed ranges of 3,
012, O23, mass squared differences [13] and > m; < 0.17 eV. Left panel: the
allowed points in |s| —|a| (symmetric and anti-symmetric parts of the neutrino
mass matrix respectively) plane. Right panel: the allowed points in the ¢5— ¢,
(phases associated with symmetric nd anti-symmetric parts respectively) plane.159

4.12 Correlations between different light neutrino as well as model parameters for
3o allowed ranges of 63, 612, 03, mass squared differences [13] and Y m; <
0.17 eV. Left panel: the lightest neutrino mass is shown as a function of model
parameter x. Right panel: the predicted correlation between Dirac CP phase
0 and atmospheric mixing angle fo3. . . . . ... ..o 160

4.13 Left panel: Relic abundance of 7 and DM (7)) as a function of temperature
for different benchmark values of Yukawa coupling Y. Right panel: Relic
abundance of DM () as a function of temperature for different benchmark
values of ¢ and 1 masses and fixed Yukawa Y =102 . . .. ... ... .. 163

4.14 The allowed parameter space in Ag,-m, plane for different DM masses which
gives rise to the required freeze-out abundance of n followed by the correct

DM abundance from n decay. . . . . . . .. ... Lo 164
4.15 Parameter space for Yukawa coupling and n-DM masses that satisfy the upper
and lower bounds on lifetime of n : Tggn < Tp <Tp. . . . . . . . . . . . .. 164

TH-2521 166121013



24

List of Tables

1.1 List of relevant parameters and their numerical values for different DM halo

profiles. . . . fe AN, L ae M aLL 29
1.2 Three-flavor oscillation parameters by following the global data in [14]. . . . 49
2.1 Fermion Content of the Model . . . . . . . ... ... ... .. ........ 57
2.2 Scalar content of the Minimal Model . . . . . . . ... .. ... ..... .. 58
2.3 Scalar content of the non-Minimal Model . . . . . . . ... ... ... .... 64
2.4 Cross Sections (pb) for pp — ppn . . . . . .o 79
2.5 Cross Sections (pb) for pp — xx -« - - . o 80
2.6 Cross Sections (pb) for pp — 0% 0% . . . ... 80
2.7 Fermionic fields of the present Model including the SM fermions. . . . . . . . 85
2.8 Scalar fields and their corresponding charges under all the symmetry groups. 85
2.9 The parameters of our model and ranges used in the random scan . . . . . . 101
2.10 Benchmark scenarios considered for calculating decay widths of Zg,. . . . . 105
2.11 Decay widths of Zp;, for different benchmark values of DM and fermion triplet

masSes. SR . I - TR DR . B e . . . 105
2.12 Fermion Content of the Model . . . . . .. .. .. ... ... ... .. .... 107
2.13 Scalar content of the Minimal Model . . . . . . . .. ... ... ....... 107
2.14 The parameters of the model and ranges used in the random scan . . . . . . 118
3.1 Fermionic fields of the present Model including the SM fermions. . . . . . . . 122

3.2 Scalar fields and their corresponding charges under all the symmetry groups. 122

4.1 Production cross sections of ¥4y and ¥F4? from pp collisions at /s = 14

TeVLHC. . ... L7 = == hew™m LMY T o0 151
4.2 Field content and transformation properties under Ay x Zy x Zj x U(1)g

symmetry of the model. . . . . . .. ..o 156
A.1 All new possible vertices . . . . . . . . . ... 171
A .2 Relevant Parameters for Interaction Vertices . . . . . . . . . . . . . .. ... 172
B.2 Fermion interaction with Z/ boson. . . . . . . . . . .. .. ... 179
B.1 Fermion interactions with Z boson. . . . . . . . . . . .. .. ... ... 179

TH-2521 166121013



25

CHAPTER 1

Introduction

One of the most astonishing revelations of the last century in terms of the understanding of
our Universe is that ordinary luminous and baryonic matter, that is, the matter made up of
neutrons and protons, is not the dominant form of matter in the present Universe. Rather,
different astrophysical and cosmological observations indicate that a large amount of the
Universe’s energy density, roughly five times more than the ordinary matter, consists of some
non-luminous and non-baryonic form of matter, known as dark matter (DM). Recent data
from WMAP [15], PLANCK [16], which probe anisotropies in Cosmic Microwave Background
Radiation (CMBR), state that the present Universe contains nearly 27% DM, 68% in the
form of an unknown energy, known as Dark Energy. Only the remaining 5% of the total
energy content is made up of luminous baryonic matter from which all the known objects
such as stars, galaxies, galaxy clusters, etc., are formed. It all started in 1933, when Fritz
Zwicky, a Swiss astronomer, wanted to estimate how much matter is there in a galaxy cluster,
namely Coma cluster [17, 18], situated at 99 Mpc away from Earth. He used the observed
Doppler shifts in the galactic spectra to calculate the velocity dispersion of the galaxies
and then employed the virial theorem to calculate the total mass of the Coma cluster. He
observed around 1000 nebula in the cluster and found that the average mass of each nebula
was Muepula = 4.5 x 101 M, with M being the solar mass. On the other hand, by using
the standard M/L ratio for nebula, where M is the total mass of the cluster and L is the
luminosity, the total mass of the cluster was found to be approximately 2% of this value,
indicating that the vast majority of the mass of the Coma cluster was either missing or non-
luminous. Zwicky named this non-luminous matter as 'Dark Matter (or dunkel materie)’.
The idea of DM was largely ignored until the 1970s when American astronomer Vera
Rubin and her collaborators had found the similar behavior in their study [1] of the velocity
of stars moving around the center of a galaxy. Several groundbreaking studies of the flat
rotation curves of galaxies came up in the early 1980s [19,20] with similar conclusions. In this
first chapter of the thesis, we will discuss some basic aspects of DM and its phenomenological
consequences. This chapter is organized as follows. In section 1.1, we have discussed some
astounding evidences that point to a large abundance of this unknown form of matter in our
Universe. In section 1.2, we have discussed about the possibilities of thermal and non-thermal
DM candidates and their experimental prospects as well as current status. In the last section
of this chapter 1.3, we briefly discuss about the evidences suggesting the existence of small
neutrino mass and mixing, another observed phenomena which the SM fails to address.
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1.1 Evidences of dark matter

1.1.1 Dark matter in galaxies and clusters

The most robust and well-known evidence for the presence of DM in the galaxy comes from
the observations of the rotation curves of spiral galaxies [21-23]. A spiral galaxy consists of
a flat rotating disk that contains stars, intergalactic gas, and dust, and the star’s motion is
controlled by gravitational interactions. There is a central bulge in the galaxy where most
of its mass is concentrated while the spiral arms are spread out, forming an overall disk-like
shape for such galaxies. By using the standard Newtonian gravity, we can write the circular
velocity v, of a star as,

GM(r)

T — pa— (1.1)

where G is the gravitational constant, and M (r) is the mass enclosed inside a galactic
disk of radius r. Using Gauss’ law in equation (1.1), one can conclude that the circular
velocity should increase up to some radius rmax (typically a few kpc) which contains most of
the luminous matter and then should fall as 1/4/r. However, the observations indicate that
after rising from r = 0 to ryay the circular velocity remains flat, implying that M (r) o 7 .
This suggests that in addition to the observed luminous disc and central bulge, there exists
an additional “dark” component of matter whose mass increases linearly with the distance
from the galactic centre. Figure 1.1 illustrates the 21 Sc rotation curves of spiral galaxies
observed by Rubin et al [1], which show that the circular velocity becomes almost constant
at large radial distance from the center of the galaxy. Since then, there have been many
studies and evidences supporting these conclusions [19-23].
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Figure 1.1: Rotation curves of spiral galaxies as observed by Rubin et al [1].

Similarly, there have also been evidences of the existence of DM on the scales of galaxy
clusters. According to general relativity, the gravitational field of a massive object can bend
the path of light travelling around it. The mass of this object, which acts as a lens, can be
ascertained by this bending effect. This method, known as gravitational lensing, completely
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relies on the gravitational interaction and includes both luminous as well as non-luminous
matter. If one is fortunate enough, she can observe multiple images, arcs, or even rings,
known as Einstein ring, through lensing (also referred to as strong gravitational lensing).
Unfortunately, in many cases the lensing is not so strong. In such cases, instead of producing
the multiple images and arcs associated with strong lensing, one can still manage to get a
weakly distorted image of the source, appearing more elliptical in shape. By observing a large
ensemble of such sources, this ‘shape noise’ can be averaged out, so that we can obtain the
information of the intermediate matter distribution. By using this method, known as weak
lensing, people have spectacularly mapped the mass distribution of the two colliding clusters,
“Bullet Cluster (1E0657-558)" [24,25]. In fact, it is one of the most convincing pieces of
evidence supporting the existence of DM. It was an cosmic event, around 4 billion light years
from our solar system, where two giant galaxy clusters collided with each other. After the
collision, the distribution of the hot gas, which makes up most of the luminous matter in
the clusters, has been mapped by the Chandra X-ray observatory. It is shown in figure 1.2
which reveals that the baryonic matter or the hot gas (the yellow and red patches), has been
held up in the middle due to electromagnetic interactions while the DM (blue patch) has
passed straight through. So, it not only provides an observational evidence for the existence
of DM but also dictates that DM interacts very weakly with baryonic matter, suggesting its
collisionless nature. Observations of clusters like MACS J0025.4-1222 [26], Abel cluster [27]
have also reported similar results.

Figure 1.2: Representation of the collision of two galaxy clusters. Red region are showing
the electromagnetic interaction within the visible sector matter by the Chandra X-ray ob-
servatory. The Blue region is the region where most of the DM is present after the collision
mapped by the gravitational lensing. Figure has been taken from [2].

1.1.2 Dark matter in the Milky Way: The standard halo model

Perhaps the most appropriate place to look for DM in the Universe is our own galaxy, the
Milky Way. Scientists are searching for DM through direct detection and indirect detection
experiments, as discussed later in this chapter. These experiments depend on two crucial
parameters: the local DM velocity distribution and density profile. Therefore it is imperative
to know how DM is distributed in the galaxy. The 'Standard Halo Model (SHM)’ [28,29],
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the simplest model describing the DM distribution, assumes that the DM is distributed
spherically, isotropically and smoothly.
In this model, the DM density p and the velocity distribution f can be written as

p(x) :/d3v]:(x,v), f(v) :/d?’x]:(x,v), (1.2)

where F(x,v) is the distribution function, defined in such a way that Fd®zd*v/My is
the probability of having a DM particle with velocity v and position z in the given range.
It is assumed that the halo has already achieved a steady state, so it no longer depends on
time. My is the total mass of the DM halo used to normalize F as following,

/d%d?’v]:(:v,v) = My. (1.3)
In SHM, the distribution function F is given as,
1,2
| Po Y — 5
Fsam(z,v) = (27m2)3/26xp ( = ) : (1.4)

where o and py are constants and ¢ is the relative potential defined by the sum of the
gravitational potential (—®) and an appropriately chosen constant ®g, i.e v = —P + P
Poisson’s equation related to ¢ can be written as

V2 = —4nGp. (1.5)

The above assumption of DM being distributed spherically, isotropically and smoothly,
implies that 1 depends only on r. Substituting equation (1.4) in equation (1.2) and inte-
grating over all velocities, the Poisson’s equation can be written as following

d ( ,dlnp\ 471G ,
e (r o ) =5 TP (1.6)
Solving this, one will get
2
o
= — 1.
o) = 5 (1.7

Similarly for velocity distribution, we will get

ro <o (55). (18)

_ which is very well-known Maxwell-Boltzmann distribution, with a velocity dispersion
v?2 = 302. Interestingly, if we start from the equation of hydrostatic equilibrium for an
isothermal gas we will get an equation similar to equation (1.6)

dp  kgTdp dd GM(r)
s T = _p% =P 5

(1.9)

dr  m dr r

where p and T are the pressure and temperature of the gas, kg is the Boltzmann constant,
m is the particle mass and M (r) is the galaxy mass interior to radius . Multiplying both
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side by r*m/(pkgT) and then differentiating with respect to r, we get an equation similar
to (1.6) which further implies

o (1.10)

Thus the velocity and density distributions of the SHM are analogous to an isothermal
self-gravitating sphere of gas. The circular velocity vy and galactic mass interior to radius r
are obtained to be

20%r
G

Hence, the SHM predicts that circular velocity is independent of radius r, which agrees
pretty well with the observations of a flat rotational curve discussed in the previous section.
Though this simple model can explain the flatness of the circular speed, it has many limi-
tations. The halo’s infinite size and the divergence of mass, as r — oo, are among the most
severe problems of this model, which directly contradicts the real galaxies, which are finite
in size and mass. N-body simulations of DM [30-32] have shown that the density profile of a
typical halo departs from the above assumptions. Simulations have also shown the DM veloc-
ity distribution to be significantly different from the Maxwell-Boltzmann distribution [33-36].

vo(r) = V20, M(r) = . (1.11)

Halo Profile a | B v | d]|rs(kpe) | ps (GeV/cm?)
NFW [37,38] 1 3 1 0 20.0 0.259
Isothermal [39] | 2 [ 2| O |0 3.5 2.069

Moore [40] | 1 | 3 |1.16] 0| 30.28 0.108
Kravtsov [41] 2 |3]0410 10.0 0.570
Burkert [42] | 2 | 3] 1 | 1| 12.67 0.727
Einasto [43,44] | 0.17 | — | — | —| 20.0 0.061

Table 1.1: List of relevant parameters and their numerical values for different DM halo
profiles.

So far, no unique profile for DM density exists in the literature to explain the above-
mentioned properties. There exist different parametrizations for the halo density profile of
DM, and the one which has been used by many groups is given by

Ps
p(r) = : (1.12)

v ay 227
(+())(+())"
where p, is the normalization factor, r, is the scale radius and, «, 3, v, 0 are arbitrary
constants. The values of the parameters for different density profiles have been given in table
1.1. The normalization factor p; is obtained by claiming that at the distance of the solar loca-
tion from galactic center (r = 1, = 8.5kpc) the DM density is p(r) = ps = 0.3 GeV/cm?.
Another commonly used DM density profile is, the Einasto profile, given by
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P(7)Einasto = PsEXD l—% { (;)a - 1}] : (1.13)

The variation of different DM halo density profiles has been shown in figure 1.3 with
respect to the radial distance r from the galactic centre. One interesting point to note here is
that the profiles like Moore, NFW, Einasto, and Kravtsov indicate that DM density increases
towards the galaxy’s inner parts (known as the “cuspy” nature) and the cosmological N
body simulations support this predictions. On the other hand, profiles like Isothermal and
Burkert, show more or less constant DM density around the galactic centre, known as “core”
like structures. The astrophysical observations such as rotation curves of galaxies and others
seem to indicate similar nature. So there is contradiction between these two different density
profiles known as the “core/cusp problem” (see [45] for review).
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Figure 1.3: Variation of the energy densities of different halo profiles with the radial distance
r (in kpc)from the centre of our Milky way galaxy.

1.1.3 Dark matter and ACDM cosmology

Standard cosmological model, also known as the ACDM model, is the most successful cosmo-
logical model so far and this model consists of six independent parameters namely, baryon
density (,h?), the DM density (Qpumh?), scalar spectral index (n,), age of the Universe
(tg), curvature fluctuation amplitude (A?), and reionization optical depth (7). All the other
parameters of interest can be derived from these. Most importantly, the measurements of
the anisotropies of CMB [16] are in great agreement with the ACDM model. Assuming the
spatial isotropy and homogeneity, the Universe can be well described by the Friedmann-
Lemaitre-Robertson-Walker (FLRW) metric:

TH-2521 166121013



31

ds® = dt* — a*(t) ( +r* (df? + sin*f d¢2)> : (1.14)

1—Fkr?

where, r, 0, ¢, t are comoving coordinates, a(t) is the cosmic scale factor. The parameter
k, which determines the spatial curvature, can take values +1, -1, 0 corresponding to positive,
negative and flat Universe respectively. The dynamical equations of motion, famously known
as the Friedmann equations, can be derived by using the metric given in equation (1.14) in
Einstein’s equation,

1
R — §Rg,ﬂ, =81 GT, +Agu, (1.15)

where R, and R are the Ricci tensor and the Ricci scalar respectively, T),, is the energy-
momentum tensor, and A is the cosmological constant. Considering the Universe to be
composed of a perfect fluid, the energy-momentum tensor can be written as

T = =P G + (P + p) wutty, (1.16)

where, p and p are the energy density and the pressure of the perfect fluid respectively

while u,, is the velocity vector in the comoving coordinates. The equation of state which

relates the pressure and the energy density is written as p = wp. w takes different values for

radiation, matter and vacuum energy. The dynamics of the scale factor can be related to
the energy density and the pressure by the Friedmann equations as

-2
9 G 8qrGp k A
Eie i - i (1.17)
a A AnG

where H is known as the Hubble expansion rate and one can derive a very important
equation from the above two equations,

p=-=3H(p+p), (1.19)

which dictates the evolution of energy density in the Universe. Let us now define the
energy densities of radiation, matter and dark energy as Qaqa = praa/pPe, Qm = pm/pe, and

Qp = A/pe, where p, is known as the critical density defined as p, = g’fé Using the above
parameters, the equation (1.17) can be rewritten as,

k 2

— = H" (Qpag + L + Q4 — 1) (1.20)

a?

Observations made by the Planck satellite have led to the precise measurements of dif-
ferent parameters defined above while being in excellent agreement with similar estimates
obtained from large scale structure (LSS) and big bang nucleosynthesis (BBN) measure-
ments. From Planck measurements, it was revealed that the present abundance of baryon
and DM can be quantified as €2, ~ 0.0486, Qpy ~ 0.2589 [16] respectively. Figure 1.4 shows
an incredible agreement between the measurements from LSS, supernova, BBN, and CMB
observations.
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Figure 1.4: This figure shows an incredible agreement between the measurements from LSS,
supernova, BBN, and CMB. It also suggests that our Universe is almost flat. Figure has
been taken from [3].

1.2 Dark matter candidates

Based on numerous evidences discussed above, the existence of the non-luminous matter in
the Universe has become a well-established fact now. However, the particle nature of DM is
still an open question. While it is challenging to settle this question, it is relatively easier to
rule out certain types of particles from being DM candidates. This is because any particle
DM candidate must satisfy certain criteria. Firstly, DM must be stable on cosmological
time scales to be present with sizeable abundance today. At the same time, DM has to be
electrically neutral as it does not have any electromagnetic interactions. Secondly, data from
different cosmological observations like BBN and CMB reveal its non-baryonic nature. In
fact, the observation of the Bullet Cluster indicate that DM must be very weakly interacting,
and if has any interactions at all apart from gravity, it must be weaker compared to that
of baryonic matter. Lastly, N-body simulations show that DM must be cold to explain the
structures we see in the Universe today. None of the SM particles can satisfy all the above-
mentioned properties of DM. Neutrino would have come closest to satisfying these criteria
as it is electrically neutral, stable, and very weakly interacting. However, the last criteria
rules out that possibility as being relativistic, neutrino will have a very large free-streaming
length significantly limiting the LSS formation. Additionally, neutrinos can give rise to only
a tiny fraction of total DM abundance in the present Universe.

The scarcity of an appropriate candidate for DM within the SM is one of the most im-
portant reason to look for the physics beyond SM. In this section, we will discuss about
such popular BSM frameworks for realizing particle DM and their phenomenological conse-
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quences.

1.2.1 Thermal dark matter

Perhaps the most widely studied particle DM candidate in literature is the Weakly Interact-
ing Massive Particles or WIMPs, which can be defined as a new elementary particle whose
interaction strength is as weak as or weaker than the electroweak force. Such weak interac-
tion strength of WIMPs with the SM particles is, however, sufficient to ensure its thermal
production in the early Universe. The typical mass range for WIMPs can vary from a few
GeV to a few TeV, and being massive, it would become non-relativistic at very early epochs
thereby satisfying the requirement of being cold. In this thesis, WIMPs are the one which
will be mostly discussed. One crucial aspect of WIMPs is that they can be thermally pro-
duced in the early Universe through their interaction with the bath particles. Their relic
abundance can be found from the very well known “freeze-out” mechanism [46-48]. Let us
consider a particle x with mass m,, to be in chemical and thermal equilibrium with the other
particles present in the thermal bath in the early Universe. The necessary condition for this
is that the production rate of y from the thermal bath have to be equal to the annihilation
rate I', which keeps the particle in chemical equilibrium. This equilibrium will be maintained
until the expansion rate (H) of the Universe becomes greater than I'. In the non-relativistic
limit (i.e.m, >> T ), the equilibrium number density of x can be written a as

m, T\ *?
net = gy ( - ) exp(—my/T), (1.21)

where T is the temperature of the thermal bath and g, is the number of internal degrees
freedom of y. We have assumed that there is no asymmetry between the particle and anti-
particle of DM and hence set the chemical potential to be zero when they are in equilibrium.
From the above equation, it is clear that for low temperatures, the number density will be
extremely small due to the exponential suppression. However, the particle will not follow
the equilibrium distribution forever. It will decouple from the thermal bath if I" falls below
the expansion rate H, which is known as the “freeze-out” from the thermal bath. To follow
the dynamics of the thermal freeze-out and know the relic abundance of xy we have to solve
the Boltzmann equation, which can be written as

L{fc(wsa)] = C [ (s 2")] (1.22)
where f, is phase space distribution function of x with four momentum p* at any space-
time point z#. L [ fx (pﬁ,a:“)] is the Liouville operator, which determines the net rate of
change in time of the particle phase space distribution function f,, and collision operator
C [ Ix (p‘;, x“)] represents the number of particles per phase space volume per unit time which
are being lost or gained due to collision with other particles. In a spatially homogeneous
and isotropic Universe, as described by the FLRW cosmological model, the phase space
distribution function f, depends only on its energy F, and t. Therefore, the Liouville
operator can be written as

Ofy

Ofx 2 Ofx
ot

L{f (Ey, t)] = E - ‘? EYonk (1.23)
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From the phase space distribution function f,, we can also find out the number densities
of the species y as

(1.24)

The evolution of the number density can be followed by using the Liouville operator
defined in equation (1.23) as

&/%fwmdgpx T %(%/fx (B, z") d3px> (1.25)

273
|t afy
I grH dp,,
27r3 / E, OB,

Using the definition of number density given in equation (1.24), one can simplify the
above equation as

9x /L[fx (Exat)]d:i . 8nx gx / 3afx
Px = & — 534mH [ |py

273 E,
on g 28|p
:8—;<—2X347TH{ |pX —3/| XfXdE
on
= G+ amt [ 3P 2 ha,
('9n .
82fx+3 o 3/fxdpx
_On
= 8tx +3Hn,. (1.26)

The first term on the right hand side (RHS) in the above equation is the time evolution of
the number density whereas the second term is the dilution factor due to the expansion of the
Universe. Therefore, the Boltzmann equation, defined in equation (1.22) can be rewritten as

anx x C[fx (Ex,t)] 5
X4 3Hn 2W3/ o (1.27)

Now, let us try to simplify the RHS of the above equation for the collision process
X + a — y + z. The collision term for this process can be written as,

C[fy (Ey,t
297:3/ [fX]; N )]d3px = —Z/dﬂ dIT,dIT,dIL, (27)* 6* (py + Pa — Py — =) ¥

X spin

[|M|i+a—>y+z fxfa(l + fy)(l + fz) -
M smva Ful(LE fO(LE fa) | (1.28)
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where, f; is the phase space distribution function of the individual species (x, a, y, 2)
and

d*p;
"2F; (21)°

The energy momentum conservation is ensured by the four dimensional Dirac delta func-
tion and the |M ]2 is the matrix element squared of the process x + a — y + 2. The first
term inside the square bracket represents the loss of the number of x whereas the second
term shows the gain of the same species. The phenomena of Bose enhancement and Pauli
blocking are also coming into the picture through the (1 & f;) term where the plus is for
bosons and the minus is for fermions. For further simplification, we have used the following
well motivated assumptions.

dIl; = g (1.29)

e Firstly, we have assumed that the final state particles y and z are in thermal equilib-
rium with the other particles present in the cosmic plasma and follows the Maxwell-
Boltzmann (MB) distribution. So,

E
fyfz =3 e_Ty X e

e Secondly, by using the T (or CP) invariance in the above-mentioned collision process,
we can write the following condition

E, _ Ey+E> o Ex+Eq
T T

— T = fea e, (1.30)

=e

‘M@Jrz—)x-i-a = ‘M|i+a—>y+z = |M‘2 :

e Another important assumption is that, for all species, we use Maxwell-Boltzmann
statistics instead of Fermi-Dirac or Bose-Einstein statistics. This is a valid assumption,
as the systems we are interested in, have temperature smaller than £ — 1 where E
is the energy and p is the chemical potential of the species. Under this assumption,
(1 + f;) factors can be ignored, as (1 + f;) =~ 1.

Hence the equation (1.28), under all the above-mentioned assumptions, can be written as

Clf. (Bt
29—;3 / —[fXE( X )]d3px = - / dIL dI1,dI1,dTL, (27)* 6* (p, + pa — py — p:J1.31)

X spin
< |\MP [ffa — FO£]

Another important quantity is the annihilation cross-section which, by definition, can be
written as

Ox+a—y+z —

1 4 ¢4 2
1B Fogugev Z/dﬂydﬂz(%) 0" (Px + Pa — Py — D2) IM[ 4 oyyrsr (1.32)
spin
where, the energies of the initial particles x and a are E, and E, respectively and g,,
g, are their respective internal degrees of freedoms. The relative velocity between the initial

particles, defined as v, is expressed by
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By - pa)” — m2m32
i o
xa

and finally, the collision term given in equation (1.31) can be expressed as

273 E,

E,  t
Ix /C[fx( X0 >]d3px _ _/UxﬂHy“v (dnxdna —dniqdngq)

= — Oy tasy+20) (nxna - niqniq) ) (1.34)

where (0y1qy+.v) is known as the thermally averaged annihilation cross-section and

defined as

eq Jped
( o) J Oxtassytz v dnSt dng
Ox+a—y+z —
xTaTy [ dnt dng?

(1.35)

For two identical particle initial state (a is same as x), which is the most common
scenario in the literature, the thermally averaged cross-section, defined is equation (1.35),
can be derived as [49]

1 oo
<Ux+a—>y+zv> i 8m§TK22 (mX/T) /4 U)(-‘ra—)y-f-z\/g (3 e 47773() Ky (\/E/T> dS, (136)

my2

where, K; is the modified Bessel functions of order ¢ and s is the square of the center of
mass energy of the system. One important point to note here is that to derive the expression
given in equation (1.36) one has to take a crucial assumption that the particle x was present in
the thermal bath at some point of time and can be described by a Maxwell-Boltzmann phase
space distribution function. If in addition to the process x +a — y + 2, other annihilation
processes also exist, then their contribution also have to added together and the o4 q—y+2
would be replaced by o.g. So the final form of the Boltzmann equation can be written as

on eq 2
8—;‘ +3H ny = — (oeqv) (ni — (n) ) . (1.37)
Let us now define a very useful dimensionless quantity, namely the comoving number
density, Y = 2 defined as the ratio of number density n of a species to the entropy density

S
s of the Universe. By using the fact that the total entropy of the Universe per comoving

volume (sa®) is conserved, the Boltzmann equation can be rewritten as

% +3Hn, =sY, = —(ov) (ni - (n;q)2) ,
dy;
=X = —slow) (V- (7))

The entropy density can be written as
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2 2
5= %g*sT?’, (1.38)

where g, is the total relativistic degrees of freedom contributing to the entropy density
of the Universe at temperature 7" and can be defined as

Z gz_ + Z Z ngB_ (1.39)
i=Dbosons = fermlon
Here g; and T; are the internal degrees of freedom and the temperature of the species i
respectively. By using the Friedmann’s equations discussed earlier, the Hubble parameter
can be written as

8t G
H(T) =4/ —5—r(T), (1.40)
where p(T') is the total energy density of the Universe at a certain epoch when the
temperature of the thermal plasma is T'. For an usual WIMP, it decouples from the thermal

bath in the radiation dominated era and the the radiation energy density can be written as

Prad = g*%T 5 (141)

where g, is the the total relativistic degrees of freedom contributing to the radiation
energy density at temperature 7" and can be defined as

= > gz—+— > gz—. (1.42)

i=bosons i=fermion

Hence, in the radiation dominated Universe, H(T) = A:;—; where Mp) is the reduced

Planck mass defined as M, = 1/v/87 G. Let us now define another dimensionless parameter
x =m, /T where T is temperature of the thermal bath and m, is the mass of the species x
and then the time variable ¢ can be related to the z as

1 Mp e
Fm

By using all these re-definitions of the variables, the Hubble parameter now can be written

t=0.301

(1.43)

as

H(z) = , (1.44)

m2 . . .
where H(m,) = 1.67 [yt Figure 1.5 shows the evolution of g, and g, for the SM with
the temperature of the bath. Hence, we can now write a convenient form of the Boltzmann
equation in terms of the comoving number density Y, as

% sl o).
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Figure 1.5: Variation of the relativistic degrees of freedom as a function the bath temperature
T. A small difference is noted between g, and g,, due to neutrino decoupling and annihilation
of the electron positron to photon. Figure has been taken from [4].
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Figure 1.6: Variation of the comoving number density (Y,) of x as a function of x = m, /T
from three different values of the thermally averaged cross-section (ov). The solid line
represents the equilibrium comoving number density. Figure has been taken from [5].

We solve equation (1.45) to find the final comoving number density of the species x
after they decouple from the thermal bath. For example, figure 1.6 shows the variation of
the comoving number density as a function of x. One important point to note here is that
increasing the interaction cross-section ensures the late decoupling of the species. As a result
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the final abundance will also decrease accordingly. Finally, knowing the value of the present
comoving number density of the species Yy, it is easy to calculate to the relic abundance as

My

Ge\/) Y, (z = o0) (1.46)

where h = (Hubble Parameter/(100 Kms~! Mpc™!)). The latest data from the Planck
mission suggest that the present dark matter abundance is quantified as [50]

O h? (2 = 0o) = 2.755 x 10° (

Qpuh? = 0.120 4+ 0.001

Direct searches for dark matter

After discussing the historical introduction and the formalism for calculating the relic density
of thermal DM, we now discuss the general features of the direct detection of DM. Detecting
a new fundamental particle whose interactions and exact mass are completely unknown is
not an easy task. However, motivated from the success of thermal DM or “WIMP” paradigm
in generating correct relic abundance sizeable interactions of DM, several attempts have been
made in this direction. If we are surrounded by the DM particles and they interact weakly,
as suggested by the WIMP paradigm, one can expect a collision with the nucleons kept in
laboratories. The measurement of recoil energy of the nucleon due to such collisions will
have the potential to reveal the properties of DM particles. This idea was first proposed
by Goodman and Witten in 1985 [51]. Depending on the type of interaction we can define
two types of DM-nucleon scattering cross-section (o,,). DM can interact coherently with
nucleus of mass number A and in that case the total cross-section will vary as

N 2
OyN = OynA”.

This is known as the spin-independent direct detection cross section. On the other hand, if
DM couples to the nucleon spin and as spins add incoherently inside nuclei, the DM-nucleus
cross section behaves as

OxN = Oxn,

which is known as spin-dependent direct detection cross section. However, let us first under-
stand whether detecting a weakly interacting particle like WIMP is at all achievable or not.
For that, one has to estimate the recoil rate for DM scattering off nuclei by starting with
some simple kinematics. One can estimate the recoil energy of the nucleus after scattering
with a DM particle of mass m, as

2
wyr 2

Er = 2202 (1 — cosb), 1.47

r= L2 (1~ coso) (147

where my is the mass of the target nucleus, p, 7 is the reduced mass of DM-target system,

¢ is the scattering angle in the center of mass frame, and v, is the velocity of DM. As any

such rate (R) in particle physics depends on the number of target nuclei (Nr) , the average
flux of DM particles (®,) and the differential cross-section do/dEg, we can write
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dR dO’XN

L 1.4
dEg Nr oy dEg (1.48)

By using equation (1.47) in equation (1.48) and replacing the flux in terms of the velocity
distribution function f(v) of DM particles in the DM halo, one can write the more general
form as [52]

dR pymr (¢ f(v) do

=N d>v. 1.49
dER meMiT o U dcosf ! (1.49)

At this point, the particle physics model of DM has come into play in terms of the
differential scattering cross-section do/dcosf. Let us have a rough estimate of the recoil
events by putting some realistic numbers. Consider a DM particle with GeV order mass and
a detector whose energy threshold is of the order of keV. We can replace the incoming DM
flux by the ratio p,/m, and can estimate event rate per day per kg detector as [52]

0.06 events (100 o p v
R=r5—34——34 X | 1.50
kg day < A ) (10—38 ch) (0.3 GeV/cm?’) (200 km/s) (1.50)

The above numbers looks quite realistic and achievable provided the cross-section o is
of the order of 10738 cm?, which is the typical order of scattering cross-section for elec-
troweak interactions. There are dedicated experiments, namely LUX [53], XENON100 [54],
XENONIT [6,55], PANDA [56,57] looking for such events triggered by DM-nucleon scatter-
ing. However, none of these experiments have observed any positive signal so far and null
results from all such experiments have put very stringent upper limits on the DM-nucleon
cross-section as a function of its mass as shown in figure 1.7. One can see that the bound
is stronger for the spin-independent cross-section compared to the spin-dependent case and
the strongest bound comes from XENONIT [6] experiment. However the above-mentioned
experiments are not sensitive for low mass WIMPs, i.e below few GeV. Theoretical aspects
of low mass DM detection and some recent experimental searches can be found in [58-61]
and references therein.

Indirect searches for dark matter

Besides the direct searches of DM discussed above, there is another class of DM searches
where DM can be looked for in an indirect manner, known as indirect detection of DM.
Without detecting the DM itself, these experiments try to detect the products of DM anni-
hilation or decay in our galaxy, or beyond. While the annihilation is highly suppressed after
the thermal freeze-out of DM, it can still happen at observable rates in a region where the
DM density is sufficiently high. Depending upon the particle physics model of DM, it can
directly annihilate into photons or some other SM particles which can subsequently produce
photons as secondary products. We can also look for other final state particles such as pro-
tons, anti-protons, electrons, positrons (via satellite borne experiments like PAMELA [62],
AMS [63]), neutrinos (via experiments like ICECUBE [64], ANTARES [65]). However, the
cleanest signature will be the photon final states as they propagate mostly unperturbed and
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Figure 1.7: Upper limits on WIMP-nucleon scattering cross-section as a function of WIMP
mass for spin-independent (left panel) and spin-dependent (right panel) interactions. Figure
has been taken from [6,7].

(optimistically) be detected by some of the ground-based telescopes, like H.E.S.S [66], VAR-
ITUS [67], or a satellite based experiment like Fermi-LAT [8,68]. The most crucial quantity
in all such experiments is the photon flux coming from the annihilation or decay of DM.
Assuming the presence of multiple annihilation channels for DM, the annihilation rate per

particle can be written as
14
S M x (o) (1.51)
i MMix

where (o;v) is the velocity averaged cross-section, r is the radial distance between the
galactic center and annihilation event. r depends on two parameters namely, the distance
of the line-of-sight (l.o.s), ¢, and the angle, v it obtains from the galactic plane. The total
annihilation within a given volume dV" can be found by multiplying equation (1.51) with the
total number of DM particles in the volume as

(Z Rkl [rsf’w)] x <a,-v>> x <—p [7"257‘;’ ) dV), (1.52)

where dV can be defined as dV' = (2d¢dS2, and the extra 1/2 factor in the above expression
arises due to the fact that there are two DM particle involved in every annihilation. The
photon flux in the direction 1) can be written as

dd 1 v) dN;
(B, ) = E/AQ dQ[O'S de plr (P é‘;;’g =t (1.53)

Y i il

One additional 1/2 factor will come in case if DM is not its own anti-particle. However,
the most challenging aspect of indirect detection is to overcome the astrophysical uncertain-
ties which will affect the determination of the photon flux. All such uncertainties can be

absorbed in the J-factor [69]
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= ﬁ/d@ /1 a0 plr (6,0)]2. (1.54)

The astrophysical objects with larger J-factors are more interesting targets to look for
DM annihilation. The J-factor for our own galaxy is roughly J ~ 10*272° GeV?/cm® within
0.1°and it is a few order smaller for our neighbouring galaxy, the Adromeda galaxy, J ~
10%° GeV?/cm®. However, the most interesting astrophysical objects for indirect detection
are the dwarf galaxies with J ~ 109729 GeV?/cm® as they are mostly DM dominated and
contain very less number of stars. Figure 1.8 shows the current limit on DM annihilations into
bb, WTW~, 77, and pi final states [8]. Let us now briefly mention some of the interesting
excess events observed in different experiments which may have emerged from DM.

One of the very promising electromagnetic signal is the 3.55 keV monochromatic X-ray
line observed by the several groups [70,71] from the Perseus cluster and also supported by
similar kind of observations from many different galaxies including Andromeda [72-78]. In
2003, another anomalous signal of an emmision line at an energy of 511 keV was observed
from the galactic bulge by the spectrometer SPI on the INTEGRAL gamma-ray observatory
[79-81]. The presence of this signal was also confirmed, in 2015, by the detection of the
the 511 keV line with the measured flux ®c}} = (0.96 + 0.07) x 1073 phem™2s™! with 560
significance level [82]. The Fermi-LAT, a satellite borne 4-ray telescope, has reported an
excess' of gamma ray events around energy of ~ 1-3 GeV in their photon spectra from the
galactic center [83-91]. From the analysis of Fermi-LAT publicly available data [91,92],
existence of a monochromatic gamma-ray line from the direction of galactic centre of energy
~ 130 GeV has been claimed in [93,94] with 4.60 confidence level. Similar results has also
been observed from other independent analysis [95,96]. All such anomalies, however, can
be explained from several astrophysical scenarios [97-103]. Instead of these astrophysical
explanations, there also exist DM interpretations of these gamma ray excess [104-110]. For
example, the DM interpretations of the 3.5 keV X-ray line are mostly based on the decaying
DM scenarios where a DM particle with mass 7 keV which can have different decay modes.
Such as a scalar DM can decay into two photons [107,108,111], or a fermion DM can decay
into a neutrino and photon [73,111]. It is also possible that a heavy DM can decay to a
lighter one along with a photon of energy 3.55 keV [109,110,112,113] (see [114] for a brief
review). Using the latest cosmological data, the authors in [115] showed that the 511 keV
excess can not be explained by the annihilation of light thermally-produced WIMP and
this strongly suggests a more exotic DM explanation [116,117] or an unknown astrophysical
source [118,119] of the signal.

So far all the above-mentioned signatures have been in the excess of photons in different
energy ranges starting from keV to GeV energies. Let us now discuss an excess recently
found in the proton and anti-proton fluxes as observed by AMS collaboration [120, 121].
Prior to this excess, the PAMELA satellite had also reported an excess in their data for
the positron fraction et/ (e™ — e7) in the energy range 10-100 GeV [62], later confirmed by
the Fermi-LAT collaboration in [122-125] with an extension of the energy range up to 200
GeV. Besides several astrophysical explanations [126-131], the annihilation of DM is also a
plausible explanation these excess [130,132-135].

!The observational data is available in https://fermi.gsfc.nasa.gov/ssc/data/access/
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Figure 1.8: Upper bounds on the thermally-averaged cross-section for DM particles annihi-
lating into bb (top-left), WTW ™ (top-right), 77 (bottom-left), and p*p~ (bottom-right) at
95% CL. Figure has been taken from [8].
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Dark matter at particle colliders

Let us now discuss the possible ways to search for DM at particle colliders or more specifically
at the large hadron collider or LHC which is the largest particle collider we have, located
near Geneva, Switzerland. The most important question to ask here is whether one can at all
expect to study the properties of DM particles with colliders in the same way we have studied
the SM particles. Unfortunately the answer is no as, even for the theoretical frameworks
predicting WIMPs, we will not be able to produce huge number of DM at colliders given
the current luminosity of the LHC. Now, with such low fluxes and the given direct detection
limits, it is almost impossible to directly detect it. Secondly, whatever particle gets produced
at collider, it will be unclear to know whether it has anything to do with galactic DM or if
it is long lived over the cosmological scales to be the DM candidate with the right cosmic
abundance. Also, due to their weak interactions strength (if it interacts at al in addition
to gravitational interactions) to SM particles, they will not produce any visible signal at
the collider. The transverse momentum conservation is the only way through which DM
particles can be inferred as shown in figure 1.9.

Missing transverse momentum,
inferred from momentum conservation

invisible
DM particle invisible
> DM particle

LHC detector
transverse
cross-section @ LHC collision
interaction
point

visible particles:
photons, jets, ...

Figure 1.9: Schematic diagram for searching of DM production via missing transverse mo-
mentum in a general LHC detector. Figure has been taken from [9].

There are two different search strategies adopted to search for DM at collider. They are
summarised as follows.

e One can start with a “complete” given theory and look for specific and distinct signals
at colliders and one such example is “supersymmetry” (SUSY) models. In these models,
all the SM particles have their own supersymmetric partners, with a half-integral spin
difference. The presence of the R-parity ensures the stability of the lightest SUSY
particle and can be a viable WIMP DM candidate. However, in such complete theories,
they have a large number of parameters, as in supersymmetric theories we have to
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specify the mass and interactions of all the superpartners. Instead of searching for
specific complete theories, most of the time, experimentalists at the LHC look for
some simplified models [136-141]. Unfortunately, no experimental evidences have been
found so far (for experimental constraints on SUSY particles please see [142]).

e In recent years, another probing strategy have been motivated by a model independent
effective field theory (EFT) approach [141,143-147]. In this case, we have to assume
that the particle responsible for mediating the interaction between SM and DM is very
heavy and can be integrated out to produce an effective interaction. The standard
process collider will look for is the pair production of DM along with one or more
SM particles radiated by initial state quarks or gluons in combination with significant
missing transverse energy (Em®). This kind of search is known as mono-X search and
has been discussed by several authors [148-155]. The EFT approach is a very useful
tool to encapsulate the phenomenology of WIMP interaction. However, one crucial
point of EFT is the energy scale we are trying to probe and this theory breaks down
as energies approaches to the scale of the mediating particle.

e The simplified DM models, besides a stable DM particle contain at least one medi-
ator which couples the DM to the other SM particles. There are different simplified
DM models can be found in the literature. For example, the simplest interaction be-
tween a fermionic DM particle y with the SM particles (q) by the effective operator
(XT'"™x) (qT'nq) can be mediated by a scalar (or pseudo scalar) mediator, or a vector (or
axial vector) mediators. The DM particles can be produced in collider through these
mediators and can be constrained from the reconstruction of the transverse missing
energy.

