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Abstract

The standard model of particle physics provides an elegant description of

matters and forces of nature as the building block in its most fundamental form.

Decades-long theoretical and experimental journey, most of them through im-

mense collaborative efforts from Humanity, finally established a self-consistent

theory of particles and their gauge interaction, depicting the strong, weak, and

electromagnetic force. An enormous amount of data so far from different col-

lider and celestial experiments measured different parameters of this model very

precisely, shaping this model.

Alas, we still firmly believe this only as an effective low every theory - just

revealed the tip of the iceberg. A considerable chunk remains imperceivable to

us, probably describing a richer dark sector, which constitutes eighty percent of

the matter of the Universe. The evidence of dark matter has spread over a wide

range of scales, e.g., from the galaxy scale to the cosmological scale, in various

experiments. Our standard model cannot provide any clue if it has anything to

do with the particles and forces of fundamental nature. There are several other

convincing results, such as matter anti-matter asymmetry and the tiny but non-

zero neutrino mass, which only strengthens this impression. A fierce hunt for

new physics is underway at the present high luminosity run of the Large Hadron

Collider. Many exotic theories have been developed to make it work or address

some of these puzzles. The present thesis studies some of these well-motivated

new physics models winding around different dark matter scenarios.

The first set of analyses explores different extended realizations of the singlet

doublet scenario. We start with examining a simple extension of the standard

model with a pair of fermions, one singlet, and a doublet in a common thread

linking the dark matter problem with the smallness of neutrino masses associ-

ated with several exciting features. In the presence of a small bare Majorana mass

term, the singlet fermion brings in a pseudo-Dirac dark matter capable of evad-

ing the strong spin-independent direct detection bound by suppressing the dark

matter annihilation processes mediated by the neutral current. Consequently, the

allowed range of a mixing angle between the doublet and the singlet fermions is

enhanced substantially. Interestingly, the presence of the same mass term in an

association with singlet scalars also elevates tiny but non-zero masses radiatively

for light Majorana neutrino satisfying observed oscillation data.

We further extend to study an appealing alternative scenario of leptogenesis

assisted by the dark sector, which leads to the measured baryon asymmetry of

the Universe. The dark sector carries a non-minimal set-up of singlet doublet
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fermionic dark matter extended with copies of a real singlet scalar field. A small

Majorana mass term for the singlet dark fermion, in addition to the typical Dirac

term, provides the more favorable dark matter of pseudo-Dirac type, capable of

escaping the direct search. Such a construction also offers a formidable scope for

radiative generation of active neutrino masses. In the presence of a (non)standard

thermal history of the Universe, we perform the detailed dark matter phenomenol-

ogy adopting the suitable benchmark scenarios, consistent with direct detection

and neutrino oscillations data. Besides, we have demonstrated that the singlet

scalars can go through CP-violating out of equilibrium decay, producing ample

lepton asymmetry. Such an asymmetry then gets converted into the observed

baryon asymmetry of the Universe through the non-perturbative sphaleron pro-

cesses owing to the presence of the alternative cosmological background consid-

ered here. Unconventional thermal history of the Universe can thus aspire to lend

a critical role both in the context of dark matter and in realizing baryogenesis.

In another work, we further discuss the non-thermal production of dark matter

in a scalar extended singlet doublet fermion model where the lightest admixture

of the fermions constitutes a suitable dark matter candidate. The dark sector is

non-minimal with the MeV scale singlet scalar, which is stable in the Universe

lifetime and can mediate the self-interaction for the multi-GeV fermion dark

matter, mitigating the small-scale structure anomalies of the Universe. If the

dark sector is strongly coupled, it undergoes internal dark thermal equilibrium

after freeze-in production. We end up with suppressed relic abundance for the

fermionic dark matter in a commonly conceived radiation-dominated Universe.

In contrast, the presence of a modified cosmological phase in the early era drives

the fermionic dark matter to satisfy nearly the whole amount of observed relics.

It also turns out that the assumption of an unconventional cosmological history

can allow the GeV scale dark matter to be probed at LHC from displaced vertex

signature with improved sensitivity.