1.2.2 Non-thermal dark matter

As discussed above, many experiments have been searching for thermal DM or WIMPs for
a few decades now and failed to produce any positive signal. Null results in these experi-
ments motivate people to pursue beyond the simplest thermal WIMP paradigm where the
interaction scale of DM with SM can be much lower than the scale of weak interaction. Such
small interactions will forbid the production of DM particle in the thermal bath, rather they
will be produced non-thermally through the annihilation or decay of the bath particle. Due
to its feeble interaction with the thermal plasma, these kinds of DM candidates are known
as Feebly Interacting Massive Particle (FIMP) [10,11]. In contrast with popular WIMP
scenarios , FIMPs have almost negligible abundance to begin with in the early Universe and
slowly freezes in as the Universe evolves. One peculiar feature of the thermal freeze-out
mechanism is that the yield is dominant at low temperatures and will decouple from the
bath typically at a temperature a factor of 20 - 25 below the DM mass. Practically, this
behaviour is independent of the uncertain thermal history of the early Universe and possible
new interactions at high scales. However, the final abundance will be highly dependent on
the interaction strength. As shown in the right panel of figure 1.6, the freeze-out abundance
will decrease with increasing cross-section. The exactly opposite will happen for freeze-in
DM scenario, as shown in the left panel of figure 1.6, as we discuss below.
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Let us now consider that we have a set of bath particles which have already established a
thermal equilibrium among them at some temperature T and introduce some other long-lived
particle x which have very tiny interaction with the bath particles. This tiny interaction will

always keep the interaction rate (I') to be smaller than the expansion rate of the Universe
(H) by maintaining the following condition

Cpar (T)
— <<l (VT). 1.55
Hiy <<10T) (1.55)
x particles will be produced from collisions or decays of bath particles with the evolution
of the Universe. Let us consider the decay of a heavier bath particle (B) to give the dominant
contribution to the production of DM particle x (B — xx). One important point to note

here is that if both decay and annihilation are producing DM with similar couplings involved

in both the processes, then decay will always have the dominant contribution. However, if
the mother particle itself is also out of equilibrium then the calculation will be different and
the details can be found in [156]. By following the [10, 11], the Boltzmann equation can be
written as

dn, K, (Mg/T)
—X+3Hn, =2———""Tpgny 1.56
& o™ TG (MpT) B (1.56)
where Mg, and ng' are the mass, and the equilibrium density of the decaying particle B,
and ['g is the decay width of the process B — xx. The above equation can also be written

in terms of the previously mentioned dimensionless parameters Y, =n, /s and x = Mg/T,
as

dYy _ oK1 (Mp/T) T eq (L57)
dx Ky (Mp)T) Hx™ ®
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Figure 1.10: Contrasting behaviour between freeze-in and freeze-out scenarios. The final

yield decrease with increasing interaction strength in case of freeze-in case (as shown by the
upward arrow) whereas the opposite is happening for the freeze-out case. Figure has been
taken from [10].
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By assuming the Maxwell-Boltzmann distribution for the bath particles, we can approx-
imately solve the above equation (1.57) and find the relic abundance of x as

dB MX Mp I'p
Gis/9x \GeV ) MZ

where gp is the internal degrees of freedom of B, and M, is the mass of the DM .
Note that the relic density is proportional to the decay width of the mother particle and the
abundance will increase with the increasing interaction strength. This is the exactly opposite
behaviour in comparison with the freeze-out scenarios as shown in the figure 1.10. However,
we can not keep on increasing the interaction strength as at some point those interactions will
thermalise the DM particles. Figure 1.11 shows the schematic representation the comparison
between the coupling constant (A) required for freeze-in and freeze-out mechanism.

Qy0h® = 4.48 x 10° (1.58)

QXh2 T |

Figure 1.11: Schematic illustration representing the approximate orders of magnitude of
coupling constants (A, ') required for thermal and non-thermal DM production. Figure has
been taken from [11].

In case of thermal DM scenarios, once the DM particles get thermalised, their produc-
tion history becomes irrelevant and they will follow the usual thermal freeze-out mechanism.
However, freeze-in DM is highly sensitive to its initial production history (see [11,157] for
detail review). The mechanism we have discussed so far is known as IR (infra-red) freeze-
in [108,158-162]. Another type of non-thermal production mechanism also exists literature,
known as UV (ultra-violet) [163-168] freeze-in where the non-renormalisable operators for
DM-SM interactions play the role and yield depends crucially upon the reheating tempera-
ture (Tg) [164]. Unlike IR freeze-in which typically dominates at low temperatures close to
DM mass, UV freeze-in dominates at high temperatures close to Tg.

Due to such small interaction strength, the freeze-in models are difficult to search for in
direct detection or particle collider experiments. However, the authors in [169] has shown that
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is possible to test a class of freeze-in models, where the SM and DM are coupled through a
light mediator particle, through direct detection experiments. Freeze-in mechanism typically
requires a lightest observable sector particle (LOSP) along with FIMP. This LOSP can have
sizable interaction with SM sector particles and can be produced abundantly at collider
experiments. Late time decay of these particles leading to displaced vertex or charged track
signatures can be probed at colliders [170,171]. To summarise, detection aspects of FIMP
type DM crucially depends upon the particular model implementation.

1.3 Existence of neutrino mass

One of the overwhelming achievements in experimental high-energy physics in the last few
decades is the discovery of neutrino oscillations, a quantum mechanical phenomenon driven
by the mixing of the different neutrino flavors. The clue to this oscillation effect came from
an anomaly known as “solar neutrino problem”, a deficiency in the number of electron type
neutrino from the Sun, discovered at the Homestake experiment [172—-175]. The observation
of the neutrino oscillation phenomena at the SuperKamiokande followed by confirmations
at different long baseline and reactor neutrino experiments have strongly established the
existence of non-zero neutrino mass [176-187]. Apart from the fact that neutrinos have
mass, the neutrino oscillation have also revealed that the interaction eigenstates or the
weak eigenstates (ve, v, V,) are not same as the mass eigenstates (v, v, v3) for neutrinos,
rather they are the coherent superposition of the mass eigenstates with masses (my, ms, ms).
Additionally, neutrino oscillation experiments have also revealed the large mixing angles in
lepton sector, in sharp contrast with the quark sector where mixing angles are tiny. The
weak eigenstates and the mass eigenstates can be related by using the unitary Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix (Uyg) [188,189] as

Uy = ZU/\k Vi (1.59)

where A\ = e, yu, 7 and k = 1, 2, 3. The PMNS matrix can be parameterized by three
mixing angles 0,5, 023, and 6,3, a CP-violating Dirac phase ¢, and two Majorana phases «,
[ and can be written as

C12 C13 512 C13 sige” " 1 0 0
U= —S512C23 — C12 523 513 € C12 C23 — S12 523 S513€ 523 C13 € 5 (7 . 0)
10 1) i B
S12 S23 — C12 C23513€" —C12 823 — S12 C23 S13€"° C23C13 0 0 €2

where ¢;; = cosf;; and s;; = sinf;;. « and § will vanish if neutrinos are Dirac particle
and then we will be left with only one physical phase §. The neutrino oscillation experiments
have measured the two mass squared differences defined as

2 _ 2 2 2 _ 2 2 2 _ 2 2
Am3z, = m5 —my, Ami, = ms —ms; ~ Ams = ms —my, (1.61)

and three mixing angles 015, f3, 613. The two mass squared differences are also known
as solar Am?2 | and atmospheric Am?2, respectively. By following the recent global fit [14],
the status of these measurements is shown in table 1.2.
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Normal Ordering (best fit) Inverted Ordering (Ax? = 2.7)
bfp £1o 30 range bfp £1o 30 range
< | sin? 612 0.30470015 0.269 — 0.343 0.30470 015 0.269 — 0.343
= | 012/° 33.4415°78 31.27 — 35.86 33451018 31.27 — 35.87
g
E sin® O3 0.57010 053 0.407 — 0.618 0.5751 0051 0.411 — 0.621
g | 02/° 49.0111 39.6 — 51.8 49.3119 39.9 — 52.0
g
< | sin? 63 0.0222119-00085 0.02034 — 0.02430 | 0.02240050682  0.02053 — 0.02436
| 015/° 8.571013 8.20 — 8.97 8.617512 8.24 — 8.98
g | dep/? 195151 107 — 403 286727 192 — 360
ERN
ﬁ 7.42+02 6.82 — 8.04 7.424021 6.82 — 8.04
Am3, +0.028 +0.028
T oyE | T2OlINny 4243142508 | —2497Tppk  —2.583 > —2.412
Normal Ordering (best fit) Inverted Ordering (Ax? = 7.1)
bfp +1o 30 range bfp £1o 30 range
sin” 01, 0.30470015 0.269 — 0.343 0.30470 015 0.269 — 0.343
£ | 01p/° 33.4415°T7 31.27 — 35.86 33451018 31.27 — 35.87
e}
% sin? a3 0.57310 050 0.415 — 0.616 0GB 0.419 — 0.617
S | O3/° 49.2199 40.1 — 51.7 49.3199 40.3 — 51.8
o
% sin 0,3 0.0221975-06062 0.02032 — 0.02410 | 0.0223870:9595%  0.02052 — 0.02428
o | O13/° 8.571012 8.20 — 8.93 8.607013 8.24 — 8.96
wn
< | dep/° 197137 120 — 369 282128 193 — 352
2
Am3, +0.21 +0.21
= 7.42102 6.82 — 8.04 7.42132L 6.82 — 8.04
Am3, +0.026 +0.028
T | TROITIGRR 2435 - 42508 | —2498%G58 2581 — 2414

Table 1.2: Three-flavor oscillation parameters by following the global data in [14].

In table 1.2, ¢ = 1, 2 depending upon the neutrino mass ordering. The sign of Am32,
is already known as the Mikheyev-Smirnov-Wolfenstien or MSW effect [190, 191] in the
Sun depends on it. However, the sign of the other mass squared difference namely, the
atmospheric Am?, . is still unknown due two possible ways of neutrino mass ordering: m; <
my < mg, known as normal ordering (NO) and m3 < m; < mg, known as inverted ordering
(I0). Another important parameter which comes to the picture of neutrino oscillation is the
CP-violating phase 6. Recent global fits hint at 6 ~ —n/2 [14]. Along with the ordering of
the neutrino masses, the measurement of § is also a prime target for the future oscillation
experiments.

Neutrino oscillation experiments are not sensitive to the absolute mass scale of neutri-
However, we can get a lower limit of 0.05 eV from the square root of the magnitude
2 The lightest neutrino mass namely, m; with NO or mg3 with

atm*

nos.
of the atmospheric Am
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IO can be either vanishing or as large as approximately the square root of mass squared
differences. Apart from the different neutrino oscillation experiments, the neutrino sector
is also constrained by the data from cosmology and rare decay experiments. For example,
laboratory based experiment KATRIN [192-194] is sensitive to the absolute mass scale of
neutrinos from the measurement of the beta decay end-point spectrum of tritium. The cur-
rent sensitivity of the KATRIN experiment is expected to be around 0.2 eV [195]. Very
recently, KATRIN has obtained an upper bound of 1.1 eV on absolute mass of neutrinos
at 90% CL [196]. On the other hand, the combined data from the Planck 2018 and baryon
acoustic oscillation (BAO) experiments put a stringent constraint on the sum of absolute
neutrino masses y_.|m;| < 0.12 eV [50] at 95% CL. Thus, even though neutrino oscillation
experiments reveal only the mass squared differences, rare decay and cosmology experiments
give some ideas about their absolute masses. Additionally, no experiments have been able
to reveal the nature of neutrinos: whether it is a Dirac fermion or a Majorana fermion.
Since Majorana nature of light neutrinos imply violation of lepton number by two units, a
promising arena to probe this nature is neutrinoless double beta decay (0v33)%. While a
positive signal at such experiments is still awaited, a future signal of this type will validate
the Majorana nature of light neutrinos [198].

Let us briefly discuss about the general ways that neutrinos can gain mass. All the
fermions in the SM except neutrinos acquire their masses through the usual Higgs mechanism
after the electroweak symmetry breaking. As, all the left-handed fields (1) form doublet
and the right handed fields(¢g) form singlet under the SU(2), gauge symmetry of the SM,
we can write the yukawa interactions of leptons and quarks as

YiLHep + Y9 QrHdr + Y9 QL Hug + h.c., (1.62)

where, H is the higgs boson and H is defined as H = i oy H*. All the SM particles and their
charges under the SM gauge symmetry, i.e. SU(3). x SU(2), x U(1)y, is shown below.

0 1
H— ( D > - <1,2, _) , (1.63)
4 2
L= < YL ) ~ (1,2,—1) cern~ (1,1,—1), (1.64)
er 2

.. P 1
QL = ( ZL ) Y (3;27 6) , UR ™~ (3717 g) ) dp ~ (37 k _g) ) (165)
L

When, H gets a vacuum expectation value, the fermions will acquire their masses. However,
there is no right-handed neutrino component present in the SM which forbids the generation
of neutrino mass from Higgs mechanism at renormalisable level. One can generate a tiny Ma-
jorana mass for the neutrinos from the same Higgs field of the SM, at the non-renormalisable
level, through the dimension five operator M[{H , known as Weinberg operator [199]. However,
the unknown cutoff scale A in such operators points towards the existence of new physics at
some high energy scale.

There have been many BSM proposals where the effects of such higher-dimensional op-

erators can be realized within a renormalisable theory by incorporating the existence of

ZSee [197] for a review.
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additional fields. They are popularly known as the seesaw mechanism [200-209]. The sim-
plest possibility is to include the right-handed neutrinos (Ng ~ (1,1,0)) by hand with the
particle content of the SM and write the new interaction as,

— ~ 1—
—,CneW:Yl,LHNR + §N}%MRNR + h.c. (166)

where the second term, the bare mass term of the right-handed neutrinos allowed by gauge
symmetries, introducing a new scale outside the purview of the SM. This leads us to a mass
matrix for neutrinos, left and right handed neutrinos together, as

(0 Mp
T o

Diagonalizing this mass matrix, one gets the mass matrix for the light neutrino masses to
be as follows,

M, = -1y, “—2YT (1.68)
v = 9 v Mp v ’

It becomes evident from the above equation that the smallness of neutrino mass can be
ascribed to the largeness of Mp. These kind of mechanism is known as the type-I seesaw
mechanism [200-203]. Apart from the conventional type-I seesaw mechanism, there exists
other kinds of seesaw mechanism as well. Instead of adding three right-handed neutrinos
the neutrino mass can be generated by adding one heavy Higgs triplet (A) and the new
interactions can be written as

1 _
—EnewzﬁyAgAAiO'gch — )\AMAHT’iUgAH T h.C., (169)
where
Ao A —V2A°
={ aa0 _a- .
After the electroweak symmetry breaking the light neutrino masses can be written as
02

AA YA — 1.70
sYa g, (1.70

where the heaviness of Ma will ensure the lightness of neutrinos and this mechanism is
known as the type-II seesaw mechanism [204-208]. Another interesting variant also exists in
the literature known as type-III seesaw mechanism [209] where the light neutrino mass was
generated by introducing three heavy fermion triplets (X). The new interaction in this case
will be

— ~ 1 —
~Loew = V2Ys (Y H + STr (B M) + hee, (1.71)
where
s (Z/V2 =
AR RS Y AVOR
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After the electroweak symmetry breaking the light neutrino masses can be written as

’U2

—YEM—ZYET, (1.72)
again the heaviness of My will ensure the lightness of neutrinos. However, it is difficult to
search for the new heavy degrees of freedoms in all such seesaw mechanisms, as the sensitivity
of our current experiments have not reached to that level. One interesting alternative was
proposed in 2005 by the authors in [12] where the neutrino mass can be realized in one loop
level, shown in figure 1.12, instead of tree level seesaw mechanisms. However, we have to
sacrifice the minimality in terms of the particle content and have to add one new doublet
scalar (7] ~ (1, 2, %)) along with three right-handed neutrinos. We also have to impose as Z,
symmetry to all these new fields to forbid the interaction with SM higgs.The new interactions
can be written as

ALy = (hijziﬁNRj + %N_}%MRNR + h.c.> + V(H,n), (1.73)
where
V(H,n) = myHH+min'n+ %Al (H H)® + %Ag (nin)” + As (HTH) (nn)
Aa (H'n) (atB) + 50 [(Btn)? + e
By calculating the one loop contribution one can find out the mass matrix for the light

" &

v N Vi

Figure 1.12: Mechanism generating neutrino mass at one-loop as considered by Ernest Ma
[12].

neutrinos as

v _ Dl o mE L omp mj mj

M, = 162 M; <m% mvE nﬁz T M]?lnﬁ]?), (1.74)
where Mpr and M; are the masses of the real scalar and the pseudo scalar part of the
new scalar doublet n, and M} are the masses of the right-handed neutrinos. One notable
difference here is that due to the loop suppression the light neutrino mass can be realized at
TeV scale physics which was absent in the tree level seesaw mechanisms. Another interesting
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point to note here is that the lightest Zy odd particle be will be completely stable and can
play the role of dark matter and because of this nature it is also known as scotogenic. The
word scotogenic comes from the greek words ’skotos’ and ’genein’ and can be translated as
produced by darkness ie dark matter may be the origin of a radiative neutrino mass.

All such above mentioned mechanisms predict the Majorana nature of the neutrinos.
However, experiments looking for Ov33, a promising signature of Majorana neutrinos men-
tioned above, have not yet found any positive results. Though this does not necessarily
exclude the Majorana nature, yet it is motivating to study the possibility of light Dirac
neutrinos. With this motivation, several works [210-245] have discussed different ways of
generating light Dirac neutrino masses by suitable extension of the SM with new particles
and symmetries. Some possibilities of light Dirac neutrino mass and connection to thermal
as well as non-thermal DM will also be discussed in this thesis.

In the following three chapters we will discuss in detail a few minimal models of scalar
or fermion DM, where light neutrino mass can also arise naturally. To do that, we have
extended the particle content as well as the symmetry of the SM either by gauge or global
discrete symmetries and studied their phenomenological consequences. We have shown that
such symmetries not only stabilize DM but also play a crucial role in generating neutrino
mass and mixing. We elaborate upon direct and collider search prospects of the models both
in the context of WIMP, and in some specific scenarios, we have also discussed the possibil-
ities of constraining the model from the cosmological observations like effective relativistic
degrees of freedom in CMB. We have also discussed the interplay of thermal and non-thermal
contribution to DM and possible connection to neutrino mass. Due to predictive nature of
these minimal scenarios which connects neutrino, dark matter with several signatures at
experiments operational at cosmic, intensity and energy frontiers, near future data will be
able to validate or rule out some of these scenarios.
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CHAPTER 2

Dark matter and neutrino mass in gauged B — L. Model

2.1 Introduction

In this chapter, some aspects of dark matter and neutrino mass mechanisms will be discussed
based on a very well motivated BSM framework known as the gauged U(1)g_1, symmetry,
where B and L correspond to baryon and lepton numbers, respectively. This minimal frame-
work from the point of view of generating non-zero neutrino mass has been studied for a
long time [206, 246-250]. The most interesting feature of this model is that the inclusion
of three right handed neutrinos, as it is done in type I seesaw mechanism for generating
light neutrino masses, is no longer a choice but a necessity due to the requirement of the
new U(1)p 1 gauge symmetry to be anomaly free. The model has also been studied in the
context of DM by several groups, see [251-255] for example. DM in scale invariant versions
of this model was also studied by several authors [256,257]. The interesting feature of such
a model from DM point of view is the issue of DM stability that can be ensured in this
model if the U(1)p_; gauge symmetry gets spontaneously broken down to a remnant dis-
crete symmetry like Zsy, so that the lightest Zy odd particle can be stable. However, many
U(1)p—r models also considered additional discrete symmetries to ensure DM stability, for
example [258,259]. Although experimental limits from LEP II data constrain such new gauge
sector by giving a lower bound on the ratio of new gauge boson mass to the corresponding
gauge coupling Mz, /gpr, > 7 TeV [260,261], there can be several interesting consequences
of such extended gauge symmetry that can be probed at several ongoing experiments like
the LHC. In a recent work [262], two-component fermion DM was also proposed as a new
anomaly free gauged B — L model'. The neutrino mass in this model originate from just
two right handed neutrinos, often referred to as the littlest seesaw (LS) model [265], leading
to a vanishing lightest neutrino mass. Motivated by these interesting features of the gauged
U(1)p—r model, here we study three different versions of it where the extra fermion fields
responsible for anomaly cancellations can not only be viable DM candidates, but also take
part in generating tiny neutrino masses either via tree level or radiative seesaw mechanisms.

This chapter is organized as follows. In section 2.2, we give an overview of gauged B — L
model and different solutions to anomaly conditions which already exist in the literature. The

IPlease see [263,264] and references therein for general approach to build anomaly free Abelian gauge
extensions of SM with inclusion of DM.
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next three sections are dedicated to three different versions of the gauged B — L extensions
and there phenomenological consequences.

2.2 Gauged B — L model

As mentioned above, gauged B — L symmetric extension of the SM [246-250, 266] is one
of the most popular and very well motivated BSM frameworks that has been studied quite
well for a long time. Since the SM already has an accidental and global B — L symmetry at
renormalisable level, it is very straightforward as well as motivating to uplift it to a gauge
symmetry and study the consequences. Compared to an arbitrary Abelian gauge extension
of the SM, gauged B — L symmetry emerges as a very natural and minimal possibility as
the corresponding charges of all the SM fields under this new symmetry are well known.
However, a U(1)p_ gauge symmetry with only the SM fermions is not anomaly free. This
is because the triangle anomalies for both U(1)%_; and the mixed U(1)p_; — (gravity)?
diagrams are non vanishing. These triangle anomalies for the SM fermion content are given
as

A [U()p ] = AN U3 ] = -3,
Ay [(gravity)® x U(1)p_] = ASM [(gravity)® x U(1)p_] = —3. (2.1)

The A’s are known as the anomaly-coefficient and can be defined as

AAbc =Tr (TA [Tln Tc]+)R — (TA [Tb7 Tc]+)L )
where T} are the different generators of the gauge groups involved and '+’ represents the
anti-commutation between the two generators. One can easily derive the equation (2.1) by
using the B — L charges of the SM particles from the above expression. Remarkably, if three
right handed neutrinos are added to the model, they contribute

AF U] =3, A [(gravity)? x U] =3

leading to vanishing total of triangle anomalies. This is the most natural and economical
U(1)p—r model where the fermion sector has three right handed neutrinos apart from the
usual SM fermions and it has been known for a long time.

However, there exist non-minimal ways of constructing anomaly free versions of U(1)p_p,
model. For example, it has been known for a few years that three right handed neutrinos
with exotic B — L charges 5, —4, —4 can also give rise to vanishing triangle anomalies [267].
It is clear to see how the anomaly cancels, as follows

A [UW)p ] = AN [UF L] + AT U5, ] = =3+ [-5° = (—4)" = (=9)*] =0,

As [(gravity)® x U(1)p_r] = A3 [(gravity)? x U(1)p_1] + A3 [(gravity)® x U(1)p_r] ,
= 845~ ()~ (~4)] = 0. (22)

TH-2521 166121013



o6

This model was also discussed recently in the context of neutrino mass [215,268] and
DM [269-273] by several groups. Another solution to the anomaly cancellation conditions
with irrational B — L charges of new fermions was proposed by the authors of [274] where
both DM and neutrino mass can have a common origin through radiative linear seesaw. Very
recently, another anomaly free U(1)p_, framework was proposed where the additional right
handed fermions possess more exotic B — L charges namely, —4/3, —1/3, —2/3,—2/3 [275].
The triangle anomalies get canceled as follows.

AL [UDS_ ] =AM U5 ] + AT [U(D) L]
= =34 [-(=4/3)? = (-1/3)° = (=2/3)° — (=2/3)’] =0

As [(gravity)? x U(1)p-r] = A3™ [(gravity)? x U(1)p-1] + A3 [(gravity)® x U(1) -]
= =3+ [—(-4/3) = (=1/3) = (=2/3) = (=2/3)] =0 (2.3)

These four chiral fermions constitute two Dirac fermion mass eigenstates, the lighter of
which becomes the DM candidate having either thermal [275] or non-thermal origins [156].
One can have even more exotic right handed fermions with B — L charges —17/3,6,—10/3
so that the triangle anomalies cancel as

A U] = AN U] + A [U0h-,] |
= —3+ [~(~17/3)° - (6)° - (~10/3)"] =0,

A; [(gravity)® x U(1)p-] = AS™ [(gravity)? x U(1)p_p] + AF [(gravity)? x U(1)pr] ,
_ 34 [=(=17/3) — (6) — (~10/3)] = 0. (2.4)

In the recent work on U(1)p_L gauge symmetry with two-component DM [262], the au-
thors considered two right handed neutrinos with B — L number -1 each so that the model
still remains anomalous. The remaining anomalies were cancelled by four chiral fermions
with fractional B — L charges leading to two Dirac fermion mass eigenstates both of which
are stable and hence DM candidates. Motivated by these new anomaly cancellation condi-
tions with interesting phenomenological consequences, in this chapter we have studied three
different versions of such a model [276-278]. While the first version [276] discusses single
component fermion or scalar DM with radiative neutrino masses, the second version [277]
studies the implementation of type III seesaw with two-component Dirac fermion DM be-
ing responsible for anomaly cancellation. The third version [278] is a variant of the second
while keeping light neutrinos as Dirac with interesting cosmological consequences due to the
possibility of additional thermalised relativistic degrees of freedom.

TH-2521 166121013



57

Particles | SU(3). x SU(2), x U(1)y x U(1)p_1
u
qr. = (di> (3727é7%)
UR (3717§7%)
dR (3717_%7%)
— (VE 1
gL - (eL) (1727 29 1)
€R (1,1,—-1,-1)
Nl (171707_%)
N2 (171707_§)
N3 (171707_§)
N4 (171707_§)

Table 2.1: Fermion Content of the Model

2.3 Dark matter and radiative neutrino mass in U(1)_t,
model

In this section, we stick to the choice with four right handed neutrinos having B — L charges
-4/3,-1/3, -2/3, -2/3 and propose a common framework for the origin of neutrino mass and
DM. In the original reference where this possibility was proposed [275], the origin of neutrino
mass was considered to be through type II seesaw mechanism, which remains decoupled
from the DM sector composed of the singlet fermions having exotic B — L charges. The
authors in fact constructed two Dirac fermions from the four singlet fermions by appropriately
choosing the chirality and studied the corresponding DM phenomenology. Here instead of
adding scalar triplet for type II seesaw, we consider the addition of scalar doublets having
appropriate B — L charges so that light neutrino mass can arise at one loop level, allowing
the possibility of both scalar doublet and fermion singlet DM scenario.

2.3.1 The Minimal Model

In this section, we propose a U(1)p_;, model based on the newly suggested anomaly cancella-
tion solution with four right handed neutrinos having B — L charges —4/3,—1/3, —2/3,-2/3,
but with a minimal scalar content to realise one-loop neutrino mass. The fermion and scalar
content of the model are shown in table 2.1 and 2.2 respectively.

The Yukawa Lagrangian for leptons can be written as

Ly =Yl Heg + Yiu(€r)simon; Ny + Yio (€1 )iiTons No + Yiz (1) iimoms N3
+ f1io1 N1 Na + fod1 NiN3 + fsdaNo Ny + fapa N3Ny + h.c. (2.5)

The scalar potential of the model can be written as
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Particles SU(3)e x SU(2), x U(l)y x U(1)p_p,

H+

H = H0> (1727%70)
+

m = (?710) (172a%7_%)
i

2 = (:{/28) (LZ%?%)

01 (1,1,0,1)

¢2 (171707 2)

Table 2.2: Scalar content of the Minimal Model

6il* + Ao, |6i]")

Vo= —pg|HP? + Xl HI* + > (i mil® + Mg lmil*) + > (=ud,

i=1,2 i=1,2

+ 3 Ny () (HYH) + > Ny (0l H)(H i) + > Ao (6160) (HTH)

i=1,2 i=1,2 i=1,2
+ My (P HOOFHD) e + 3 A, (0d70) (0167) + Ao (81 61)(8562)
i,j=1,2
+ 1 (G110} +hc) (2.6)

We choose the mass squared terms of 1; 5 to be positive so that the neutral components
of only H, ¢y, ¢2 acquire non-zero vacuum expectation value (vev). We denote these vev’s as

H)= % ([1)) , (o) = %, (¢2) = %

The minimisation conditions of the above scalar potential corresponds to

2 'LL%

u
,u%, = )\Hvz -+ )\H¢151 + )\H@E

U2 U2
[i5, = Apyuf + Aasgz + Ang, 5 1 V2p14us

2 2 2
s 9 uy v 1 uj
Hoy = Aoatly + Ao + Aoy o + o™

Writing down the kinetic terms of the relevant scalar fields as

Liinetic O |0 +igT - W +ig’Y B H|* + (0, + ignr Z,) 61|

+ (8, + 29502, ) 9| (2.7)
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where T; = 0,;/2, we can find out the masses of gauge bosons as

1 1 2
szﬁgv, Mzzagv 1+<%) , MZBL:gBL\/u%—i-Zlu%

The neutral scalar mass matrix constructed from the singlet Higgs fields is given by
M = 2X, Ui u1(Aguz + \/§/§¢)
or ul(A¢u2 —+ \/§M¢>) 2)\¢2U% — \M/%Z;

The neutral pseudoscalar mass matrix constructed from the singlet Higgs fields is given
by

(2.8)

M;, = (—2\@@% ﬂul%) (2.9)

u2
V2uipg 02
which clearly gives rise to a vanishing eigenvalue, corresponding to the Goldstone boson
that gets converted into the longitudinal mode of the U(1)p_; gauge boson. After the

electroweak symmetry breaking, these mass matrices become 3 x 3 due to mixing with the
components of the Higgs doublet H. The neutral scalar mass matrix becomes

2)\[{’02 )\H¢IU1’U >\H¢27J,2U
Ay U0 2X, i ur (Aptiz +V2p4) | . (2.10)

2
M) VI
Aoy tav Uy (Agtia 4+ v/244) 2g,u3 — L2t

r

Assuming the third neutral Higgs to be very heavy and decoupled, we can find the mixing
between the light and next to lightest neutral Higgs (in the small mixing limit) as

2)\H¢1ulv
2/\¢1U% — 2)\HU2 ’

The mixing parameter ¢ plays a non-trivial role in DM phenomenology as we discuss
later. Such a mixing can be tightly constrained by LEP as well as LHC Higgs exclusion
searches as shown recently by [279]. These constraints are more strong for low mass scalar
and the upper bound on the mixing angle can be as low as sinf < 0.1 [279]. We consider
a conservative upper limit on the mixing parameter £ < 0.1 for our analysis. This can be
easily satisfied by suitable tuning of the parameters involved in the expression for mixing
given in (2.11).

The neutral scalar mass matrix constructed from the doublets 7, o is given by

M2, M?
M2 — rll r12) 212
r (Mr221 M, ( )

tan 20, ~ 2sin 6, ~ 2§ = (2.11)

where

’U2

1
Mfll = :uil + ()‘Hm + XHTh)E + §(>‘Tl1¢>1u% + Am@“%)

02

M7‘212 = M7‘221 = AHnE
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v 1
Mq?22 - :u7272 + ()‘an + A/fITn)_ + _()‘Tl2<i>1u% + )‘772¢2u3>

2 2
The pseudoscalar mass matrix constructed from the doublets 7, o is given by
M2, M?
MQ, — ( 711 112) 213
e Mi221 Mi222 ( )
where
2 2 NG 2 2
Mill = Hoy, + O‘Hm + AHnl)E + §(>‘771¢1u1 + )‘771¢2u2)

U2

M1'212 — Mi221 = —)\Hn§

2

v 1
Mz’222 ¥ /’1/7272 + (AHﬁz + )\{[‘1772)5 + 5()\772(;5111% + )‘772¢>2u%)

One can find the mass eigenstates of scalars and pseudoscalars using orthogonal rotations.
For example, the scalar mass eigenstates are

Ny, = N1p €SO — 1o, 8106, N5, = 71,806 + 19, cOS O

0= lt&m_1 (—ZMEH )

2 My — M2,
Similarly one can find the mass eigenstates of the pseudoscalars with a rotation angle ¢’ =
—0. It is straightforward to see that the scalars are degenerate with their pseudoscalar
counterparts which can have serious consequences for DM physics as we discuss later.

where

<HU>6_>\ @<H0>

Y

Vi Ny N Vi
Figure 2.1: One loop neutrino mass for the particle content shown in table 2.1, 2.2

The one loop neutrino mass arising from the diagram in figure 2.1 can be estimated
as [12]

(my)ij =

Yie Y My, ( m% m% m?2 m%) (2.14)

Ak L S LR
1672 \m%— M2 MZ  mI— M2 M?
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Here m% ; = mj; 4 are the masses of scalar and pseudo-scalar part of 77, and Mj is the
mass of singlet fermion Ny in the internal line. The index 7,7 = 1,2,3 runs over the three
fermion generations as well as three copies of N;. For m% +m? ~ M2, the above expression
can be simply written as

(my,)ij ~ i — iy Yir ¥
327 2 Mk
From the discussion of scalar and pseudoscalar masses above, one can find the mass
difference between 7], and 75, to be

(2.15)

mi T m%l = \/(ngm - Mr211)2 7+ 4M;112

The light neutrino mass matrix, in the simplified approximation above (2.15) has a type |
seesaw structure upto a loop suppression factor. The structure of this mass matrix can be
obtained as ) .
m5 —m
m, = YMZYT, ¢g=—4 1
i % r 3272

where Y, Mg can be found from the Yukawa Lagrangian (2.5) as

0 Y2 Yiz Yuu 0 fl(;h f20ul \
V=0 Y Y Yau|, Mp= [ iy (2.16)
0 Vi Vi Ya R
0  fauz faug O
The light neutrino mass matrix constructed from these mass matrices has one vanishing
eigenvalue predicting the lightest neutrino mass to be zero. The non-vanishing masses can
be kept within experimentally observed limits (~ 0.1 eV), either by tuning the Yukawa
couplings or the scalar-pseudoscalar mass difference while keeping the right handed neutrino
mass around the TeV scale. From the right handed neutrino mass matrix written above, it
is also clear that there is a two-fold degeneracy in the masses with two pairs of right handed
neutrinos having degenerate masses.

2.3.2 Dark Matter

The relic abundance of a DM particle DM, which was in thermal equilibrium at some earlier
epoch can be calculated by solving the Boltzmann equation

anM
dt
where npy is the number density of the DM particle DM and np), is the number density
when DM was in thermal equilibrium. H is the Hubble expansion rate of the Universe and
(ov) is the thermally averaged annihilation cross section of the DM particle DM. In terms
of partial wave expansion (ov) = a + bv?>. Numerical solution of the Boltzmann equation
above gives [5,280]

+3Hnpy = —(ow) (npy — (n3)?) (2.17)

1.04 x 10%2p

QDMh2 ~
Mpl\/aﬁl -+ Bb/xp)

(2.18)
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where 2 = Mpum/TF, Tr is the freeze-out temperature, Mpy is the mass of DM, g, is the
number of relativistic degrees of freedom at the time of freeze-out and and Mp; ~ 2.4 x 10*®
GeV is the Planck mass. DM particles with electroweak scale mass and couplings freeze
out at temperatures approximately in the range zp ~ 20 — 30. More generally, xr can be
calculated from the relation

0.038g MpMpy < ov >
1/2 _1/2
g« Tp

rp=1In (2.19)

which can be derived from the equality condition of DM interaction rate I' = npy(ov)

with the rate of expansion of the Universe H =~ gi/ 2]\5—;.

formula for the approximate DM relic abundance [281]

There also exists a simpler analytical

3x 107 %"em3s!

Qpuh® ~ 2.20
P — (2.20)
The thermal averaged annihilation cross section (ov) is given by [49]
1 o
= — 4m?)\/sK T)d 2.21
(00) = SR |, 75 = WK (/T (221)

where K;’s are modified Bessel functions of order i, m is the mass of DM particle and T’
is the temperature.

If there exists some additional particles having mass difference close to that of DM, then
they can be thermally accessible during the epoch of DM freeze out. This can give rise to
additional channels through which DM can coannihilate with such additional particles and
produce SM particles in the final states. This type of coannihilation effects on DM relic
abundance were studied by several authors in [282-284]. Here we summarise the analysis
of [282] for the calculation of the effective annihilation cross section in such a case. The
effective cross section can given as

N
Oeff = Z<O.ij'0>7"i7"j
i,J
N . .
= (oijv) g;g] (14 A,)%%1 + Aj)3/2e(—xp(Ai+Aj))
ij Yers
(2.22)
where zp = ZR and A; = mz\}—]ﬁ?M and
N
Geff = Z gi(1 4 A3 2eorh (2.23)
i—1

The masses of the heavier components of the inert Higgs doublet are denoted by m;. The
thermally averaged cross section can be written as
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{oijv) = 8mz2m32'MDMK2((mi/MDM)xF)KQ((mJ/MDM)xF)

/(Oo dsoij(s — 2(m7 + mJQ'))\/EK1<\/§xF/MDM)

mi+m;)?

X

(2.24)

2.3.3 Fermion Dark Matter in the Minimal Model

The lightest of the four Majorana fermions in the minimal model is the DM in this scenario
if it has mass smaller than the scalar doublets 1; 5. Since the singlet fermion mass matrix
is not diagonal, as can be seen from (2.16), we first diagonalise this mass matrix for some
benchmark structure. For example, we choose f1 = f, fo = 2f, f3s = 2f, fa = f,u1 = uy so
that the mass eigenstates of the right handed neutrinos become

1
X1 = §(N1 — Ny — N3 + Ny)

1
X2 = = (V1 + No + N3 + Ny)

2
1

X3 — §(N1 — Ny + N3 + Ny)
1

X4 = §(N1 + Ny — N3 + Ny)

having masses —3fui, 3fui, — fuy, fu; respectively. Using the known interactions of Nj o34
we then find out the possible interactions of the lightest among x’s in order to calculate
its relic abundance. Here we show the results for x4, fermion DM though the results for y;
having same mass is exactly similar.

£0.1 — £=0.01 -- £=0.001

T T T — T T T [ Tt T T T [ T T T T [ T T T T
Planck 2015 . £=0.1 — £=0.01 -- £=0.001 Planck 2015

1000

& &
a o]
0.001-
107°F gp1=0.02, mz, =2 TeV [ 105 gp1=0.075, mz, =3 TeV |
my,=1.5TeV mgy,=1.5TeV
500 1000 1500 2000 2500 500 1000 1500 2000 2500
mpm(GeV) mpwm(GeV)

Figure 2.2: Fermion DM relic abundance as a function of DM mass for different benchmark
values of free parameters.

Fermion DM can annihilate into SM particles either through Zz; gauge boson or through
singlet scalar (denoted by ¢1, the lightest of the neutral singlet scalars) by virtue of its mixing
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Particles SU3)e x SU(2), xU(l)y x U(1)p—r,
T
H= (b (1,2,1,0)

n
- 0 (1’

[\
W=
~—

VRS
3
N | +—=

>
|
2R
(@Y
+
\
<.
N
>,
+
+
N~
?
w
\.P—‘

b1
P2

— =

oo

DO Wi ol
S~—

~—~
—_ =
~

—~

Table 2.3: Scalar content of the non-Minimal Model

with the SM Higgs, parametrised by £.We choose benchmark values for My, , gsr, mg,,§
and show the relic abundance of fermion DM as a function of its mass in figure 2.2. The
resonances due to 2Mpy = My, ,2Mpy = my, are clearly visible in the plots, leading to
minimum of the relic abundance as expected. The shallow nature of the 2Mpy, = My,
resonance is due to the larger decay width of Zg; compared to the singlet scalar ¢;.

2.3.4 Scalar Dark Matter in a non-Minimal Model

We can not have scalar DM in the minimal model discussed above, due to constraints from
direct detection experiments. This is because the neutral scalar and pseudoscalars of both
the doublets 7, o remain degenerate. This will give rise to a large scattering of scalar DM
off nuclei through Z boson mediation, which is ruled out by the strong constraints coming
from direct detection experiments, which we discuss in details in the next section. Here
we consider a slight modification of the previous model so that a mass splitting can be
introduced between the neutral scalar and pseudoscalar components of the scalar doublet.
To break the degeneracy between scalar and pseudoscalar components of the doublet scalar,
required to avoid Z boson mediated direct detection scattering, we simply incorporate the
presence of a scalar triplet A with hypercharge 1 and U(1)p_p charge £2/3. This will allow a
term pmn AT or umane AT breaking the degeneracy between scalar-pseudoscalar components
of my, ne respectively. However this also allows other terms like 17y HA¢; making the scalar
DM unstable. Therefore we change the singlet scalar charges of the minimal model apart
from incorporating the triplet. Also, it turns out that in this case, the correct neutrino
mass can be generated at one loop with just one inert scalar doublet 1. The modified scalar
content of the model is shown in table 2.3. The Yukawa Lagrangian for leptons in this model
can be written as

Ly =Yl Heg + Yio(lr)iiman* No + Yis(01)iiTan™ N + fi¢1 NaNo
+ f201 N3N3 + f3d1 NoN3 + fapaNo Ny + f52 N3Ny + h.c. (2.25)

It is clear from this Yukawa Lagrangian that the heavy neutrino N; remains massless at
renormalisable level. One can however, introduce non-renormalisable operators contributing
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to the right handed neutrino masses as

1 1
f6K¢J{¢2N1N1 + f7K¢%¢2N4N4

where A is the unknown cut-off scale above the scale of U(1)g_r symmetry. The scalar
potential of the model can be written as

¢i‘2 + )‘dh'

Vo= =iy [HP + AulH|* + (p2lnl> + Mlnl*) + Y (—ud, ")

i=1,2

+ Nz ) (HTH) + Ny, (0" H) (H) + Y~ Ao, (61¢) (HTH)

i=1,2

+ Hay ((nTN ) +h. C Z )‘ndy 77 n)( ¢T¢J) . )‘¢>(¢T¢1)(¢2¢2)

+ A Te[ATA] 4 Aag [Tr [ATAH2 + AT [[ATA]] + Tr[ATA] [Aan (HTH)
+ Xan('n) + ) Ang,(8161)] (2.26)

i=1,2

Also, the smallness of the vev of the neutral component of A does not arise naturally in
the form of an induced vev after electroweak symmetry breaking. This is due to the absence
of trilinear coupling of the form HHAT in the model. However, one needs to keep the vev of
left triplet scalar small as the constraints from electroweak p parameter restricts it to vy < 2

GeV [285]. In the SM, the p parameter is unity at tree level, given by
__ My
3 M2 cos? Oy,

where 0y, is the Weinberg angle. But in the presence of left scalar triplet vev, there arises
additional contribution to the electroweak gauge boson masses which results in a departure
of the p parameter from unity at tree level.