In our next set of investigations, we probed the importance of thermal effects

in dark matter production. To realize the same, we examine a scenario for freeze-

in production of dark matter, which occurs due to the large thermal correction to

the mass of a decaying mediator particle present in the thermal bath of the early

Universe. We show that the decays, which are kinematically forbidden otherwise,

can open up at very high temperatures and dominate the dark matter production.

We explore such forbidden production of dark matter in the minimal U(1)B−L

model, comparing dark matter phenomenology in the context of forbidden frozen-

in with the standard picture.

We further investigate a freeze-in production of the dark matter considering

the thermal effects in a minimally extended U(1)Lµ−Lτ framework that remains
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consistent with the recent muon (g−2) data. Here, the scalar plays the role of the

dark matter with a non-trivial charge under the additional symmetry U(1)Lµ−Lτ .

This scalar dark matter obtains a thermally corrected mass at high temperatures

for a not-so-small self-coupling. We show that the thermal correction to the dark

matter mass plays a significant role in the dark matter phenomenology.

In this thesis, we explored diverse mainstream paradigms consisting of ‘weakly

interacting massive particle’ (WIMP) and ‘feebly interacting massive particle’

(FIMP) as dark matter in the context of different models. We also discuss the

scope of generating observed neutrino masses and the production of baryon asym-

metry via the leptogenesis mechanism. Two important aspects, such as the ther-

mal effects in masses and cosmological evolution in the early Universe, can affect

the dark matter evolution. The significance of the same is probed by looking at

the subtle footprint it may have left on dark matter phenomenology.





Contents

Acknowledgements i

Abstract iii

Contents vii

1 Standard Model of Particles and Quest for New Physics 1

1.1 The Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Fermion Sector . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.2 The Gauge Sector . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.3 Electroweak symmetry breaking and Higgs mechanism . . 3

1.1.4 Mass generation of the gauge bosons . . . . . . . . . . . . 5

1.1.5 Yukawa interaction of fermions . . . . . . . . . . . . . . . 6

1.2 Quest for Physics Beyond SM . . . . . . . . . . . . . . . . . . . . 6

1.2.1 Dark Matter . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.2 Neutrino Mass . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2.3 Baryon Asymmetry . . . . . . . . . . . . . . . . . . . . . . 11

1.3 Outline of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Early Universe and Dark Matter 17

2.1 Observational evidences of dark matter . . . . . . . . . . . . . . . 17

2.1.1 Discovery of missing mass “Dark Matter” . . . . . . . . . 17

2.1.2 Rotation curves . . . . . . . . . . . . . . . . . . . . . . . . 18

2.1.3 Bullet Cluster . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.1.4 Gravitational Lensing . . . . . . . . . . . . . . . . . . . . . 21

2.1.5 Cosmic Microwave Background . . . . . . . . . . . . . . . 22

2.2 Brief Review on the Early History of the Universe . . . . . . . . . 25

2.2.1 Standard Early History of the Universe . . . . . . . . . . . 25

2.2.2 Non-Standard History of the Early Universe . . . . . . . . 29

2.2.3 BBN Constraints on Non-Standard parameters . . . . . . . 31

2.3 Thermodynamics and The Evolution of the Universe . . . . . . . 32

vii



viii CONTENTS

2.3.1 Boltzmann Equation . . . . . . . . . . . . . . . . . . . . . 32

2.3.2 Abundance analysis of the out of equilibrium species . . . 35

2.3.3 WIMP Dark Matter: Freeze-Out . . . . . . . . . . . . . . 36

2.3.4 FIMP Dark Matter: Freeze-In . . . . . . . . . . . . . . . . 40

2.3.5 DM Halo profile . . . . . . . . . . . . . . . . . . . . . . . . 42

2.3.5.1 DM density profile . . . . . . . . . . . . . . . . . 42

2.3.6 Problems in small scales structures . . . . . . . . . . . . . 43

2.3.7 Self-interaction of dark matter: Solution to the small scale

problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.4 Dark Matter Searches . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.4.1 Direct Detection . . . . . . . . . . . . . . . . . . . . . . . 46