1+2v§
1+4v5

Experimental constraints on the p parameter p = 1.00040 + 0.00024 [285] forces one to have
vs < 2 GeV. Since, this can not be generated as an induced vev (which can be naturally
small), one has to fine tune the quartic couplings and bare mass term of A scalar in order to
generate such a small vev. However, if we introduce higher dimensional operators, then it is
possible to generate an induced vev due to the existence of +(HTATH )(¢hp1) term. Using
the notations for vev as before, we can write down the induced vev as

(") =

(% o U2U1U2
V2 4AMZA

This gives additional contribution to W boson mass as

v 9 g
=ty
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The neutral gauge boson mass matrix in the basis (W5, B,,, BL) is given by

) 1970 + g} —G9g'v" - gg'v] 3995175
My = —zgg'vz — 99'v; 19’221)2 + g0} ) —gg’gglLGvg (2.27)
299BLV; —2¢'gpLv? 595,07 + ghp (Bud + 4ud)

In the limit v; < v < w2, the non-zero eigenvalues are

1 v2?2
M2 ~ 2 12 2 4 2 - 2 /2 )
7~ (" + g%+ Ua)+4(9 +g )—4U%+9u3

| =

4
My, ~ 5950 (45 + 9u; + 3)

The vanishing eigenvalue corresponds to the massless photon. The other two mixing angles
are given by
g*v? + 4g*v?

4M2

89BLU§
tan6,, = —3g’(112 T 407)
where Oy, corresponds to the usual Weinberg angle whereas 6,, corresponds to the mixing
between Z and Zp; gauge bosons. Clearly, this mixing is zero in the limit of vy — 0.
The required value of vz is obtained from the mass splitting between scalar-pseudoscalar
components of 1. From the scalar potential given in (2.26), the mass splitting between
7%, n% where n° = (0" + in®)/+/2 is given by

cos? Oy =

MgOi - M,?Or = 2\/§,UJA77’U5

Thus, even if the mass splitting is as large as 50 GeV, considered in this work, we can
generate a small vs < 2 GeV, by tuning the trilinear mass parameter j, A accordingly. Even
for such maximum possible value of vs and gg; ~ ¢, the mixing between Z — Zpz; comes
out to be

tan 6, ~ 1.7 x 107*

We therefore, ignore the effects due to such gauge mixing in our calculations.

Light neutrino masses can be generated at one loop level through the diagram shown
in figure 2.3. Similar to earlier analysis, here also the approximate structure of the light
neutrino mass matrix can be obtained as

m, =cYMg'YT ¢ = n° nr V24005

327 32¢?
where Y, My are can be found from the Yukawa Lagrangian (2.25) in (v., v, V), (N2, N3, Ny)
basis as
Yio Yi3 0 fiur faur o faus
Y=Y Yoz 0], Mp=| faur foux f4U22 (2.28)
Yso Vi3 0 Jaug  faus f7u—A1
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Figure 2.3: One loop neutrino mass for the particle content shown in table 2.1, 2.3

It is clear that the light neutrino mass matrix constructed from these give rise to a
vanishing eigenvalue that is, a scenario with vanishing lightest neutrino mass. This is a
similar prediction like the minimal model discussed before. On the other hand, one of
the right handed neutrinos N; can remain light in this scenario, as its mass is generated
only by dimension five operators. Such a light right handed neutrino can have interesting
cosmological consequences.

The components of dark scalar doublet n acquire masses as

1
2

1
2

1

2
5 Ao U

Mgi - 'u727 + >‘an2 + )‘ndnu% +

1 1 1
MEOT - N% + §(>‘Hn + )‘/Hn)vz + \/EMAnW + 5)‘77%“% + 5)‘?7@“%

1
= My + S Xy + V2410405,

1 1 1
Mos = iy + 5 Ay + Xy J0* = V208005 + 5 Mot + 5 Ay 03
1
= Mgi + 5/\/[{771)2 - \/E#Anvé- (2'29)

Without loss of generality, we consider n°" as the DM candidate which implies pa, <
0, %)\’anz + \/§,um7v5 < 0 so that the CP even neutral scalar " is the lightest among the
components of n and hence a stable DM candidate.

The new scalar fields discussed above can be constrained from the LEP I precision mea-
surement of the Z boson decay width. In order to forbid the decay channel Z — n°n%,
one arrives at the constraint M,or + M,or > Mz. In addition to this, the LEP II constraints

roughly rule out the triangular region [286]
an <80 GeV, Mnm < 100 GeV, Mnm — MnDr > 8 GeV
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The LEP collider experiment data restrict the charged scalar mass to m,+ > 70 — 90 GeV
[287]. The Run 1 ATLAS dilepton limit on such charged component of additional scalar
doublets have also been discussed in [288] taking into consideration of specific masses of
charged Higgs. Another important restriction on M,+ comes from the electroweak precision
data (EWPD). Since the contribution of the additional scalar doublet 7 to electroweak S
parameter is always small [289], we only consider the contribution to the electroweak T
parameter here. The relevant contribution is given by [289]

1

AT = 16m2a0? [F<Mni’ M”m) 2 F(Mﬂi7 Mn‘”) - F(Mn(”a Mno’“)] (2.30)
where
2 2 2. 9 2
my +ms; mims . mj
F(my,my) = T mglnm—% (2.31)

The EWPD constraint on AT is given as [290]

—01<AT+1T), <0.2 (2.32)

where T), ~ —mlnz—g is the SM Higgs contribution to the T parameter [291].

Another important bound on such additional stable scalars can come from the LHC
measurements of the SM Higgs invisible decay width. However, this constraint is applicable
only for DM mass Mpys < my/2. The invisible decay width is given by

A2p? ) i
P V1 - AM3, (2.33)

Here, A, = (Amy, + App,,)- The latest constraint on invisible Higgs decay from the ATLAS
experiment at the LHC is [292]

['(h — Invisible) =

['(h — Invisible)

22
(7 = Tavisible) + T(h = S ~ 227

BR(h — Invisible) = T

. We incorporate this bound on light scalar DM mass in the next section.

The relic abundance of scalar DM for some benchmark values of mass splitting, DM-Higgs
couplings are shown in figure 2.4, 2.5 for low and high mass regimes respectively. The effects
of coannihilations between different components of the scalar doublet 1 are very dominant
for small mass splitting Am, = 5 GeV, as can be seen from the left panel of the figure 2.4.
The multiple resonances shown in the left panel of figure 2.4 corresponds to W*, Z and SM
Higgs (h) mediated (co)annihilations. As we increase the mass splitting to 50 GeV, such
coannihilation effects disappear and only the DM annihilation through SM Higgs remains,
as can be seen from the single resonance shown in the right panel plot of figure 2.4. In fact,
for low mass DM such small mass splitting is disfavoured from LEP II data as mentioned
above. However, we calculate the relic abundance in this regime to see the interesting
differences originating from enhanced coannihilations. In the high mass regime, apart from
the usual Higgs portal and electroweak gauge boson portal interactions, we also include the
Zpr, mediated annihilations for benchmark values of My, ,gpr. As seen from the figure
2.5, the impact of this Zg; portal on scalar DM relic abundance is very minimal. The relic
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Figure 2.4: Relic abundance of scalar doublet DM 7" as a function of its mass for different
benchmark values of DM-Higgs coupling, in the low mass regime. The mass splitting between
n%, % and n°" is fixed at 5 GeV, 50 GeV in the left and right panel plots respectively.
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Figure 2.5: Relic abundance of scalar doublet DM 7" as a function of its mass for different

benchmark values of DM-Higgs coupling, in the high mass regime.

between 7% n* and 7% is fixed at 5 GeV.

The mass

splitting

abundance in the high mass regime is mainly dominated by the usual DM-Higgs coupling
Az, and the mass splitting Am,. We also take the singlet scalar ¢; mediated annihilations of
scalar DM and its contribution to the relic abundance. As can be seen from figure 2.5, this
gives rise to a new resonance due to s channel mediation of ¢; resulting in a new allowed
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region of scalar doublet DM in the high mass regime. Due to smaller decay width of ¢,
compared to Zpy, this resonance is efficient enough to bring the usually overproduced DM
in high mass regime to the allowed range.

2.3.5 Direct Detection of Dark Matter

Apart from the relic abundance constraints from Planck experiment, there exists strict
bounds on the DM nucleon cross section from direct detection experiments like LUX [53],
PandaX-II [56,57] and XenonlT [55]. For fermion DM, there are two ways through which
it can scatter off nuclei: one is mediated by Zg; and the other mediated by scalars. The
scalar mediated interactions occur due to mixing of singlet scalars of the model with the
SM Higgs boson. Both these interactions give rise to spin independent DM-nuclei scattering
only due to the absence of axial or pseudoscalar type couplings of the mediators with the
quarks. Adopting the general formalism given in [293], the Z; mediated DM-nucleon cross
section is found to be

4 2,,2,,4
9BLvY mxmn

. 2 My (my, +my )t

g5y (234)
where m,, is the mass of nucleon, m,, is the DM mass and v ~ 0.1%c is the typical speed
of DM particle. The scalar mediated DM-nucleon scattering cross section is

/\2 'u2n §2

ogr = s g2 (2.35)

Ty

1
where f,, is the reduced mass of the DM-nucleon system, my, is the mass of the mediator
and ¢ is the mixing parameter between ¢, and the SM Higgs boson. Also, A, is the coupling
between DM and scalar ¢; and the parameters f,, , correspond to scalar nucleon couplings,

taken as input from QCD calculations [294].

myz, =2TeV - mg, =4TeV
1074} i , , ' '
= mZm.=3 TeV XENON 1T mgz, =3TeV --- mzmv=5 TeV
10747 Lx10%} -- myg, =4 TeV XENON 1T
& ger=0.02
§ 1050} 1 Lxa0) gr1=0.075 | |
g
10753 1 Lx10'-
(e S | 1x 109 —
5 10 50 100 500 1000 5 10 50 160 500 1000
mpm(GeV) mpm(GeV)

Figure 2.6: Spin independent direct detection cross section for fermion DM mediated by Zgy,
for different benchmark values of ggr, Mz,, .

We first show the direct detection cross section mediated by the Zg; boson for different
benchmark values of Zg; masses and couplings ggy. As can be seen from figure 2.6, the
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Figure 2.7: Spin independent direct detection cross section for fermion DM
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Figure 2.8: Spin independent direct detection cross section for fermion DM mediated by Zpp,
for randomly varied Mpyr, Mz, , g1 in the range denoted by the labels.

model can survive the XenonlT bound even if the Zg; mass is close to a few TeV and
gsr ~ 0.075,0.02. These bounds are in fact weaker than the LEP II bound My, /gpr > 7
TeV mentioned earlier. This can be realised by taking even smaller values of Zp; mass and
larger values of gauge coupling gp; as the spin independent direct detection cross section
remains very much suppressed compared to the XenonlT bound. However, the latest LHC
bound can rule out such combinations of My, , g as we discuss below. We also show the
scalar mediated direct detection cross section for fermion DM, using different benchmark
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Figure 2.9: Parameter space allowed from relic abundance and direct detection criteria of
fermion DM annihilating purely through Zp; portal for randomly varied Mpyr, Mz, . 951
in the range denoted by the labels. The excluded parts of parameter space corresponding to
LEP, LHC are shown as shaded regions.

== A;=0.1 == XENON 1T
1.x10™4

-- A;=0.05 — BR(h - Invisible) >22%

-- A=0.005

__1.x107%

Jg1 (CIl’l2

1.x 10757

1.x10™47¢

10 ~ () 50T — 160 500 1000

Figure 2.10: Spin independent direct detection cross section for scalar DM for different

benchmark values of DM-Higgs couplings. The region ruled out from XenonlT and LHC
results are shown as shaded regions.

values of ¢;—Higgs mixing £ in figure 2.7 and found them to be lying within the Xenonl1T
upper limit.

To find the allowed parameter space of fermion DM model, we perform a random scan of
three parameters Mpyr, Mz, , gpr and plot the direct detection cross section for only those
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parameters that satisfy the relic abundance criteria. The plot is shown in figure 2.8. The
scalar mediated interactions are not taken into account in this scan, so that the strongest
constraint on the new gauge sector can be obtained. It shows that DM masses in the entire
mass range scanned Mpys € (10,8000) GeV remain allowed by the XenonlT constraint for
the chosen range of gauge sector parameters ggr, € (1074,0.6), Mz,, € (20,16000) GeV. We
also show the LEP II bound for comparison in figure 2.8. The exclusion line corresponding
to this is derived by using Mz,, /gpr, = 7 TeV in the direct detection formula given by
(2.34). It is interesting that the LEP II bound My, /gpr, > 7 TeV remains stronger than
the XenonlT bound and has the potential of ruling few points in the low mass regime of
DM. We also include the latest bound from the LHC on the mass of Zp; gauge boson and
corresponding coupling gpr, given in [295] for Zp;, masses all the way upto 5 TeV. Since
fermion DM relic is satisfied for mpy ~ Mz, /2, there arises a sharp cut-off at mpy = 2.5
TeV, since the LHC bound is available only till Mz,, =5 TeV. Thus, the latest LHC bound
is stronger than both XenonlT and LEP bounds in the low mass regime of DM. We also show
the corresponding parameter space in ggr, — Mz, plane in figure 2.9. For simplicity, in the
scanned plot of figure 2.9, we apply the most conservative XenonlT bound, corresponding
to DM mass of 35 GeV [55] and minimum of the exclusion line shown before.

For scalar DM considered in this work, the relevant spin independent scattering cross
section mediated by the SM Higgs boson is given as [289)]

NLf? ptms

4,2
dm mymp

os] — (236)

where = mympy/(my, +mpyr) is the DM-nucleon reduced mass and Ay, is the quartic
coupling involved in DM-Higgs interaction. A recent estimate of the Higgs-nucleon coupling
f gives f = 0.32 [296] although the full range of allowed values is f = 0.26 — 0.63 [297].
We show the Higgs mediated direct detection cross section for scalar doublet DM in figure
2.10 for different benchmark values of A\;. We find that for large values of quartic coupling
A ~ 0.1, scalar DM mass upto a TeV can be ruled out by the XenonlT bound. We also
show the region ruled out by the LHC limit on the Higgs invisible decay width and found
this bound to be much weaker than the latest XenonlT limits.

2.3.6 Indirect Detection of Dark Matter

Apart from direct detection experiments, DM can also be probed at different indirect detec-
tion experiments that are looking for SM particles produced either through DM annihilations
or via DM decay in the local Universe. Among these final states, photon and neutrinos, be-
ing neutral and stable can reach the indirect detection experiments without getting affected
much by intermediate regions of space on the way from source to to the detector. If the
DM is of WIMP type, like the one we are discussing in the present work, these photons lie
in the gamma ray regime that can be measured at space based telescopes like the Fermi
Large Area Telescope (LAT) or ground based telescopes like MAGIC. Here we constrain the
DM parameters from the indirect detection bounds arising from the global analysis of the
Fermi-LAT and MAGIC observations of dSphs [8].

The observed differential gamma ray flux produced due to DM annihilations is given by
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dd 1 J(AQ) dN
—(AQ) = — —
58 = e s
where AQ is the solid angle corresponding to the observed region of the sky, (ov) is

the thermally averaged DM annihilation cross section, dN/dE is the average gamma ray
spectrum per annihilation process and the astrophysical J factor is given by

(2.37)

J(AQ) :/m dQ’/LOS dip*(1, Q). (2.38)

In the above expression, p is the DM density and LOS corresponds to line of sight. Thus,
measuring the gamma ray flux and using the standard astrophysical inputs, one can constrain
the DM annihilation into different final states like =, 777, W+W =, bb. Since DM can
not couple to photons directly, gamma rays can be produced from such charged final states.
Using the bounds on DM annihilation to these final states [8], we show the status of our
model for different benchmark values of parameters.

Since the constraint on DM annihilation given in [8] was for 100% annihilations in to
a particular final state, we use the appropriate weight factor w < 1 while comparing the
model prediction with the constraints. For example, to compare the DM annihilation to
pp~ final state with the Fermi-LAT constraint, we multiply ov(DM DM — p*p~) by the
weight factor

_ ov(DM DM — p*pu™)
~ ov(DM DM — All)

This is equivalent to dividing the Fermi-LAT bound by w < 1 and comparing with cv(DM DM —
w ). Since there are multiple annihilation channels to different final states, the Fermi-
LAT constraints on individual final states are weak for most of the cases. Only in the case
of scalar DM annihilations into W*W ™~ final states, the constraints can be very severe as
scalar DM into W W~ is the most dominant annihilation channel for certain mass range of

DM.
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Figure 2.11: Fermion DM annihilations into u*p~, 777~ compared against the indirect de-
tection bounds. The points denoted by x correspond to the ones satisfying relic abundance
criteria.
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Figure 2.13: Scalar DM annihilations into u™pu~, 777~ compared against the indirect detec-
tion bounds. The mass splitting between scalar doublet components is Am,, =5 GeV. The
points denoted by x correspond to the ones satisfying relic abundance criteria.

We first show the fermion DM annihilation to these final states in figure 2.11 and 2.12
for different benchmark points including the ones used to show the relic abundance as well.
We also mark the points by a x which correspond to the correct relic abundance of fermion
DM. It can be seen that, fermion DM having mass near the resonance region Mpy = my, /2
for the scalar mediated annihilations, some of the annihilations can almost saturate the
Fermi-LAT plus MAGIC bounds. On the other hand, the bounds from W*W ™ final states
is weaker even for mixing between singlet scalar and SM Higgs ¢ as large 0.1, as can be seen
from the left panel of figure 2.12. However, as the relic abundance plots in figure 2.2 shows,
the DM remains under-abundant in the resonance region and hence such scenarios are still
allowed from indirect detection bounds. We apply the relic bound on the indirect detection
plots shown in figure 2.11 and 2.12 by marking those points of mpy which satisfy the correct
relic abundance criteria, as can be seen from figure 2.2.

Similar observation is also made for the scalar DM annihilations into these final states
as shown in figure 2.13 and 2.14. Although the DM annihilations to 77—, bb saturates
the experimental limits only near the Higgs resonance Mpy, = my/2, the limit on DM
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Figure 2.14: Scalar DM annihilations into W*+W ~, bb compared against the indirect detection
bounds. The mass splitting between scalar doublet components is Am,, = 5 GeV. The points
denoted by x correspond to the ones satisfying relic abundance criteria.
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Figure 2.15: Scalar DM annihilations into W*W ™~ compared against the indirect detection
bounds. The mass splitting between scalar doublet components is Am, = 50 GeV. The
points denoted by x correspond to the ones satisfying relic abundance criteria.

annihilations into W*W ™ is more severe and it can rule out DM mass upto a few hundred
GeV’s depending on the mass splitting between dark scalar doublet components as well as
DM-Higgs coupling Az. This is because of the large annihilation cross section of scalar DM
into W*W ™ pairs for mpy > My that can not be suppressed due to its sole dependence
on gauge couplings. However, in the high mass region mpy > Myy, the relic remains under-
abundant as seen from the figure 2.5, specially in the range of DM mass where the constraints
from W~ final state are very strong. Beyond a mass of 500 GeV, it is possible to satisfy
relic as well as indirect detection constraints simultaneously. But for larger mass splitting
say Am, = 50 GeV, even the high mass region is ruled out by the strong constraints from
indirect detection, as can be seen from figure 2.15. In the low mass region, specially near
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the Higgs resonance, the indirect detection bounds can be severe as can be seen clearly by
comparing the relic abundance plot in figure 2.4 with the indirect detection ones in figure
2.13. We in fact denote the points which satisfy the relic abundance criteria in the indirect
detection plots shown in figure 2.13 and 2.14 and find that all of them remain allowed
currently from the Fermi-LAT plus MAGIC bounds. On the other hand, for large splitting,
the points satisfying correct relic are disallowed by the indirect detection bounds as seen
from figure 2.15.

It should be noted that apart from Fermi-LAT and MAGIC, there are other experiments
which put equally strong bounds on DM annihilations to different charged particle final
states. For example, there exists strong constraints on DM annihilations from ten years of
observations with HESS experiment, as reported recently in [298,299]. As seen from [299],
the HESS constraints on DM annihilations into 7F7~ final state is very strong and can reach
the (owv) values expected for DM annihilating at thermal relic cross section. However, since
DM in our model remains under-abundant near the resonance regions that can saturate
these indirect detection bounds, it does not rule out the allowed parameter space from relic
criteria, as discussed above in the context of Fermi-LAT plus MAGIC bounds.

2.3.7 Lepton Flavour Violation

Charged lepton flavour violating decay is a promising process to study from BSM physics
point of view. In the SM, such a process occurs at loop level and is suppressed by the small-
ness of neutrino masses, much beyond the current experimental sensitivity [300]. Therefore,
any future observation of such LFV decays like u — ey will definitely be a signature of
new physics beyond the SM. In the present model, such new physics contribution can come
from the charged component of the additional scalar doublet n going inside a loop along
with singlet fermions. Adopting the general prescriptions given in [301], the decay width of
i — ey can be calculated as

Y4 (m% —m2)* (m% +m2) [((t - 1)(t2t +5) — 1) + 662 Int)?
40967 >mm; 144(t —1)8

F(p—ey) = (2.39)

where t = m3/ mg,. The corresponding branching ratio can be found by

I'(p = ev)

BR(p — ey) =~ T

m

where T'), & 2.996 x 1071? GeV denotes the total decay width of muon. The latest bound
from the MEG collaboration is BR(u — ey) < 4.2 x 1073 at 90% confidence level [300].

We consider a scalar DM scenario so that the singlet neutrinos are heavier than 7. By
keeping the mass splitting within 7 to be 5 GeV, we show the new physics contribution to
i — ey in figure 2.16 for different benchmark values of Yukawa couplings and mass ratio
between singlet fermion and scalar DM. It is seen that even for Yukawa couplings as small
as 1072, this new physics contribution can saturate the experimental upper limit from MEG.
We get similar features, even if we consider singlet fermion DM instead of scalar one.
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Figure 2.16: BR(x — e7) as a function of scalar DM mass for different values of Yukawa
couplings and singlet fermion mass. The mass splitting between scalar doublet components

is Am, =5 GeV.

It should be noted that there are other LFV processes like u= — ete~e” or u= — e~
conversion in nuclei which can get additional contribution at one loop level in this model. For
details of such processes, one can refer to [302]. For the chosen benchmark values of heavy
singlet neutrinos and DM mass range, the contribution to BR(u — e7) from new physics
remains dominant over others, as shown by the authors of [302]. Also, the constraints on
BR( — ev) has got updated by MEG experiment recently whereas the bounds on other
processes are relatively older [303,304].

Another interesting flavour observable (a lepton number violating one) is the neutrino-
less double beta decay which is tightly constrained from null results at several experiments
mentioned earlier [305]. However, the present models do not have any extra contributions to
this process at tree level. Therefore, the contribution to this process will be dominated by
standard light neutrino mediation which can be kept within limits for hierarchical light neu-
trino spectrum. Since our models naturally lead to a hierarchical pattern with the lightest
neutrino being massless, these bounds can be satisfied naturally.

2.3.8 Collider Signatures

Since all the SM fermions are charged under the U(1)p_ gauge interaction, there can be
significant production of the corresponding Zp; gauge boson in proton proton collisions
[259,306]. Such heavy gauge boson, if produced at colliders, can manifest itself as a narrow
resonance through its decay into dileptons, say. Since the U(1)p_; charges of the leptons
are three times that of quarks, the decay of Zg;, into leptons are more in spite of the extra
colour factor of quarks. This can be seen from the plot in figure 2.17 showing the branching
ratio of Zpy, into different final states, along with the total decay width.

Although the branching ratio does not depend upon the value of gauge coupling gg, the
production of this gauge boson in proton proton collisions is sensitive to this. If this coupling
is comparable to the electroweak gauge couplings, then such a gauge boson can be produced
significantly in colliders. The latest measurement by the ATLAS experiment at 13 TeV LHC
constrains such gauge boson mass to be heavier than 3.6 — 4.0 TeV depending on whether
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Figure 2.17: Decay width and branching ratio of Zpz, into different final states. The shaded
regions in the first three plots correspond to the regions ruled out by the LEP and LHC
bounds.

the final state leptons are of muon or electron type [295]. The corresponding bound for tau
lepton final states measured by the CMS experiment at 13 TeV LHC is slightly weaker, with
the lower bound on Zp; mass being 2.1 TeV [307]. In deriving the bounds for ete™, u*u~
final states, the corresponding gauge coupling was chosen to be ggr ~ 0.28. Therefore, such
bounds can get weaker if we consider slightly smaller values of gauge couplings.

Table 2.4: Cross Sections (pb) for pp — pf

Mz, (TeV) | gar = 0.01 | g5z = 0.05
2 1.44 x 107> | 3.600 x 10~*
3 1.29 x 107% | 3.237 x 10~°
4 1.52 x 1077 | 3.802 x 107©
5 1.91 x 1078 | 4.776 x 1077

The differential cross section with respect to the invariant final state dilepton mass M
is

2
dM” Z / v (e Q) ( el ,Q2> 6(qq — ZpL — U'T),  (2.40)

2 2
:UEC M Bz,
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Table 2.5: Cross Sections (pb) for pp — xx

My, (TeV) | gpr = 0.01 gpr, = 0.05
2 5.680 x 10~7 | 1.420 x 10~
3 5.129 x 1078 | 1.283 x 107°
4 6.040 x 107 | 1.510 x 10~
5 7.570 x 10710 | 1.898 x 10~8

Table 2.6: Cross Sections (pb) for pp — n%n%

My, (TeV) | ggr =0.01 | ggr = 0.05
2 1.576 x 107° | 3.938 x 10~°
3 1.432 x 10~" | 4.208 x 107°
4 1.684 x 1078 | 4.208 x 10~
5 2.117 x 107Y | 5.294 x 10~

80

with f, being the parton distribution function for a parton denoted by 'a’ and F¢y = 13
TeV is the LHC centre of mass energy. The cross section ¢ is given by [259]

i!ﬁBL Mj
81 4m (M7 — M%BLP + M%BLW

ZBL

o= (2.41)
Since the decay width of Zg; boson is narrow, the cross section is almost determined by
the integral in the vicinity of the resonance. In the narrow width approximation we can use

J(pp — ZBL — l+l_) = J(pp — ZBL>BR(ZBL — l+l_) (242)

We first calculate the production cross section o(pp — Zpr) for benchmark values of
9pr, Mz,, at 13 TeV LHC and then multiply by the respective branching ratio to find
the final state cross sections. We particularly choose some benchmark values of gpr, Mz,
which are still allowed by the latest LHC constraints [295]. The numerical values of these
cross sections for different values of gpr, Mz, are shown in table 2.4, 2.5, 2.6 for pu*p=, xx
and 7", n" final states respectively. Although the last two final states just correspond to
missing energies depending on fermionic or bosonic nature of DM, the leptonic final states
can saturate the ATLAS bounds [295]. In fact, for gg; = 0.05, Zp; mass of 2 TeV can
saturate the ATLAS upper bounds if we compare the results in table 2.4 with the results
of [295]. A more detailed analysis of the model from collider point of view is beyond the
scope of the present work and we leave it for future discussions.

2.3.9 Results and Discussion

We have studied a U(1)p_, gauge extension of the SM that can explain the origin of neutrino
mass and DM simultaneously. The new fermions that take part in making the U(1) z_7, model
anomaly free can not only provide a stable DM candidate, but can also give rise to light
neutrino masses at one loop level. There also exists additional scalar doublets apart from
the SM Higgs, that take part in the radiative generation of neutrino mass. We discuss
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two different versions of the model, one with fermion singlet DM and the other with scalar
doublet DM. We first calculate the mass spectra for both the models after the spontaneous
symmetry breaking. We find that for the minimal scalar content, both the models predict
the lightest neutrino mass to be zero.

We first calculate the relic abundance of both fermion and scalar DM and show how it de-
pends on the model parameters, specially the ones related to the U(1)z_p, sector. The fermion
DM relic abundance crucially depends on the U(1)p_; gauge sector parameters gpr, Mz, ,
typically satisfying the relic abundance criteria near the resonance region 2Mpy = Mz, .
There can also be Higgs portal interactions due to the existence of additional singlet scalars
that not only take part in spontaneous breaking of U(1)p_; gauge symmetry, but can also
assist in fermion DM annihilation into SM particles through its mixing with the SM Higgs
boson. On the other hand, the scalar DM relic abundance is not very sensitive to the
U(1)p_r sector physics and is mostly dictated by the Higgs portal and electroweak gauge
sector interactions. The relic abundance criteria can be satisfied in two mass regions namely,
the low mass regime Mpy; < My, and high mass regime Mpy, > 500 GeV.

We then study the sensitivity of direct detection experiments to both fermion and scalar
DM. The spin independent DM-nucleon cross section for fermion DM is found to lie within
the latest upper limit given by the XenonlT experiment. This is observed by taking both
gauge and scalar mediated DM-nucleon scatterings. A random scan of fermion DM parameter
space consistent with relic abundance criteria also shows the entire DM mass range remains
allowed from the direct detection constraints. In fact the XenonlT constraints remain weaker
than the LEP II bound Mz, /gpr, > 7 TeV as well as LHC bound in fermion DM case, as can
be seen from figure 2.8. The direct detection cross section of scalar DM is mostly controlled
by the DM-Higgs coupling and is more sensitive to experiments like XenonlT, primarily due
to lighter mediator that is, SM Higgs. We find that for DM-Higgs coupling 0.1, scalar DM
masses are ruled out even beyond 1 TeV by the XenonlT limits. The LHC limit on the
Higgs invisible decay width also rules out some region of parameter space for Mpy < my,/2
although this constraint remains much weaker than the XenonlT bounds. We also check
the indirect detection bounds on DM annihilations into different SM final states and found
that these limits can be saturated only by scalar DM for certain region of parameter space
while fermion DM parameter space satisfying correct relic remains allowed. The scalar DM
parameter space is more constrained by such indirect detection bounds compared to the
fermion counterpart. For example, scalar DM mass can be ruled out far beyond 1 TeV
for certain benchmark parameters if we incorporate the indirect detection bounds on DM
annihilations into W*W ™ final states.

We then check the sensitivity of rare decay experiments like MEG looking for charged
lepton flavour violating decay p — ey to the parameter space of the model. This can arise
at one loop level due to similar diagrams that give rise to light neutrino masses. Thus, the
same parameters that affect DM phenomenology and light neutrino mass can also give rise
to a new contribution to this rare decay process. We find that for some typical values of
Yukawa couplings and DM masses, the model can saturate the MEG upper limit on the
branching ratio of  — ey and hence can be probed in near future searches.

Finally, we briefly discuss the possibility of probing such a model at energy frontier
experiments like the LHC. We calculate the decay width and branching ratio of Zg; into
different final states like leptons, DM etc. After calculating the production cross section of
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Zpr in proton proton collisions at 13 TeV centre of mass energy of the LHC, we multiply
the branching ratio into respective final states to estimate the total cross section into final
states. This is possible due to the narrow decay width of the Zg; boson. We find that, the
model can be ruled out by the LHC bounds on heavy dilepton resonance searches if Zpy,
mass is around 2 TeV and the corresponding gauge coupling is 0.05. The model can also
predict other final states with missing energy that can be probed at ongoing and near future
colliders. We leave a detailed collider study of such final states to future works.

2.4 Two-component dark matter and type-III seesaw
in U(l)B_L model

In this section, we discuss the possibilities of implementing type III seesaw in U(1)p_p
model. To do that we consider two copies (ny = 2) of fermion triplets Xg;(¢ = 1,2) into
the model having quantum numbers (1, 3,0, —1) under SU(3)., SU(2).,U(1)y and U(1)p_L
gauge groups respectively. Note that, two copies are enough to satisfy the light neutrino
data, as in LS models. The non-vanishing anomalies are

[SU(2>L]2U(1>BfL = 2”2 = 4, [U(l)B,L]g = -3+ 3712 = 3, [U(l)B,L] = -3+ 3712 =3.
(2.43)

Note that the first anomaly is arising only due to the SU(2), transformation of newly
introduced fermions and was absent in the minimal B — L extension of SM. Obviously,
the first anomaly can be cancelled only by introducing an additional field which has non-
trivial transformation under both SU(2), and U(1)p_r. We introduce such additional fields
with a goal to keep our setup minimal and connected to the origin of light neutrino mass.
Introducing a quintuplet W(1,4,0,n,), the first anomaly becomes

[SU(Q)L]QU(l)B_L e QTLE — 5%1

which can vanish if n; = 2ny/5 = 4/5. The other anomalies can be cancelled by introducing
additional fields which do not contribute to the first anomaly and hence SU(2); singlets.
The remaining anomalies are

119 1
[U(W)p_1]* = =3+ 3ny — 4n} = o5 U()p_1] = =3+ 3ng — 4ny = — (2.44)
These remaining anomalies can be cancelled by introducing three SU(2), singlet chiral
fermions
7 2 6
NlL(lv 1a 07 _5)7 NQL(17 17 07 g)a N3L(17 1a 07 g) (245)

This can be seen as follows

7\? 2\? 6\° 119 119
]_ _ 3:— —4 3— — — — = — — — =
U5 o]’ = 3+ 30y — 4 (5) +(5) +(5) 1y
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7 2 6 1 1
Since the quintuplet and the other singlet fermions have no role to play in generating light
neutrino mass, we do not pursue this possibility further.
We can have three fermion triplets: two of them having B — L charge —1 and the third
having exotic charge n;. We will check if the third fermion can have any possible role in
generating light neutrino masses. In such a case, there arises a possibility to get vanishing

[SU(2).]?U(1)5_ anomaly. In this case,
[SU(Q)L]QU(l)B,L = 277,2 - 277,1

which can vanish if ny = ny = 2. The other anomalies can be cancelled by introducing
additional fields which do not contribute to the first anomaly and hence SU(2); singlets.
The remaining anomalies are

[U()p_r)? = —-3+3ng —3nd = -21, [U(l)p_z] = -3+ 3ng — 3n; = —3. (2.46)

We now consider different possible solutions to these anomalies one by one.

Solution 2:
The remaining anomalies mentioned above can be cancelled by introducing four SU(2),
singlet chiral fermions

NIR(17 17 07 2)7 N2R<17 17 07 _1)7 N3R<17 17 07 _1)7 N4R(17 17 07 _3) (247>
This can be seen as follows
[U(D)p_r]? = =3+ 3ng —3n = (2)° —2(-1)> — (=3) = =21 + 21 =0,

[U(l)B_L]:—3—|—3ng—3n1—2+1—|—1+3:—3+3:O

However, this solution is not very motivating owing to the existence of singlet fermions
having B — L charge —1, which will give type I seesaw contribution to light neutrino masses,
already discussed by several earlier works.

Solution 3:

The remaining anomalies can also be cancelled by the following fermions with fractional
B — L charges:

2 1 4 8
NlR(L 17 07 §)7 NQR(L 17 07 g)a NSR(L 17 07 _g)a N4R<1a 17 07 _§> (248)

In order to have non-zero masses for all new fermions and sticking to minimal scalar
contents having integer B — L charges, we find that there can be one stable DM candidate,
in terms of one of the singlet fermions. Since single component DM in such models have
already been discussed in several works, we do not pursue this possibility further.

Solution 4:

The most interesting possibility is the solution
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7 2 6 14
NlR(]-7 17 07 g)a NZR(lv 1a 07 _g>a N3R(17 1a 07 _3)7 N4R(1a ]-7 07 _g) (249)

which can also be recast as

7 2 6 14
NIL(]-7 17 07 _5)7 NIR(17 17 OJ _5)7 N2L<17 ]-7 07 5)7 NQR(]-7 17 07 _E) (250)

We can construct two Dirac fermions from these four chiral ones, just by introducing two
singlet scalars ¢y, ¢ having B — L charges 1,4 respectively. The corresponding mass terms
will be

Yi N1z Nl + YaNor Nogs + h.c.

Another scalar singlet having B — L charge 2 is also required in order to give mass to
the fermion triplets ;5. The third fermion triplet acquires mass and also mixes with the
other two fermion triplets by virtue of its couplings to the scalars ¢, ¢o. Although the third
fermion triplet is not stable due to its mixing with the first two, the two Dirac fermions
constructed above can be separately stable and hence give rise to multi-component DM.
Also, the third fermion triplet, through its mixing with the first two, can contribute to the
light neutrino mass matrix as we discuss in details in upcoming sections. Due to these
interesting possibilities, we pursue this scenario in our work.

2.4.1 The Model

In this section, we discuss our model elaborately. As mentioned earlier, in this work our
prime motivation is to have a multi-component DM scenario where both DM candidates
are stable by virtue of a single symmetry group. Additionally, we want to address neutrino
mass generation as well. Keeping these two things in our mind, we have extended the SM
in all three sectors namely the gauge sector, the fermionic sector and the scalar sector. In
the gauge sector, we have demanded an additional local U(1)p_; gauge invariance where
B and L are denoting baryon and lepton numbers respectively of a particular field. This
introduces anomalies (both axial vector and gauge-gravitational anomalies) in the theory
which can only be evaded by the inclusion of additional fermionic degrees of freedom. This
has elaborately been discussed in the previous section. We have seen that for the case of three
additional SU(2), triplet fermions ¥;g, i = 1 to 3, two of which with B — L charge —1 are
necessary to generate neutrino masses via Type-III seesaw mechanism and the rest having
B— L charge 2 is solely required to cancel [SU(2).]* U(1)_1, anomaly. We further need four
SM gauge singlet chiral fermions with fractional B — L charges to cancel both U(1)%_; and
(gravity)? U (1) g_r, anomalies. Moreover, at least three scalar fields ¢; (i = 1 to 3) are also
necessary to give masses to all new fermions in the broken phase of the U(1)p_, symmetry.
We have properly adjusted B — L charges of these ¢;s such that only the Dirac mass terms
among these singlet fermions are possible and more importantly the Dirac mass matrix is
diagonal. This results in two physical Dirac fermions out of these four chiral fermions which
are simultaneously stable and thus both can be viable DM candidates. In Tables 2.7 and
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Particles | SU(3). x SU(2), x U(1)y x U(1)p_1
u
dr = (di) (3727%7%)
UR (3717%7%)
dR (3717_%7%)
— (VE 1
gL - (GL) (1a27 2 1)
€R (1,1,-1,-1)
YaR (1,3,0,—1)
doR (1,3,0,—1)
Sar (1,3,0,2)
NlL (171707_§)
NlR (171707_§)
NQL (17 7072
14
NQR (171707_3)

Table 2.7: Fermionic fields of the present Model including the SM fermions.

Particles SU(?))C X SU(Q)L X U(l)y X U(l)B_L
H+
H= (HO> (172a%70)
o (1,1,0,1)
0o (1,1,0,4)
¢3 (17170a 2)

Table 2.8: Scalar fields and their corresponding charges under all the symmetry groups.
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2.8, we have listed all fermions as well as scalar fields (including the SM ones) of the present
model and their charges under the SU(3). x SU(2), x U(1)y x U(1)p_1 symmetry.

The Lagrangian of our present model invariant under the full symmetry group is given
by

1 a
L = LSM - ZB/aﬁ B’ g + Lscala’r + 'Cfermion . (251)

Here, Lgy; denotes the SM Lagrangian involving quarks, gluons, charged leptons, left
handed neutrinos and electroweak gauge bosons. The second term is the kinetic term of
B— L gauge boson (Zp) expressed in terms of field strength tensor B'*" = 9°Z8 —9°Z%, .
From Table 2.8, we have already understood that our model has a very rich scalar sector
and the gauge invariant interactions among the scalar fields are described by Lg.q Which
contains following terms,

3
£scalar = (ZDH/LIJ’)Jr (DHMH) + Z (D¢ZM¢Z>T (D@‘M (bl) - [_ ILL2H(HTH) + )\H(HTH)2

i=1

+Z( 15, ( (61¢) + Ao, (¢ ;) ) Z Agigs; (0] gbl)(gb ;)
§,j=1(i#j)

+ZAH¢Z~<H*H>(¢I¢¢> + (6 $110305 + 0 16105 + € Psdadh + h.c.)] (2.52)
=1

where covariant derivatives for the Higgs doublet H and singlet scalars ¢;s are defined as

Dy, H

©w

/
(8 +i= UQW“—H‘Z B )H,
qu“ ¢; = (au +i9BL nqbiZBLu) O - (2.53)

The quantity Dy, is the usual covariant derivative of the SM Higgs doublet with g and ¢’
are gauge couplings of SU(2), and U(1)y respectively and the corresponding gauge bosons
are denoted by W¢ (a =1, 3) and B,,. The covariant derivative of H does not include B — L
gauge boson Zpgy, as the corresponding gauge charge of H is zero. On the other hand, being
a SM gauge singlet, covariant derivative of ¢; only contains Zp_; with ng, is the respective
B — L charge of ¢; and gpr is the new gauge coupling. After breaking of both B — L
symmetry and electroweak symmetry by the VEVs of H and ¢;s, the doublet and all three
singlets are given by

HT /

, o A

He|W+tvriz] . @:Lﬂ (i=1,2,3), (2.54)
V2

where v and w;s (i = 1, 2, 3) are VEVs of H and ¢;s respectively. For calculational

simplicity we have assumed all three VEVs of singlet scalars are equal i.e. u; = us = uz = u.
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Therefore, substituting equation (2.54) in equation (2.52) we have a 4 x 4 mixing matrix for
the real scalar fields in the basis \/Lﬁ (W s, s, s4)" which has the following form,

2>\H’02 )\H¢1’LLU )\H¢2’LLU >\H¢3U'U
M. = )‘H¢1uv 2)‘¢1u2 uz(ﬁ + )‘¢1¢'2) u (\/56 + u(ﬂ + )‘¢'1¢3))
(A D 2 A —Lu(v2 — 4\ Lu(2v2 2\
Hg, UV u (BJF ¢1¢2) QU‘( CJru(ﬂ ¢2)) 2“( <+u(ﬂ+ ¢2¢3)>

Migsuv w (V20 +u(B+XAs6)) 3u(2V2C+u(B+2Xs,0,))  —5u (V28 +u(B —4)y,))
(2.55)

The physical scalars (h, s1, s2, $3) are obtained by diagonalising the above real symmetric
mass matrix and they are related by an orthogonal transformation to the unphysical scalars
(i.e. the basis state before diagonalisation) as

h h
/

Zl —oT| °1 |, (2.56)
2 So
53 s

where O is a 4 x 4 orthogonal matrix which makes M, diagonal i.e. 0T M,,0 = a
diagonal matrix containing all the masses of four physical scalars as diagonal elements. In
Appendix A.2, we have expressed all the elements of O matrix in terms of four mixing angles
(assuming mixing among the three singlet scalars are identical). Additionally, for simplicity
we also set 3 =0, ? and ¢ = 4 in equation (2.52).

On the other hand, in our model we have four pseudo scalars as well, which are z, A7, A}
and A} (see equation (2.54)). Out of these four pseudo scalars, z does not mixes with others
and becomes the Goldstone boson corresponding to the SM Z boson after EWSB. However,
the pseudo scalars of complex singlet ¢;s mix among each other when B — L symmetry is
broken by the VEVs of ¢;s. Therefore, unlike the case of real scalars, here we have a 3 x 3
mixing matrix in the basis \%(A’l Al AT which is written below,

—2u (u B+ V/20) . u? B %(—Uﬁ—kx/ﬁé)
My, = u? —5 @B+V2Q) S (uB+2v2() . (2.57)
w(-uB+v28) 2 (uB+2v2C)  —5 (uB+ VA6 +40)

After diagonalising, this matrix we get two physical pseudo scalars A, A3 and a massless
Goldstone boson A; corresponding to the extra neutral gauge boson Zg;. This can easily
be checked as the pseudo scalar mass matrix has a null determinant. The eigenvalues of the
pseudo scalar mass matrix for ( =6, 3 = 0 are?

23 is the coupling of quartic interaction among all four singlet scalars which has less significant impact
in DM phenomenology compared to other cubic scalar interaction terms like § ¢ ¢q qbg and ¢ ¢3¢3¢;
3Eigenvalues of M, for { # & # 3 are given in Appendix A.3.
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s 3CQu
mA2 ——W,
9 _TCu

=g

where ¢ must be less than zero to ensure my, and m4, are real. Further, the physical
CP-odd scalars (A;s) and the Goldstone boson A; are related to the unphysical basis states
(A}, A, AY) as follows

(2.58)

1 4 P
()15 5 | (%)
4 | AP . A | (2.59)
A3z _\/g _\{6 \éé Aj

ViooJ/1d V14

Moreover, the neutral gauge boson Zp; becomes massive after the breaking of U(1)p_r
and the corresponding mass term of Zp_; is given by

Now, let us concentrate on the fermionic sector of the present model. Here, in addition
to the usual SM fermions, we have four gauge singlet fermions and three SU(2), triplet
fermions. All these new fermions have appropriate B — L charges. In equation (2.51), Ly is
the Lagrangian for these newly added fermionic fields and it is composed of two parts as

Ef = 'CSinglet + ﬁTriplet 5 (261)

where, the Lagrangian for the singlet fields are given below

2
Comgr = iz[mm@ﬁm+N—mm<@§>wm]—(ylzv—ummnym—mmqbﬁh.c.).

k=1

(2.62)

In the above ); (i = 1, 2) are the dimensionless Yukawa couplings and the covariant
derivative is defined as

PQL™) Nerry =" (04 +igpr QL Zpru) Nevry » (2.63)
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where Qﬁ(R) is the corresponding B — L charge of N, g which is listed in Table 2.7. As
mentioned earlier, due to special choice of B — L charges of scalar fields ¢1, ¢ and ¢3, the
Yukawa interactions in equation (2.62) are exactly diagonal in the basis & = Ny + Nip
and & = Ny; + Nyi. In this basis above Lagrangian can be rewritten as,

Loinglet = & P& +1& P& — gpr (-g) & ZpLPLé — gBL (g) & ZpL P&

—Y9BL (—§> 5_1ZBLPR51 — 9BL (—15—4) 5_2ZBLPR52 —y1f_1PR51 d
V& Pré&ody— V& PrLé 1 — Vo€ Pré&s b,

which can be further simplified as

= &P +i&% P+ %EZBL (9 —5v5) & + 2953L &Zp1(24575) &

VI E Pr& ¢ — Vo & PRy — V& PLé ¢n — Do & Prés b, (2.64)

5

where P p = , left and right chiral projection operators. Besides, in the above we

have assumed the Yukawa couplings );s are real. Therefore, from the above Lagrangian one
can easily notice that both & and & are decoupled from each other and thus can be stable
simultaneously. Hence, they naturally form a two-component DM system stabilises by the
B — L symmetry only * . On the other hand, SU(2);, x U(1)p_z, ° invariant Lagrangian for
the triplet fields are given by,

3
Z (Tf [ZkrlPTig] + Tr [mlﬂzkzﬂ) ! (TT[TRC\@ Y545 21R] 93

%
k=1

_ . 1 y
+ TI"[EQRC\/§ Y22¢322R]¢3 == Tl"[EgRC\/ﬁ Y23¢223R]¢£ + hC) - 5{ (Tr[Echﬁ Y213¢1 233]

N | .

ETriplet

+Tr[Z5R°V2 Y213¢121R]) ot + (Tl"[zch\/§ Vo001 Z3r) + Tr[S3p°V2 Y223¢122R]) ¢}
+ (Tr[ElRC\/ﬁ Y212¢322R] + Tr[EQRC\/ﬁ Y212¢321R]> o3 + h.C.} , (2.65)

where, we consider fermion triplets ¥,z and its CP conjugate ¥z in 2 X 2 representation
as

WR/V2 Xy ) T ( Y9 -5/V2 DI >(
Ypr = ki kR , LS =CXpp = ki Rh .66
o ( 2I;H - 22}%/\/§ K w EL’% - ZgR /\/§ 2 )

where C is the charge conjugation matrix. The covariant derivatives used in the kinetic
terms of X and X}, can be defined as

4Actually, we consider the B — L charges of ¢1, ¢ and ¢3 in such a way that U(1)p_z breaks into a
Zs X Zfy symmetry where & and & have following charges (—, +) and (+, —) under the Zs X Z/, symmetry
respectively.

5Triplet fermion fields have no colour charge and hypercharge.
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Dg)EkR(C) = (aﬂ -+ igaa W;} + (—)igBL n; ZBL,u) ZkR(c) s (267)

where n% is the B — L charge of ¥, and there is a sign flip as the B — L charges of ¥z
and its CP conjugate are equal but opposite in sign. Now, we define ¢? = 39, + X9, a
Majorana fermion and a Dirac fermion v, = ¥, + X" Following [308], we have written
the triplet Lagrangian in terms of ¢ and ¢, as

Lo = {%@0_2 G+ iy g — g (VW TR+ D) + gsin b A

k=1

+g cos GW%ZQ/}]; — gpL % (% ¢_2ZBL’Y5¢2 8 %ZBL’Vka) }

= zzj Ym{ (%@b_?@w? + w_;w;) s +1 (%w_?w? + %w;) Aé}
1=1

—Ym{ (%w_gwg + Ewg) sh— i (%w_g%ng + E75¢3> A’z}

oW { Gw_?wg + Ew;) sy —i (%w_?wé? + Ew;) A+ h.c-}

Vi, { (%@wé’ + w_z‘w;) st =1 (%w_gwg + Ewg‘) A+ h-c-}

1— - 1— _
Y5, { (§¢?w3 Y Yy ) S5 + (5%0?751#8 TP Yy ) Ay + h-C-} (2.68)

19

Ow = tan— is the weak mixing angle (Weinberg angle). The last two terms of the

above Lagrangian introduce off-diagonal elements in the mass matrices of both ¥ and ¢, (k
runs from 1 to 3) when ) gets a nonzero VEV. As a result, one needs to diagonalise both the
mass matrices using bi-unitary transformations in order to get the physical fermionic states.
However, in this work we have not considered this. We have worked in a limit when Yy 4.,
Y5,0, and Y4, >> Y54, and Ys,,e,, so that mass matrices of both charged and neutral
fermions are effectively diagonal and thus, there is no need for basis transformation. Here,
two triplet fermions having B — L charge —1 will play crucial role in generating observed
neutrino masses and mixings via Type-III seesaw mechanism. The Yukawa Lagrangian
involving the leptons is given by

‘CYukawa D ( Z \/ngﬁ EZﬁR&) + hC) (269)

a=1,2,3,8=1,2

The light neutrino mass matrix is generated from the type III seesaw mechanism as

M, = —MpMz' M} (2.70)
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where the Dirac neutrino mass matrix Mp and neutral triplet fermion mass matrix Mg
are given by

yé‘lv y%JZU 0 YE1¢3U3 Y212¢3u3 Y213¢1u1
Mp = y%lv y%2v 0 ) Mg = YZ12¢3U3 YE2¢3U3 YE23¢1U1 . (2'71)
ysv yFv 0 Yogmur Yspetn Ysye,us

Diagonalisation of the light neutrino mass matrix using the above forms of Mp, My gives
one vanishing mass eigenvalue. This is same as the prediction of the recent work [262] as
well as the littlest seesaw model [265] mentioned earlier. If we simplify our neutral fermion
triplet mass matrix Mg by incorporating the smallness on off-diagonal Yukawa couplings
mentioned earlier Y5, 4., Y565, Y5060 >> Y506105 Yo Y00, and equality of singlet VEVs,
we can approximate Mg to be a diagonal matrix leading to a relatively simple light neutrino
mass matrix given as

(y£)? | ) ysus |y ysvs | usus
Ys Ys Ys Ys Y, - Y5, 0-
v? b T A S o S ¢ BT 225
M A 7 Y5 Ys + Y5 YsT (yg ) + (yg ) Y55 Yy + Y Yss (2 72)
Cu | Mg e T Y Tmey Mhy
Y Ys Ys Yy Y5 Yy Y55 Ysy (yg ) (yz )

Y5163 Ysp63  Ysoieg Y5y Y5163 Y5563
This simplified light neutrino mass matrix also leads to a vanishing lightest neutrino mass
while the three mixing angles can be satisfied by suitable tuning of the Yukawa couplings.
Since for TeV scale triplet fermions, the Dirac Yukawa couplings y%ﬁ have to be fine tuned
at the level of < 1074, they do not impact the DM analysis discussed in this work. Hence,
we do not take such couplings into our subsequent discussions.

2.4.2 Constraints on the model parameters

Before going into the detailed calculation of DM relic abundance and relevant parameter
scan, we note the existing theoretical as well as experimental constraints on the model
parameters.

In order to keep the scalar potential (given in equation (2.52) within the square brackets)
bounded from below, the quartic couplings must satisfy the following inequalities:

Atz Agr s Aogs Ay > 0,
Aoy + VA Aar = 0, Mgy + VArrhgy > 0,
Arss + VA = 0, Ay + Vg A = 0, (2.73)
Moris + Vb dn = 0, Aoan + v/ Aaghgs = 0.

To prevent perturbative breakdown of the model, all quartic, Yukawa and gauge couplings
should obey the following limits at any energy scale:

TH-2521 166121013



92

Ar| <47, |Agyos] < AT, [Abg .| <4,
[Apranl < AT, [Agigsl < AT, [Agogs| < 4,
Vil < VAT, Yo, ,0s] < VAT, [Y,| < Vi,
Vs a0, | < VAT, |Yagoo,| < VAT, [Y0,| < VAT
l9.9'| < Vix, |gpL| < Vir, (2.74)

Experimental limits from LEP II constrains such new gauge sector by putting a lower
bound on the ratio of new gauge boson mass to the new gauge coupling My /g’ > 7 TeV
[260,261]. The corresponding bounds from the LHC experiment have become stronger than
this by now. Search for high mass dilepton resonances have put strong bounds on mass
of such gauge boson coupling to first two generations of leptons with couplings similar to
electroweak ones. The latest bounds from the ATLAS experiment [295,309] and the CMS
experiment [310] at the LHC rule out such gauge boson masses below 4-5 TeV from analysis of
13 TeV data. Such bounds get weaker, if the corresponding gauge couplings are weaker [295]
than the electroweak gauge couplings. Also, if the Z’ gauge boson couples only to the third
generation of leptons, all such collider bounds become much weaker, as explored in the
context of DM and collider searches in a recent work [311].

Similarly, the additional scalars in the model also face stringent constraints which typi-
cally arise due to their mixing with the SM Higgs boson which enable them to couple with the
SM particles. The bound on such scalar mixing angles would come from both theoretical and
experimental constraints [312,313]. In case of scalar singlet extension of SM, the strongest
bound on scalar-SM Higgs mixing angle (6y;,j = 2, 3,4) comes form W boson mass correc-
tion [314] at NLO for 250 GeV < M, < 850 GeV as (0.2 < sin#y; < 0.3) where M, is the
mass of other physical Higgs. Whereas, for M, > 850 GeV, the bounds from the requirement
of perturbativity and unitarity of the theory turn dominant which gives sin¢;; < 0.2. For
lower values i.e. M, < 250 GeV, the LHC and LEP direct search [315,316] and measured
Higgs signal strength [316] restrict the mixing angle sin #;; dominantly (< 0.25). The bounds
from the measured value of EW precision parameter are mild for M, < 1 TeV. While these
constraints restrict the singlet scalar mixing with SM Higgs denoted by (6,7 = 2,3,4),
the other three angles (6a3, 024, 034) remain unconstrained. We choose our benchmark values
of singlet scalar masses and their mixing with SM Higgs boson in such a way that these
constraints are automatically satisfied.

2.4.3 The Boltzmann Equations for Two-component DM

In this work, as we already know that we are dealing with two stable DM candidates &; and
&5. To find the present number densities of DM candidates we need to solve two Boltzmann
equations one for each candidate. The collision term of each Boltzmann equation contains
all possible number changing interactions of that particular DM candidate allowed by the
symmetries. In the present model, there are two types of number changing interactions for
a DM candidate. First one is the pair annihilation where ¢ and & annihilate in a pair
into all possible final states (X) except a pair of other DM candidate &;&; (j # i). These
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processes reduce the number of & and & by one unit (assuming there is no asymmetry
in the number densities of DM and its anti-particle). The other type of number changing
process is &€ — fjéj (1 # 7). This is actually the conversion process where one type of DM
converts into another. It increases the number of lighter DM candidate by two unit while
reducing the number of heaver one by the same amount. This conversion process acts as a
coupling between the individual Boltzmann equations of §; and &§;. Let ny = ng, + ng, and
n1 = ng, + ng, are the total number densities of two DM candidates respectively. Assuming
there is no asymmetry in number densities of §; and &;, the two coupled Boltzmann equations
in terms of ny and n; are given below [317-319],

dn2 1 e 1 (neq)2
— TonH = —5{0Ve6xx) (n — (n3")?*) — 3{Veeaa) (n% - (né—q)zn? (2.75)
dn1 1 o 1 ( eq)g
% + 3n1H S _§<O'V£1£_1~>XX> (n% — (nlq)2) + §<O'V£2£_2_>£1£_1> (ng . ﬁn% (276)

where, n;? is the equilibrium number density of DM species i. The second term in the
left hand side involving the Hubble parameter H represents dilution of number density due
to the expansion of the Universe. The extra half factors in the collision term are due to
non-self-conjugate (Dirac fermion) nature of our both DM candidates & and & [49]. Here
we are more interested to study the evolution of number densities of two-component WIMP
system due to all possible interactions which change particle numbers of either & or & or
both. Hence, in stead of actual number density n;, it is convenient to describe the Boltzmann
equation for a species in terms of comoving number density Y; = n;/s with s representing
the entropy density of the Universe. The quantity Y; is an useful one as it absorbs the
effect of the expansion on n;. In terms of comoving number densities, the above two coupled
Boltzmann equations can be written as,

dYs 1 [ m me 2 eqy2 7 —(Y;q)2 g
T = 5\ g VI ((ovaaans) 02 - 07) + rveaa) (2 - (7)) -
(2.77)
iv; . Tl ) ongl 2 (Y2eq>2 2
i mxgll@(«rv&mﬂ (O = 05) — {ovegoaa) (17— (ye™7 ) ) -
(2.78)

where, G is the Gravitational constant and z¢, = n;fi, is a dimensionless variable with T’

being the temperature of the Universe. The quantity g, is expressed as,

/= (@) (HEM> | (2.79)

Gerr(T) 3 dIn(T)

where, heg(T') and geg(7") are the effective degrees of freedom related to the entropy and
energy densities of radiation. In the collision of term of the Boltzmann equation, the first
term represents pair annihilations of & and &; into particles which are in thermal equilibrium
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(including the SM particles also) while the second term is due to the DM conversion process
&6 — €& where none of them are in thermal equilibrium during freeze-out. Detailed
derivation of this term when both initial as well as final state particles are not in thermal
contact with the visible world is given in Appendix A.4. In the collision term, the thermal
averaged annihilation cross section of a particular process AA” — BB’ has been denoted
by (ovaa—pp). The possible annihilation channels of both the DM candidates in our
model are shown in figure 2.19. This figure not only contains the Feynman diagrams for
individual DM annihilations into other particles, but also the conversion of one particular
DM pair into a pair of the other DM. We have solved these two coupled Boltzmann equations
using micrOMEGAs [320] where the model information has been supplied to micrOMEGAs
using FeynRules [321]. All the relevant annihilation cross sections of DM number changing
processes required to solve the coupled equations are calculated using CalcHEP [322]. Finally,
after solving the Boltzmann equations we get the comoving number density Y;(75) of each
DM candidate at the present epoch (at T = Tj). Thereafter, one can easily calculate the
total DM relic density which is sum of relic densities of all DM candidates,

2

Mg,
Qpaih? = 2.755 x 10 (G—:V) Yi(Tp) . (2.80)
i=1
1 j 1
—_— Y, - Y
107 -_ Y 107 TN _— Y
2 2 iz 2
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Figure 2.18: Evolution of comoving number densities of both & and &, for two cases (a)
me, > mg, (left panel) and (b) mg, > myg, (right panel).

In order to understand how the comoving number densities are varying with respect to
the temperature T', we have shown two plots in the both panels of figure2.18 illustrating
the thermal evolution of Y7 and Y3 for mg, > mg, (left panel) and mg, > mg, (right panel)
respectively. In the left panel, we consider mg, = 2mg, with mg, = 2110 GeV. Here, the red
solid line represents the variation of Y} with z¢ = "% while the same for heavier compo-
nent & has been indicated by the blue solid line. The corresponding equilibrium number
densities computed using the Maxwell-Boltzmann distribution are shown by red dash-dotted

and blue dotted lines respectively. Form this plot it is seen that initially for low z¢, (i.e. for
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high T') the comoving number density of each component follows their respective equilib-
rium number density upto a certain temperature 7' (different for & and &) and thereafter
Y; departs significantly from the corresponding equilibrium distribution function Y;** and
remains constant with respect to the variation of 7. This is nothing but the well known
freeze-out point of a WIMP and it depends on when the interaction rate corresponding to
the number changing processes of a particular DM component goes below the expansion rate
of the Universe governed by the Hubble parameter H. In this particular situation, freeze-out
of & occurs at z¢, ~ 25 while that for the heavier component is =2 ~ 30 (zg, = 2a¢,).
Furthermore, the interactions of &; and & are such that & which freezes-out earlier has less
relic abundance compared to its lighter counter part ;. The opposite situation is presented
in the right panel of figure 2.18, where & is the heavier DM component. Here we consider
the model parameters in such a way that although the heavier component &; has earlier
freeze-out, ends up with a greater abundance.

Figure 2.19: Feynman diagrams for all possible annihilation channels of two DM candidates.

2.4.4 Direct Detection

Since each of the DM candidates in our model is a Dirac fermion, there exists Zz; as well
as scalar mediated spin independent elastic scattering processes off nucleons. The relevant
Feynman diagrams are shown in figure 2.20. Since several ongoing experiments like LUX
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[53], PandaX-II [56,57] and XenonlT [6,55] are looking for such processes, regularly giving
stringent upper bounds on DM-nucleon scattering cross section, we can further constrain our
model parameters from these data. Parametrising DM and quark interactions with Zp;, as

LD &7 (90 + 9era7”)é + T (9g0 + 9007°) ) (ZB1L) s

the dominant spin independent DM-nucleus scattering cross section can be written down

as [293]
2 2
od! = % [Z(2by + ba) + (A — Z) (b, + 2b4)]” (2.81)
g WMZBL

where fig, n is the reduced mass of DM nucleus system, IN)q are the quark-Zpg;, couplings
which is same for all quarks in B — L gauge model. Also, A, Z are mass number and atomic
number of the nucleus. From the Lagrangian of DM given in (2.64), we can write

F 9 L 4
geiv = 1OQBL7 Jeov = 5gBL

which can be used in the expression above to find the DM-nucleus scattering cross section nu-
merically for different values of gpy, My, . Similarly, if the scalar (s;) mediated interactions
are parametrised as

LD [EAes + Aeip?’)& +T(gs + Agpr*)d)s;

the corresponding spin-independent DM-nucleus scattering cross section can be written as

,UgN)\g ~ ~ 192
of = =t [Zh+ (A= DE] (2.82)
8j
Here f,,, are defined as
f~pn DM fq 2 f~q
— = =+ — — 2.83
Mp.n q:ustqu Mq 4 27fTG qgt Myq ( )

with f, = As,my/GeV and frg = 1— f2 M —fp = f7". Here A, denotes the quark-singlet
scalar couplings which can be derived by using the singlet scalar-SM Higgs mixing shown
in Appendix A.2. We take the standard values of other parameters appearing in the above
formula as f7, = 0.020, f7,, = 0.026 (and opposite for f7, ), fr, = 0.043 which further gives
fra =~ 0.91. We extract the spin independent elastic scattering cross section for both the DM
candidates off nucleons from micrOMEGAs. Keeping the fact in mind that we are analysing
a two-component DM scenario we have multiplied the elastic scattering cross-section by the
relative number density of each DM candidate to find the individual effective DM-nucleon
scattering cross section.

As mentioned earlier, both gauge interactions as well as Yukawa interactions will con-
tribute in the direct detection cross sections. However, the gauge mediated interaction is
proportional to g%, whereas the scalar mediated processes are mixing suppressed as well as
Yukawa coupling suppressed (the Yukawa couplings of first generation of quarks are O(107°)).
Hence, in our present model DM scattering off nucleons through Zg; will have dominant
contribution.
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Figure 2.20: Feynman diagrams for spin-independent elastic scattering processes of DM with
nucleons (or quarks) in the model.

2.4.5 Results

As we have discussed in the previous section, this model predicts two automatically stable
DM candidates & and &. The total relic density of DM can be expressed as, the sum of the
relic densities of &; and &, Qpyh? = Q§1h2 + QthQ where (¢, h? and Q&h2 are the relic abun-
dances of &; and & respectively. Let us now investigate the dependence of the relic densities,
(Y, and Qg,, on the parameters of the model. In figure 2.21, we have shown the variation of
relic density with the DM mass by assuming Mg, = M¢,. The other parameters of the model
were chosen as My, = 1.5 TeV, My, = 2 TeV, M, = 750 GeV,M;, = My, = My, = 1 TeV,
Ma, = 10 TeV,s13 = 813 = s14 = 894 = 0.2, Mz, =5 TeV, ggr, = 0.3. The dashed (blue) and
dotted (red) lines denote the relic densities of each DM candidate,(2¢, h? and Q¢,h?, whereas
the solid (green) line is their sum (Qpyrh?). The horizontal magenta line represents the relic
density bound from PLANCK data [50]. Some important features of the model can be indi-
cated here. The resonances due to the s-channel annihilation through Zz; and the different
scalars (81, 8o, 83, Ao, A3) has reduced the relic density as expected. Figure 2.21 clearly shows
four different scalars and Zpy, resonances, as we have assumed all the scalars have the same
mass, at a DM mass of 500 GeV, 2.5 TeV, 3.27 TeV, and 5 TeV respectively. At DM mass
of 1 TeV, DM particles starts annihilating into the two scalars final state giving a sudden
reduction in the relic density. Similar behaviour can be found at the DM mass around 3.77
TeV, and 5.5 TeV where DM starts annihilating into one scalar ( Mg, = 1 TeV ) plus one

pseudo scalar ( My, = \/gl\/[A3 = 6.54 TeV and My, = 10 TeV ) final states(Feynman dia-

grams in figure 2.19). One can expect similar reduction for the annihilation into one scalar (
Mg, =1 TeV ) and one Zpy, ( Mz,, =5 TeV ) final state near 3 TeV mass. However, because
of the resonance that effect is not visible. Another important point to note here is that, €2,
is subdominant throughout the whole mass range. That can be explained as follows, &; has
formed by combining Nor, and Nogr where as & has formed from Ny, and Nig. The B —L
quantum number assigned for Ny, and Nog is greater than the quantum number for Ny, and
Nir and that increases the annihilation cross section of & by some numerical factor which
results to smaller abundance.

One point to note here is that both the gauge coupling gz, as well as Yukawa couplings
V1, Vo play important roles in the DM annihilation. The gauge coupling ¢gg, is involved in
the annihilation channels mediated by gauge boson Zg; while the scalar mediated annihila-
tion cross sections depend on Yukawa couplings Y; ,)s. In the lower mass region of DM ggj,
plays the main role whereas in the high mass region )); also gives a significant contribution
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Figure 2.21: Relic abundance of two DM candidates with degenerate masses keeping all
other model parameters fixed to benchmark values.

as Y, = \/§M§i Ju. In figure 2.22, we have shown the variation of the relic density for two
different relations between Mg, and Mg, . In left panel, we have assumed Mg, = 2 M, and in
right panel Mg, = Mg, /2 — other parameters remain same as in figure 2.21. In figure 2.22a,
the resonances have occurred at different positions for €)¢,, at 250 GeV, 1.25 TeV, 1.63 TeV,
and 2.5 TeV, whereas, {2¢, has the same behaviour as in 2.21 which is expected as we have
assumed the Mg, = 2 Mg, . Figure 2.22b can be explained in a similar way.

In figure 2.23 we have shown the variation of the total relic density as a function of mg,
for three benchmark values of gg; (0.01, 0.09, 0.4) and mixing angle (0.001, 0.01, 0.1). The
left panel shows that the total DM abundance increases as we choose smaller values of gauge
coupling. It is because small g will decrease the annihilation cross section and eventually
increase the DM abundance. The right panel shows that the relic abundance hardly depends
on the mixing angle. Here for simplicity we have assumed all the mixing angle to be same.
In both the cases, we have assumed Mg, = 2 M, and the other parameters remain same as
in figure 2.21.

As seen from the above plots, the relic abundance of both the DM candidates primarily
depend upon the strength of their annihilation cross sections via scalar or gauge portal
interactions. After understanding this behaviour from the plots with benchmark choices of
model parameters, we now move onto performing a random scan over a set of free parameters
mentioned in table 2.9. While the physical masses of DM and all new particles in the model
are varied in the mentioned range along with ggr, the singlet scalar mixing angles with SM
Higgs boson as well as among themselves are kept fixed at 0.2. We then apply the relevant
constraints one by one to arrive at the final allowed parameter space from all relevant bounds.
We first show the parameter space in Mg, — Mg, plane allowed from total DM relic abundance,
perturbativity, bounded from below criteria of the scalar potential in figure 2.24. In figure
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Figure 2.22: Relic abundance of two DM candidates with non-degenerate masses: M, =

2Me, (left panel) and Mg, = Mg, /2 (right panel), keeping all other model parameters fixed
to benchmark values.

10° T T T
l
1 -~
‘\ AN

1000

o R
M, =15 TeV, M, =2 TeV, M, =750 GeV

M =M, =M, =1TeV, §,,=8,5=54=5,4=0.2 |
M, =10 TeV, My, =5 TeV

N
=
= i
(=]
G
[ PLANCK-2018
-——  g=0.01
Y gp1=0.09 ]
10 — gu=04
. 1 . 1 . 1 . 1 . 1 .
0 1000 2000 3000 4000 5000 6000
M (GeV)

1000 T T ’]l T T T T T
M, =1.5TeV, M, =2 TeV, M, =750 GeV 3
M =M, =M, =1TeV, $,,=8,5=514=52 ]
100 5 M, =10 TeV, My, =5 TeV, gz =0.3 -
g E
< £ ]
= L i
5 'F E
G E 3
r PLANCK-2018 1
0.1 E E
001 | -—— s,=0.1 ,:
E ------- $12=0.01 E
= —  5;,=0.001 4

107 L 1 L 1 L 1 L 1 L 1 L
0 1000 2000 3000 4000 5000 6000

M (GeV)

Figure 2.23: Relic abundance of two DM candidates with non-degenerate masses (Mg, =
2M¢,) for different benchmark values of: gauge coupling gp;, (left panel), singlet scalar-SM
Higgs mixing (right panel).

2.25, we then show the parameter space in gpr — Mz, plane allowed from total DM relic
abundance, perturbativity, bounded from below criteria of the scalar potential. The bounds
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Figure 2.24: Scan plot showing the parameter space in Mg, — My, plane allowed from total
DM relic abundance, perturbativity, bounded from below criteria of the scalar potential.

from the LEP and the LHC® are separately shown by the respective shaded regions which are
excluded. The coloured bar in the two plots shown in figure 2.25 correspond to the relative
abundances of two DM candidates &; (left panel) and & (right panel) respectively.
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Figure 2.25: Scan plot showing the parameter space in gp;, — Mz,, plane allowed from total
DM relic abundance, perturbativity, bounded from below criteria of the scalar potential.

6Note that we have used the LHC bound in Mz, —gp1, plane from the ATLAS collaboration results [295].
The more recent limits from the ATLAS collaboration with increased luminosity but with same centre of
mass energy [309] have small deviations from the limits we apply here.
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| Parameters | Range |
Mg, (10 GeV, 8 TeV)
Me, (10 GeV, 8 TeV)
My, | (100 GeV, 10 TeV)
2BL (()0001, 1)
M., | (100 GeV, 10 ToV)
M, | (100 GeV, 10 TeV)
M., | (100 GeV, 10 TeV)
Ma, (1 TeV, 20 TeV)
Ma, V2 My,
My, (1 TeV, 2.5 TeV)
My, 750 GeV + My,
M, 1.5 TeV + My,

Table 2.9: The parameters of our model and ranges used in the random scan

Excluded by XENON1T

B T @ XENONnT
1 2 3 4 5°
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1 2 3 4 5 1 2 3 4 5
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Figure 2.26: Effective spin-independent scattering cross section off nucleons for individual
DM candidates. All the points satisfy total DM relic, perturbativity, bounded from below
criteria of the scalar potential. The projected sensitivities of XENONnT (blue region) and
DARWIN (gray region) experiments have been shown in both the plots.

In figure 2.26, we show the spin independent DM-nucleon scattering cross section for
individual DM candidates as functions of their mass. All the points satisfy the total DM
relic, perturbativity, bounded from below criteria of the scalar potential. We have also
shown the projected sensitivities of XENONnT (blue region) and DARWIN (grey region)
experiments in both the plots which clearly show that these two future experiments can probe
a large region of parameter space of the model. As mentioned earlier, the actual scattering
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Figure 2.27: Summary plot showing the allowed points with and without applying the direct
detection bounds from XENONIT experiment.

cross section is multiplied by individual relative number densities ng, ,/(ng¢, + ne,) in order
to compare with the XENONI1T bounds [6] derived for single DM component. This clearly
shows that the model remains very much sensitive to the direct detection experiments with
many parts of parameter space already being ruled out. We then superimpose the collider
bounds also on these points and show the resulting parameter space in figure 2.27. The
severe impact of XENONIT constraints is clearly visible here with a very few points allowed
compared to the points allowed without applying the XENONIT bounds. Although the
individual DM-nucleon scattering bound allowed several points in the parameter space to
survive, as seen from figure 2.26, when we impose the condition that both the DM candidates
must satisfy the XENONIT bounds, it results in a much smaller allowed parameter space,
seen in figure 2.27. This may be due to the fact that the elastic scatterings of both DM
components (& and &) with the detector nuclei occur predominantly through Zpz;, exchange
and hence, O’ESZ_I (1 =1, 2) are extremely sensitive to both gg; and Mz,,. On the other hand,
Zpr, as well as scalar bosons mediated annihilation processes have significant impact in the
relic densities of £ and &. Therefore, in the latter case we have more parameters (Yukawa
couplings, ¢gpr etc.) and consequently the large portion of gpr, — Myz,, plane is allowed.
The allowed points in the chosen range of random scan will face further constraints from
future LHC runs as well as direct detection experiments like LZ [323], XENONnT [324],
DARWIN ([325].

2.4.6 LHC signatures of fermion triplets

Although typical LHC signatures of a U(1)p_, model is via search for dilepton resonance
mediated by Zg; mentioned before, the present model can have additional prospects of being

TH-2521 166121013



103

discovered at the LHC due to the presence of triplet fermions. While the neutral components
of fermion triplets play the role of generating light neutrino masses through type III seesaw
mechanism, the charged components can leave interesting signatures at colliders. Although
a detailed study of collider aspects of such fermion triplets is beyond the scope of this present
work and can be found elsewhere, we briefly highlight the additional advantage of having
such triplets in a gauged B — L model. Detailed collider studies of charged components of
fermion triplet can be found in the context of long lived wino in supersymmetric models;
for example, see [326] and references therein. In the context of non-supersymmetric models,
collider studies of such long lived fermion triplets can be found in [327,328] and references
therein. We consider the third fermion triplet and its charged component as it can have
enhanced production cross section at colliders due to larger B — L charge. It should be
noted that unlike in usual type III seesaw model, here the charged components of fermion
triplets can be produced at the LHC via both Z and Zg; gauge bosons, apart from usual
photon mediation. The charged components can then decay into (i) charged lepton and Higgs
boson or (ii) neutral fermion triplet plus on or off-shell W boson depending upon the mass
splitting AM = 80 GeV or AM < 80 GeV. Although the components of a particular fermion
triplet have degenerate masses (Myo) at tree level, one can make the charged components
¥if heavier by considering one loop electroweak radiative corrections [329,330], which result
in a mass splitting AM ~ 166 MeV between M, x and M, 0 for Mo 2 1TeV. Thus, in the
second possible decay channel mentioned above, only the off-shell W boson is possible. The
first decay mode is typically sub-dominant by the constraints from light neutrino masses,
which require TeV scale fermion triplet Yukawa couplings with the SM leptons to be as small
as around 10~ —1075. Therefore we consider the second decay mode only where the charged
component of triplet decays into the neutral component and an off-shell W boson. Due to
the small mass splitting, the dominant decay mode has final states ¢, 7. The decay width
of ¥ to ¥ and 7* can be written as

r _ 9 Ve e (e M) — M2
VT T 198 My, Mys <( oy T M) ”)X
3
| Myg - M) (Mg o+ M) 584
M2 M2 ’ (2.84)
vy o5

where AM = M+ — My ~ 166 MeV, g is the SU(2)y, gauge coupling, fr =131 MeV [329]
is the pion decay constant, and the first diagonal element of the CKM matrix V4 ~ 0.974
respectively. Such tiny decay width keeps the lifetime of ¢3 considerably long enough so
that it can reach the detector before decaying. In fact, the ATLAS experiment at the LHC
has already searched for such long-lived charged particles with lifetime ranging from 10 ps
to 10 ns, with maximum sensitivity around 1 ns [331]. In the decay 15 — ¢§ 7%, the final
state pion typically has very low momentum and it is not reconstructed in the detector.
On the other hand 9 is a long lived particle as it can decay to SM leptons through the
small mixing with the other triplet fermions and leaves the detector without interacting.
Therefore, it gives rise to a signature where a charged particle leaves a track in the inner
parts of the detector and then disappears leaving no tracks in the portions of the detector
at higher radii.
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Another crucial difference from usual type III seesaw extension of the SM is that here the
production cross section of fermion triplets gets enhanced. The presence of Zgy significantly
increases the production cross-section of the charged zp;f pairs at the collider. This is due to
the fact that the decay of the BSM neutral gauge boson to the ¢§E now happens on-shell in
contrast to models where this decay takes place off-shell via SM Z boson and photon. Also,
as there is no negative interference between the Z and Zp;, mediated charged 15 production
channels, hence the addition of new channel always improves the production cross-section.
In order to illustrate this improvement, we first show the variation of production cross-
section o, o in the left panel of figure 2.28 for two different choices of centre of mass
energy. As can be seen, the improvement in production cross section is more significant in
100 TeV centre of mass energies of proton proton collisions. Once produced, %i can give rise
to disappearing charged track signatures mentioned above. The ATLAS experiment at the
LHC put constraints on such disappearing charged track signatures for a long lived chargino
decaying into a pion and wino DM, which is shown as the solid black line in right panel of
figure 2.28. Although v is not the DM candidate in our model, it effectively behaves like
one at the LHC due to its long life. It can be seen that the existing LHC constraint can
already rule out 5" masses below 500 GeV from its searches for disappearing charged tracks,
keeping the parameter space considered in this study within near future sensitivity. Also,
the bounds will get slightly tighter in our model due to enhanced production cross section.
We leave a detailed study of such type III seesaw signatures at the LHC in the framework
of a B — L gauge model.
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Figure 2.28: Left panel: Plot showing improvement in production cross-section of the w;
pairs due to Zp; mediation for two choices of centre of mass energies in proton proton
collisions. Right panel: Decay length of w;f versus its mass compared with the ATLAS
bound on disappearing charge track searches at 13 TeV centre of mass energy.
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My, = 5TeV,gpr, = 0.3, M,, = 2.5TeV, My, = 2TeV, M, = 1TeV, M, = 10TeV
Case - 1 My, = Mg, = (600GeV — 2500GeV)

Case - 11 Mg, = 3TeV, My, = (600GeV — 2500GeV)

Case - III My, = 2.6TeV, Mg, = (600GeV — 2500GeV)

Table 2.10: Benchmark scenarios considered for calculating decay widths of Zp;.

Total Decay Width ', (GeV
Mass (GeV) Case-1 Cyase -11 Ci;sé -III)
600 249.2 181.2 177.6
700 249.0 181.1 177.6
800 248.8 181.0 177.4
900 248.4 180.8 177.3
1000 247.9 180.6 177.0
1100 247.2 180.2 176.7
1200 246.3 179.7 176.2
1300 245.1 179.1 175.6
1400 243.5 178.3 174.9
1500 241.5 177.3 173.9
1600 239.0 176.0 172.7
1700 235.7 174.3 171.1
1800 231.7 172.3 169.1
1900 226.7 169.7 166.7
2000 220.3 166.4 163.6
2100 212.2 162.2 159.6
2200 201.7 156.9 154.5
2300 187.6 149.6 147.6
2400 166.8 139.0 137.5
2500 109.7 109.7 109.7

Table 2.11: Decay widths of Zg; for different benchmark values of DM and fermion triplet
masses.

It should be noted that here we have adopted the narrow width approximation for Zp;,
which implies I'z,, /Mz,, < 1. To justify this, we consider three benchmark scenarios
namely, (i) Zpy, can decay into both the DM candidates as well as the fermion triplet, (ii)
Zpr, can decay into the fermion triplet but not to the DM candidates, (iii) Zp; can decay
into both the DM candidates but not to the fermion triplet. The corresponding widths,
considering Mz, = 5TeV , gpr, = 0.3 are shown below in Tables 2.10 and 2.11 respectively.
As can be seen from these results, even for the maximum possible decay width of Zg; we
can have I'z,, /M7, < 5%. As discussed in several earlier works including [332, 333] and
references therein, narrow width approximation remains valid for such small decay widths.
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2.5 Two-component dark matter and Dirac neutrino
mass in U(1)g_, model

In this section, we studied the possibility of realising light Dirac neutrinos in a gauged
B — L model along with stable DM candidate without incorporating any additional discrete
symmetries. In the minimal U(1)p_; model with three right handed neutrinos having B — L
charge —1 each, we can not have light Dirac neutrinos naturally as left and right handed
neutrinos couple to the SM Higgs field. Even if we forbid the Majorana mass term of right
handed neutrinos by suitable choice of singlet scalars, light Dirac neutrino mass of sub-eV
order will require extreme fine tuning of Yukawa couplings of the order O(107'?). Even if
we tolerate such extreme fine tunings, the model does not have a DM candidate. In earlier
works [224,243], radiative light Dirac neutrino mass and a stable DM candidate were shown
to exist in a gauged B — L model, but with several additional global symmetries. Here we
consider different U(1)p_p charge (other than —1) for right handed neutrinos in order to
prevent the Dirac Yukawa coupling with the SM Higgs. If the right handed neutrinos are
assigned B — L charge —2, then the remaining anomalies are

A UG ] =21
As [(gravity)* x U(1)p_r] =3 (2.85)

These can be cancelled after introducing four chiral fermions xr, xr, V1, ¥ having B — L
charges 13/9, 22/9, 1/9, 19/9 respectively. This can be seen as

A [UQ)g-.] = (g)g + <—%2>3 r (%)3 + (—%)3 ~ 2]
Ae (it < U] = (5) + (<5 )+ () + (-5 ) =3 e

It should be noted that the anomaly cancellation conditions we are solving here are same
as the ones adopted in the work [277] leading to type III seesaw for Majorana neutrinos.
However, we are using a different solution to the anomaly conditions here from the earlier
work. This is due to the fact that a singlet scalars of B — L charges 1,4 were required
to generate the masses of singlet chiral fermions —7/5,—2/5,6/5,—14/5. However, in our
model, we can not have a singlet scalar with B— L charge 4 as with the chosen B— L charge of
right handed neutrinos (2 in our model), such a singlet scalar will generate a Majorana mass
after spontaneous symmetry breaking, making it impossible to realise light Dirac neutrino
scenario.