2.4.2 Indirect Detection . . . . . . . . . . . . . . . . . . . . . . . 51

2.4.3 Collider searches . . . . . . . . . . . . . . . . . . . . . . . 52

I. Dark Clues with Extended Singlet Doublet Scenarios 55

3 Pseudo-Dirac dark matter with radiative neutrino mass 55

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.2 The Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.3 Dark Matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.4 Neutrino Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4 Seesaw and leptogenesis with non(standard) cosmology 71

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.2 Structure of the model . . . . . . . . . . . . . . . . . . . . . . . . 72

4.3 Model Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.4 Fast expanding Universe . . . . . . . . . . . . . . . . . . . . . . . 79

4.5 Revisiting dark matter phenomenology . . . . . . . . . . . . . . . 80

4.5.1 Spin independent direct search . . . . . . . . . . . . . . . . 81

4.5.2 Dark matter in presence of (non)standard thermal history 82

4.6 Neutrino mass generation . . . . . . . . . . . . . . . . . . . . . . 85

4.7 Baryogenesis via Leptogenesis from scalar decay . . . . . . . . . . 86

4.7.1 Boltzmann’s equations and final baryon asymmetry . . . . 88

4.8 Results for neutrino mass and leptogenesis . . . . . . . . . . . . . 90

4.9 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . 94

5 Self-interacting freeze-in dark matter 97

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.2 The Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98



CONTENTS ix

5.3 Dark matter relic . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.3.1 Radiation dominated Universe . . . . . . . . . . . . . . . . 100

5.3.2 Non-standard Universe . . . . . . . . . . . . . . . . . . . . 105

5.3.2.1 Faster than kination phase . . . . . . . . . . . . . 106

5.3.2.2 Kination phase . . . . . . . . . . . . . . . . . . . 108

5.4 Discussion on Collider searches . . . . . . . . . . . . . . . . . . . 112

5.5 Dark matter self-interaction . . . . . . . . . . . . . . . . . . . . . 115

5.6 Brief comment on DM direct detection . . . . . . . . . . . . . . . 118

5.7 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . 118

II. Forbidden Freeze-in Dark Matter 121

6 Freeze-in Dark Matter Phenomenology with U(1)B−L 121

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.2 The scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.3 Thermal corrections . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.4 Theoretical and experimental constraints . . . . . . . . . . . . . . 127

6.4.1 Theoretical constraints . . . . . . . . . . . . . . . . . . . . 127

6.4.2 Experimental Constraints . . . . . . . . . . . . . . . . . . 128

6.5 Dark Matter Phenomenology . . . . . . . . . . . . . . . . . . . . . 129

6.5.1 Case A: Complete FFI region when MZBL > M1 > ms . . 133

6.5.2 Case B: Partial FFI region when MZBL > ms > M1 . . . . 136

6.6 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . 138

7 A case study with U(1)Lµ−Lτ 141

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

7.2 The model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

7.3 Constraints and additional issues . . . . . . . . . . . . . . . . . . 144

7.3.1 Neutrino scattering experiments . . . . . . . . . . . . . . . 144

7.3.2 LHC constraints . . . . . . . . . . . . . . . . . . . . . . . . 145

7.3.3 Dark matter constraints . . . . . . . . . . . . . . . . . . . 145

7.3.4 Muon g − 2 . . . . . . . . . . . . . . . . . . . . . . . . . . 146

7.3.5 Neutrino mass . . . . . . . . . . . . . . . . . . . . . . . . . 146

7.4 Freeze-in production and the impact of thermal corrections . . . 147

7.4.1 λHφ, λSφ << nµτgµτ . . . . . . . . . . . . . . . . . . . . . . 149

7.4.2 λHφ, λSφ ∼ nµτgµτ . . . . . . . . . . . . . . . . . . . . . . . 153

7.5 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . 156

8 Summary and Conclusions 158



x CONTENTS

A Boltzmann Equation to Study Leptogenesis 163

A.1 Boltzmann equation for YN . . . . . . . . . . . . . . . . . . . . . 164

A.2 Boltzmann equation for YB−L . . . . . . . . . . . . . . . . . . . . 164

B Realization of Pseudo-Dirac fermion 169

C Analytical formulation of the lepton asymmetry parameter 171

D Feynmann Diagrams for DM production, Direct Detection and

Indirect Detection 175



Chapter 1

Standard Model of Particles and

Quest for New Physics

The eternal curiosity of understanding the mysteries of Nature and exploring their

relations to the basic building blocks of our Universe directed us into construct-

ing a self-consistent periodic table of fundamental particles. In the course of such

development, a series of theoretical formation and experimental verification over

the last several decades have delivered us an incredibly successful standard model

(SM) [1–4] of particle physics. This model has the potential to explain the inter-

action and the dynamics of the fundamental forces with the elementary particles.

Over the years, the experiments have supported this model by discovering all the

fundamental particles.

Although the Standard Model theory is undoubtedly very successful, it suffers

from some limitations as it fails to explain dark matter (DM), neutrino mass,

matter-antimatter asymmetry, etc. These shortcomings motivate us to study

physics beyond the standard model. Now we briefly discuss the Standard model.

1.1 The Standard Model

The Standard Model describes the interaction of all the fundamental particles and

three of the four fundamental forces of Nature: the strong force, the weak force,

and the electromagnetic force. The SM does not incorporate the gravitational

interaction since the quantum description is yet unknown. Moreover, it is much

weaker to contribute meaningfully at the subatomic scale when other interactions

play a vital role. SM is based on the gauge group SU(3)c × SU(2)L × U(1)Y ,

where c, L and Y represent the color, left-handed isospin, and the hypercharge,

respectively. The gauge symmetry SU(3)c dictates the interactions of the strong

sector. The weak and the electromagnetic interaction is governed by the gauge

1
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group SU(2)L × U(1)Y . The particle contents of the SM are listed in Table 1.1.

The matter comprises six quarks and six leptons, which are distributed over three

generations. Quarks are the multiplets of SU(3)c where the leptons are singlet

under this group. Quarks have strong interaction mediated by the massless gauge

boson gluons.

Spin Nature Particle SU(3)c × SU(2)L × U(1)Y

1
2

Quarks QL (3,2,1
6
)

uR, dR (3,1,2
3
), (3,1,1

3
)

Leptons lL (1,2,−1
2
)

eR (1,1,-1)
1 Gauge Bosons Ga

µ (8,1,0)
W i
µ, Bµ (1,3,0), (1,1,0)

0 Scalar H (1,2,1
2
)

Table 1.1: The Standard Model particle spectrum and their charge assignment
under the Standard Model gauge symmetry: SU(3)c × SU(2)L × U(1)Y .

The weak interaction is mediated by the W±, Z where W± is responsible for

charge current interaction, and the neutral current interaction involves Z, an

admixture of the W 3 and B boson. The massless gauge boson photon (γ) is the

force carrier for the electromagnetic interaction. The gauge bosons W and Z

acquire masses after the spontaneous symmetry breaking, commonly known as

Higgs Mechanism [5–8]. Due to this mechanism, a part of the SM gauge group

SU(2)L × U(1)Y is broken to U(1)em while the SU(c)c remains Unbroken. Here

the interaction of the gauge boson with the Higgs boson takes place through

the kinetic term of the Higgs boson. The fermions interact with the Higgs via

the Yukawa interaction, and they become massive after the symmetry breaking

because of this interaction with the Higgs. All the interactions of the SM can be

described completely by the following Lagrangian

L = LMatter + LGauge + LScalar + LFermion (1.1)

1.1.1 Fermion Sector

The matter fields of the SM consist of the fermion fields. All the fermion fields

have different charges under different groups, demonstrating the transformation

under a particular gauge group. Here, the left-handed fermion fields transform

as a doublet, whereas the right-handed one transforms as a singlet under SU(2).

The Lagrangian of the fermions can be expressed as
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LMatter =
∑
f

iψ̄f /Dψf (1.2)

where /D = γµDµ and the covariant derivative of the SM gauge group and has

the following structure

Dµ ≡ ∂µ + igs
λa

2
Ga
µ + ig

σa

2
W a
µ + ig′Y Bµ (1.3)

Where gs and g are the gauge coupling constants associated with the groups

SU(3) and SU(2) respectively and determine the interaction strengths, the g′

represents the coupling constant of U(1)Y . The parameter λa(a = 1, 2...8) refers

to the generators of SU(3) which are known as Gell-Mann matrices, and σa are

the Pauli matrices which represent the generators of SU(2). Here Ga
µ,W

a
µ and Bµ

are the massless field of the gauge groups SU(3), SU(2) and U(1)Y respectively.