2.5.1 The Model

In this section, we have discussed about our model in detail. We have extended the SM gauge
group with an additional local U(1)g_1, gauge group where B and L are denoting baryon and
lepton numbers respectively of a particular field. Addition of this new gauge group introduces
anomalies in the theory which can be canceled by including additional fermionic degrees of
freedom in the theory. We have discussed the details of anomaly cancellation in the previous
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Particles | SU(3). x SU(2), x U(1)y x U(1)p_1

qr = (Zi) (37 2, %7 %)
UR (3,1,%,%)
dr (3,1,—3.3)

0 = (Zﬁ) (1,2,—1,—1)
eR (1,1,-1,-1)
. (1,1,0,-2)
Xz (1,1,0,2)
XR (17 17072792)
wL (17 1,0, é)
¢R (1v 1’07%)

Table 2.12: Fermion Content of the Model

Particles | SU(3). x SU(2)r x U(1)y x U(1)p_1
H (H+> (1,2, 0)

- HO ) 9
+
n = (77770) (1,2,1,-1)
¢1 (17170a1)
P2 (1,1,0,2)

Table 2.13: Scalar content of the Minimal Model

section. We have already mentioned that our main motivation is to generate the Dirac
neutrino mass along with the stable DM candidate in the theory. Keeping this in mind,
we have added three copies of right handed neutrinos with B — L charge -2 each. They
couple to lepton doublets via an additional Higgs doublet  with B — L charge -1 generating
three Dirac neutrinos with sub-eV mass. However, the addition of these new fermionic fields
will increase the anomaly which can be cancelled by adding four SM gauge singlet chiral
fermions with fractional B — L charges. We need at least two singlet scalars and one extra
scalar doublet to generate the masses all new fermions. The fermion and scalar content of
the model are shown in table 2.12 and 2.13 respectively. The necessity of the individual
scalar fields will be discussed later.
The Lagrangian of this model can be written as

1 a
L = ‘CSM - ZB/a,B B/ g + Escalar + ‘Cfermion . (287)

Here, L) represents the Lagrangian involving charged leptons, left handed neutrinos,
quarks, gluons and electroweak gauge bosons. Second term denotes the kinetic term of new
gauge boson (Zpy) expressed in terms of field strength tensor B = aaZgL - 0°Z%,.
Please note that, in principle, the symmetry of the model allows a kinetic mixing term
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between U(1)y of SM and U(1)p_, of the form §B*’B/; where B’ = 9*B” — 0° B* and ¢
is the mixing parameter. Even if we turn off such mixing at tree level as we have done here,
one can generate such mixing at one loop level since there are particles in the model which
are charged under both U(1)y and U(1)p_r. Such one loop mixing can be approximated as
€ =~ gprg'/(1672) [334]. As we will see from final allowed parameter space in our numerical
analysis, we have ggr, < 0.2 for few TeV B — L gauge boson mass and with such small values
of gpr,, the mixing parameter € will be of the order of 1073 or smaller. Such small mixing
has very little effect on the final allowed parameter space in our model, to be discussed in
details in upcoming sections. Therefore, for simplicity, we ignore such kinetic mixing for the
rest of our analysis.

The gauge invariant scalar interactions described by L .. can be written as

f 2 t
£scalar = (DH;LH)T (DHMH) F- (Dn,/)> (Dn’un) + Z <D¢zu¢z> (Dd’z‘u ¢Z) - { - /’L?{’HP
=1

+ A H + (20l + Anl*) + > (—ud16il” + Ao, |6il*) + Ary(n'n) (HTH)
i=1,2

+ Ny (T H)(H'0) + >~ Az, (8160) (HTH) + (Ao H g2 + hc.)

1=1,2

+ (pagHmér +hee) + 3 Ao, (1) (8161) + Ap(6161) (6h62)

i=1,2
+ (161610} + ) } (2.88)

Where Dy”, D" and Dy denote the covariant derivatives for the scalar doublets H, 1 and
scalar singlets ¢; respectively and can be written as

v 0 .9
DH/LH = (aﬂ+Z§O'aW”+Z§BM)H,
/

an,r/ = (au—l—igUaWS‘l‘i%Bu+igBLnnZBLM)na

Dy, ¢i = (% +1i9BL nqﬁiZBL,u) @i - (2.89)

where ggy, is the new gauge coupling and n, and ngy, are the charges under U(1)g_y, for n
and ¢; respectively. After both B — L and electroweak gauge symmetries get spontaneously
broken by the vacuum expectation value (VEV) of H and ¢;s, the doublet and singlet scalars
can be written as

H* "t sh+u; + Al
H=|N+v+iz |, n=|nzg+m], ¢i="——" (i=1,2). (2.90)

NG N V2

From equation (2.90), it is clear that the neutral component of the scalar doublet H and
the scalar singlets ¢; acquire non-zero VEV whereas the neutral component of 1 does not.
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This can be assured by suitably choosing the sign of bare mass squared term of 7 field to be
positive definite (u% > 0). Even after the spontaneous symmetry breaking of U(1)p_, the
effective bare mass squared term for 77 can be assumed to be positive definite by appropriate
choice of quartic couplings in the scalar potential. However, one crucial point to note here
is that the neutral component of n will get a very tiny induced VEV after electroweak
symmetry breaking because of the presence of trilinear term Hing, as well as the quartic
term gy "gipy in the Lagrangian (2.88). This can be realised by minimising the scalar
potential with respect to n. This leads to

_ ,anvul/ﬁ—i— A HngUU U2 /2

291

To simplify the calculation we have assumed all two VEVs of singlet scalars are equal, i.e.
u; = up = u and also assumed the induced VEV to be negligible. The mass of the new gauge
boson after spontaneous symmetry breaking is

MZBL = \/ggBLu (292)

where we have ignored the contribution due to v, as it is negligible compared to that from

u.
After putting equation (2.90) in equation (2.88) we have found out the 4 x4 mixing matrix

for the real scalar fields in the basis \/Li (W' s} s ny)" which has the following form,

202\ gy UVAF$, UVAH$, 0

UVAHG, 2u2)\¢1 u (u)\¢ = ,LL¢\/§) 0

uvirg, (kg + 11gv/2)  u (dudg, ~v3pg) s (299
0 0 S 1) 2 (Anss + Anga)u® + 02Nz + Ny, ) + 203)

The physical scalars \/LQ (h s1 sy mr) can be obtained by diagonalising this real symmetric
mass matrix and that can be done by the orthogonal matrix Og and the physical states can
be expressed as

h n
/
S1 _n.T| 51

o | =05 @ | (2.94)
nR MR

In a similar manner, the 3x3 pseudo scalar mass matrix can be written as
—2v/2u L V2u Lo UVNHng
\/iu;% —% —%uv)\HW (2.95)

UV Mg _%UU)‘HW % (O‘ndn + Ay Ju% + 0 (A py + Nim) + 2/%%)

The physical pseudo-scalars and the Goldstone boson \/Li (A1 A 1) can be obtained by
diagonalising the above mass matrix and that can be done by the orthogonal matrix Op and

the states can be expressed as
Ay A
Ay | =0pT | A, ], (2.96)
s ul
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After the analysing of the scalar potential and diagonalising the mass matrices there will
be four independent quartic couplings left (A, , Ay , Appy » Adygy ). All the other couplings in
the potential can be expressed in terms of the VEVs, scalar masses and the mixing angles.
In principle there should be nine different mixing angles (sin 6;;) present in the scalar sector
out of which six will come from the real sector and three will come from the pseudo scalar
sector. Later we have shown that the result in the DM sector is almost independent of these
mixing angles (sin §;;) and through our discussion to simplify the numerical analysis we have
assumed all of them to be equal to 0.1. The parametrisation of the orthogonal matrices
Os, Op are shown in Appendix A.5 and A.6.

Lets discuss the fermionic sector of our model. We have three generations of right handed
neutrinos and four chiral fermions and the corresponding interactions can be written as

Efermion = ‘CVR + EDM (297)
where £, is the interactions related to the right handed neutrinos can be expressed as
‘CVR = ZV_R]E(QVR)VRJ aF (}/ij(z)iiTZn*l/Rj + hC) (298)

The first term in the equation (2.98) represents the kinetic part of vg and the second term
is the Yukawa interaction between SM lepton doublet ¢;, ,vg ,and n which is responsible for
generating neutrino mass. As discussed above, the neutral component of 1 will get a small
induced VEV v,, through the trilinear interaction present in the potential. This will generate
a tiny Dirac neutrino mass as
(ma )iy = 2
v)ij \/5
As can be seen from equation (2.91), a tiny induced VEV v, ~ O(eV) can be generated
by appropriate tuning of the trilinear coupling g, quartic coupling Ag,s as well as bare
mass squared term ,ufl. Since u ~ 10 TeV, v ~ 100 GeV, we can have v, ~ 0.1 eV by
choosing figy/p; ~ 10710 GeV™! and Ao/ e ~ 10720 GeV~? which can be ensured by
choosing very large ,u??. This also ensures that the components of n decouple from the low
energy particle spectra as well as their relevant phenomenology. The hierarchy between
ftmy and g1, can be reduced to bring the ratio to jugy,/p2 ~ 107" GeV™' if we tune the
Dirac Yukawa couplings to be as small as electron Yukawa coupling. Without any fine-
tuning of parameters, we consider pg, ~ u, Agps ~ O(1) so that p, is required to be very
large (> 10'° GeV) thereby decoupling the neutrinophillic scalar doublet 7 from low energy
spectrum. Fine tuning of these parameters will enable the scalar doublet 1 to have lighter
mass having consequences at colliders as well as for thermalisation of right handed part of
light Dirac neutrinos. However, we do not pursue such aspects in our studies. Similar way
of generating sub-eV Dirac neutrino mass from induced VEV of neutrinophilic Higgs was
proposed earlier by the authors of [221,222 245].
The term Lpy is the interactions correspond to the chiral fermions can be written as

Lpm = i[ﬂﬁ(@i))@ + EZD(QS)XR + ElD(Qi)@DL + %w(Qﬁ)iﬁR] -
<f1 XLXR O + fotbrbr ¢ + h.c.). (2.100)

(2.99)
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We now rewrite the above Lagrangian in the basis & = xr + xg and & = ¢ + Yg. In
the basis of {; and &, the above Lagrangian (2.100) can be written as

Lov = 2'5_13514'2'5552 gBL(19> leBLPLfl _gBL( )fQZBLPsz

—9BL (22) 51 ZBLPRfl —gBL( ) szBLPR& —f151PR51¢1

—fo& Préaty — L& PLE ¢ — [2& PLE b, (2.101)
75

where Pr p = , left and right chiral projection operators. From the above Lagrangian

(2.101) it is clear that DM particles will get mass after the breaking of B — L symmetry
spontaneously by the VEV’s of the singlet scalars (¢s). & and & can annihilate to the
SM particles through the interaction with Zg; and the singlet scalars. Due to the suitable
choice of the scalar sector of the model, in the basis & = x; + xg and & = ¥ + YR, all
the interactions in equation (2.101) are exactly diagonal in (&, &) basis. This is similar
to imposing two different Z, symmetries to two different DM candidates as: Zy : & —
=&, 7Y & — —& while all other particles being even under these symmetries. Clearly, the
complete Lagrangian of our model is invariant under these two remnant discrete symmetries.
Therefore, & and & are completely stable and will play the roles of two DM candidates in
this model.

2.5.2 Constraints on the model parameters

Before discussing our results, we first note down the existing constraints on the model pa-
rameters from both theory and experiments. We discuss them one by one in this section as
follows.

2.5.3 Boundedness of Scalar Potential

The scalar potential of the model has to be bounded from below and that can be ensured
by the following inequalities.
)\H; )‘777 )‘<Z>17 )‘4527 /\}Im )‘anb X0
Aigo + V/ AHAG, = 0, Mg, + 1/ AuAg, >0,

)\Hn+ )\H)\77 >0 ,)\¢+\/)\¢1)\¢2 >0, (2.102)
)‘77451 + >‘77)‘¢1 >0, )‘77¢2 + )‘7/)‘9252 > 0.
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2.5.4 Perturbativity of Couplings

We have to also take care of the perturbative breakdown of the model and to to guarantee
that all quartic, Yukawa and gauge couplings should obey the following conditions.

M| < 4w, |Ag,| <dm, [N\ < 4m,
|)‘H¢1,2| < 47Ta |)‘7I¢1,2| < 47T7 |/\¢| < 47Ta
|)\H77| < A, ‘)\}{77| < 4, |)\H17d>‘ < 4,

|fl’ <V 47T7 ’}/;,j| <V 47T7
9,9l < Vidn, |gsL| < V4, (2.103)

2.5.5 Collider Constraints

Apart from the theoretical constraints mentioned above, there exists stringent experimental
constraints on the B— L gauge sector. The limits from LEP II data constrains such additional
gauge sector by imposing a lower bound on the ratio of new gauge boson mass to the new
gauge coupling My /g" > 7 TeV [260,261]. The bounds from ongoing LHC experiment
have already surpassed the LEP II bounds. In particular, search for high mass dilepton
resonances have put strict bounds on such additional gauge sector coupling to all generations
of leptons and quarks with coupling similar to electroweak ones. The latest bounds from the
ATLAS experiment [295,309] and the CMS experiment [310] at the LHC rule out such gauge
boson masses below 4-5 TeV from analysis of 13 TeV data. Such bounds get weaker, if the
corresponding gauge couplings are weaker [295] than the electroweak gauge couplings. Also,
if the Z’ gauge boson couples only to the third generation of leptons, all such collider bounds
become much weaker, as explored in the context of DM and collider searches in a recent
work [311]. Apart from the additional gauge boson, the additional singlet scalar spectrum is
also constrained by experimental data. Though the singlet scalars do not directly couple to
the SM particles, they can do so by virtue of their mixing with the SM Higgs. Such singlet
scalar - Higgs mixing faces both theoretical and experimental constraints [312,313]. In
case of scalar singlet extension of SM, the strongest bound on scalar-SM Higgs mixing angle
(61,7 = 2,3,4) comes form W boson mass correction [314] at NLO for 250 GeV < M, < 850
GeV as (0.2 < sinfy; < 0.3) where M, is the mass of other physical Higgs. Whereas, for
M, > 850 GeV, the bounds from the requirement of perturbativity and unitarity of the
theory turn dominant which gives sinf; < 0.2. For lower values i.e. M, < 250 GeV,
the LHC and LEP direct search [315,316] and measured Higgs signal strength [316] restrict
the mixing angle sin 6;; dominantly (<< 0.25). The bounds from the measured value of EW
precision parameter are mild for M, < 1 TeV. While these constraints restrict the singlet
scalar mixing with SM Higgs denoted by (6,7 = 2, 3,4), the other three angles (633, 24, 034)
remain unconstrained. We choose our benchmark values of singlet scalar masses and their
mixing with SM Higgs boson in such a way that these constraints are automatically satisfied.
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2.5.6 Cosmological Bound on Additional Light Degrees of Free-
dom

Another interesting way to constrain the model parameters is by calculating the additional
relativistic degrees of freedom due to the presence of right handed neutrinos at sub-eV scale
having sizeable gauge interactions. Through these gauge interactions, they will achieve the
thermal equilibrium in the early Universe and will contribute to the total relativistic degrees
of freedom of the thermal plasma. However, the total effective degrees of freedom for neutri-
nos are already very much constrained from cosmological observations, more specifically from
BBN and CMB. We have used this fact to constrain the parameter space of the model. Re-
cent data from the CMB measurement by the Planck [50] suggests that the effective degrees
of freedom for neutrinos as

Neg = 2.9975:32 (2.104)

In this scenario the effective contribution from the right-handed neutrinos can be written
as [335,336]

4/3
T 4 g (Tdec)
ANt = Neg — Ngg' =N, (ﬂ> =N, ( L (2.105)
ff R T R g (ngc)

VL

where N, represents the number of relativistic right-handed neutrinos, g(T) corresponds

to the relativistic degrees of freedom at temperature T, and Tf}ff ,ngc are the decoupling

temperatures for vg and vy, respectively. From equation (2.104) one can write
ANeg = Neg — Ngg' < 0.285 (2.106)

where we have used NS} = 3.045 [337] and considered the maximum allowed Neg from CMB
bound mentioned above in equation (2.104). Now, to predict ANy one needs to know the
decoupling temperature of vg which remains in thermal equilibrium until the interaction
rate becomes smaller than the Hubble expansion of the Universe.

Iy (TU) = H(TE) (2.107)

Here the Hubble rate can be written as [336]

87rGNp 47T5GN 7
=\ — \/ ) + 3§guR> T°, (2.108)

where g, is the internal degrees of freedom for right-handed neutrinos. In this scenario, the
interaction rate can be written as [3306]

Lon(T) = nup(T){o(Zrvr — ) vur) (2.109)

g, >y B3k .
= e [ ) [ s,
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where f(vg) is the Fermi-Dirac distribution of right-handed neutrinos. As we have discussed
earlier, vg will achieve thermal equilibrium only through Zp;, interactions and the cross-
section can be written as

4
~ 9BL 1 Z / 9 9
Ul?RVR—ﬁff 127.(_\/_ (S o ZBL) + F2 M2 S — 4Mf (2Mf + S), (2110)

ZBL” " ZBL

where 1y is is the charge of the SM fermions under U(1)g_r,, Nf is the colour multiplicity of
the fermions. Inserting the required input in equation (2.107) one can find out the decoupling
temperature for right-handed neutrinos and using equations (2.105), (2.106) we can derive a
bound on the unknown parameters of the model and in this case these are gg;, and My, . In
fact, this is not a feature of this model but can be applicable to any gauge symmetric model
with additional light degrees of freedom having sizeable gauge interactions. For example, in
left-right symmetric models with light Dirac neutrinos or light right handed neutrinos one
can derive similar bounds on additional gauge sector, as discussed by several earlier works
including [228, 231] and references therein. It should be noted that the right handed neu-
trinos can also thermalise via Yukawa couplings Yj; (E)i’iTQH*VRj depending upon its relative
strength compared to gauge coupling. However, since we consider n and its components to
be very heavy and hence decoupled from low energy spectrum, the bounds on such Yukawa
coupling from CMB-BBN constraints will be much weaker and hence we do not discuss it
here.

2.5.7 Dark Matter: Relic Density and Direct Detection

Relic abundance of two-component DM in our model x; 2 can be found by numerically solving
the corresponding Boltzmann equations. Let ny = ng, +ng, and ny = ng, + ng, are the total
number densities of two DM candidates respectively. Assuming there is no asymmetry in
number densities of & and &, the two coupled Boltzmann equations in terms of n, and n4
are given below [277],

dng 1 . 1 (neq)2
L +3n.H = _§<UV£2£_2—)XX> (n% - (n2q)2) §<UV52§2—>£1£1> (n% (n%q) 1 {2.111)
dny 1 . 1 (neq)2
o T 3nmH = —§(av51§-1_,xx) (ni — (n{")?) + §<0v§25-2_>515> <n§ (n%q) 7 2.112)

where, n;? is the equilibrium number density of DM species ¢ and H denotes the Hubble pa-
rameter, defined earlier. For further details of these Boltzmann equations for two-component
Dirac fermion DM and their annihilation channels (&£ — XX, X being all particles where
DM can annihilate into) contributing to (ov), please refer to [277] where a similar sce-
nario was discussed recently. We have solved these two coupled Boltzmann equations using
micrOMEGAs [320] where the model information has been supplied to micrOMEGAs using
FeynRules [321]. All the relevant annihilation cross sections of DM number changing pro-
cesses required to solve the coupled equations are calculated using CalcHEP [322]. The most
important DM annihilation channels are the ones mediated by Zgz; and the singlet scalars.
Since the two DM candidates are stabilised by two separate and accidental Z, symmetries,
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there is no coannihilation between them. On the other hand a pair of one DM can annihilate
into a pair of the other, if kinematically allowed, as shown by the last terms on the right
hand side of above two equations.

Just like the new gauge boson and singlet scalars mediate DM annihilation into SM
particles, similarly, they can also mediate spin independent DM-nucleon scatterings. The
Feynman diagrams corresponding to such direct detection (DD) processes are shown in the
figure 2.29. Different ongoing experiments like Xenon1T [6,55], LUX [53], PandaX-II [56,57]

> > > >

i i &

|

A b s;
l
|

i

Figure 2.29: Feynman diagrams for spin-independent elastic scattering processes of DM with
nucleons (or quarks) in the model.

are trying to detect the DM in the lab-based experiments and give a strong upper bound on
the spin-independent (SI) DD cross-section as a function of DM mass. We have extracted
the SI elastic scattering cross-section for both the DM candidates from micrOmegas. DD
analysis for two-component DM is slightly different from the single component scenario.
To compare the result of our model with XenonlT bound, we have multiplied the elastic
scattering cross-section by the relative number density of each DM candidate and used the
following conditions

n
O-g? = #Ugsll S OXenonlT
Ng; + g,
n
ngﬁ = ng —|§—2n§ 0-5821 S OXenonlT (2113)
1 2

2.5.8 Results and Discussion

Since we have two stable DM candidates i.e. & and & in this model, the total relic abundance
can be expressed as the sum of the individual candidates, Qpyh? = Qg h? + Qg h?. Equation
(2.101) clearly shows that & and & have interactions with Zp; and the new singlet scalars
¢1 and ¢9. Through these interactions they will achieve the thermal equilibrium in the early
Universe (unless the gauge and Yukawa couplings are extremely small) and eventually freeze-
out as the Universe expands. In figure 2.30 and 2.31, we have shown the dependence of relic
abundance on DM mass by keeping the other parameters fixed at some benchmark values.
For these two plots we assumed both the DM to have equal masses (Mg, = My,), although
in principle, they can have different masses. The left panel of figure 2.30 shows the variation
of relic abundance as a function of DM mass and the other parameters were chosen as
M, =M, = 1.5 TeV, My, = 2 TeV,M,+ = 750 GeV, My, = My, = 1 TeV, My, =6 TeV,
gpr, = 0.21 while all the scalar mixing angles (sin#;;) and the independent quartic couplings
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are assumed to be equal to 0.1. Figure 2.30a clearly shows the dip in the relic densities due
to different scalars and Zgy, resonances, at DM mass of 62.5 GeV, 250 GeV, 1 TeV, 1.5 TeV,
and 3 TeV respectively. The dotted blue line and the dashed red line represent the ¢ h?
and Q¢,h? respectively whereas the green solid line shows the total DM relic density. One
important point to note here is that £ has dominant contribution throughout the whole mass
range and that is because of the B — L charges assigned for the individual chiral fermions
which constitute the two Dirac fermion DM candidates. In figure 2.30b we have shown the
dependence of total DM abundance on the gauge coupling ggr, which shows that the total
relic abundance is decreasing as we are increasing the gauge coupling as expected.

104""|""|""|""E T T T T T T T T T T T T T
Mg, =M, M, =2TeV, M, =3 TeV, My = 2.5 TeV 3 vy My, =2 TeV, My, =3 TeV, My = 2.5 TeV|
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Figure 2.30: Left panel: Relic abundance of two DM candidates with degenerate masses
keeping all other model parameters fixed to benchmark values. Right panel: Total relic abun-
dance of two DM candidates (Qpyh? = Q¢ h? 4+ Q¢,h?) with degenerate masses Mg, = Mg,
for different benchmark values of U(1)_; gauge coupling.

Figure 2.31 shows the dependence of DM abundance on the parameters from the scalar
sector. The left panel of figure 2.31 is for different values of scalar mixing angle, (0.1, 0.01,
0.001) whereas the right one is for different quartic couplings (0.1,0.01,0.001). Both the
figures clearly show that the total DM abundance does not have strong dependence on these
two parameters.

After analysing the dependence on different model parameters from the above benchmark
plots we have now performed a random scan over the model parameters shown in the table
2.14. As mentioned earlier, we have kept the quartic couplings and the mixing angles fixed at
0.1 throughout our analysis unless otherwise specified. In figure 2.32 we have shown the final
parameter space of this model in the gg;, — Mz, plane where we have constrained the allowed
parameter space from different relevant upper bounds coming from LHC, LEP, BBN-CMB
and also XENONIT. The blue points showing in the above figure are allowed from all these
experimental bounds. Apart from the experimental bounds, we also apply the bounded from
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Figure 2.31: Total relic abundance of two DM candidates (Qpyh? = Q¢ h? 4+ Q¢,h?) with
degenerate masses Mg, = Mg, for different benchmark values of: mixing angle (left panel)
and (b) quartic couplings (right panel).

below criteria of the scalar potential as well as perturbativity of all dimensionless couplings.
One interesting point to note here is that the BBN-CMB bound on AN.g is putting much
stronger bound in the high mass region of My, compared to the other bounds like collider
or direct detection.

In order to show the prospects of probing such a scenario at ongoing and upcoming direct
detection experiments, we have shown the effective spin-independent DD cross-section (see
equation (2.113)) as function of individual DM mass in figure 2.33. Points showed in green
satisfy perturbativity of couplings, bounded from below criteria of the scalar potential, and
the total DM relic density constraint whereas the black points are allowed from all other
relevant constraints such as XENONI1T, LHC, LEP and CMB bound on AN, as well.
From this figure, it is clear that the parameter space of this model has promising scope of
being detected. We have also shown the projected sensitivities from future experiments such
as XENONnT [324] (blue region) and DARWIN [325] (yellow region) in both plots which
clearly indicate that these two experiments can probe a large region of parameter space.
For a comparison, we also show the neutrino floor by the red solid line, corresponding to
coherent neutrino-nucleus scattering cross section [338].

In figure 2.34 we have shown the allowed parameter space in Mg, — Mg, plane where the
variation of ggr, (right panel) and My, (left panel) have also been shown through colour
coding. Ome can see that the region becomes broader as we go to the high mass region
of both DM candidates whereas in the low DM mass region it becomes narrower. This
can be explained by noting the fact that the DM Yukawa couplings with singlet scalars
namely, f; (i = 1,2) can be written as /2 Mpy, /u which will increase with Mpy;, for fixed
u. So, in the low DM mass region, only gauge coupling (gpr,) is playing the major role
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Parameters \ Range ‘
Me, (10 GeV, 5 TeV)
Mg, (10 GeV, 5 TeV)
My, (100 GeV, 10 TeV)
gBL (0.0001, 1)

Mg, (100 GeV, 2 TeV)
Ms, (100 GeV, 2 TeV)
Ma, (100 GeV, 2 TeV)

M, =M, (1 TeV, 2 TeV)

M+ 2.5 TeV

Table 2.14: The parameters of the model and ranges used in the random scan
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Figure 2.32: Summary plot showing allowed parameter space of the model from all relevant
experiments and observations.

in DM annihilation processes thereby deciding its relic. As discussed earlier, B — L gauge
boson portal interactions typically lead to correct DM relic around the resonance region
Mpy, = Mz, /2. However, as the DM mass increases, Yukawa coupling corresponding to
each DM candidate also increases and starts to contribute significantly taking the allowed
parameter space away from the resonance region Mpy, &~ My, /2 mentioned before. As a
result the region becomes broader as we go to the high mass region due to reduced dependence
on the gauge boson mediated annihilation channels.
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Figure 2.33: Effective spin-independent direct detection scattering cross-section of individual
DM candidates. Green points are satisfying the boundedness of potential, perturbativity of
couplings and the total DM relic density constraint whereas the black points are allowed
from all relevant constraint such as direct detection, LHC, LEP and CMB bound on AN.
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Figure 2.34: DM parameter in terms of DM masses space satisfying all relevant constraints.
The colour coding is used to denote gpr,, Myz,, in left and right panels respectively.
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CHAPTER 3

Light Dirac neutrinos with dark matter in left-right
symmetric model.

3.1 Introduction

Left-right symmetric models (LRSM) [204,246,339-348] have been one of the most popular
BSM frameworks studied in the literature. Here the gauge symmetry of the SM is extended
to SU(3). x SU(2)r, x SU(2)gr x U(1)p—r, so that the right-handed fermions (which are singlet
in SM) can form doublets under the new SU(2)g. This not only makes the inclusion of right-
handed neutrino automatic, but also puts the left and right-handed fermions on equal footing.
Incorporating an additional discrete symmetry (or left-right parity) ensures that the theory
is invariant under SU(2), <» SU(2)r. Thus, the model not only explains the origin of parity
violation in electroweak interactions through spontaneous breaking of a parity symmetric
theory at high energy scale but also incorporates right handed neutrino, crucial to generate
light neutrino masses and mixing observed at neutrino oscillation experiments [142, 349].
Apart from the possibility of realising left-right symmetry as an intermediate symmetry in
popular grand unified theories (GUT) like SO(10), a TeV scale realisation of LRSM can
also have very interesting consequences at collider experiments like the large hadron collider
(LHC) [350-356].

Conventionally, the very first proposals and studies of LRSM [339-343] considered a
scalar bidoublet for generating fermion masses and also for electroweak symmetry breaking
whereas a pair of scalar doublets were introduced for the purpose of left-right symmetry
breaking at high energy scale. A very recent detailed study of this model can be found
in [357]. On the other hand, the LRSM proposals put forward later [204, 246, 345-348]
received much more attention due to the possibility of seesaw origin of light neutrino masses
through a combination of type I seesaw [200-203] and type II seesaw [204-208] or type III
seesaw [209]. In the doublet left-right model (DLRM), in its minimal version, there is no such
seesaw mechanism as all fermions including neutrinos acquire Dirac masses by virtue of their
couplings to the bidoublet scalar. While generating sub-eV neutrino mass in this fashion
requires relevant Yukawa couplings at the level of < 10712, we adopt this minimal scenario
to study some of the interesting phenomenological consequences. Radiative generation of
light Dirac neutrinos in different left-right symmetric models have also been discussed over
last few decades [210,226-228,230,231, 358, 359] which may provide a UV completion of the
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minimal DLRM we discuss here. Since such UV completions do not drastically change the
conclusions we reach in the present work, we stick to the DLRM for the sake of simplicity.

The Dirac nature of light neutrinos in DLRM gives rise to additional relativistic degrees
of freedom which can be thermalised in the early Universe due to their gauge interactions
mediated by right sector gauge bosons. Such additional light degrees of freedom can be
probed by precise measurements of the cosmic microwave background (CMB) anisotropies.
Recent 2018 data from the CMB measurement by the Planck satellite [50] suggests that the
effective degrees of freedom for neutrinos as

Neg = 2.99+0:34 (3.1)

at 20 or 95% CL including baryon acoustic oscillation (BAO) data. At 1o CL it becomes
more stringent to Neg = 2.99 & 0.17. Both these bounds are consistent with the SM pre-
diction N5M = 3.045 [337,360,361]. Upcoming CMB Stage IV (CMB-S4) experiments are
expected to put much more stringent bounds than Planck due to their potential of probing
all the way down to ANeg = Neg —Nesf}w = 0.06 [362]. We use the existing constraints and put
strong limits on the scale of left-right symmetry or equivalently the right sector gauge bosons
Wr, Zr. For comparison, we also check the corresponding bounds for left-right asymmetric
scenario by considering different SU(2)g gauge couplings. Interestingly, we find that the
bounds on Wg, Zr mass from Planck 2018 bound on AN.g at 20 CL are equally competitive
as the latest LHC bounds [351,352,355] and much stronger that the corresponding bounds
from flavour physics [363]. On the other hand the same Planck 2018 bound at 1o CL can
rule out a much larger mass window for Wx, Zr out of reach of present collider experiments.
In fact CMB-S4 will be able to probe a much larger region of Wg, Zr masses out of existing
collider’s reach and hence can probe or rule out the minimal model. Since there have been a
few recent studies on gauged B — L model with light Dirac neutrinos [278,335,336, 364]and
corresponding constraints due to Planck 2018 bound on AN, we also reproduce the cor-
responding parameter space in gauged B — L model and compare with the one obtained in
DLRM. We point out the important difference due to the restricted range of DLRM gauge
couplings gg, g unlike that in gauged B — L model. We also show the impact of these con-
straints on DM parameter space in DLRM by considering a right handed fermion quintuplet
to be the dominant component of DM which can thermalise by virtue of its interactions with
SM mediated by right sector gauge bosons. We calculate the parameter space allowed from
observed DM relic and find the leftover parameter space after applying the AN.g bound.
Finally, we comment on the more stringent Planck 2018 1o bound which can be satisfied
if more light fields below the scale of left-right symmetry breaking in addition to SM plus
three right handed neutrinos exist. In fact, we show that DLRM with right handed fermion
quintuplet DM can give rise to sufficient number of additional degrees of freedom to serve
this purpose.

This chapter is organised as follows. In section 3.2, we discuss the doublet left-right
symmetric model followed by discussion of additional relativistic degrees of freedom due
to light Dirac neutrinos in section 3.3. In section 3.4 we briefly discuss DM in DLRM
particularly focusing on fermion quintuplet DM followed by results and discussion in section
3.5.
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Particles | SU(3). x SU(2)p x SU(2)g x U(1)p_1,

_ (ur

o= (4] (3,2,1,3)
UR

Qr= (dR) (37 1,2, %)

0y = ”L) (1,2,1,-1)
€r

ER = I/R) (171727_1)
€Rr

Table 3.1: Fermionic fields of the present Model including the SM fermions.

Particles SU(3). x SU(2), x SU22)gr x U(1)p_r,
P = o 1,2,2,0
r (¢— <b/0> ( ) Sy &y )
XL (172717 1)
XR (171727 1)

Table 3.2: Scalar fields and their corresponding charges under all the symmetry groups.

3.2 The DLRM

We briefly discuss the doublet left-right symmetric model in this section. The fermion and
scalar content of the model are given in table 3.1 and 3.2 respectively. The relevant Yukawa
Lagrangian giving masses to the three generations of leptons is given by,

L= hiszﬂ'q)lR’j aF ;L;;ZLJEISZRJ =F h.C, (32)
where the indices 4,7 = 1,2,3 represent the family indices for the three generations of
fermions, ® = 70" 7, and 7 is Pauli matrix. The gauge structure of the model prevents any
renormalisable Yukawa couplings involving the scalar doublets x7 z. The scalar potential
Vicalar 18 given by [357]

Vieatar = —H3Tr[@10] — p3Tr[@1® + 570] — 3 (x x1 + xhxr) + X (Tr [<1>T<1>])
+2o{ (T [@T@]) (e[t ) } AsTr[B13] Tr [0 D] + A, Tr[0T0] Tr[01d + dTa]
+ i (O Px R + XEOTXL) + b (X, Pxr + XEDTXL) + o1 [(XTLXL) + (XEXR)Q}
+ o Tr[0 @] [(X xz) + (hxr } )| + age’® {Tr [d01] (x| x1) + Tr[0dT] (XRXR)]
—O T [BT D] (yf Tr[®d] (! oot L
+ age r[®T®] (x] xz) + Tr[@T®] (xhxr) | + as(x| PP xL + xR P ®xR)

+as(x} @0y + LB By R).
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For details of the minimisation of the scalar potential and resulting symmetry breaking,
please refer to [357]. In the symmetry breaking pattern, the neutral component of the Higgs
doublet x g acquires a vacuum expectation value (VEV) to break the gauge symmetry of the
DLRM into that of the SM and then to the U(1) of electromagnetism by the VEV of the
neutral components of Higgs bidoublet ®:

SU(2>L X SU(Q)R X U(l)B—L <XR SU(Q)L X U(l)y @ U(l)em'

The VEVs of the neutral components of the Higgs fields can be denoted as

<®>:(% i) = () o= (o)

where the VEV’s ki, ko satisfy the VEV of the SM namely, vy = /A% + k3 ~ 246 GeV.

The spontaneous breaking of DLRM gauge symmetry down to U(1)ey, results in two charged

massive vector bosons Wy, Wg, two neutral massive bosons Z;, Zz and a massless photon

as expected. The details of the mass spectrum of gauge bosons are shown in Appendix B.1.
Light Dirac neutrino mass and charged lepton mass are given by

1 ~ 1 =
2 E(/ﬁh + koh), M; = E(k;gh + kh) (3.4)

where the family indices are suppressed. Without any loss of generality, we make use of
rotation in the SU(2), x SU(2)g space so that only one of the neutral components of the
Higgs bidoublet acquires a large vacuum expectation value, k; ~ vgy and ky =~ 0. Under
these assumptions, the Dirac neutrino mass matrix is

M,

1
M, = —2(k1h) (3.5)
while the charged lepton mass matrix is
1~
M, = —(kih) (3.6)

V2

Therefore, tiny sub-eV Dirac neutrino mass arises due to smallness of Yukawa coupling h
while charged lepton masses are generated by corresponding Yukawa coupling h. The details
of fermion-gauge boson couplings are shown in Appendix B.2. The details of the scalar mass
spectrum is not derived here as we do not need them for our analysis and we refer to [357]
for details of the same.

3.3 AN, in DLRM

Effective number of relativistic degrees of freedom is defined as

N (11)4/3 (prad —m)
eff = 5 | -
7\ 4 P~
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where prag = py + po is the net radiation content of the Universe. As mentioned earlier, the
SM prediction is N5M = 3.045 [337, 360, 361] which is also consistent with the constraint
from precision measurement of Z boson decay width at LEP N, = 2.984 £ 0.008 [142].
Any deviation of Nog from N5M will therefore indicate the presence of additional relativistic
species thermalised in the early Universe. While these additional relativistic degrees of
freedom can not fully thermalise with the SM bath through interactions mediated by Z
boson due to strong LEP bound, they can thermalise via additional interactions or mediating
particles not yet observed in direct search experiments. The right handed neutrinos in
DLRM provides such an example. They can thermalise with the SM bath in the early
Universe due to the interactions mediated by right sector gauge bosons, as depicted by the
Feynman diagrams shown in figure 3.1. We consider negligible mixing between left and
right sector gauge bosons and hence ignore the contributions coming from processes like
vrvr — ff,vrvr — ff. Additionally, the scalar mediated interactions are negligible due to
tiny Dirac Yukawa couplings.

To estimate the contribution in AN we need to check the decoupling temperature of
the right handed neutrinos. The decoupling occurs when the expansion rate of the Uni-
verse becomes more than the interaction rate. Hence, the decoupling temperature can be
calculated from the following equality

D(T,) = H(T;,) (3.7)

where I'(T") is the interaction rate and H(T') is the expansion rate of the Universe. The
interaction rate can be written as

I(T) = 1y (T) (0o 0) (3.8)

where the number density n,, for a relativistic neutrino can be written as

non(T) = S22 ¢(3) T (3.9

and the annihilation cross sections of right handed neutrinos are given in Appendix B.3.

S

VR
VR R Zp

1%
VR KR R f

Figure 3.1: Feynman diagrams of vz annihilation. Here lg = egr, g, Tr, f = €r, lr, TR, R
with q being quark.

The expansion rate of the Universe can be written as

3
\/87TGNp \/ T GN )+3;gyR)T2 (3.10)
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where g,,, is the internal degrees of freedom for right-handed neutrinos. Thus, the contribu-
tion of vg to effective relativistic degrees of freedom can be estimated as

SM Ty ! g*S(TjL) :
ANeg = Neg — Nog = Ny, (T_VL) =N, (m) (3.11)
where N,,, represents the number of relativistic right-handed neutrinos, g.(7") corresponds
to the relativistic degrees of freedom at temperature T, ¢,,(7") corresponds to the relativistic
entropy degrees of freedom at temperature T ' and TgR , TSL are the decoupling temperatures
for vg and vy, respectively. Thus, depending upon the decoupling temperature of vz and
hence g, (TSR), the additional contribution to AN.g can be kept within experimental upper
limits. Lower the strength of vg interaction with SM bath or higher the mediator mass of
vr-SM interactions, larger will be g.(7; ) and hence smaller will be ANeg. Similar analysis
for U(1)p_r, extension of the SM can be found in [278,335,336,364] whereas some estimates
in the context of radiative Dirac neutrino mass in LRSM were made in [228,231].

105 T T T T T 111 T T LI I B B

T T T TT1TT
oQ
=
[l
(=}
I

10*

(MeV)

d
Vg

1000

1 10 100
My, (TeV)

Figure 3.2: Decoupling temperature of right handed neutrinos as a function of Wx mass for
different gauge couplings gg.

3.4 Dark Matter in DLRM

The data from Planck experiment which restricts the effective relativistic degrees of freedom
in our Universe also reveal that more than 26% of present Universe’s energy density is com-
posed of a non-luminous and non-baryonic form of matter, known as DM. Apart from recent

"'We use g, and g., interchangeably, which is true in SM at high temperatures.
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Figure 3.3: AN as a function of decoupling temperature (left panel) and Wg mass (right
panel).
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Figure 3.4: Parameter space in gr — Myy,, plane from Planck 2018 20 constraints on ANeg.

cosmology based experiments like Planck, there have been several astrophysical evidences
for many decades suggesting the presence of DM [2,17,365]. In terms of density parameter
Qpy and h = Hubble Parameter/(100 km s™*Mpc™'), the present DM abundance is con-
ventionally reported as [50]: Qpyh? = 0.120 £ 0.001 at 68% CL. Given that none of the SM
particles can be a viable DM candidate, several BSM proposals have been put forward among
which the weakly interacting massive particle (WIMP) paradigm is the most popular one.
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Non-perturbative limit

ZBL

Figure 3.5: Allowed values of ggr, and gr which will reproduce the value gy after the spon-
taneous breaking of SU(2)r x U(1)g_y, to the remaining U(1)y .
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Figure 3.6: Allowed gp, — My,, parameter space from Planck 2018 bound on AN at 20
in minimal U(1)p_1, gauge model with light Dirac neutrinos.

In this framework, a DM particle having masses and interactions similar to those around
the electroweak scale gives rise to the observed relic after thermal freeze-out, a remarkable
coincidence often referred to as the WIMP Miracle [5)].

The minimal DLRM discussed above does not have a stable DM candidate. One can
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Figure 3.7: Left panel: DM relic as a function of DM mass for different benchmark combi-
nations of gr, Wg). Right panel: Parameter space satisfying relic abundance criteria of right
handed fermion quintuplet DM in DLRM. The shaded regions are ruled out by Planck 2018
bound on AN at 20 for respective values of gg.

however, minimally extend the model by including additional scalar or fermionic multiplets
in the spirit of minimal DM scenario [329,366,367]. In these models, the DM candidate is
stabilised either by a Zy = (—1)%~F subgroup of the U(1)p_;, gauge symmetry or due to an
accidental symmetry at the renormalisable level due to the absence of any renormalisable
operator leading to DM decay. Such minimal DM scenario in LRSM has been studied
recently by the authors of [368,369]. Some more recent works on DM in LRSM can be
found in [110, 228, 230, 231, 370-376]. Unlike in triplet LRSM where SU(2)r x U(1)p_y,
gauge symmetry is spontaneously broken by scalar triplet with even (B — L) charge (£2), in
DLRM the same happens due to scalar doublet with odd (B — L) charge (£1). Thus, there
is no stabilising symmetry like Zy = (—1)%~% in DLRM to stabilise DM. Therefore some DM
candidates like fermion triplet, fermion bidoublet, scalar doublet discussed in the context of
triplet LRSM [368,369] are no longer stable in DLRM due to the presence of renormalisable
interactions with lighter fields. We therefore consider the option of larger fermion multiplet
as DM, and the minimal scenario is to consider a real fermion quintuplet of B — L charge 0.
Since we want to constrain the right sector gauge bosons from cosmology bound on A Ng, we
particularly focus on right handed fermion quintuplet DM whose relic abundance depends
upon the strength of its annihilation through right sector gauge bosons.

In the pure left-right symmetric setup, one has to introduce a pair of left and right handed
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fermion quintuplets (having same mass) which can be written in component form as

O O
F O
Q=1 Q |, Qe=1] Q% |. (3.12)
Qr Qg
0, 0.