1.1.2 The Gauge Sector

The kinetic terms for the gauge fields are given by

LGauge = −1

4
Ga
µνG

µνa − 1

4
W k
µνW

µνk − 1

4
BµνB

µν (1.4)

Where Ga
µν and W k

µν are the field strengths tensor for the vector field of the non-

abelian group SU(3) and SU(2) and Bµν represents the same of the abelian group

U(1)Y . The field strength tensors have the following definition.

Ga
µν = ∂µG

a
ν − ∂νGa

µ − gsfabdGb
µG

d
ν (1.5)

W k
µν = ∂µW

k
ν − ∂νW k

µ − gεijkW j
µW

k
ν (1.6)

Bµν = ∂µBν − ∂νBµ (1.7)

where fabd is the total antisymmetric structure constants for SU(3) with the color

indices a, b and d. Also, εijk is the total antisymmetric structure constants for

SU(2) where i, j and k are the generation indices.

1.1.3 Electroweak symmetry breaking and Higgs mecha-

nism

Experimentally, it is observed that the gauge bosons and the fermions of the

standard model have finite mass. But, the gauge symmetry does not allow

any mass term for the gauge vector bosons. In addition, the presence of ex-
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act SU(2)L × U(1)Y symmetry forces the fermions to be massless. So the gauge

symmetry must be broken to give masses to the gauge bosons and fermions. This

can be done by the elegant mechanism of spontaneous symmetry breaking. To

break the symmetry spontaneously, a SU(2) complex scalar doublet is needed,

H =

(
φ+

φ0

)
(1.8)

Here both the component φ+ and φ0 are complex scalar. The Lagrangian for this

scalar multiplet takes the following form

LScalar = (DµH)†(DµH)− V (H) (1.9)

Here the first term represents the kinetic term of the scalar, and the second term

refers to the Higgs potential and can be expressed as

V (H) = −µ2
HH

†H + λH(H†H)2 (1.10)

One can obtain a non-zero vacuum expectation value for the Higgs potential

Φ

V(Φ)

Figure 1.1: Higgs potential for µ2
Φ > 0 and λΦ > 0.

with µ2
H > 0 and λH > 0. The minimum of potential corresponds to

〈H〉 =

(
0

v/
√

2

)
(1.11)

where 〈H〉 is called the vacuum expectation value and v = µH/
√
λH . Now the

vacuum breaks the symmetry SU(2)L×U(1)Y down to U(1)em, and it is known as

spontaneous symmetry breaking. The Higgs field can be expressed in the Unitary
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gauge as

H =

(
0

(v + h(x))/
√

2

)
(1.12)

where h(x) is the small perturbation around the minimum of the Higgs poten-

tial. The Higgs boson’s mass can be calculated by using the Equation 1.10 and

Equation 1.12

mh = v
√

2λH (1.13)

In the year 2012, the Higgs boson is discovered at LHC with the mass of 125 GeV.

We know that the Fermi constant fixes the vev to be 246 GeV. Now, utilizing

there values along with the Equation 1.13, one can obtain the quartic coupling

λΦ = 0.3.

1.1.4 Mass generation of the gauge bosons

The masses of the gauge boson, W±, Z, can be obtained by inserting vev from

Equation 1.9 in the kinetic term of the scalar potential.

|DµH|2 =
1

2
(∂µh)2 +

g2v2

4
W+W− +

v2

8
(gW 3

µ − g′Bµ)2 (1.14)

Where W± = 1√
2
(W 1

µ ∓W 2
µ) and the mass of the charged vector boson can be

written as

m2
W =

1

4
g2v2 (1.15)

One can get the mass term for the neutral gauge boson after using the following

relations

Zµ = cos θwW
3
µ − sin θwBµ (1.16)

Aµ = cos θwW
3
µ + sin θwBµ (1.17)