Since we are discussing a general scenario with gy # ggr, we consider the left fermion quintu-
plet to be very heavy and decoupled from the low energy phenomenology. Even in the pure
left-right symmetric limit g, = ggr, one can make the left quintuplet decouple from the low
energy phenomenology by introducing a parity odd scalar singlet whose non-zero VEV at a
very high scale splits the right and left fermion masses. Such proposals where the left-right
discrete symmetry or parity gets broken spontaneously before SU(2)g x U(1)p_ 1 gauge sym-
metry were put forward long ago in [377-379]. While all the components of fermion multiplet
have same tree level masses, at radiative level, there arises a mass splitting between charged
(with Q) and neutral components given by [368, 369],

Mg — Mo, ~ 22 i,RM@Q [fOrwy) = Aef(rzg) — s%53 f(rz,) — s f(r)] . (3.13)
L

where s;; = sinfy; = tan HW ,Sw = sinfy,rx = Mx/M and

£(r) 52/0 do(l + z) log [ + (1 — x)2?] .

The bare mass of the multiplet is denoted by M. Here the one loop self-energy corrections
through mediations of gauge bosons are presented within the square bracket of the second
expression. Due to such tiny one loop mass splitting, the next to lightest component of each
DM multiplet can be thermally accessible during the DM freeze-out and hence the coanni-
hilation effects play a crucial role [282]. While in triplet LRSM, there exists the possibility
that for M > Myy,,, the neutral component of the multiplet can become heavier compared
to the charged components, such possibilities do not arise in DLRM. This was noted in [376]
which we also confirm. Apart from its role in enhancing DM coannihilations, such mass
splitting, if small enough, may also induce inelastic DM-nucleon scattering mediated by Wg
bosons. However, for our region of interest, such tiny mass splitting does not arise. This
ensures that Wx mediated DM-nucleon scattering occurs only at one loop level and hence
remain suppressed. Spin-independent elastic DM nucleon scattering mediated by Zg at tree
level remains absent due to vanishing B — L charge of fermion quintuplet discussed in this
work. Thus, the DM phenomenology of right handed fermion quintuplet is mainly governed
by its gauge interactions which are given by [376]

Loy D —swsugrQOQ% 21,05 + cMgRQQQZ;fsz
+ chMgRQQ AM’YMQQ \/§ <CQQQ+1Wg NQQ + h.c. ) (314)

where cg = /(2+Q +1)(2—Q) and Q is the electromagnetic charge of the quintuplet
component.
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3.5 Results and Discussion

Using the recipe discussed in previous section, we first calculate the decoupling temperature
of right handed neutrinos from the thermal bath for different values of Wg, Zr mass and
gauge coupling gr. The variation of decoupling temperature with W5x mass for different
values of gg is shown in figure 3.2. Although both Wgx and Zr masses play role in right
handed neutrino interactions with the thermal bath, we show the variation of decoupling
temperature as well as other physical quantities only in terms of Wx mass. This is due to the
fact that Zi mass typically depends upon Wy mass and is heavier than it, similar to Z and
W masses of the SM. Also, we are not restricting ourselves to pure left-right symmetric limit
gr = g1, and considering different values of gr as well. Decoupling temperature rises for lower
values of gauge coupling as well as higher values of W mass as seen from figure 3.2 which
is expected as the corresponding rate of interactions decreases. Typically the interaction
cross section (ov) of right handed neutrinos depends upon temperature as g7 /M{}VR and
hence the rate of interaction is I'(T') o< gxT” /My, . When this is compared with the Hubble
parameter H(T) o< T? as in equation (3.7) to find the decoupling temperature Tg , it is
clear that with increase in Wx mass, the decoupling temperature will also rise. Similarly,
decrease in gr will lead to an increase in decoupling temperature for same value of Myy,,.
This conclusion reached from approximate analytical formulas for cross section and Hubble
parameter also agrees with our numerical results shown in figure 3.2.

We then show the contribution to AN.g in figure 3.3 as functions of decoupling temper-
ature as well as Wx mass. The dependance of AN g on TSR in the left panel of figure 3.3 can
be understood from equation (3.11). The total number of relativistic degrees of freedom at
decoupling temperature g*s(TfR) increases with the increasing T¢ which thereby decreases
the value of AN.g. However, at some point g, it will reach its maximum value and AN.g
becomes almost constant, as seen from the plateau region on bottom left corner of left panel
plot in figure 3.3. Since T,flR is being varied independently and corresponding g.(7] SR) is
used to find AN.g using equation (3.11), the behaviour of this plot does not depend upon
gr, My ,. To show the dependence of AN.g on such model parameters, we have made the
plot shown in right panel of figure 3.3. The right panel of figure 3.3 represents the depen-
dance of ANeg on My, for three benchmark values of gr. One can see that the contribution
to the ANgg decreases with increasing Myy,. This is because, for higher values of Myy,,
vgr will decouple at some higher temperature and the contribution to the AN.g will become
smaller. Along with the Planck 2018 bound mentioned earlier, we also show the CMB-54
sensitivity [380] as well as the Planck 2018 1o limit while the latter is same as SPT-3G
sensitivity [381]. Clearly, Planck 2018 bound at 20 CL itself rules out Wx mass below 4.06
TeV with gauge coupling gr = gr. On the other hand, future probe will be able to either
confirm or rule out the model, even for very high Wx masses, out of reach of direct search
experiments. Finally we show the final parameter space in gr — My, plane after applying
Planck 2018 20 constraints in figure 3.4.

Unlike in [278,335, 336, 364] where similar constraints on U(1)g_, gauge boson was ob-
tained, the crucial difference in DLRM is that here one can not tune the gauge couplings for
a particular value of gauge boson mass in order to suppress the contribution to AN.g. This
is because the gauge couplings of SU(2)g and U(1)p_, are not arbitrary but related to the
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gauge coupling of U(1)y (at the scale of left-right symmetry breaking) as

11 1
— =+ (3.15)

9% 9k 9L

Since gy is known, one can not change g, gp;, arbitrarily within their perturbative limits?.
We show the allowed region of these two gauge couplings in figure 3.5. While we still have a
large region within perturbative limits, we have chosen gr to be either equal to g;, or smaller
while keeping gpy, also below order one for our benchmark analysis. For gr > gr the Planck
bound becomes even more stringent, as we found in the scan plot shown in g — My, plane
in figure 3.4. Thus, compared to U(1)g_y, or other Abelian gauge models of Dirac neutrinos,
DLRM is much more constrained. For a comparison we show the parameter space for gauged
U(1)p_r, model with Dirac neutrinos in figure 3.6. This is a minimal gauged B — L model
where there are three right handed neutrinos having B — L charge -1 each apart from the SM
fermion content and neutrinos get sub-eV Dirac mass by virtue of their tiny couplings with
SM Higgs. Since the B — L gauge coupling is a free parameter and not related to SM gauge
couplings in this model, one can tune the gauge coupling arbitrarily to evade the stringent
Planck bound on AN.g as can be seen from figure 3.6.

To check the impact of these constraints on DM parameter space, we then calculate relic
of right fermion quintuplet DM. For DM relic calculation, we first implement the model in
SARAH [383] and then feed the model files into micrOMEGAs [384] for relic calculations. We
then consider three benchmark combinations of (gr, Wg) while keeping the scale of left-right
gauge symmetry breaking vg fixed. The resulting variation of DM relic as a function of DM
mass is shown in left panel plot of figure 3.7. The resonance corresponding to Wg, Zr masses
are clearly visible in this plot. Note that in LRSM, the ratio between the two new gauge
bosons crucially depends on the way SU(2)g x U(1)p_y, is broken to the hypercharge group
U(1)y. Unlike in quintuplet DM scenario in triplet LRSM [369], here the two resonances
are quite close to each other due to smaller ratio of Zr to Wx mass in DLRM. The results
shown in left panel plot of figure 3.7 also agree with that shown in [376]. We then scan
the parameter space of Wx, Q% masses and show the region satisfying correct DM relic in
right panel plot of figure 3.7. Multiple allowed values of DM mass for a fixed Wx mass are
arising due to annihilation and coannihilations of Q%, Q}?, Qﬁi mediated by Wg, Zr bosons
where Zp is slightly heavier than Wg (Mz, ~ 1.2Myy, in pure left-right symmetric limit
gr = gr). Further, red and green solid lines on the right panel plot of figure 3.7 has shows
the possibility of having three different values of DM mass with correct relic abundance for a
fixed W mass. The same behaviour is also seen on the left panel plot of figure 3.7 with fixed
Wgr mass where the red and green lines satisfy relic at three different values of DM masses.
On the other hand, the blue dashed line on the left panel plot of figure 3.7 satisfies correct
relic abundance for five different values of DM masses, a feature which is also depicted by the
blue solid line in the scan plot (right panel of figure 3.7). We also apply the corresponding
bounds on Wx mass from Planck constraints on AN.g at 20 CL as horizontal shaded lines
so that the region below the respective lines are disallowed. Clearly, some part of the DM
parameter space on the right side of the scan plot (right panel of figure 3.7) gets disfavoured

2For discussion related to perturbativity constraints on similar models, please refer to [382] and references
therein.
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for all three values of gr by AN.g bounds as the lower region of the dashed lines are excluded
from Planck constraints on AN at 20 CL. In the parabolic part of the parameter space
in the scan plot, a small part of the parameter space for ggr = g, case is disfavoured by
A N.g bounds while the parabolic lines corresponding to gr # g, still remains allowed from
respective ANqg. We do not show other existing bounds on Wx mass from flavour or LHC
data as they are either equally or less strong compared to the bounds derived here.

17 T T T T T T T T T T T T T 1 LI I I
165 i cb, y i
] = y ]
I S y
| 7 y
1611 7] O 4 7]
| ] 2 y ]
I y
=] ‘ - (=W /
R 1550 4 & £ 4
1\ ] & ]
\ ks
\ k!
15 \ 1 = 1
B _ g _
\\\
| e . -
145 S ——— = 241146, Ty =200 GeV
I ———— ] L 9299-14.33, TS =650 GeV |
14 I 1 I 1 I 1 I 1 I 1 I 1 I 0.4 T T T T T N N R T T T T T Y Y T N
100 200 300 400 500 600 700 800 250 500 750 1000 1250 1500 1750
d
T¢ (GeV) My, (TeV)

Figure 3.8: Left panel: Additional relativistic degrees of freedom required to bring N.g
within Planck 2018 1o bound N.g = 2.99 £ 0.17. Right panel: Allowed parameter space in
gr — My, plane from Planck 2018 1o bound Neg = 2.99 £ 0.17 after considering additional
relativistic degrees of freedom.

One important point to note here is that the 1o bound of N.g rules out all the parameter
space if we assume only SM plus three right- handed neutrinos to be contributing to the rela-
tivistic degrees of freedom (DOF) below the scale of left-right symmetry breaking. However,
this can be relaxed if we have more relativistic degrees of freedom at the early universe. The
left panel of figure 3.8 shows the required additional DOF in as a function of right-handed
neutrino decoupling temperature. All the points on the dashed line in the left panel of figure
3.8 gives rise to AN, = 0.12 so that the points below this line are ruled out. This DOF
can arise from DLRM with right-handed fermion quintuplet DM. For example, the scalar
bidoublet has four physical DOF apart from the SM Higgs, while the pair of Higgs doublets
can give rise to five more physical DOF. Similarly, right-handed fermion quintuplet DM has
approximately ten DOF. Thus, one can have 19 additional DOF in DLRM with right-handed
fermion quintuplet DM. Similar ways of avoiding such strict cosmological bounds on AN.g
have also been discussed in the recent work [434]. On the right panel of figure 3.8, we show
the allowed parameter space on gr — Myy,, plane from Planck 2018 1o bound after consid-
ering the required additional relativistic DOF at decoupling temperatures of 200 GeV and
650 GeV, respectively. Since decoupling temperature of 200 GeV can be achieved with a
lighter Wgr gauge boson, therefore we get more allowed parameter space compared to the
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case with higher decoupling temperature of right-handed neutrinos. However, the presence
of such additional light degrees of freedom will face stringent tests from collider as well as
flavour physics constraints.
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CHAPTER 4

Dark matter and neutrino mass with discrete flavour
symmetries

4.1 Introduction

After discussing different aspects of dark matter and connection to the origin of light neutrino
masses within gauged extensions of the standard model, in this chapter, we elaborate upon
two different BSM scenarios with discrete and global symmetries dictating the interplay
of DM and neutrino phenomenology. At first, we discuss a hybrid scenario where both
thermal (freeze-out) and non-thermal (freeze-in) contributions to DM relic abundance can
be important. To be more specific, DM can have sizeable interactions to be thermally
produced in the early Universe but also needs a non-thermal source to satisfy the correct relic
abundance in the present epoch. This idea was explored in several earlier works including
[385-388] and references therein. Recently, such a work was performed for the inert Higgs
doublet DM model [389] where the SM is extended by an additional scalar doublet odd under
an in-built Z, symmetry so that the lightest Zs-odd component is a stable DM candidate.
In that work the thermally under-abundant DM parameter space was revisited and it was
shown that a non-thermal contribution from an additional Zs,-odd singlet neutral fermion
can fill this deficit while the other two cousins of this singlet neutral fermion along with
the inert scalar doublet can play a role in generating one loop radiative neutrino masses
in scotogenic fashion [12]. While the addition of singlet right handed neutrinos to the SM
content can give rise to the usual seesaw mechanism [200, 202, 203] for neutrino mass at
tree level, the scotogenic framework can explain the origin of neutrino mass and DM in a
unified manner. In the earlier work [389] where both thermal and non-thermal contributions
to scalar DM abundance were studied, the initial abundance of the heavy singlet fermion
was not explained, but was fixed suitably in order to generate the required non-thermal
contribution.

In the present work, we consider a more general study of this hybrid scenario within the
framework of another minimal model for DM and neutrino masses but with more observable
consequences. Here the singlet neutral fermions of the minimal scotogenic model [12] are
replaced by fermion triplets having zero hypercharge, but odd under the Z, symmetry.
As known from the discussions of fermion triplet DM (FTDM) model proposed by Ma
and Suematsu [330], the FTDM is usually under-abundant below 2.2 TeV mass due to its
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large annihilation cross section. Inclusion of non-perturbative effects on DM annihilations
(390, 391] which are more dominant for heavier DM masses, pushes this bound on fermion
triplet DM mass to around 2.7 TeV [369]. In this work, we particularly focus on the fermion
triplet DM mass around 1 TeV and check if a non-thermal contribution can fill the deficit
coming from thermal freeze-out. In a scotogenic model with fermion triplet, the only non-
thermal contribution for such 1 TeV DM can come from the Zy odd scalar doublet. Unlike
the earlier work [389] where the mother particle was a fermion singlet with tiny Yukawa
coupling with the dark mater candidate, here the mother particle has gauge interactions
and hence can have thermal abundance due to the usual freeze-out scenario. We solve the
coupled Boltzmann equations corresponding to the comoving number densities of the inert
scalar doublet as well as fermion triplets to determine the final relic abundance of fermion
triplet DM. The inert scalar doublet, being heavier, freezes out first followed by the freeze-out
of the fermion triplet. Then a non-thermal contribution from the inert scalar doublet fills
the deficit in fermion triplet relic abundance from thermal freeze-out. The requirement for
correct fermion triplet DM abundance not only constrains its coupling with the inert scalar
doublet, but also the freeze-out abundance and hence the parameter space of the latter. The
other two cousins of the FTDM can have sizeable coupling with inert scalar doublet and
SM leptons to generate tiny neutrino masses at one loop. Since the lightest fermion triplet
almost decouples from neutrino mass generation due to tiny Yukawa couplings (required for
non-thermal production or freeze-in), the lightest neutrino remains massless in our scenario.
We also check the testability of the model and find that such TeV scale fermion triplet DM
can have observable consequences and direct, indirect DM detection experiments as well as
collider experiments like the large hadron collider (LHC).

In the second scenario, we have discussed the possibility of dynamically generating the
tiny coupling constant required for the non-thermal DM production which we had introduced
by hand in our earlier work. This work is motivated by the coincidence that the origin
of Dirac neutrino masses as well as FIMP DM typically require very small dimensionless
couplings ~ 107'2 [11]. In the neutrino sector, such couplings can generate 0.1 eV Dirac
neutrino mass through neutrino coupling to the SM like Higgs. On the other hand, in the
dark sector, such tiny couplings of the DM particle with the mother particle makes sure
that it gets produced non-thermally through the freeze-in mechanism. There have been
several attempts where the origin of such feeble interactions of DM with the visible sector is
generated via higher dimensional effective operators [11,164,392]. Very recently, there has
been attempt to realise such feeble interactions naturally at renormalisable level also [393].
The coincidence between such tiny FIMP couplings and Dirac neutrino Yukawas was also
pointed out, mostly in supersymmetric contexts, by the authors of [11,394-398]. Here,
we consider an A, flavour symmetric model' where neutrino Dirac mass as well as FIMP
coupling with its mother particle get generated through dimension six operators involving
the same flavon fields. A global unbroken lepton number symmetry is assumed that forbids
the Majorana mass terms of singlet fermions. We show that both freeze-in and freeze-out
formalisms are important in generating the DM relic in our scenario. The mother particle,

1Similar exercise can be carried out using other discrete groups like As, Sy, A(27) etc. However, here
we adopt A4 flavour symmetry as it is the smallest group having a three dimensional representation which
in turn helps to realise neutrino mixing in an economical way.
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which is long lived in this model and decays only to the DM at leading order, first freezes
out and then decays into the DM particle. Therefore, the final abundance of DM particle
depends upon the mother particle couplings to the SM particles which can be probed at
different ongoing experiments. This is similar to the superWIMP scenario [399] where a
metastable WIMP decays into a super-weakly interacting DM at late epochs. Interestingly,
we find that ongoing experiments like the large hadron collider (LHC) can probe some part
of the parameter space which can give rise to sizeable invisible decay of SM like Higgs boson
into the long lived mother particles. We also show that the correct neutrino oscillation data
can be reproduced in some specific vacuum alignments of the flavon fields indicating the
predictive nature of the model. The model also predicts normal hierarchical neutrino mass
ordering and interesting correlations between neutrino parameters requiring the atmospheric
mixing angle to be in the lower octant for maximal Dirac CP phase.

4.2 sub-TeV fermion triplet dark matter with radiative
neutrino mass

4.2.1 Fermion Triplet Dark Matter (FTDM)

In this section, we discuss a stable fermion triplet of zero hypercharge as a DM candidate,
stabilised by an in-built Z, symmetry. It is straightforward to realise the need of addi-
tional Zy symmetry as otherwise the triplet can decay into the SM Higgs and lepton due to
renormalisable couplings among them. A SU(2);, multiplet of higher dimensions can how-
ever be naturally stable without any need of additional symmetries, along the minimal DM
spirit [329]. FTDM was also studied by several other groups, the most recent of which can
be found in [369] within the framework of another class of models. To be more techni-
cal, in a minimal setup of FTDM, the fermionic sector of the SM is extended by a SU(2)y,
triplet £z = (2%, %2 ¥3)" with zero hypercharge. The triplet X5 which is in the adjoint
representation of SU(2)p, can also be expressed in the fundamental representation as

DY S YAV) Py
- - (PR aie) )

where o;’s (i = 1 to 3) are the Pauli spin matrices, the generators of the fundamental
representation of SU(2), while 5 = (SLF4i%2%) /v2, 2% = 23, Let us define ¥ = Y +
YRS, where X g° = CZ_RT is the CP conjugate of ¥ and C being the charge conjugation
operator. Note that, by construction ¥ is a Majorana fermion (X¢ = ¥) however, not all
the components of 3 are Majorana fermions. We have shown in the Appendix C.1 that only
neutral component of ¥ is a Majorana fermion while the charged one is as usual a Dirac
fermion. The Lagrangian of the triplet ¥ is given by

{— 1 —
‘Ctriplet = ETr[E wz] - 5 TI'[Z ME E] ) (42)

. L . L 1 L
= %Tr[szZR} + %TI"[ERCm ERC] — (5 TI'[ERC ME ER] + hC) s (43)
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where, D,, is the covariant derivative of ¥ and its expression is given in equation (C.3)
of Appendix C.1. Now, inserting equation (4.1) into equation (4.3), and using the relation

YRrE = CZ_RT, we get

‘Ctriplet = FW%/)_ + %WZ 3?/)0 - ME lﬂ__@b_ - %wwo — g (F’Y“ @ZJO WH_ + hC)
+ g cos b, ?WW ZF + g sind, w_*fyuw’ A* (4.4)

where, we have defined 1~ = S +X}, a four component Dirac spinor while ° is a Majorana
fermion in four component notation as ¢° = 3% + X% and 6,, is the usual weak mixing angle
known as the Weinberg angle. In Appendix C.1, we have explicitly derived equation (4.4)
from equation (4.3). Now, if one introduces a Z, parity on Xi then the neutral component
¥°, which is a Majorana fermion, can be a viable thermal DM candidate (WIMP). As the
Yukawa interaction terms among Xz, SM leptons and Higgs boson are forbidden by the Z,
symmetry hence the DM candidate 1° interacts with the SM particle only through gauge
interactions. Moreover, from the Lagrangian (equations (4.3), (4.4)) it is evident that the
bare masses for all members of the fermionic triplet >z are identical to Msx. However, one
can make the charged components 1* heavier by considering one loop electroweak radiative
corrections [329, 330], which result in a mass splitting ~ 166 MeV between M,= and Myo
for My, > 1TeV. In this framework, the relic density of the lightest Zs-odd particle °
is determined by its pair annihilation into W*W ™ final state via t-channel exchange of
Y)*. Besides, the co-annihilations among ° and ¥ into SM particles also play a crucial
role in relic density calculation as the mass splitting between the members of the fermionic
triplet is extremely small (~ O(100MeV)). The co-annihilations include several process
like % ¢* — W*Z (via t-channel exchange of ¥F), YT~ — ff, WTW~ (via s-channel
exchange of Z), ¥ ¢*(yF) — WEW=(WT) (via t-channel exchange of 1/°) etc. After
including all these annihilation and co-annihilation channels, the relic density of 1" satisfies
the Planck limit [400] for Myo ~ 2.2 TeV [330] (see green dashed line in figure 4.4 in Section
4.2.4). Therefore, the DM mass allowed by the observational data from Planck satellite may
not be produced efficiently in LHC at the present centre of mass energy and luminosity.
This has also led to some recent discussions on FTDM with a singlet admixture, in order to
lower the bound on fermion triplet from relic abundance point of view and to enhance its
production at colliders, see for example, [401]. It should be noted that such admixture of
singlet fermion with the neutral component of fermion triplet as DM candidate was proposed
long back by the authors of [402], motivated from its search prospects at LEP collider. We
consider another minimal modifications of the present model which is also motivated from
neutrino mass point of view, so that one can still have a much lighter triplet fermionic DM
which at the same time satisfies all the existing direct and indirect bounds and can have
tantalising detection prospects at the LHC. We will present a detailed discussion on this
topic in Section 4.2.5.

4.2.2 Scotogenic Extension of FTDM

In order to have nonzero neutrino masses and a light triplet fermionic DM, we have extended
the minimal model, described in the previous section, by two more triplets and one inert
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doublet. Therefore, besides the usual SM fields, the present model contains three fermionic

¢ +i A\ T

SU(2)y, triplets and one extra SU(2)y, doublet & = <gz§+ . All these extra BSM

fields are odd under the discrete symmetry Zs. As a result, the Yukawa interaction terms
involving fermionic triplet, SM Higgs doublet and lepton doublet are forbidden. Hence, one
cannot generate tiny neutrino masses following usual Type-I1I seesaw mechanism [209, 403,
404], where the above mentioned Yukawa terms play a pivotal role. Instead, in the present
model, we can write the Yukawa terms using the inert Higgs doublet ®. However, the extra
doublet @, being an inert one (does not interact with SM fermions), does not have any
vacuum expectation value (VEV) (in order to maintain Z,; symmetry unbroken). Hence,
there are no neutrino masses at tree level (Type-III seesaw is not possible) and instead, the
light neutrino masses can be generated radiatively at one loop level following the scotogenic
model [12]. This scotogenic version of Type-III seesaw model is also known as radiative
Type-111 seesaw model, studied in different contexts by several authors [330,405,406].

Further, the Majorana type bare mass terms Tr [Ea I Mgﬁ Y3 R] are although invariant

under Zs symmetry, the origin of such terms is not obvious in the present scenario. Therefore,
to understand a possible origin of bare mass term of fermionic triplet we introduce a scalar
field S’, which is a singlet under SM gauge group. Moreover, we also impose an additional
Zs charges to Y, (8 = 1 to 3) and S such that the bare mass term of ¥, is forbidden by

Z3 symmetry while at the same time Tr [Ea REy2P g R] ST term is allowed. Thus, when S’
gets a VEV, (5') = %, this term will generate the bare mass term Ma” ~ y®f v,. Apart

from that the singlet scalar S’ also helps the present model to evade the indirect detection
bounds on W W~ annihilation channel [8]. This limit is obtained from the non-observation
of excess gammarrays, over the known backgrounds, due to dark matter annihilation from
dwarf spheroidal galaxies. Another interesting aspect of including this singlet scalar is to
enhance the DM direct detection rate by introducing a tree level scattering while the minimal
model had only radiative direct detection scattering at one loop level. We will have a detailed
discussion on this topic in Section 4.2.7. Furthermore, we have to impose appropriate Zs
charges to the SM leptons as well so that the Yukawa interaction terms involving both inert
doublet ® and SM Higgs doublet H remain invariant under Zz symmetry. The Zs charges
of X3, and SM leptons can be w? while that of S’ can be w, where w?, w are the cube roots
of unity:.

The Lagrangian involving ¥, ® and S’ fields, which is invariant under SU(2), x U(1)y x
Zo X 73 symmetry, is given by

(Z t[Spp D) + e[ " P " ]> - < > %Tr[m\@y?ﬁ IP FLE h.c.>

=1 o, =1

Lpsm

5 L
2
< aLEBR(D + h.c. ) + Lscalar(Ha (1)7 S/) ) (45)
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where ® = igy®* and the Lagrangian for the scalar fields are given by
ﬁscalar(Ha (I)7 S/) = (D,U«H)T (DHH) + (DH(I))T (D“@) + aMS/T 8#5” + IU%I HTH - )\H (HTH)2
2
20T — A(@10)? 1 p2 5T — (5’3 + S’T3) Y (5’*5’)

As

— X (H'H) (270) — Ay (H'®) (OTH) — 5 (H'®)? + h.c.)

= e (HTH) (8757) = a7 (@10) (8757) . (4.6)

hy +1¢
V2

T
H = (0 M) is the SM Higgs doublet in the unitary gauge. Following the procedure

where S’ = , ho and ( are the real and imaginary parts of S’ respectively while

V2
given in the Appendix C.1, we can write the triplet Lagrangian in terms of ¢; = 33 Rt Ezg RC

and 1 = X5, + X5 as

3 3

~ 4y _ 148 - of %

Lpsm D E Vg i g +§¢2Z$¢g— ( E Yy’ s g +y2 a¢g> ho
B=1 a, =1

aﬁ .
(Z yof dgs g + %%)4—9(%7%2%%.0)

a, f=1
+ g cos 0y Y5V, 005 2% + g sinby Yy v,05 A

[i aﬁ( vt Patl + oz P w—) <¢’O‘MO> P P Va6
- Ys | —mPar PrYg t € Pr¥s | | —F=— ) —¥n PL¥s Var
K- V2 V2

vl

+ 5 e eyl 6 + hc.

\/§eaL

As mentioned earlier, when the real part of S’ gets VEV v, the mass terms for both
and 9° are generated from the third and fourth terms of the above Lagrangian as Mf;ﬂ =

Fi- Escalar<H7 (I)7 Sl) o (47)

y2# v,. For simplicity, we have assumed that M is a diagonal matrix with real and nonzero
elements. Therefore, both ¢° and v are representing the physical states and the lightest
neutral fermion ¥ can be our DM candidate with mass Myo = ys Vs 2. Furthermore, the
first term within the square bracket is responsible for tiny neutrino mass generation at one
loop level. We will have a detailed discussion on this topic in the next section (Section 4.2.3).
After SU(2);, x U(1)y x Z3 symmetry breaking, the mass terms for the components of inert
Higgs doublet are

1

Mii = [L2 5 ()\3’() + )\7?] ) y (48)
1

Mio = /L2 5 [()\3 + )\4 — )\5)1) + /\7?} } s (49)
1

M2, = 2+ 3 [(As 4+ Aa+ As)v” + Aol] (4.10)

2For notational simplicity we choose yl! = y,.
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On the other hand, after symmetry breaking there will be a mixing between the real scalar
fields of H and S’. The mixing matrix with respect to the basis (hy, hs) is given by

2 Ay v? Ag U Vs

2 = 3 s
MSC&]&I‘ AG v vs 2 /\Sl}g + :LL.?) v . (411)
V2

Clearly, hy and hy do not represent physical fields. However, after diagonalising the above
mass matrix, one can have two physical scalar fields A and .S, which are two orthogonal linear
combinations of hy, he and the corresponding mixing angle is given by

A6 U Vs
fan 26 = 97T o (4.12)
Ag v — Asv2 — —LQ:"/{

We consider h is the SM-Like Higgs boson which was discovered at the LHC [407,408]. The
mass of the pseudo scalar ( is given by

_3N3vs

75

where we need 3 < 0 for M<2 > 0. The trilinear terms of S’ and S'" allowed by Z; symmetry

play a crucial role in generating the mass term for the imaginary part of S” after spontaneous

symmetry breaking of Zjz. As a result, we can choose the mass of the pseudo scalar (()

different than S and also heavier compared to the mass of our DM candidate ¢!, so that it

will not affect the relic density of ¢/y. From equations (4.13), one can easily find that M,
V2 M2,

—*. Now, using Myo = ysvs,
3 Vg

MZ = (4.13)

will be heavier than our DM candidate ¢ when uz < —
V242

oppositely to the expression of My, therefore one can also find a lower bound on self coupling
As from the requirement of My > 0. Therefore, under the approximation of small mixing
2

we can rewrite the above limit on ps as pus < —

vs. On the other hand, since pu3 acts

angle &, the quartic coupling Ay must be greater than %‘S In Sections 4.2.4 and 4.2.7, we

have considered y, = 1.5 for M¢? = 1 TeV and hence we need u3; < —707.11 GeV and
As > 1.13. One thing we want to note here that the considered hierarchy M > Myo > M
is solely for the calculational simplification. There may be a situation when Myo > M, Mj,
where our DM candidate can annihilate to both ( as well as S and in that case due to the
extra annihilation modes, the thermal contribution to DM relic abundance will be even less
compared to the present scenario. The main difference between the minimal model discussed
in the previous section and the present model is that here, our DM candidate ¥?, after its
thermal freeze-out, gets some non-thermal contribution to the relic abundance mainly from
the decay of ¢°. This eventually compensates the under abundance of ¥ in low mass regime
My, <2 TeV. We also consider the mass of ¢° to be smaller than the heavier cousins of X1
so that ¢° decays preferentially to the DM candidate only. This is also important from the
point of view of neutrino mass (as we discuss in the next section) because the couplings of
Yorsr with ® and SM leptons have to be sizeable in order to generate the correct one loop
neutrino mass at sub-eV. Therefore, if ¥op 3 are lighter than ®, then ¢° will also decay
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into these triplets reducing the branching ratio into the DM candidate X, falling short of
providing the required non-thermal contribution. We will discuss in great detail about the
thermal as well as non-thermal contributions to the relic density of our DM candidate in
Section 4.2.4.

4.2.3 Neutrino mass generation at one loop

In the present model since we have imposed both Z, as well as Zs charges to all three fermion
triplets X5 ,, neutrino masses can not be generated via tree level Type-III seesaw mechanism.
However, in this model we have an inert doublet ® which is also odd under Z, symmetry.
Hence we can write a Yukawa interaction term involving fermion triplet X3, inert doublet
® and SM lepton doublet [,;. Such term will be automatically Zs invariant. However, Zg
invariance requires same Zjz charge to SM leptons as well since ® does not have any Z;
charge. Because, any nonzero Zsz charge of ®, other than unity, will forbid the mass splitting
between A and ¢"; which is A\sv? (see equations (4.9 and 4.10)). Later in this section, we
will see that the light neutrino masses are proportional to the mass splitting between A°
and ¢°, hence we cannot impose any non-trivial Zs charge to ®. Therefore, in this work as
mentioned in the previous section, we choose Z3z charge of Y5, and [, is w?. The Yukawa
interaction terms invariant under both continuous and discrete symmetries of the model are

given as
3 — ~
‘CYukawa DI Z y;ﬁ laLEﬁRq) + h.c. g
a, =1
3 .
1 ¢0 _ ZAO
ap — 0, — — af — c 4—
N (—uaL Pry + g PR%> (—) — 98P PL; var® o
a, =1 \/§ \/5
ys
+ e, Prigd” + hc, (4.14)

V2

where we have used the definition of ¢; and wg give in Appendix C.1. As discussed in
previous section, the first term in the above Lagrangian is responsible for neutrino mass
generation in one loop level following the scotogenic model [12]. The Feynman diagram for
neutrino mass generation at one loop level is shown in figure 4.1. In figure 4.1, we have

&\ /®
H \\ /' H
~ e
~ e
e -
0,7 N 0
¢# X ¢
V2 \
i 0 \
Vi ! (e oy

Figure 4.1: Feynman diagram of neutrino mass generation at one loop.

drawn the diagram with ¢° as an intermediate loop particle. However, the same diagram
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with ¢° replaced by pseudo scalar A° is also possible. These two diagrams will differ by a
-ve sign which actually helps us to cancel the divergences of both diagrams. The expression
of neutrino mass is then given by [12]

ap  Bp 2 2
M af _ z : Ys Ys Mdj,(o) M¢D In M Mio In Mio (4 15)
v 6472 M¢250 — Mi ]\/[2 Mio — Mi ]\42 . '

Now, if we consider the mass splitting between M and My is small compared to (M§ +
My0)/2, which is indeed true for our work (see Section 4.2.4), the expression for o5 element
of neutrino mass matrix simplifies to

2
M= Z L yzp My (o My M (4.16)
M = g F - Mz, Mg =Mz, Mgy )’ '

where Mg = (M} + Mg)/2 and M3, — M3, = A\sv* using equations (4.9 and 4.10). It
should be noted that the requirement for non-thermal contribution to DM candidate in our
model constrains the Yukawa couplings of the lightest fermion triplet with the SM leptons
to be very small y5 ~ 32l ~ y3! < 107, as we discuss in details below. As can be seen
from the one loop neutrino mass formula given above, such tiny couplings will practically
have a negligible contribution to light neutrino masses. This makes the lightest fermion
triplet to effectively decouple from the neutrino mass generation mechanism giving rise to
one almost massless and two massive light neutrinos which can be tested at experiments

which are sensitive to the absolute mass scale of neutrinos.

4.2.4 Relic Abundance of dark matter candidate X!, in Scotogenic
FTDM

To compute the relic abundance of a DM candidate, one has to find the value of comoving
number density of DM species at the present epoch, which can be found by solving the cor-
responding Boltzmann equation for the DM candidate we are considering i.e. 1¢. Moreover,
while solving the Boltzmann equation for 19, we need to have the information about the
comoving number densities of other particles which are not in thermal equilibrium but have
significant impact on the production processes of ¥?. In other words, we need to solve a
system of coupled Boltzmann equations for all the out of equilibrium particles. The coupled
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Boltzmann equations for our present scenario are given by

dYyo 456G\ V2 M, .
Y —( ) e s 4 07
47T3G 1/2 VOx

]\52 \/_<FT°tal> Yo, (4.18)

2 - -2 )1/2 e (oo (Y~ (7307)
oy

(%

ay,- Am3@G 2
o T X [
el ( 45 > W ol (<F¢°ﬁw;>y¢° ~ Ty up) Yer ) ’ (4.19)

where, M, is some arbitrary mass scale and here we have considered M. = sz?- The first

Boltzmann equation describes the evolution of comoving number density of 1? where the
first term in the R.H.S. represents the thermal WIMP contribution to Yyo coming from the
annihilations and co-annihilations among the ¢ and ;. As mentioned earlier, since the
mass splitting between ¥{" and ¥ is ~ O(100 MeV), the effect of co-annihilations [282,283]
is significant to Y. In equation (4.17), (0V)q is the thermally averaged cross section
for the annihilation and co-annihilation channels which are contributing significantly to the
freeze-out process of ¢)). The Feynman diagrams of these processes are shown in figure 4.2. It
is worth mentioning that we are not taking any non-perturbative effects on DM annihilations
into account here which is justified by the fact that such effects are small for DM masses in
the sub TeV regime [390,391]. This is in fact, another motivation for confining our discussion
to the sub-TeV mass regime of DM. Here, we have considered the mass difference between ¢
and other heavier triplet fermions (1/12, wﬁi, f = 2, 3) to be large so that the co-annihilations
of these heavier triplet fermions do not affect the freeze-out process of 9.

The second term in the R.H.S. of equation (4.17), which appears with an opposite sign to
the first one, is the non-thermal contributions to Y0 coming from the decays of ¢° and ¢ and
the corresponding thermal averaged decay widths are indicated by (I'so_,0) and <F¢¥ +w§’>
respectively. The general expression of thermal averaged decay width for a decay process

. K1 ()
A— BCis(Taspe) =Taspo—37~
Ky ()
K, is the nth order Modified Bessel function of second kind. These non-thermal contributions
proportional to the thermal averaged decay widths (I'yo_,y9) and (T';x_, o) respectively, are

, where M 4 is the mass of the mother particle A and

effective only after the freeze-out of ¢? before which ¢ has equilibrium number density
governed by the Maxwell-Boltzmann distribution function. The decay of ¢° — % v is due
to the Yukawa interaction (first term within the square bracket of equation (4.7)), which is
also responsible for the neutrino mass generation radiatively, while the decay of 1/ — 9 7+
is possible due to an O(100MeV) mass splitting between 1T and ¢1 Although, i has
some three- body decay modes like ¢ — 40 + (1 )+ v(7) and v = Y9+ u(w) + d(d),
YF — % 7% is the dominant decay mode of charged fermion i with nearly 97% branching
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Figure 4.2: Feynman diagrams for all possible annihilation and co-annhilation channels. Two
diagrams in first row are annihilation of 1)y while rest are co-annihilations.

ratio [329]. The expression of decay width for ¢i¥ — ¢ 7+ is given by

P o= 90V ap ((M0+Mi)2—M2)><
P =] 1287 M{L}V wa: triplet )3 Y] ™
2 2
| My = MR (Mg M) 0
M, Mz
1 1

where AMiiplet = Mys — Myo ~ 166 MeV, g is the SU(2)p, gauge coupling, the pion decay
constant f, = 131 MeV [329] and the first diagonal element of the CKM matrix V.4 =~
0.974 respectively. Since we have assumed that there is no asymmetry between the comoving
number densities of ;" and 1; and decay widths F¢f L = r Yoyl = Fw% S0 the non-
thermal contribution arising from the decays of ¥} and 1] are equal. Therefore, without
explicitly showing the contribution of ;" in Yy0, we have multiplied the term for 7 in
equation (4.17) by a factor of 2.

The second Boltzmann equation in equation (4.18), is the evolution equation for ¢.
In the R.H.S. of this equation, the first term is the collision term due to the annihilation
and co-annihilation processes among the components of inert doublet ®. These processes
were in both thermal as well as chemical equilibrium in the early Universe and the lightest
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neutral component ¢° of ® freezes-out when these interaction rates become less than the
expansion rate of the Universe, which is governed by the Hubble parameter H(7). The
effective annihilation cross section, which we have denoted by (ov)py for ¢° and (V) Tyiplet
for 19 respectively, can be expressed as a weighted sum of individual annihilation and co-
annihilation cross sections [282]. We have calculated (ov)ipym using micrOMEGAs package
[384]. In the present scenario, although ¢° has a Z, charge, it is not the lightest Zj-odd
particle in the model. Hence, it can decay to other lighter Zs-odd particles such as wf[, Y
3. These decay modes further decrease the number density of ¢° after its thermal freeze-out
and this effect has been included in the Boltzmann equation of ¢° by the second term in the
R.H.S. of equation (4.18), which is, as expected, proportional to the total decay width FTOtal
of ¢°. Finally, equation (4.19) is the Boltzmann Equation for ¢);. As we know that after
the freeze-out of 1/, the abundance of ¥7 is zero. However, 9 can again be produced from
the late decay of ¢° and those ¢i eventually decay to 99 and contribute to the non-thermal
abundance of ¢?. In the R.H.S. of equation (4.19), the first term is the production term of
Y7 from the decay of ¢° while the second one with an opposite sign is the depletion term of
Y7 . Like 1], one can also write a same Boltzmann equation for ¢ as well, however since
both v} and ¢ have identical interactions with other particles and also we have assumed
that there is no asymmetry in the initial number densities of ;" and 7, hence we do not
need to solve an extra Boltzmann equation similar to equation (4.19) for ¢;". Ultimately, we
have solved three coupled Boltzmann equations given in equations (4.17-4.19) numerically
to find the comoving number density Yy (Ty) of ¥? at the present epoch, which contains both
thermal as well as non-thermal contributions. Finally, the relic density of our DM candidate
¥? can be computed from the value of Yo (1) using the following relation [283]

2 8 M
Quph? = 2.755 x 10° ( = | Yig(To) (4.21)

where Ty ~ 2.73 K, the present temperature of the Universe.
In the left panel of figure 4.3, we show the variation of comoving number densities of ¢°,

Mo
Y9 and ¢f with 2 = % Here, the variation of Yy is denoted by green solid line and as

mentioned above due to the finite decay width FTOtal the comoving number density of ¢°,
instead of becoming a constant with temperature T, decreases sharply after its freeze-out.
Due to this decrement of Yyo there is an increment in Yo denoted by red solid line as more
and more 1)} are being produced from the decay of ¢° after the thermal freeze-out of 9.
In this figure, the evolution of 1" is denoted by blue solid line, which gets produced from
the decay of ¢° at around x ~ 25 and eventually Yw becomes negligibly small after having
a minute contribution to on This plot has been drawn for Mwo =1TeV, My = 2 TeV,
M, =200 GeV, AM = Mo — My = Myt — My =4 GeV *, y, = 1.5 and yx = 0.854 x 10~°
®. In absence of any non-thermal contribution from the decay of ¢°, the thermal abundance
of ¥? is denoted by a cyan dashed line, which clearly shows the under abundance of ?
for Myo =1 TeV due to its large annihilations and co-annihilations. In the right panel of

3Here we have assumed other triplet fermions are heavier than ¢°.
4In this work, we have assumed Mys = M 40, which i 1s p0551b1e if )\4 = AXs5.
°For simplicity we have assumed Yukawa couplings y&! = y&! = ¢3! = ys.
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Figure 4.3: Left panel: Solution of coupled Boltzmann equations given in equations (4.17)-
(4.19) for a particular benchmark point My = 1 TeV, My = 2 TeV, My = 200 GeV,
AM =4 GeV, ys = 0.854 x 1072 and y, = 1.5. Right panel: Relic density of ¢/ for thermal
interactions (ys; = 0) and thermal plus non-thermal interactions (ys; = 0.854 x 1079).

figure 4.3, we plot the variation of relic abundance of ¥? with x for the same benchmark
point mentioned above. Here, the green solid line represents the relic abundance of ¥ due
to thermal freeze-out only for Myo =1 TeV, i.e. the relic abundance of ¢ by considering
its all possible annihilation and co-annihilation channels as shown in figure 4.2. From
this figure it is clearly seen that for this benchmark point the thermal contribution, which
is contributing only around ~ 10% of the canonical value Qpyh? = 0.12, is not enough to
reproduce the correct DM relic abundance. Hence there is need of an additional non-thermal
contribution from the decay of ¢° to compensate this deficit. Total abundance of 1¢ including
contributions from both thermal and non-thermal processes is shown by red solid line.