Where θw represents the weak mixing angle widely known as the Weinberg angle

and can be defined as

tan θw =
g′

g
, cos θw =

mW

mZ

(1.18)
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Now, the masses of the neutral gauge boson are given by

m2
Z =

1

2
(g2 + g′)2v2 m2

A = 0 (1.19)

The gauge bosons obtain masses after eating up the three goldstone modes of the

scalar doublet, while the photon respects the spontaneously broken symmetry by

remaining massless. Here, the interaction of the gauge bosons with the Higgs

comes from the kinetic terms in Equation 1.9 as

Dµ ≡ ∂µ + ig2
σa

2
W a
µ + ig1

I

2
Bµ (1.20)

In addition, the relative strengths of the charged and the neutral current are

encoded in the parameter ρ, which has the following form

ρ =
m2
W

m2
Z cos θ2

w

(1.21)

In the SM, the parameter ρ = 1 at the tree level.

1.1.5 Yukawa interaction of fermions

SM is a chiral theory, and because of the chiral structure of the weak interaction,

the bare mass term for the fermions is not allowed within this model. Here

masses of the fermions are generated from the Yukawa interaction with the Higgs

field after the Electroweak symmetry breaking (EWSB) when this scalar acquires

vacuum expectation value and can be written as

−LYukawa = yuQ̄LHuR + ydQ̄LH̃dR + yel̄LHeR + h.c., (1.22)

where H̃ = iσ2H∗. Here yu, yd, and ye are the Yukawa matrices of the up type

quark, down type quark, and charged leptons. It is clear that the masses of the

fermions are proportional to the strength of their Yukawa interaction with the

Higgs fields and are given by mf =
yfv√

2
. It is to be noted that all the masses are

given here at tree level.

1.2 Quest for Physics Beyond SM

Despite the remarkable success of the SM so far, it has several shortcomings.

Among them, some significant ones include the inability to accommodate particle

candidates of dark matter, the non-zero neutrino mass, and the matter-antimatter

asymmetry. So the standard model is an effective theory describing the low energy
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phenomenon. So an extension is needed to accommodate additional new physics

phenomena. In this thesis, we extend particle content or gauge group or both to

address mainly dark matter along other BSM puzzles.

1.2.1 Dark Matter

One of the pressing puzzles of the standard model is the existence of dark mat-

ter. Dark matter can be found in a wide range of astronomical scales in different

experiments, from a few kiloparsecs to a large scale, i.e., the whole size of the

observable Universe. The observations that have played a vital role in supporting

the dark matter presence are the rotation curve, bullet cluster, gravitational lens-

ing, large-scale structure formation, cosmic microwave background (CMB), etc.

Interestingly, the study of CMB makes the presence of dark matter very strong

and gives some estimation. Dark matter has around twenty-six percent share of

the total budget of the energy content of the Universe. In addition, observations

establish that eighty percent of the total matter content of the present Universe

is in the form of dark matter. The current bound on relic density of dark matter

is Ωh2 = 0.1121± 0.0056. Efforts to detect and probe dark matter from different

directions have continued. Despite being the major matter component, we know

very little about its composition, mass, interaction, and other properties except

for the gravitational interaction, by which all celestial measurements have been

made so far. As a result, dark matter remains one of the biggest mysteries of

the Universe. If the DM is made of some (yet unknown) fundamental particles

in Nature, then the properties of the dark matter are given by

• Dark matter has to be stable or at least have a decay time larger than the

present age of the Universe.

• It does not carry any electric charge, i.e., neutral.

• Dark matter is non-interacting means dark matter interaction with itself or

interaction with another particle should be very small.

• It is cold, i.e., it was non-relativistic at the time of radiation matter equal-

ity when structure formation starts. Non-relativistic matter dictates that

the momentum of the dark matter is less than its mass. The velocity of

propagation of DM is also very much smaller than the velocity of light.

Several dark matter paradigm exists in the literature depending on the produc-

tion mechanism and the interaction of dark matter. Among them, the most pop-

ular and well-explored one is the Weakly interacting massive particle (WIMP)

paradigm. There is also another exciting paradigm alternative to WIMP, which
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is a feebly interacting massive particle (FIMP) paradigm. The self-interacting

dark matter picture has been paid attention to for a few years due to its ability

to answer the small-scale problem in cosmology. The next chapter will provide a

detailed description of several different aspects of DM.

1.2.2 Neutrino Mass

The neutrinos are the only neutral matter particles of the standard model inter-

acting with matter through weak and gravitational interactions. It is essential to

mention that the SM possesses the B − L accidental symmetry where B and L

stand for baryon and the lepton number, respectively. This accidental symmetry

and the non-existence of a right-handed partner of neutrinos in the SM establish

that the neutrinos are massless. There are several compelling neutrino oscillation

experiments like KamLand [9], SuperKamiokande [10], K2K [11] etc., which have

confirmed the existence of the tiny mass for neutrinos as well as a finite mixing

among their different flavors.

Though the exact mass of the neutrinos is still unknown, the cosmological obser-

vations such as the study of cosmic microwave background have placed an upper

bound on the sum of the masses of the relativistic spices(neutrinos),
∑

imi < 0.12

eV [12]. Both the oscillation experiment and cosmological observations suggest

studying the tiny but non-zero mass of neutrinos. The smallness of Majorana

mass of the neutrinos may arise from the higher dimensional effective operators.

The most popular one is the dimension five operators of the form HHlLilLj/Λ

proposed by Weinberg where H and lLi are the SM Higgs, and the lepton doublet

and i = 1, 2, 3 is the family index. This non-renormalizable operator has coeffi-

cient fij/Λ suppressed by a mass scale Λ. The Weinberg operator may be realized

with three types of tree level seesaw mechanism: type-I requiring the exchange

of three RHNs; type-II involves the exchange of triplet scalar; and type-III with

the fermion triplet exchange. In addition, there exist several loop mechanisms to

achieve the Wienberg operator known as type IV, V, and VI. Since our study in-

volves type-I seesaw and the radiative generation of neutrino mass so will briefly

describe these two mechanisms here.

• Type-I seesaw Mechanism

The Type-I seesaw mechanism [13–18] is the most well-known way of gener-

ating neutrino mass and addressing their experimentally observed mixing.

The smallness of the neutrino mass can be described by the presence of a

large energy scale. In this context, the fermion sector of the SM is extended

by three right-handed neutrinos (NRi=1,2,3). The following Lagrangian can
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describe the masses and interaction of these RHNs

−LType-I = Yαil̄LαH̃NRi +
1

2
MijN̄

c
Ri
NRj + h.c., (1.23)

Where Yαi denotes the matrix of Yukawa coupling for the neutrinos. Here,

the bare Majorana mass terms for the RHNs are allowed by the SM gauge

symmetry. After the EWSB, the neutrinos acquire Dirac mass (mD), where

(mD)αi = Yαiv√
2

. Now the mass matrix of all the neutrinos is given by

Lmass =
(
ν̄L N̄ c

R

)( 0 mD

(mD)T M

)(
νcL
NR

)
+ h.c., (1.24)

where νL represents the left-handed field of the SM neutrinos and mD, M

both are the 3× 3 mass matrices, respectively. After the block diagonaliza-

tion with the assumption that mD �M , one gets the two mass eigenvalues

as

mν ' mDM
−1(mD)T (1.25)

mheavy ' M (1.26)

One can determine the mass eigenvalues and the mixing of the neutrino by

diagonalizing the light neutrino mass matrix as

mν = U∗νm
diag
ν U †ν (1.27)

where mdiag
ν = diag(m1,m2,m3) comprises of mass eigenvalues and Uν is

the PMNS matrix [19]. Here, we are in a basis where the mass and the

flavor eigenstates of the charged leptons are identical which manifest that

the diagonalizing matrix becomes an identity matrix.

Few other variants of the seesaw mechanism exist in the literature, including

Type-II seesaw [18,20–23], Type-III [23] and Inverse seesaw [24,25] mecha-

nisms though we are not going to discuss this mechanism in detail. Now we

briefly describe the radiative generation of neutrino mass in the upcoming

section.