In figure 4.4 we show how Qoh? varies with the mass of ¢7. In this plot, green dotted
line is for the pure FTDM model [330] (discussed in Section 4.2.1) and it is clearly seen
that in this model relic density of ¢? satisfies the Planck limit for Myo ~ 2.2 TeV which
is consistent with the Ref. [330]. The blue dashed dotted line is for the present model
without any non-thermal contribution to relic density i.e. Yukawa coupling ys, = 0. The
difference between this case with the pure FTDM is that here we have extra annihilation
and co-annihilation channels involving one or two S in the final states. In this case, we have
chosen M, = 200 GeV and y, = 1.5. Hence, the relic density of 1) for a particular mass
Myo is further suppressed. This is clearly evident from figure 4.4. Finally, the red solid
line represents variation of DM relic density, which has both thermal as well as non-thermal
contributions, for AM = 4 GeV, My = 2 TeV, M, = 200 GeV, ys = 0.854 x 1079 and
ys = 1.5. Moreover, it also shows that for the chosen benchmark point the relic density
of triplet fermion 1y satisfies the Planck limit for a mass as low as Myo =1 TeV. Please
note that the plot shown in figure 4.4 is for illustrative purposes only in order to show the
difference between possible scenarios discussed here. We have not taken non-perturbative
effects into account in DM annihilations which can be significant if we go to high mass regime
beyond 1 TeV. If we take them into account, as discussed by the authors of [390,391], the
point in the green and the blue lines where correct relic is satisfied will shift further towards
right.
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Figure 4.4: Variation of Q¢?h2 with Myo.

Now, we will present the effect of four model parameters on Yy0. These four model pa-
rameters have significant impacts on the non-thermal contributions to Y. While gen-
erating the four plots, we have kept fixed the other parameters (expect the particular
one which has been varied) to the same benchmark point we have used to generate fig-
ure 4.3. In figure 4.5(a), we show the variation of Yo with x for four different values of
AM = My+ — My = Myo — My. From this plot it is seen that the value of Y0, after the
thermal freeze-out of 1, increases as we decrease the mass splitting between <z§0 and other
components of inert doublet ® i.e. ¢* and A° . This can be understood as follows. From
the inert doublet DM model [290,389,409-413] we know that the abundance ¢° increases as
AM decreases and it is due to the cancellation between four point diagram and ¢, u channel
diagrams for annihilation channels of ¢° into gauge boson final states W+ W=, ZZ and this
is also true for the co-annihilation channels of inert scalars. Now, similarly here also Yo
increases with decreasing AM. Again, from equation (4.17) one can easily notice that the
non-thermal contribution to Yyo coming from the decay of ¢" is proportional to Y. Hence
Y,0 also increases as we decrease the mass splitting AM. The dependence of Yyo0 on Myo is
shown in figure 4.5(b), where we have considered four different values of My. From this
plot, we see that Y0 keeps on increasing as we lower the mass of ¢°. This is due to the fact
that the non-thermal contribution to Yo is proportional to two quantities. One is the abun-
dance of ¢¥ during the decay to 1, which occurs after the freeze-out of ¢° (see left panel of
figure 4.3) and other one is the corresponding decay width I 0. The behaviour of these
two quantities are opposite with respect to Mgo. While decay width I'go_, 0 is proportional
to My, the comoving number density of ¢° is less and becomes more suppressed for heavier

6Tn this work, for simplicity we choose My = M go.
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Figure 4.5: Comparison of Y0 with respect to different model parameters.

#° during the period when maximum decay to 1){ occurs. This is because, primarily the
comoving number density of ¢ after its freeze-out is less for higher value of My (valid for
a fixed value of AM and My 2 1 TeV) and additionally the total decay width /™! of ¢°
which gets enhanced with My, has a negative impact on Yy (see equation (4.18)), which
further reduces Yy with respect to My in the considered range. Therefore, finally we get a
combined effect of both the terms Yyo and I'go_, 0 on Yo, where Y0 increases with decreasing
Myo. In figure 4.5(c), we demonstrate how Yy0 depends on the mass of Y. Here, we have
shown the variation of Y, 0 with z for three different values of M, 0 such as 500 GeV, 1000
GeV and 1500 GeV. From this plot one can see that the final saturatlon value of Yo is more
for DM candidate with heavier mass. This is due to the reason that the thermal abundance
of ¢?, which is approximately inversely proportional to its annihilation and co-annihilation
cross sections, is larger for heavier ¢?. Also, we don’t get same enhancement in Yyo while
going from 500 GeV to 1000 GeV and 1000 GeV to 1500 GeV. This is because, the decay
width I'go 40 becomes phase space suppressed as Myo — Myo. As a result, non-thermal
contribution, which is proportional to I'so_, 0, decreases with M. Hence, we get the sat-
uration values of Yy for 1000 GeV and 1500 GeV, which are not much different from each
other. Finally, we show the dependence of the evolution of Yoo with z on Yukawa coupling
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ys;, where we have considered six different values for the Yukawa coupling ys; and we find that
the correct relic density is achieved for ys; = 0.854 x 1072, As the total decay width Fg&’tal
of ¢° is proportional to 32, the smaller ys, results in a late decay of ¢° to ¢{. Hence, the in-
crease of Yo due to the non-thermal decay of #° — ¢ + v also occurs much later for smaller
value of ys. This effect can be understood by comparing the magenta dashed curve and blue
dashed-dotted curve in figure 4.5(d), where magenta and blue lines are for yx, = 0.171 x 1078
and 0.854 x 10719 respectively. Further, we have seen an anomalous behaviour in the effect of
Yukawa coupling ys, on Yyo. Generally for the non-thermal DM (FIMP), the relic abundance
increases as we increase the coupling between mother particle and DM. As a result, more DM
particles are produced from the decay of mother particle which is assumed to be in thermal
equilibrium and the equilibrium abundance of mother particle does not depend on its decay
width to FIMP DM. However, in the present case the mother particle ¢° becomes out of
thermal equilibrium at the time of non-thermal production of 1/9. Now, from the Boltzmann
equation of ¢/ (equation (4.17)), one can easily see that the rate of increase of Yo due to
the decay to ¢° is proportional to Yy and L'go_,y0. The comoving number density Yyo can
be obtained by solving the Boltzmann equation for ¢° (equation (4.18)), where the last term

proportional to the total decay width of ¢° (F;thal) further decreases Yy from its freeze-out

abundance. Now, if we increase the Yukawa coupling yx, the total decay width Fg&’tal which

is proportional to y3, also increases. This in turn decreases Y. On the other hand, any
increase of ys, is also accompanied by an enhancement of the decay width T'yo_, 0. Therefore,
in the Boltzmann equation of 99, there is a competition between the two quantities Y40 and
L4040, which are behaving oppositely with respect to the variation of ys. The final abun-
dance of ¥¢ will follow the behaviour of that quantity which depends more strongly on ys.
From figure 4.5(d), we find that the final abundance of ¢? actually decreases as we increase
the Yukawa coupling ys; from 0.171 x 1071° to 0.854 x 10~8. This makes the present scenario
different from the usual FIMP scenario [11, 108,393,414}, where the final abundance of DM
always increases with associated couplings.
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Figure 4.6: Allowed parameter space in ys — AM for y; = 1.5 (left panel) and 0.1 < y, < 2.0
(right panel). In both plots mass of ¢ has been varied between 1 TeV to 5 TeV and M, is
kept fixed at 200 GeV.

In figure 4.6, we show our allowed parameter space in ys — AM plane which reproduces
the correct DM relic density. The colour code is indicating the mass of our DM +? which we
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have varied between 500 GeV to 1500 GeV while the corresponding mass of ¢° is scanned
over the following range: 2 Myo < My < 2 Mo + 2000 GeV. The plot in left panel is for a
fixed value of other Yukawa coupling y, which we have kept fixed at 1.5 while for the plot in
the right panel, we have varied the Yukawa coupling y, between 0.1 to 2. From the plot in
the left panel, one can see that to produce the DM relic density in the right ballpark, we need
10719 < 95y < 4 x 1072 depending upon the mass splitting AM between the inert scalars,
which is also tightly constrained to be less than 5.5 GeV. However, from the right panel it is
also noticeable that these ranges of Yukawa coupling ys, and mass splitting AM are slightly
larger when we have also varied the singlet Yukawa coupling 0.1 < y, < 2. This is because the
thermal contribution to relic density becomes fixed for a particular set of values of Mo, Mo,
M,, AM and y,. In this case, the amount of deficit in relic density which is compensated by
the non-thermal production is also a definite number as the total relic density should lie with
the observed band 0.1166 < Qpyh? < 0.1206 in 68% C.L. However, if we vary the singlet
Yukawa y, while keeping others fixed at their respective values (AM, M,, Mo and M) then
the thermal contribution to Qw?hQ also varies and hence we require different non-thermal
contributions to achieve correct DM relic density and consequently more parameter space in
ys — AM plane become allowed. Later when we will discuss the constrains coming from the
indirect detection we will see that for the considered mass range of Myo we need y; 21 (see
figure 4.10). Moreover, from both these plots it is clearly evident the for heavier DM mass
we need larger values of ys; and AM to achieve 20 h? in the correct ballpark.

4.2.5 LHC constraints on i

In this section, we briefly discuss the testability of our model at the LHC experiment. There
have been several dedicated searches for possible DM signatures at colliders, a recent sum-
mary of which can be found in [144,415]. Instead of usual missing transverse energy asso-
ciated with DM production at colliders, in our model there exists a different (rather unique
to a limited class of scenarios) signature that is within the reach of LHC. This is basically
the collider production of different components of the fermion triplet ¥,z through gauge
interactions and subsequent decay of the heavier components into the lighter one. Since
DM candidate ¥ is the lightest component, the heavier component wli must decay into
¥ and other SM particles. This decay is actually interesting due to small mass splitting
AMiipier >~ 166 MeV between Mwil: and M%) for My, 2 1TeV. For such a small mass differ-

ence, the dominant decay mode is ¢ — ¥ 7%, the corresponding decay width of which is
given by equation (4.20). Such tiny decay width keeps the lifetime of ¥{ considerably long
enough that it can reach the detector before decaying. In fact, the ATLAS experiment at the
LHC has already searched for such long-lived charged particles with lifetime ranging from
10 ps to 10 ns, with maximum sensitivity around 1 ns [331]. In the decay i — ¢ 7%, the
final state pion typically has very low momentum and it is not reconstructed in the detector.
On the other hand the DM particle in the final state ) is perfectly stable and leaves the
detector without interacting. Therefore, it gives rise to a signature where a charged particle
leaves a track in the inner parts of the detector and then disappears leaving no tracks in
the portions of the detector at higher radii. The ATLAS constraints on such disappearing
charged track signatures for a long lived chargino decaying into a pion and wino DM is
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shown as the solid green line in figure 4.7. Since our DM multiplet is similar to the multiplet
containing chargino, wino with similar production cross section at LHC as shown in Table
4.1 for fermion triplets and in [416,417] for gauginos, we compare our model predictions
against this constraint from ATLAS. The lifetime predictions for ¢f as a function of DM
mass is shown as the solid red line in figure 4.7. It can be seen that the existing LHC con-
straint can already rule out DM masses below 500 GeV from its searches for disappearing
charged tracks, keeping the DM parameter space considered in this study within near future
sensitivity.

100F
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— decay lenght of g7
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Figure 4.7: Lifetime of ¥{ versus DM mass compared with the ATLAS bound on disappear-
ing charge track searches.

H My (TeV) ‘ Tppsuiuy (PD) ‘ Tppovtyy (PD) H

0.5 1.493 x 1072 4.394 x 1072
0.6 6.338 x 1073 1.92 x 102
0.7 2.938 x 1073 9.1 x 1073

0.8 1.464 x 1073 46 x 1073

0.9 7.588 x 10~ 243 x 1073
1.0 4103 x 1074 1.33 x 103
1.1 2.305 x 1074 7.468 x 1074
1.2 1.305 x 1074 4.308 x 1072
1.3 7.600 x 107° 2.508 x 1074
1.4 4.490 x 10=° 1.494 x 1074
1.5 2.687 x 10°° 8978 x 107°

Table 4.1: Production cross sections of 71, and ¢4 from pp collisions at /s = 14 TeV
LHC.
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4.2.6 Direct Detection

The most convincing way to probe a particle DM candidate is the direct detection experi-
ments. There have been serious efforts in this direction for last few decades where ground
based detectors made up of different heavy nuclei have been used to probe processes where
a DM particle passing through the detector can interact with a nuclei giving rise to some
recoil. Such experiments have significantly improved their sensitivities over the years, with
their present exclusion limits on spin independent DM-nucleon scattering cross section lying
very close to the coherent neutrino-nucleon scattering rate [6,53,55-57]. Interestingly, our
present model has good prospects for direct detection frontiers which is usually not there for
purely freeze-in type DM candidates. Being part of an electroweak multiplet, the DM can
interact with SM through gauge interactions and also through scalar interactions present due
to the singlet scalar field S’. Due to the absence of neutral current interactions of our DM
candidate at tree level, the gauge boson mediated DM-nucleon scattering can arise only at
radiative level. However, due to the existence of singlet scalar mixing with the SM like Higgs,
such scalar mediated DM-nucleon scattering can occur at tree level as well. The Feynman
diagrams corresponding to these processes are shown in figure 4.8 all of which can lead to
spin independent (SI) direct detection (DD) scattering processes. For pure triplet fermion
case we have to exclude the last one as there exists no singlet scalar in that scenario. The
DM candidate 99 has two different one loop DD scattering: a Higgs penguin with W+ loop
and the box diagram in figure 4.8. The low energy effective Lagrangian for the ¢/{-quark one
loop interaction have already been discussed in [418]. So the effective Lagrangian for the
loop diagrams can be written as

Lygg =Y Nl (4.22)
N g2 M 1= dnw + 3y + (2 — dnw) log mw
€ 2m¢?m% (1—nw)?
- 2-3 6n3, — 5my + 3w (1 +n3) 1
rai e nw + 6y — S + 774w( + nyw) log nw (4.23)
MM, 6(1 —nw)
where ny = Z?:; and ap = %. In equation (4.23), the first term is the effective coupling

for the Higgs pelnguin diagram and the second term is the same for the box diagram. We
have shown the corresponding spin-independent direct detection cross-section as a function
of DM mass in the left panel of figure 4.9, which is about two orders of magnitude below the
current XENONIT bound [55]. In spite of electroweak gauge interactions being involved in
the scattering, this is in a way expected due to loop suppressions involved.

The other possible diagram coming from the introduction of the singlet scalar can, on the
other hand, give rise to larger DD cross-section if the singlet scalar S’ has sizeable mixing
with the SM like Higgs. The relevant cross section can be written as

e (4.24)
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Figure 4.8: Spin-independent DD scattering processes in the model. The first two processes
are for pure triplet fermion DM model while the last one arises additionally in the present
model due to the introduction of the singlet scalar 5.
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Figure 4.9: Left panel: DD cross-section for pure triplet fermion as a functions of DM mass.
Right panel: DD cross-section for singlet scalar mediated diagram as a function of DM mass
for different benchmark values of ¢ with fixed My =200 GeV and y, = 1.5.

where ys, f,, £ and m,, are the new Yukawa coupling, form factor, S’-Higgs mixing parameter
(defined in equation (4.12)), and nucleon mass respectively. We have also fixed the singlet
mass (M) at 200 GeV, like in the calculation for relic abundance. As the DM-nucleon
reduced mass fi,0, is nearly close to the mass of the nucleon for the chosen range of DM
masses, this scattering cross section is almost independent of the DM mass. This in fact
serves as another motivation of introducing the singlet scalar S’ apart from being responsible
for generating DM mass dynamically. This singlet scalar allows the model to be testable
at ongoing and upcoming direct detection experiments for a wide range of DM masses. We
show the contribution of this scalar mediated diagram to DD scattering in the right panel
of figure 4.9 for three different mixing parameter £ values (¢ = 0.1, 0.075, 0.05). From the
figure 4.9 it is clear that the ogr lies above the XENONIT bound for £ = 0.1, whereas for
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& = 0.075 it is partially allowed and for & = 0.05 it is just below the present bound for the
chosen mass range of DM.

4.2.7 Indirect Detection

600 800 1000 1200 1400
M, (GeV)

Figure 4.10: Parameter space of Yukawa coupling ys and My that satisty the relic density
constraint. The color-bar indicates the variation of the another Yukawa ys;. The Black line
corresponds to the Fermi-LAT bound, the points above that line are allowed. To generate
this plot we have fixed the singlet mass (M;) at 200 GeV.

Apart from direct detection experiments, DM parameter space in our model can also be
probed at different indirect detection experiments (space as well as ground based) that are
looking for SM particles produced either through DM annihilations or via DM decay in the
local Universe. Among these final states, photon and neutrinos, being neutral and stable
can reach the indirect detection experiments without getting affected much by intermediate
regions. If the DM is of the type we have in our model, having TeV scale masses and
sizeable interaction with the SM particles, these photons lie in the gamma ray regime that
can be measured at space based telescopes like the Fermi-LAT or ground based telescopes
like MAGIC. Here we constrain the DM parameter space from the indirect detection bounds
arising from the global analysis of the Fermi-LAT and MAGIC observations of dSphs [8].

Since the heavier components of the fermion triplet are not there in the present Universe,
we need to consider the DM self annihilations into the charged particles of the SM. The only
possible process of this type is the DM annihilation into a pair of W bosons which is indeed
constrained tightly from gamma ray observations [8]. Such bounds on (ov)pypym_sw+w- are
derived assuming 100% annihilation of DM into these final states. Since we have another
DM annihilation in this model namely, the one with a pair of singlet scalars S’ in the final
states which do not contribute to gamma rays due to neutral final states, we take into

TH-2521 166121013



155

account the relative factor between these two annihilation rates while applying the indirect
detection bound on (ov)pypm_w+w-- Due to sizeable DM annihilation rates into neutral
singlet scalars in our model, the gamma ray constraints on DM annihilations into W boson
pairs get weaker in our model, saving the parameter space under study. It should be noted
that in the pure FTDM model, gamma ray bound will completely rule out low mass region of
DM mass we are studying [390] as the annihilation rate for (ov)pypy_sw+w- is 100% in that
model. Therefore, weakening the indirect detection bound arise as another motivation for
the singlet scalar S’ apart from generating DM mass dynamically and giving rise to tree level
direct detection rates as discussed before. In figure 4.10 we have shown allowed parameter
space in the y, versus Myo plane where we have also varied Yukawa of the inert doublet ys
while fixing the singlet scalar mass at 200 GeV. All the points shown there are satisfying the
relic density constraint and the black solid line corresponds to the present Fermi-LAT plus
MAGIC bound on DM annihilation to W*. The points below the black line are ruled out
from these bounds which shows that we need large y, to satisfy the present bound. As the x-
axis goes all the way upto DM mass of 1.5 TeV where non-perturbative effects (Sommerfeld
enhancement) on DM annihilations can be sizeable, we use the results of [390] to derive
the exclusion line shown in figure 4.10. As we go into higher mass values, the Sommerfeld
enhancement becomes more and more efficient which can be seen by the sharp rise in the
black solid line towards the right end of the plot, requiring stronger Yukawa coupling ys to
keep the DM self annihilations to neutral particles more dominant over (ov)pypM_wW+W- -
Future data from gamma ray telescopes should be able to probe more parts of this region of
DM masses as well as Yukawa coupling y,, keeping the indirect detection prospects of the
model very promising.

4.3 A; Model for Dirac neutrinos and FIMP dark mat-
ter

We first consider a minimal model based on A, flavour symmetry that can give rise to
tiny Dirac neutrino masses and mixing at dimension six level. A brief details of A4 group
is given in Appendix C.2. The fermion sector of the SM is extended by three copies of
gauge singlet right handed neutrinos (vg) and an additional gauge singlet fermion (/) which
plays the role of FIMP DM. These right handed neutrinos transform in the same way just
like the SM lepton doublets (L) do under Ay, a typical feature of most of the A, flavour
symmetric realisations of neutrino mass. We also introduce four different flavon fields for
the desired phenomenology of neutrino mass and dark matter. The A, flavour symmetry is
augmented by additional discrete symmetries Z, x Z) and a global unbroken lepton number
symmetry U(1), in order to forbid the unwanted terms. Transformations of the fields under
the complete flavour symmetry of the model Ay x Zy x Z) x U(1), are given in Table 4.2.
The construction here includes two A4 triplet flavons, ¢, and ¢4, which play a crucial role
in generating masses and mixing for charged leptons and Dirac neutrinos respectively. Now,
for charged lepton sector, the relevant Yukawa Lagrangian can be written as

El = %(E¢T)H6R + yf(EQéT)l/HMR + %(LQsT)l”HTR (425)
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Fields | L ep,pigy,T™s H v V| 0s oér ¢ 1
A4, |3 11717 1 3 1|3 3 1 1
Zy -1 -0 1 ¢ 4| i 1 7 1
A 1 1 1 1 21 1 & -1

Ul |1 1 0O 1 00 0 0 O

Table 4.2:  Field content and transformation properties under Ay x Zyx Z;y x U(1), symmetry
of the model.

where A is the cut-off scale of the theory. Here and subsequently all the y’s stand for the
respective coupling constants, unless otherwise mentioned. The leading contributions to the
charged lepton mass via LH/; (where ¢; are the RH charged leptons) are not allowed due
to the specific Ay symmetry. When the triplet flavon ¢, is present in the model it leads
to an Ay invariant dimension five operator as given in equation (4.25) which subsequently
generates the relevant masses after flavons and the SM Higgs field acquire non-zero vacuum
expectation value (vev)’s. Using the A, product rules given in Appendix C.2 and taking
generic triplet flavon vev alignment (¢r) = (vr,vr,vr), we can write down the charged
lepton mass matrix as

VU Ye Yu gfr
m=—1\ v wy, wyr |. (4.26)

A 2
Y WY WYr

Here v denotes the vev of the SM Higgs doublet H and w = €*>™/2 is the cube root of unity.
This mass matrix can be diagonalised by using the magic matrix U,, given by

1 1 1 1
U=—| 1 w u? |. (4.27)
V3 1 w? w

Now, as indicated earlier, the complete Ay x Z4 x Z) discrete symmetry plays an instru-
mental role in generating tiny Dirac neutrino mass and mixing at dimension six level. Any
contribution to the neutrino mass (through LHwvg) is forbidden up to dimension five level
in the present set-up. Since charged lepton masses are generated at dimension five level, it
naturally explains the observed hierarchy between charged and neutral lepton masses. Pres-
ence of the Ay triplet flavon ¢g generates the required dimension six operator for neutrino
mass and mixing. The relevant Yukawa Lagrangian for neutrino sector is given by

L, = IJ:IVR (¢S) +h.c (4.28)
_ %@HVR)S@S%*)S + ¥ v Y (LHvr)s(dsds)a + P(LHVR) (D505
+ %(Lﬁ[VR>A<¢S¢S)A + F(LHVR) (Bsds)1 + _(LHVR)I,(%%)I,,
+ %{023 (LHVR>1”(¢S¢S)1’ + h.c.. (429)

Here the subscripts S and A stands for symmetric and anti-symmetric parts of A4 triplets
products (see Appendix C.2 for details) in the S diagonal basis adopted in the analysis
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and 1,1 and 1” stand for three singlets of A4. For the most general vev alignment (¢g) =
(vsy, Vs, Usy ), the effective mass matrix for neutrinos can be written as

T11 So1 +az1 S31+ a3z
m, = So1 — G921 T92 S32 + G390 (4.30)
$31 — 31 S32 — A32 X33

where the diagonal elements are given by

211 = [Ya, (v3, + 03, + 0F,) + Y, (7, + WH0Z, + WV) + Yay (V3 + wvd, +WP03,)] v/A%, (4.31)
222 = [Ya, (03, +VE, +V5,) + Yu,w(VF, + W08, +WVE)) + YW’ (V3 +w0E, + W E, )] v/A% (4.32)
T33 = [yxl (Ugl + U?g,z + v§3) + yzgw2(v§1 T wQUf% + wvi_) + ymw(vg1 + wv%Q + w%?gs)] U/AQ. (4.33)

Now, the symmetric part originated from A4 triplet products are given by

532 :ySU(USQ’USS + Ussvsz)/Az + y;'U(’USz’USS - USSUsz)/AQv (434)
s31 =Yysv(vssvs, + v51053)/A2 + yiv(vs,vs, — vsleS)/AQ, (4.35)
s21 =Ys0(vs, Vs, + V5,8, ) /A + yLv(vs, vs, — vs,vs, ) /A (4.36)

As seen above, when neutrinos are Dirac fermions instead of Majorana, then there is an
additional anti-symmetric contribution in the neutrino mass matrix which remains absent in
the Majorana case due to symmetric property of the Majorana mass term. This additional
contribution can in fact explain nonzero 6;3 in a more economical setup [234,235,419] com-
pared to the one for Majorana neutrinos [420]. In the mass matrix given by equation (4.30)
these anti-symmetric contributions are given by

as2 :yav(vs2v53 + USSU52)/A2 + y;v(vs2vss - ’1}53’1}32>/A2, (437)
asi :yav(vsiivsl + vs, vs3)/A2 + y;v(vs3v51 —Us, USs)/A27 (438)
Q21 :ysv<v51 Vs, + US2US1)/A2 + y(’zv(vsl VS, — U5'2US1)/A2' (439)

The most general mass matrix for Dirac neutrinos given in equation (4.30) can be further
simplified depending upon the specific and simpler vev alignments of the triplet flavon ¢g.
Here we briefly discuss a few such possible alignments analytically and then restrict ourselves
to one such scenario for numerical analysis which can explain neutrino masses and mixing
in a minimal way. Note that such vev alignments demand a complete analysis of the scalar
sector of the model and can be obtained in principle, from the minimisation of the scalar
potential [421-425]. For simplicity, when we consider the vev alignment of ¢g to be (pg) =
(vs,vg,vg) from equation (4.31)-(4.37), we obtain szy = 8§31 = 891 = 2y,0v%/A? = s (say)
and azy = az; = ag; = 2y,vv%/A? = a (say). Hence the neutrino mass matrix takes the form

T s+a s+a
m, = s—a x Ss+a |, (4.40)
s—a sS—a T

where 211 = 799 = w33 = 3y,,vv%/A? = x (say). For even more simplified” scenarios of vev
alignments (¢g) = (vg,vs,0) and (ps) = (0, vs, vg) the neutrino mass matrices are given by

x11 sS+a 0 11 0 0
m, = s—a x99 O Coomy, = 0 x99 s+a |, (4.41)
0 0 33 0 sS—a X33

"Vev alignments like (¢5) = (0,0, vs), (0,vs,0) and (vg,0,0) are not allowed in the present construction
of Dirac neutrino mass.
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respectively, where the elements are defined as sq; = 2ysvv3/A? = s (say), ag; = 2y,vvi/A? =
a (SaY>7 11 = <2yx1 = YW — Z/zsUJQ)UU?q/AQa Tog = (2yx1 - meWQ - yx3w>UU%/A2a T3z =
(2Ysy, — Yuy — Yug )05/ A? and s3o = 2y,00%/A? = s (say), aze = 2y,vvi /A% = a (say), z1; =
(2y931 T Yy _yw?,)vvg‘/AQ: T22 = <2y$1 —ymw—ymw?)vvg/A?, L33 = (2y£r1 _y$2w2_y$3w)vvg‘//\2
respectively. As evident from these two neutrino mass matrices given by equation (4.41), a
Hermitian matrix (m,m}) obtained from these demands a rotation in the 12 and 23 planes
respectively. This, however, is not sufficient to to explain observed neutrino mixing along
with the contribution (U, ) from the charged lepton sector given in equation (4.27). Now,
a third possibility with vev alignment (¢g) = (vs, 0, vs), yields a compatible neutrino mass
matrix, given by,

T11 0 s+ a
m, = 0 92 0 4 (442)
s—a 0 T33

where s3; = 2y, vvi/A? = s (say), az1 = 2y,0v3/A* = a (say), z11 = (2Us, — Yuyw? —
Vg )VVE A% T99 = (20, — Yy — Yus )0VE /A% and @33 = (20, — Yoy w—Yuzw? Jvvs /A%, Although
parameters present here are in general complex, for the diagonal elements we consider them
to be equal that is, 1y = x99 = w33 = x and real without loss of any generality. Now, to
diagonalise this mass matrix, let us first define a Hermitian matrix as

M = m,m}
2+ |s+al? 0 z(s—a)*+x(s+a)
_ o 22 0 . (4.43)
z(s—a)+xz(s+a) 0 2 + |s — al?

Here the complex terms corresponding to the symmetric and anti-symmetric parts of Ay
products can be written as s = |s|//* and a = |a|'?*. These complex phases essentially
dictates the CP violation of the theory. Clearly, the structure of M given in equation
(4.43) indicates rotation in the 13 plane through the relation Ujs MUy = diag(m?2, m2, m2)
is sufficient to diagonalise this matrix, where the U3 is given by

cos @ 0 sinfe ™
U13 - 0 1 0 y (444)
—sinfe™® 0  cosf

and the mass eigenvalues are found to be

mi; = 2*+A- B, (4.45)
mi = 2° (4.46)
m; = 2*+ A+ B, (4.47)

where A = |s|?> +|a|?> and B = /(2|s||a] cos(¢s — ¢a))? + 422(|s|2 cos? ¢s + |a|? sin? ¢,). One
important inference of such ordering is that inverted hierarchy of neutrino mass is not feasible
in this setup as Am3; + Am3, = —2(|s|*> + |a|*) < 0, implying m3 > my. Also, the two
parameters # and v appearing in U3 can be expressed as

z(|al sin ¢ sinip — |s| cos ¢ cos )

|s]|al cos(¢s — ¢a)

Ja] sin ¢,

tan 20 = and taniy = (4.48)

sl cos 6,
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Figure 4.11: Correlations between different model parameters for 3o allowed ranges of 63,
012, O3, mass squared differences [13] and > m; < 0.17 eV. Left panel: the allowed points
in |s| — |a| (symmetric and anti-symmetric parts of the neutrino mass matrix respectively)
plane. Right panel: the allowed points in the ¢, — ¢, (phases associated with symmetric nd
anti-symmetric parts respectively) plane.

in terms of the parameters appearing in the mass matrix. Hence the final lepton mixing
matrix is given by

U = UlUs. (4.49)
Comparing this with the Pontecorvo Maki Nakagawa Sakata (PMNS) mixing matrix parametrised
as
C12C13 $12€13 s1ze” "
Upnins = | —S12023 — 128235136 1203 — S12803513€°  sazciz | (4.50)
512523 — 012023513€i5 —C12523 — 812023513€i5 C23C13

one can obtain correlations between neutrino mixing angles 63,015, b3, Dirac CP phase
d and parameters appearing in equation (4.49) very easily [234,235,426-429]. Hence, from
equations (4.48-4.50) it is evident that the mixing angles (63, 612, 623) and Dirac CP phase (9)
involved in the lepton mixing matrix Upyns are functions of x, |s|, |a|, ¢s and ¢,. Neutrino
mass eigenvalues are also function of these parameters as obtained in equations (4.45-4.47).
These parameters can be constrained using the current data on neutrino mixing angles and
mass squared differences [13,430]. Here in our analysis we adopt the 3¢ variation of neutrino
oscillation data obtained from the global fit [13] to do so. In figure 4.11 we have plotted
the allowed parameter values in |s| — |a| plane (left panel) and ¢5 — ¢, plane (right panel)
respectively satisfying 30 range of neutrino mixing data as mentioned earlier.

After constraining the model parameters, the predictions for absolute neutrino mass (m;
in case of normal hierarchy) is plotted in the left panel of figure 4.12. In this figure, the
lightest neutrino mass (m;) is shown as a function of the diagonal element of neutrino mass
matrix x. Whereas in the right panel of figure 4.12 we present the correlation between Dirac
CP phase 6 and sin® fy3. Interestingly the model predicts § in the range —7/2 <6 < —7/5
and 7/5 < 6 < 7/2 whereas sin® 3 lies in the lower octant. Here it is worth mentioning

TH-2521 166121013



160

that, the presently preferred value § ~ £+7/2 as indicated in global fit analysis [13], predicts
the atmospheric mixing angle #53 to be in the lower octant within our framework, as seen
from the right panel of figure 4.12.

0.050 | | | " 1.5

; 0.045} 1 1'0/ ]
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= WD 0.0f-+--smrsmremnsas s .
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Figure 4.12: Correlations between different light neutrino as well as model parameters for
30 allowed ranges of 013, 012, fa3, mass squared differences [13] and > m; < 0.17 eV. Left
panel: the lightest neutrino mass is shown as a function of model parameter x. Right panel:
the predicted correlation between Dirac CP phase 0 and atmospheric mixing angle 6.

FIMP interactions: After studying the neutrino sector, we briefly comment upon the
Yukawa Lagrangian involving the FIMP DM candidate ) upto dimension six level. From
the field content shown in Table 4.2, it is obvious that a bare mass term for v is not allowed.
However, we can generate its mass at dimension five level (same as that of charged leptons).
The corresponding Yukawa Lagrangian is

1. ¢
Lyc = 5Yuc v (4.51)

Once ( acquires a non-zero vev, we can generate a mass My = ch%- Another important
Yukawa interaction of ¢ is with the singlet flavon 7 that arises at dimension six level, given

by
2
Lyy = (qjé) npy (4.52)
vZ¢ 4 v + v?
= oy for (gs) = (vs,,vs,, vs,) (4.53)
3v%
= Fm/ﬂﬁ for (¢s) = (vs,vs,vs) (4.54)
202
= A—fm/nb for (¢s) = (vs,vs,0), (vs,0,vs), or (0,vg,vs) (4.55)
(pg)?

It is interesting to note that the same flavon field ¢ and the ratio 35— generates the effective
coupling of n — 1) — 1 as well as H — vy, — vg as discussed earlier in equation (4.28). We will
use these interactions while discussing the DM phenomenology in the next section.
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4.3.1 Freeze-in Dark Matter

In this section, we discuss the details of calculation related to the relic abundance of FIMP
DM candidate . As per requirement for such DM [11], the interactions of DM particle with
the visible sector ones are so feeble that it never attains thermal equilibrium in the early
Universe. In the simplest possible scenario of this type, the DM candidate has negligible ini-
tial thermal abundance and gets populated later due to the decay of a mother particle. Such
non-thermal DM scenario which gets populated in the Universe through freeze-in (rather
than freeze-out of WIMP type scenarios) should have typical coupling of the order 1072
with the decaying mother particle. Unless such decays of mother particles into DM are
kinematically forbidden, the contributions of scattering to freeze-in of DM remains typically
suppressed compared to the former.

In our model, the fermion v naturally satisfies the criteria for being a FIMP DM candidate
without requiring highly fine-tuned couplings mentioned above. This is due to the fact that
this fermion is a gauge singlet and its leading order interaction to the mother particle 7
arises only at dimension six level. As discussed in the previous section, the effective Yukawa
coupling for ni1) interaction is dynamically generated by flavon vev’s Y ~ Z—% Now, the
decay width of 7 into two DM particles (¢) can be written as

V2 (m% —4mi) 1— 4%12”
n

Loy = Sy (4.56)
where Y is the effective Yukawa coupling, m, and m,, are the masses of the mother particle
and 1 respectively. From the transformation of the singlet scalar n under the symmetry
group of the model, it is clear that it does not have any linear term in the scalar sector and
hence does not have any other decay modes apart from the one into two DM particles. Since
this decay is governed by a tiny effective Yukawa coupling, this makes the singlet scalar long
lived. However, this singlet scalar can have sizeable quartic interactions with other scalars
like the SM Higgs doublet and hence can be thermally produced in the early Universe. Now,
considering the mother particle n to be in thermal equilibrium in the early Universe which
also decays into the DM particle ¢, we can write down the relevant Boltzmann equations
for co-moving number densities of 1,1 as

% . _47T2 MPIMSC V g*(l’) Z

dz 45 1.66 xF

Mpy £/ g«(x)

—~ 5w Y,
1.66 M2, go(x) "% "

C

<UV>nn—>pﬁ (Y772 - (Yneq)Q)

p=SM particles

(4.57)

dYy _ 2Mp x\/g*(x)r v
dx 1.66 M2 g (x) "0 "

(4.58)

where x = TSC, is a dimensionless variable while M, is some arbitrary mass scale which we

choose equal to the mass of n and Mp, is the Planck mass. Moreover, g4(z) is the number
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of effective degrees of freedom associated to the entropy density of the Universe and the
quantity g.(x) is defined as

ge(x) = gsgiﬁ) (1—%M§1—g;f)> . (4.59)

Here, g,(z) denotes the effective number of degrees of freedom related to the energy density

sc

of the Universe at z = T The first term on the right hand side of the Boltzmann equation

(4.57) corresponds to the self annihilation of 7 into SM particles and vice versa which play
the role in its freeze-out. The second term on the right hand side of this equation corresponds
to the dilution of 1 due to its decay into DM . Let us denote the freeze-out temperature
of n as Tr and its decay temperature as Tp. If we assume that the mother particle freezes
out first followed by its decay into DM particles, we can consider T > Tp. In such a case,
we can first solve the Boltzmann equation for n considering only the self-annihilation part
to calculate its freeze-out abundance.

d)/;7 47T2 MPIMSC \V g*(i) 3 o
dr 45 166 a2 Yo (Vs (V7 = (V9?) (4.60)

p=SM particles

Then we solve the following two equations for temperature T’ < Tr

dYy,  Mp z+/g(T) r

dv 1.66 M2 g,(z) "V o (461)
¥y _ e 2y/g.(@) (4.62)

= 5 Yo
dx 1.66 M2 gy(z) "7 0"

We stick to this simplified assumption 7% > Tp in this work and postpone a more general
analysis without any assumption to an upcoming work. The assumption T > T allows
us to solve the Boltzmann equation (4.60) for 7 first, calculate its freeze-out abundance and
then solve the corresponding equations (4.61), (4.62) for n, 4 using the freeze-out abundance
of 1 as initial condition®. In such a scenario, we can solve the Boltzmann equations (4.61),
(4.62) for different benchmark choices of Y, m,,mpy = M, and estimate the freeze-out
abundance of n that can generate Qh? = 0.12, the canonical value of the DM (v) relic
abundance in the present Universe. This required freeze-out abundance of 7 then restricts
the parameters involved in its coupling to the SM particles. It turns out that a scalar singlet
like 1 interacts with the SM particles only through the Higgs portal and hence depends upon
the n — H coupling, denoted by Ag,. In figure 4.13, we show different benchmark scenarios
that give rise to the correct relic abundance of DM. In the left panel of figure 4.13, we show
the abundance of both 7 (after its thermal freeze-out) and v for benchmark values of their
masses (m, = 200 GeV,mpy = 1 GeV) as a function of temperature for three different
values of Yukawa coupling Y = 107!3,10712,107!. It can be clearly seen that while the

8Recently another scenario was proposed where the DM freezes out first with underproduced freeze-out
abundance followed by the decay of a long lived particle into DM, filling the deficit [389].
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freeze-out abundance of 1 drops due to its decay into 1, the abundance of the latter grows.
The value of 7 — H coupling is chosen to be Ag, = 0.004 in order to generate the correct
freeze-out abundance of n which can later give rise to the required DM abundance through
its decay. It can be seen that, once we fix the 1) and n masses, the final abundance of v
does not depend upon the specific Yukawa coupling Y as 1 dominantly decays into ¢ only.
However, different values of Y can lead to different temperatures at which the freeze-in of
1 occurs, as seen from the left panel of figure 4.13. The right panel of figure 4.13 shows the
relic abundance of DM for a fixed value of Yukawa coupling Y = 1072 but three different
benchmark choices of m,,, mpy where the Ay, parameter is chosen appropriately in each case
so as to generate the correct freeze-out abundance of 7.

1000- — DN‘[(Y=10‘“)‘ - DM(Y;lo-lz) ‘ DM(Y=10L13) | 1000k Mow=25 GeV, m,=70 Gev, Aug=0.04 ‘ Y=1012 |
-- n(Y=10"") -- n(Y=10"'?) n(Y=10"'3) === mpy=10 GeV, m;=30 GeV, Ay,=0.1155
10F - PIANCK 2018 e " 1 10F — mpy=1 GeV, m,=10 GeV, Ay,=0.105
\ \ — PLANCK 2015
% 0.100 % 0.100
(@] m;=200GeV|
mpy=1 GeV
0.001 Auy=0.004 | 0.001+
i
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[]
10—7 | | i | = “6 | = s 10—7 L | i | = 5
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x=—2 = ]
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Figure 4.13: Left panel: Relic abundance of n and DM (¢) as a function of temperature
for different benchmark values of Yukawa coupling Y. Right panel: Relic abundance of DM
(1) as a function of temperature for different benchmark values of ¥ and 7 masses and fixed
Yukawa Y = 10712,

The freeze-out abundance of n can be calculated similar to the way the relic abundance
of scalar singlet DM is calculated. For the details of scalar singlet DM, one may refer to
the recent article [431] and references therein for earlier works. In figure 4.14, we show the
parameter space of scalar singlet 7 in terms of Ag,, m, that can give rise to the required
freeze-out abundance in order to generate the correct FIMP abundance through n — ¥
decay. In this plot, the resonance region is clearly visible at m, = m;/2 where m;, ~ 125
GeV is the SM like Higgs boson. The parameter space corresponding to DM mass of 50 GeV
is seen only at the extreme right end of the plot in figure 4.14 due to the requirement of
my, > 2mpum to enable the decay of 1 into two DM candidates. Since 7 is long lived and it
decays only into DM at leading order, any production of n at experiments like the LHC could
be probed through invisible decay of SM like Higgs. However, this constraint is applicable
only for DM mass m,, < my/2. The invisible decay width is given by

A2, 02
P(h — Tnvisible) = - 4H" /1 —4m2/m? (4.63)
Tmp

The latest constraint on invisible Higgs decay from the ATLAS experiment at the LHC
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Figure 4.14: The allowed parameter space in Ag,-m,, plane for different DM masses which

gives rise to the required freeze-out abundance of 7 followed by the correct DM abundance
from 7 decay.
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Figure 4.15: Parameter space for Yukawa coupling and n-DM masses that satisfy the upper
and lower bounds on lifetime of 7 : Tgpny < Tp < TF.
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is [202]
I'(h — Invisible)
(h — Invisible) + I'(h — SM)

We incorporate this in figure 4.14 and find that some part of parameter space in Ag,-m,,
plane can be excluded for low DM masses mpy < 10 GeV by LHC constraints.

Although we are considering a simplified case where the decay of mother particle occurs
after the mother particle freezes out T > Tp, we note that this decay can not be delayed
indefinitely. Considering the successful predictions of big bang nucleosynthesis (BBN) which
occurs around typical time scale ¢t ~ 1 s, we constrain the lifetime of 7 to be less than this
BBN epoch so as not to alter the cosmology post-BBN era. The upper and lower bound
on 7 lifetime therefore, constrains the corresponding Yukawa which we show as a scan plot
in figure 4.15 for different values of n and DM masses. DM masses are also varied in such
a way that m, > 2mpy is satisfied. We have not incorporated the constraints on DM
relic abundance in figure 4.15, as we still have freedom in choosing A, that can decide the
freeze-out abundance of 1) required for producing correct DM abundance through freeze-in.
We leave a more general scan of such parameter space to an upcoming work.

It should be noted that we did not consider the production of DM from the decay of
the flavon ( responsible for its mass, as shown in equation (4.51). Since we intended to
explain FIMP coupling and Dirac neutrino mass through same dimension six couplings, we
did not take this dimension five term into account. This can be justified if we consider the
masses of such flavons to be larger than the reheat temperature of the Universe, so that
any contribution to FIMP production from ¢ decay is Boltzmann suppressed. For example,
the authors of [432] considered such heavy mediators having mass greater than the reheat
temperature, in a different DM scenario. We also note that there was no contribution to
FIMP production through annihilations in our scenario through processes like SM, SM — )
with 1 being the mediator. This is justified due to the specific flavour transformations of n
and the fact that n does not acquire any vev.

< 22%.

BR(h — Invisible) = T
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CHAPTER 5

Summary

In this thesis, a few particle physics models have been discussed to address the puzzles of
DM and neutrino mass. We have investigated both thermal as well as non-thermal DM sce-
narios. In chapter 2, we have discussed three different WIMP DM scenarios within gauged
B — L extension of the SM. In section 2.3, we have proposed a framework for the common
origin of neutrino mass and DM within a U(1)p_; gauge extension of the SM so that the
fermion fields responsible for radiative neutrino mass and DM phenomenology can also keep
the U(1)p_; model anomaly free. DM is stabilized by a remnant symmetry after the sponta-
neous breaking of the U(1)p_; gauge symmetry, without requiring any ad-hoc symmetry to
guarantee stability. We discuss both scalar and fermion DM in two different versions of the
model and show that the model, apart from predicting a vanishing lightest neutrino mass
scenario, can have signatures at a cosmic, intensity as well as energy frontier experiments.
Ongoing and near-future experiments in all these three frontiers will probe a significant
region of parameter space of the proposed model.

In section 2.4 of this chapter, we have proposed a gauged U(1)p_; version of the type 111
seesaw model, which naturally predicts a two-component Dirac fermion DM scenario due to
the requirements of anomaly cancellation. Unlike type I seesaw scenario in U(1)p_1 model
where three right-handed singlet neutrinos with B — L charge —1 each leads to cancellation of
all anomalies without any need of additional chiral fermions, type III seesaw implementation
leads to additional anomalies due to the non-trivial SU(2), structure of triplet fermions. We
show that a gauged U(1)p_; model with three fermion triplets required for type I1I seesaw
can be anomaly free due to the presence of two neutral Dirac fermions having fractional
B — L charges. Both of these fermions are naturally stable due to a remnant Z, x Z)
symmetry. We study the DM phenomenology of the two-component DM scenario in the
model after incorporating all relevant theoretical and experimental bounds. Among the
theoretical bounds, the bounded from below criteria of the scalar potential plays a crucial role
in restricting the parameter space. The relic abundance of the DM candidates is primarily
dictated by their annihilations into SM particles mediated by Zg, as well as additional singlet
scalars. We find the parameter space allowed from total relic abundance criteria and then
apply the bounds from direct detection experiments on individual DM candidates. We find
that all these constraints tightly constrain the parameter space which we scan through in
our study, leaving a small region that can be probed at experiments operational at different
frontiers. Finally, we comment upon one interesting prospect of probing this model through
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the production of charged components of fermion triplets at colliders. The presence of
additional neutral gauge boson Zgy, can significantly enhance the production cross-section of
charged triplets at LHC or 100 TeV future proton-proton collider compared to the usual type
I1T seesaw extension of SM. The charged components can then decay into the neutral ones and
a pion with a long decay lifetime, leaving a disappearing charged track signature. Comparing
with the ATLAS bounds on such signatures, we find that such triplets with masses up to
500 GeV or so can already be ruled out. While the charged components of fermion triplets
can be probed via such disappearing charged track signatures, the neutral components, if
long-lived enough, could be probed at proposed future experiments like MATHUSLA [433].
These triplets, however, do not affect the DM phenomenology much apart from opening
another DM annihilation channel to triplet fermions whenever allowed kinematically.

Finally, in the last section 2.5, we have proposed a gauged B — L model where light Dirac
neutrinos and two-component fermion DM can be realized without invoking the presence of
additional discrete symmetries. The novel feature of this model is the possibility of sub-eV
Dirac neutrino mass at tree level and the existence of two stable fermion DM candidates
within a minimal gauged B — L symmetric framework. The right-handed part of light Dirac
neutrino and the two Dirac fermion DM candidates have appropriate B — L charges to make
the model anomaly free. The chosen B — L charge of right-handed part of light Dirac neutrino
not only dictates the origin of Dirac neutrino mass from a neutrinophillic Higgs doublet with
appropriate B — L charge but also gives rise to the possibility of two stable fermion DM
whose B — L charges are related to that of right-handed neutrinos via anomaly cancellation
conditions. The scalar sector of the model is chosen in such a way that it not only gives rise
to the desired particle masses but also leaves a remnant Z, x Z), symmetry after spontaneous
symmetry breaking to stabilize the two DM candidates. We constrain the model parameters
from different available constraints, both theoretical as well as experimental. After showing
the behaviour of DM relic density for different choices of benchmark parameters, we perform
a numerical scan to show the available parameter space in terms of DM masses and the
parameters of the B — L gauge sector, namely, gpr, Mz,,. Apart from the usual bounds
from LEP, LHC, DM direct detection, DM relic density constraints, the strongest bound for
Mz, > 3 TeV comes from BBN, CMB limits on the effective number of relativistic degrees
of freedom. This interesting situation arises due to the Dirac nature of light neutrinos, which
introduces additional relativistic species (right-handed part of light Dirac neutrinos) that can
be thermalised in the early Universe due to their sizeable B — L gauge interactions. Thus, the
model not only allows the possibility of sub-eV Dirac neutrino mass with two-component
fermion DM from the requirement of canceling triangle anomalies but also leads to new
contributions to AN that can be probed by future CMB experiments. The model also
remains within reach of ongoing as well as near-future direct detection experiments. Thus
the model not only offers a unified picture of light Dirac neutrino and multi-component DM
but also allows the tantalising possibility of probing it at experiments operating at different
frontiers.

In chapter 3, we have studied the minimal left-right symmetric model with Higgs doublets,
known as doublet left-right model, where the left-right symmetry is broken spontaneously
by Higgs doublet instead of Higgs triplets in LRSM with type I plus type II seesaw for light
neutrino masses. In the minimal DLRM, light neutrino mass can be realised only through
the Higgs bidoublet with tiny coupling to neutrinos leading to sub-eV Dirac neutrino mass.
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Due to SU(2)g x U(1)p_r, gauge interactions, the right-handed neutrinos can thermalise in
the early Universe, thereby contributing to the effective relativistic degrees of freedom N.g
which is tightly constrained by CMB measurements. We constrain the scale of left-right
symmetry from the requirement of satisfying Planck 2018 bound on A Ng not only for pure
left-right symmetric limit gz = g; but also for other values of gr. While ggr, ggr can not be
chosen arbitrarily in LRSM due to their relation with U(1)y coupling of SM, the parameter
space gets tightly constrained. For gr = g, Planck 2018 bound at 20 CL can rule out Wg
mass all the way up to 4.06 TeV, which is as competitive as the existing collider bounds on
Wg from dijet resonance searches. For example, ATLAS dijet resonance search rules out such
additional charged vector boson mass up to 4 TeV [355] while similar analysis by CMS rules
out up to 3.6 TeV for SM like gauge couplings [356]. Our conclusions also agree with the
recent model-independent calculations [434] where, considering four fermion interactions of
right-handed neutrinos and their contribution to N.g, the authors constrained the interaction
strength to be 107° — 1072 times the usual Fermi coupling constant. This bound we derive
here that is, My, > 4.06 TeV can be made weaker for smaller values of gr. For example,
in case of gr = 0.5, we get My, > 3.17 TeV and gr = 0.4 leads to My, > 2.77 TeV. We
also make a comparison with similar constraints derived in U(1)p_, gauge model with light
Dirac neutrinos where due to the freedom in choosing the gauge coupling arbitrarily, one
can have a much lighter B — L gauge boson as well. However, the choices of gr as well as
gpr are not arbitrary in DLRM due to their non-trivial connection to gy of SM. While we
perform our analysis without explicitly solving the Boltzmann equations, the conclusions do
not change much as long as the decoupling temperature of right-handed neutrinos remains
much higher than that of active neutrinos. This was also noted by the authors of [434], and
our parameter space is precisely confined to this regime.

We also show the impact of AN.g constraints on DM parameter space in DLRM. While
DLRM does not have a DM candidate on its own, we incorporate the presence of an additional
fermion quintuplet DM in the minimal DM spirit. Since such a real fermion quintuplet
does not have any renormalisable coupling with other fermions or scalars of DLRM, the
relic abundance of DM, the neutral component of right-handed fermion quintuplet, depends
crucially on its annihilation and coannihilation mediated by Wg, Zr gauge bosons. We
constrain the parameter space satisfying correct DM relic by using the respective ANqg
bounds for different gr. We find available parameter space satisfying correct DM relic even
after applying Planck 2018 bound on AN at 20 CL.

We also compare our results in view of more stringent Planck 2018 1o bound N.g =
2.99 + 0.17, which rules out all the parameter space if we assume only SM plus three right-
handed neutrinos to be contributing to the relativistic degrees of freedom (DOF) below the
scale of left-right symmetry breaking. However, if there are more relativistic degrees of
freedom due to the presence of light physical fields resulting from the scalar and fermion
multiplets, one can satisfy the Planck 2018 1o bound as well. In figure 3.8, we have shown
the required additional DOF in the early universe as a function of temperature. Additionally,
possible UV completion of this minimal model in order to explain the tiny origin of Dirac
neutrino mass naturally [210,226-228, 230,231,358, 359] may involve additional interaction
portals of right-handed neutrinos to thermalise with the standard bath. While the strength
of these portals can be tuned with more freedom compared to the gauge portals discussed
in this work and hence are unlikely to put stronger constraints than what we obtain here,

TH-2521 166121013



169

it will be interesting to study the details of such scenarios, especially in the context of DM
and collider phenomenology.

In the last chapter 4, we have discussed two different scenarios. In section 4.2, we have
studied a minimal model for DM and radiative neutrino mass where DM relic abundance
is generated from a hybrid setup consisting of both freeze-out and freeze-in scenarios. Con-
sidering a radiative type III seesaw scenario with the lightest fermion triplet being the DM
candidate stabilised by an in built Z, symmetry, we first show how the neutral component of
this fermion triplet having mass around 1 TeV remains under-abundant from thermal freeze-
out mechanism. We then consider a non-thermal (freeze-in) contribution from the late decay
of Zy-odd scalar doublet to fill the deficit created during thermal freeze-out. We solve the
coupled Boltzmann equations involving the mother particles and the DM candidate and find
the parameter space that can lead to the correct relic abundance of DM. Due to the coupled
nature of these equations, we can simultaneously constrain both DM as well as mother par-
ticle parameter space. The mother particle, being heavy, freezes out first, followed by the
freeze-out of DM and then the late decay of the mother particle into the DM particles. Such
a hybrid setup has some interesting differences from the usual freeze-in DM scenarios. One
notable difference we found was the dependence of non-thermal contribution on the corre-
sponding Yukawa coupling between mother particle and DM. In the usual FIMP scenario,
the non-thermal contribution always increases with such Yukawa, while in the present case,
it is not necessarily so. This is due to the role of the same Yukawa coupling in deciding the
freeze-out abundance of the mother particle, which later gets converted into a non-thermal
part of DM through late decay.

Apart from satisfying the correct relic abundance of DM within this hybrid setup hav-
ing distinguishable features from pure WIMP and pure FIMP scenarios, the model also has
promising detection prospects at collider, direct and indirect detection experiments. The
presence of a scalar singlet that generates the DM mass dynamically in this model plays a
non-trivial role in keeping the model parameter space not only allowed from current experi-
mental constraints but also very close to present as well as upcoming experimental sensitivity
leaving a very promising scope for verifiability. This is in contrast to the typical freeze-in
DM models, which have very limited detection prospects due to tiny couplings. In principle,
any mass of DM in the thermally under-abundant regime (Mw? < 2.2 TeV) can be revived
by adding a non-thermal contribution. However, due to tight constraints from LHC (evident
from figure 4.7), we get a lower bound of around 500 GeV. Also, as we go above 1 TeV
mass, the indirect detection constraints become severe (evident from figure 4.10), requiring
large couplings of DM with the singlet scalar. Such large couplings will get large corrections
under renormalisation group evolutions, making the model non-perturbative at a low scale.
Therefore we stick to a mass window near the 1 TeV.

In the neutrino sector also this model remains predictive as the lightest neutrino mass
is vanishingly small due to tiny Yukawa couplings of the lightest fermion triplet, required
for its non-thermal production at late epochs. Such vanishing lightest neutrino mass can
have interesting consequences at experiments sensitive to the absolute neutrino mass scale.
However, the model suffers from the fine-tuning issue related to the above mentioned Yukawa
coupling of the lightest fermion triplet to the leptons. Such tiny couplings can be generated
within the framework of more general scenarios, some of which also provide a UV completion
[239,393,435].
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In section 4.3, we have proposed a scenario that can simultaneously explain the tiny
Yukawa coupling required for Dirac neutrino masses from the SM Higgs field and the coupling
of non-thermal DM populating the Universe through the freeze-in mechanism. The proposed
scenario is based on the dynamical origin of such tiny couplings from a flavour symmetric
scenario based on discrete non-abelian group A4 that allows such couplings at dimension
six level only, thereby explaining their smallness naturally. The A, flavour symmetry is
augmented by additional discrete symmetries like Zn and a global lepton number symmetry
to forbid the unwanted terms from the Lagrangian. The charged lepton and DM masses
are generated at dimension five level while the sub-eV Dirac neutrino masses arise only
at dimension six level. The correct leptonic mixing can be produced depending on the
alignment of flavon vev’s. One such alignment which we analyse numerically predicts a
normal hierarchical pattern of light neutrino masses and interesting correlations between
neutrino oscillation parameters. The atmospheric mixing angle is preferred to be in the
lower octant for maximal Dirac CP phase in this scenario.

In the DM sector, the effective coupling of non-thermal DM (1), a singlet fermion) with
its mother particle (7, a singlet scalar) arises at dimension six level through the same flavons
responsible for neutrino mass. The mother particle, though restricted to decay only to
the DM particles at cosmological scales, can have sizeable interactions with the SM sector
through Higgs portal couplings. Adopting a simplified scenario where the mother particle
freezes out first and then decays into the DM particles, we first calculate the freeze-out
abundance of 1 and then calculate the DM abundance from 7 decay. Although such non-
thermal or freeze-in massive particle DM remains difficult to be probed due to tiny couplings,
its mother particle can be produced at ongoing experiments like the LHC. We, in fact, show
that some part of the mother particle’s parameter space can be constrained from the LHC
limits on the invisible decay rate of the SM like Higgs boson, and hence can be probed in
near future data. Since 7 is long-lived, its decay into DM particles on cosmological scales
can be constrained if we demand such a decay to occur before the BBN epoch. We find the
lower bound on Yukawa coupling Y governing the decay of 7 into DM and show it to be
larger than around 10713,

Until now, we have discussed a few particle physics models to find the origin of cold dark
matter and its connection to neutrino mass. We have confronted the validity of those mod-
els in the light of observational and experimental data. However, the models with lighter
dark matter particles has not been discussed in this thesis. However, such scenarios are
motivated from different astrophysical and cosmological anomalies and can have interesting
consequences in different ongoing experiments looking for sub-GeV scale dark matter parti-
cles. For example, one of the most prominent issues in cosmology is the so-called “Hubble
Tension”. It represents an unsolved issue in cosmology: measurement of the Hubble constant
Hg, which tells us how fast the universe is expanding, does not agree with each other. I want
to explore such scenarios in my future whether the DM has any connection to this anomaly.
In addition to the study of sub-GeV dark matter scenarios, it will also be interesting to
study the possible ways of distinguishing Dirac vs Majorana light neutrinos in the light of
cosmology, the magnetic moment of neutrino, neutrinoless double/quadrupole beta decay,
cosmic neutrino background, etc.
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Here we have shown some detail calculations regarding the works discussed in chapter 2.

Al

Important vertices

Here we list the relevant vertices of different interactions, derived from the Lagrangian in 2.3.
They are used in calculation of different cross sections and decay widths. Some notations
are defined in the table A.2 followed by the interaction vertices in table A.1.

Table A.1: All new possible vertices

Interactions Vertices Interactions Vertices
n" 0’ h ALy 1" 0" ¢ A U
’I]Jr n- h )\LU = (M,,?Or T Mgm‘ - 2M$+)/U 77+ n- ¢1 )\77¢1U1
n" n” h Av = gy + Ny, v n” n” ¢ Ay, Ut
% % bk 2)1 g Z7Z (1g° /2 cos® 0,,) g
ntn~ hh AL — (Mp, + Mz, = 2M2) /v |0t 0y —ie
nOr nOr h h 2)\L nOI 777 W+ 9/2
d>01 h h . i(/A2H¢1 uy/2) nZRUOIV[; W= | (i9°/2)gyw
nn g n"t T ZBr L Ny gBL
o 27| (= 25 a2 05 Oulgm | 01 7 7 @& ms/v)
ntn Z (—ig(1 —2sin0,,) /2 cos 0,,) o WTW- g mw Guv
0 7 Z (ig° /2 cos? 0,) g A (ig mz/ cosOy) Gu
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Table A.2: Relevant Parameters for Interaction Vertices
AL = Ay + )\}m)

ng = U(1)p_r charge of SM fermions
ny, = U(1)p—_1, charge of n

ny, = U(1)p_r charge of x

PA—)
m¢1 mh

)\H¢1 = 2vuq 6

=
—m

A.2 Diagonalisation of mass matrix of real scalars

In this section, we have shown some calculation for the diagonalisation of the scalar mass
matrix given in section 2.4. We have listed all the elements of the diagonalising matrix O of
M, in terms of mixing angles under the assumption that all the mixing angles among the
singlet scalars are identical and equal to 0a4:

011 = ci2 a3 Cia,

O12 = ci3 Cus Si2,

O13 = cig s13,

Ou = su,

Oz = —Ci2 €13 S14 S24 — C12 C24 513 524 — 034 512,

O = ci 034 — C13 S12 S14 S24 — C24 512 513 S24,

O3 = i3 Coq S24 — 513 S14 S24,

Oz = ci4 S,

Os31 = —C13 C13 Ca4 S14 Soa — C12 Cay S13 + Cia S13 Say + Caq S12 Say + Cos S12 Sau,
Oz = —cu (012 8%4 + Coq S12 813> — C12 Co4 S24 + S12 S24 (813 8%4 — C13 C4 514) )
Os3 = c3 034 —Ci13 834 — C24 S13 S14 S24,

Osz4 = ci4 Co4 S,

On = s (034 Soq4 — 834) + 12 (—c13 034 S14 + S13 (Coa S24 + Cou 834))7

Op = —ci3 034 S12 514 1+ C12 (—034 So4 + 5%4) + 512 S13(C24 S24 + €4 534)7

Oy = —034 513 S14 — C13(Coa S24 + Co4 534)7

044 = Ci4 034 .

Here, we have denoted c¢;; = cos 0;; and s;; = sin 0;; respectively. Now, using the elements of
the diagonalising matrix, the physical scalar fields can be expressed as a linear combinations
of unphysical states as

h = OHh, + (9218/1 + 0318/2 + O41$g s (Al)
S1 = Olgh, + 0228/1 + 0328/2 + (/)425;) s (AQ)
Sg9 = Olgh/ + 0238,1 -+ 03385 -+ 04382)) s (A3)
S3 — 014h/ + 0248,1 + 0348,2 + O44Sé . (A4)
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A.3 Diagonalisation of mass matrix of pseudo scalars

The pseudo scalar mass matrix discussed in equation (2.57) with respect to the basis state
J5 (A} Ay Ay)" s given by

—2u (uﬁ—i—x/ﬁé) u? B u(—uﬁ—i—\/ié)
My, = u* —5 WA+VEQ) G (uf+2v20)

w(-uB+v28) 5 (uB+2v20) —3 (uB+VEE+40)

As expected, the pseudo scalar mass matrix is also real symmetric. Therefore, the matrix
M, can be diagonalised by a 3 x 3 orthogonal matrix and the corresponding eigenvalues
are given below,

m1241 = 0,
, —6Bu* — 5V + ) + ﬁ\/uﬁ (2562 — 346¢ + 25¢2 + 1882u2 — 12v/28u(5 + ()
mA — 5
2 42
. 68u* + 5v/2u3(8 4 ¢) + \/i\/uﬁ (2502 — 34.5¢ + 252 + 18822 — 12/2Bu(6 + ()
mA - - .
3 4u2

(A.5)

A.4 Collision term of the Boltzmann equation for DM
conversion process &6 — €&

In this section, we have derived the Boltzmann equation for an interaction which converts
one type of DM into another i.e. && — &£, as discussed in section 2.4.3. In this process,
both initial and final states particles are DM candidates which are not in thermal equilibrium
during and after their freeze-out. The situation is completely different when each type of DM
annihilates into the SM particles in thermal equilibrium. The collision term of the Boltzmann
equations depends strongly on whether the final state particles in a scattering process are in
thermal contact with thermal bath of the Universe or not. This actually modifies the form of
the collision term which reduces to the known form when outgoing particles are in thermal
equilibrium. The contribution of the process &, — &£ to the collision term of & is given
by

9é, C[féz] =
e | EE R o
2

- /ng?dHf2dH51dH§1(27T)4 54<p€2 +p52 — P& — pgl) ‘ME2§72—>§1§71‘ X

(ffz(‘ﬁfz‘ ) T) fgz(}ﬁﬁ_g‘ 7T) - ffl(’ﬁ&’ aT) fél(’ﬁfl ) T)) ) (A7)
where, p; is the four momentum of species ¢ while the corresponding three momentum and
gi d°pi;
(27)3E;

energy are denoted by p; and F; respectively. The phase space factor dIl; = with g;
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is the internal degrees of freedom of species ¢ having distribution function f;(|p;|,7"). Here
we have neglected the factors related to Pauli blocking for fermions (DM candidates) as
those are not significant enough for the present context. Furthermore, |M52§2 _,§1§1| is the
Feynman amplitude square of the concerned process &6, — €& and it is spin-averaged over
both initial and final states particles. The above collision term can also be as

2 Eg + E:
_/dH§2dH€_2 /ngldH&(Q?T)4 (54(1752 + D, — Pey — pﬁ_l) |M€2§2%£1€_1| exXp (_QT&) X

<f§2(|ﬁ§2| 7T) f52<|ﬁ§2} ’T) _ f§1(|ﬁ€1|7T> fgl(‘ﬁ&

E¢ e, Ee f‘;gT)> ' (A.8)
R ey o e o e

In the denominator of the last term, we have used the energy conservation condition i.e.
Ee, + Eg, = E¢, + Eg . The distribution function of a DM species & which not in equilibrium
e — Eﬁi
T
potential pe, # 0 and g, = 0 represents the equilibrium distribution function of & which is
_ By fe. _ ng
fir

(both thermally as well as chemically) can be written as fe, = exp with chemical

where the number

just fo! = exp . Therefore, one can easily show that

density ng“q) is defined as

/ £ a5, (A.9)

Using this, the terms within the brackets in equation (A.8) can be replaced by number
densities of & and & as

:
- / dH&ngz {/dnﬁldnﬁ (27T)4 54(1952 +p§2 —Pa — p51> ’M§2£72—>§1£71) } X

Ee, + Ef ng, Mg, Ng, Ng
exp(— §T €2> <_§q_§(2:1__§q_§(1])' (A.lO)

Now, the quantity within the curly brackets is equal to 4 ov E¢, E¢, with o being the annihi-
lation cross section of && — &1&;. Substituting this in the above we get

1 d*pg, d*P, E, + E,
{n?j cq / (27)% (27)® 5 (TV)es, 5606, OXP T X
s i
Tea Mgy — n—eé —qha g | (A.11)

where, the quantity within curly brackets is the thermal averaged cross section (0ve,¢, ¢,é)-
Therefore, in terms of the thermal averaged cross section, the collision term of & due to DM
conversion process is given by

eq ,,€d
M, n§2
_<UV§2€2H5151> T, Mgy — ned neqn& ng | - (A12)
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In this work, we have assumed that there is no asymmetry between the number densities of

DM candidate & and its antiparticle & and therefore, ngq) = né—éq). Hence, the contribution

of £&,6, — &€& to the collision term of & is given by

eq 2
—(0Ve 8,18, )% Tz, — Te ng (A.13)
&282—81&1 &2 nzq & (0 :
1

while the collision term of &; also has an additional contribution which is exactly identical to
the above except the overall —ve sign will be replaced by a +ve sign as the DM conversion
process &6 — €& increases the number densities of both & and &.

A.5 The 4x4 rotation matrices for diagonalization of
the real scalar mass matrix

Here we have shown the 4 x 4 rotational matrices, used in the diagonalization of the mass
matrices discussed in section 2.5

OS = 05120513 0514 0524 0523 0534 <A14>

where Og,; represents the rotation in i-j plane.

cosbis sinfip, 0 0 cosf i3 0 sinfi3 0
N — sin 012 COS 912 0 0 . 0 1 0 0
0812 - 0 0 1 0 ’ 0813 - — sin 913 0 cos 913 0 (A15)
0 0 01 0 0 0 1
cosfyy 0 0 sinfyy 1 0 0 0
0 1 0 0 0 cos@ 0 sind
Osi. = 0 01 0 Oso = | 0 . 1 0 B (A.16)
—sinfyy 0 0 cosfyy 0 —sinfyy 0 cosbyy
1 0 0 0 10 0 0
| 0 cosbtlys sinths 0 1 01 0 0
Osy; = 0 —sinfy3 cosfy; 0O , Ogyy = 0 0 «cosflyy sinfsy (A.17)
0 0 0 1 0 0 —sinf3; cosbsy

A.6 The 3x3 rotation matrices required to diagonalize
the pseudo scalar mass matrix

Here we have shown the 3 x 3 rotational matrices, used in the diagonalization of the mass
matrices discussed in section 2.5

COS (¥12 COS (V13 sin 1o cos a3 sin a3
Op == —sin 12 COS (x93 — COS (¥12 sin 93 sin 13 COS (12 COS (x93 — sin 12 sin Oéggsinoqg sin 93 COS (V13
Sin ar1o Sin i3 — COS (v9 COS (ro3 SN (13~ — COS (v12 SiN (v93 — SIN (v9 COS (vog SIN (v13  COS (x93 COS (V13
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APPENDIX B

Here some detail calculations have been shown related to the work discussed in chapter 3.

B.1 Physical Masses of Gauge Bosons

Covariant derivatives of the scalar fields in DLRM can be written as
D& = 89,®— i%(a.WLM)Q) + i%@(a.WRM)
Dyxr = Ouxr — i%(U-WLu)XL —1 gBL QBLB;XL
Duxe = uxn — 1% (@ W)X — i 951 Qo B (B.1)

where
oWrir, = WE’/ By \/EWLJF/R” ;
/i \/§WE iy Wg /Ru

The corresponding kinetic Lagrangian of scalar fields are

Lscatar = TT[(D/L@)T(D#@)} + (DuXL)T(DuXL> + (DMXR)T(DuXR)' (B.3)

Considering the scalar vevs as,

<@>_(5;% i) = () o = (o)

The charged vector boson mass matrix can be written as

M2, = ( %U%Q%jl“ T (kE+k3) g7 L 2_%gf9R2klk2 s ) (B.4)
59LIRrk1k: iVRIR + 3 (K1 +K35) g%
whereas the neutral vector boson mass matrix is
s97 (B + k3 +v)  —igugr (K] +k3)  —gBLgLv?
Mo = —%QLQR (k3 + k3) %9% (k3 + k3 4+ vR) _%gBLgRU%% (B.5)
—19BLYLVY —19BLYRVE, 981 (V7 + vR)
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As expected, the neutral gauge boson mass matrix has one vanishing eigenvalue, correspond-
ing to massless photon. After diagonalisation of the mass matrices we can represent the gauge

fields in terms of physical gauge boson states as

e e
W3 — _ZL + —A +0 ZR
Eu o " g :
gy € gy
W3 . — ZL —|— —A —|— _— ZR
o grgr " gr " gL
€9y € gy
B = - Jin+—A,— == Zp B.6
: gr9gsr 5 g " gr g (B.6)
Also, we can express these couplings as, sinfy, = iL and cosfy = iy with 6y being the

Weinberg angle. In DLRM, Z;, and Zg, will also mix as the bi-doublet ® transform non-
trivially under both SU(2);, and SU(2)r gauge groups. The mixing can be represented

as

Zr, = cosd Z, —sind Zl:
Zpy = sind Z, +cosd 7,

where the mixing angle can be written as

2 MO 2
tan 20 = ( L’R)
(Mp)? — (Mp)?
with

(M0)2 — 62(9% + 932/)2(k% + k% + U%)

1 89195
(M? R)2 y e(g; + 9v)(gR(k + k3) — 9B v1)

: 49BL9L9R

0y = 9 (29L9Rvi + 9r(k + K3+ Vh) + g (VL + Vi)
L =

895197
The charged vector boson states are
Wf# = cos( Wi —sin( Wi
Wy, = sin¢ Wi, + cos¢ Wy,
with 12
LR
tan QC = M
where,
1
Mp = Jgi(ki+ k5 +vp)
1
My = 29k + k5 +vR)

1
Mip = _§ngRk1 ko
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After diagonalisation of {W;5, W=} to {W;", W}, we can have the corresponding mass-
squared terms for the charged physical gauge bosons as,

Mf — (gi(kf + kg + U%)COSQC — 291,9rk1kosin2¢ + g%(kf + kg + U%)Sin2C) (B.17)

M3 = — (gh(K + k3 + vR)cos’C + 2g1.grkikosin2( + g7 (k7 + k3 + v] )sin*¢) (B.18)

g N

Note that we have taken ky; = 0 which is equivalent to vanishing tree level mixing angle
(. One can however generate radiative mixing between charged vector bosons, but that is
typically very small < 1077 [231]. Note that although we write W1, W5, Z, Z' as physical
massive gauge boson states here to show the details, in the main text we continue to use
Wi, Wr, Zr,, Zr for better clarity.

B.2 Fermion-gauge boson interactions in DLRM

In this section, we note down the fermion interactions with massive vector bosons. The
kinetic term of leptons in DLRM is given by

Lo =il D 0 + il g (B.19)
where,
.g . g
DﬁgL = 8# EL — ZEL(O'.WLM)gL aF U % B#KL (BQO)
D5€R = GM ER > Z‘gg(U.WRu)gR —|—Z QI%L BufR <B21)

The same kinetic Lagrangian is, in fact, applicable to quarks too if we include gluons in the
covariant derivative. We show the interactions with neutral massive vector bosons in table
B.1, B.2 respectively.
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Fermions Z'in LRSM

ELYueL i <QBLth23;;0WCOS6 + gLCZEZSZ‘;VVSin(s

ERVuCR ) (%thanew ((% — ﬁ) cosd — QSinewsincS))
I L e e~ )

VRYuVR i <(QBL+g§g)zi;a:0Wcosé>

Ty, i < gBLthﬁzr;é)wcosa + gLsinfy (_m N %) Sin(5>
TRV, UR ) <%than9W ( e 39’;) cosd + 4s1n9ws1n(5>
d_Lfy“dL 1 < %LQLEZ%COS& + grsinfy, (% + %) sm5>
T | #(gutanty (B2 | sy

Table B.2: Fermion interaction with Z’ boson.

7 Bosons

Fermions

Zin SM Zin DLRM
eryuer —lg el cos 20w i ( —ggsgsgfvw cosd + gBLgL;zI;QWSM)
CRYuER icogg sin? Oy, i (%@VVVV“’S& ) (% — gBL thaHGWsm(S)
V_L’YHVL 2205#‘” 7 (gL(l ;igzzgvv;Z?I?;fVW)CO@ % gBLgL;zI;?WSiM)
Ly, UL - (C082 Ow — W%) i ( grsinfy, (L — 0w ) oog5 + gBLng?;GWSimS)
TRV, UR —23g sclgsgvv[f 1 (%thanew (—4sin9Wcos5 + (—% + %) Siné))
i, | i o (= (g g oY oo — dnsastanbusin
@’de i%gL S;gsgv‘:/‘/ ) <6than6W (281n9w<3085 + (—% — ;’}Z’;) smé))
W’YMVR 0 i <(gBL+g§;§i;2n0Wsm6>

Table B.1: Fermion interactions with Z boson.

The interaction of neutrino v, charged leptons ¢ with Wy (or Wpg) is similar to the ones
with W, except that gy, is replaced by gg:

ZQR

V2

where we have ignored the details of right handed lepton mixing matrix, taking it to be a
unit matrix.

quPR
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B.3 Annihilation cross-sections of right handed neutri-
nos

The annihilation cross sections of v mediated by right sector gauge bosons are

(a® + %) /1 — @ (2 (2m2 +s) +d? (s — 4m2))

O-VRE—HJE = 1927TM§R (B22)

2
B 4m(Z

S 2 4 2 2 2 2 2 2
R R

MéR(a - b)) + S(M{;R (a2 + bQ) (62 + d2)

— Mg, M7 (a+b)(c+d) +2M§R(a+b))> (B.23)

where 4 )
_ 9o tanbw g5, + g

2 29BL 9R

a=1b (B.24)

gL tanOw 2951 —9%
2 29BLY
gr, tan Oy 3gR_2gBL
2 69BL9R
__gr tanfw 293L+g123
2 29BLYR

(for charged leptons)
(for up type quark) (B.25)
(for down type quark)

C =

_%:;lﬁ(’w gr (for charged leptons)

d= ng (for up type qua,rk) (B'26)

4981,
__gr tanfw

o gp  (for down type quarks)

We consider the mixing between left and right sector gauge bosons to be negligible and hence
do not take it into account in our analysis.
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APPENDIX C

Here some detail calculations have been shown related to the works discussed in chapter 4.

C.1 Full calculation of the Lagrangian of fermionic triplet
)y

In this section, the full calculation of the Lagrangian in section 4.2.1 have been discussed.First,
we have constructed a fermionic triplet ¥ using X and its CP conjugate Xz° = CZ_RT as
Y = ¥r+ ¥R The Lagrangian of ¥ can be written as
_ .
Lo %Tr[E PE] - s TS Mz 3, (C.1)
¥ . N .
&= %TI‘[ER w ZR] I %TI‘[ERCJD ERC] — (5 TI'[ERC ME ER] + hC> . (C2)

The covariant derivative of Y is defined as

DMER = 8MER —+ Zg

3 a
9 a
Z;WM’ER} , (C.3)

a=1

where, g is the SU(2);, gauge coupling and W¢ (a = 1 to 3) are three corresponding gauge
bosons. Now, using the expression of ¥ given in equation (4.1), the covariant derivative of
Yg can be further expressed in terms of the components of g as

\@(W; Sp—-W,oSh) 2WESh - wish)

2(W, 5% —Wixy) \/§(le Sh-Wish) ) - (G4

D,Sr = aquJr%(

Moreover, using equation (4.1) and the definition of X%, the CP conjugate of X can also
be expressed in a 2 X 2 matrix notation as

Xh = (Z%zléﬂ _;(1)?;\/5) : (C.5)
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Similarly, using equation (C.3) and equation (C.5), the covariant derivative of X, is given
by
c c 19

VB SE = W S5 203 85— Wi ) ) .o
2 (©

2(W, %" — W Y1) \/§(le I W, ¥ E)

Now, using equation (C.4), let us simplify the first term of equation (C.2):

7 _
ETI‘[ZR m ER]
P _ _ _ _
- < (ZR95% + Sz 975 + DL 9% ) - ; (2S s Wt - 2T W,
H2 TR TR W, = 2T S Wi 4 2SE TR WE - 25 TR WE) L (C)

il —q
Moreover, using the relations X}° = C' X5 and X% = C X% | one can further rewrite the
above equation in terms of ¥1° instead of X, as

7 L
§TI"[ER lp ER]
Pt r— _ P @ =0 - =i C c _
= (SROTh+ TROTR+DEITE) - 2 (2SR + 2 TE TR W
F2RRAHEL W + 2ER SR W — 2BEAESE WS — 2D Sy W3> . (C8)

In the above equation, we have used the following properties of charge conjugation operator:

C_l’yuc = _’Y;{a
ClywsC = i,
o — T
ol = ¢, (C.9)

Similarly, let us simplify the second term of equation (C.2) using equation (C.6):

1 —
§Tr[ERC lD ZRC]

1 (Soc c o) _c P——7) c -0 C & -0 C _c _
= 2 (B 058" + TR 957 + S 95f) - . (X st Wi — 2S5y s W

F2X A W — 28 S W 4 28 S W — 2 N Wj) . (C.10)

One can change the field $3° by ¥ in the above equation using the relation X5 = C’E_I_%
and the properties of C' operator mentioned in equation (C.9) as

7 -
§TI[ERC lD ERC]

1 <0 cC c —— _ e c -0 C c r—— —
= < (2% PI0° + 3= I0y + D5 IS ) - % (2 SO W 4 25 S W

F2DE AL W 4+ 2D S, Wi — 25y Sy W2 — 255545k Wj) . (Ca1)
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Now, adding equation (C.8) and equation (C.11), we get
{Jp— {J—
§T1"[ZR lD ZR] + §TI'[ERC$ ERC] s
(e -0 cC c R f—— —_ —) c — — —G) c —
= & (RIS +SHIS) +i (SRITh+ Sk 055) — g (SR Sh W, + SRSk W,
FEIAER Wi+ EX SR W — SRR WE - sy Wj) . (C.12)

I

Let us define two fermionic state as

G\ Sr3h + X, (C.13)
YT = Yp+ X0, (C.14)

Finally, we can write the equation (C.12) in terms of ¢° and ¢~ as
p— i =
5 TEr P 3r] + STr{Ep" PEr],
1 — — g — _ ——
= 59 P +ig= P —g (YW + he) + gyt W) (C.15)

Furthermore, we can also simplify the mass terms in equation (C.2) as well using the
expressions of Xr and Xg° (equations (4.1 and C.5)) and considering My, real, i.e.

1 = TU—
—5 TI‘[ERCME ZR] — —TI‘[ERMEERC]

M C C —C M C E_C C
e (zozo I S D S 5o ) = (20 20 + D-°5E 4 DY ) ,(C.16)

—T
Now, using the relation E}F =C E}? , one can have the following identities

TiZr = TR
TRk = SRR (C.17)

Therefore, using equation (C.17), we can further simplify the mass terms of triplet 3 as

1 | == j P F
—5 TI‘[ZRC ME ER] T §TI‘[ER Mg ZRC]

ME c 0 C —— c - C—
_ 2 (T8 + T7h) - My (ZR25°+5FR)
= I - My (C.18)

while deriving in the last line we have used the definitions of 1° and 1~ fields given in
equation (C.13) and equation (C.14). Finally, using equation (C.15) and equation (C.18),
we can write the Lagrangian of the triplet field Y in terms of newly defined two fields ¢°
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and ¢~ as

i = 1
Lo = TS DY) — 3 T[S M3, (C.19)

1 —

= §TT[ZR¢ZR] + %TI"[ERCE ERC] — (5 TI'[ZRC ME ER] + hC) s

= TR iU Pu — I — Mgy

—gq (¢_—7“¢0 W~ + h.c.) + gzﬂ__'y“@b_Wj’ ) (C.20)

C.2 A, Multiplication Rules

Here we have shown the multiplication rules of A, group discussed in section 4.3. Ay,
the symmetry group of a tetrahedron, is a discrete non-abelian group of even permuta-
tions of four objects. It has four irreducible representations: three one-dimensional and
one three dimensional which are denoted by 1,1’,1” and 3 respectively, being consistent
with the sum of square of the dimensions Y ,n? = 12. We denote a generic permutation
(1,2,3,4) — (n1,n9,n3,ny) simply by (n;nensng). The group A, can be generated by two
basic permutations S and 7" given by S = (4321), T = (2314). This satisfies

S§?=T°=(ST)*=1

which is called a presentation of the group. Their product rules of the irreducible represen-
tations are given as

11=1
91l =1"
'l =1
1"21" =1

33=1211"®3,® 3

where a and s in the subscript corresponds to anti-symmetric and symmetric parts respec-
tively. Denoting two triplets as (a1, b1, ¢1) and (as, by, c2) respectively, their direct product
can be decomposed into the direct sum mentioned above. In the S diagonal basis, the
products are given as

1« ajas + bibs + cico

1 v ajas + w?byby + weice

1" «~ ajas + wbyby + w?cica
3s v (bica + c1bg, ci1as + aicz,a1by + byay)
3a v (bicz — c1bz, c1a3 — ajcz, a1by — biay)

In the T" diagonal basis on the other hand, they can be written as

1 ajas + b102 + C1b2
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]_, “ C1Co + albz + b1a2

]_” “ b1b2 + Cciaz + aj;cCsy

1
3s 5(23132 — bics — ¢1ba, 2¢1c2 — a;by — byas, 2bibs — ajce — cras)

1
3a §(b102 — c1bz,a;by — bjay, cjas — a1c2)
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