• Radiative Mass generation of neutrino

Several possibilities for the radiative generation of neutrino mass can be

found in literature [26–30]. The most popular one is the mass generation

in the context of an extended version of the inert Higgs Doublet (IHD)

model [31, 32] which is the special case of the so-called two Higgs doublet

model [33, 34]. In addition to the IHD, three right-handed neutrinos are
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added to the model, similar to the Type-I seesaw. In this scenario, an extra

discrete symmetry Z2 is introduced under which all the newly added fields

change their sign while all the SM fields transform trivially. Such a charge

assignment forbids the usual Yukawa interaction of the heavy neutrinos with

the SM leptons and the Higgs. Though the Yukawa interaction of RHNs

with the leptons is allowed in the presence of the IHD. The most general

renormalizable Lagrangian respecting SM as well as the additional discrete

Z2 symmetry is given by

−LType-I = Yαil̄Lα η̃NRi +
1

2
MiN̄

c
Ri
NRi + h.c., (1.28)

where η = [η±, (η0 + iA0)/
√

2]T refers to the newly introduced scalar SU(2)

doublet. The neutral component of this doublet does not acquire any vev

since the imposed discrete symmetry is exact. As a result, the neutri-

nos remain massless at tree level through mass can be generated at one

loop as shown in Figure 1.2. The light neutrino mass in this setup can be

parametrized as

(mν)αβ =
∑
i

YiαYiβMi

32π2

[
m2
η0

m2
η0
−M2

i

ln
mη0

Mi

− m2
A0

m2
A0
−M2

i

ln
mA0

Mi

]
(1.29)

Where mη0 and mA0 refer to the CP even and CP odd components of the

scalar doublet. In this framework, there is a light stable scalar due to the

discrete symmetry. This stable particle could be the neutral component of

IHD or the lightest RHN, depending on the different parameters present in

this model. It is clear that dark matter is coming into the loop to generate

neutrino mass radiatively, and because of such involvement of DM, this is

popularly known as the scotogenic model [35].

Ni Ni

ηi ηi

να νβ

〈H〉 〈H〉

Figure 1.2: Neutrino mass generation at one loop.
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1.2.3 Baryon Asymmetry

Now, we pay our attention to another striking puzzle that has bothered cosmol-

ogists for some time and whose solution is still speculative. This puzzle is the

existence of excess matter over antimatter. It is conventional wisdom to think

that the Universe should contain the same amount of baryons and anti-baryons

just after the Big Bang. Assuming that they evolved identically, then there is no

reason of existing of baryons with such a large amount, whereas the presence of

anti-baryons in the Universe is so rare. Although, our standard model of particle

physics is unable to give a plausible explanation for this asymmetry. This baryon

asymmetry is parametrized by the baryon to photon ratio as,

ηB =
nB − nB̄
nγ

∣∣∣∣
0

(1.30)

where the subscripts nB, nB̄ represent the number density of baryons and anti-

baryons, respectively, nγ the number density of photon, and the subscript 0 in-

dicates the value of asymmetry at the present-day value. Due to the baryon-

antibaryon annihilation, we do not observe any strong γ ray emission, which

suggests the absence of anti-baryons. So one can reasonably consider, nB̄ ≈ 0.

However, antimatter can be found in the accelerator and the cosmic ray.

The study of the processes of the big bang nucleosynthesis and cosmic microwave

background’s anisotropy from WMAP has given us the estimate of the baryon

asymmetry of the Universe, and both of them occurred a long time after the pro-

duction of the asymmetry. The abundance of 4He, D, 3He, and 7Li have been

measured from astrophysical observations. Theoretically, it is known how each

abundance is crucially dependent on the value of the baryon asymmetry, i.e., the

baryon to photon ratio. The 1σ range of this ratio after matching the predicted

and the measured value is

ηBBBN = (5.80− 6.60)× 10−10 (1.31)

One possible way to explain such asymmetry is that the excess of baryon over anti-

baryon was generated dynamically with time though the Universe has started as

baryon symmetric. Despite the presence of all the ingredients to dynamically gen-

erate the asymmetry, the SM of particle physics fails to produce a large amount of

asymmetry, as observed by the experiments. Hence, one needs to invoke physics

beyond the SM to address the observed asymmetry. There are three necessary

conditions for the successful generation of baryon asymmetry proposed by A.

Sakharov in 1967 [36]. These conditions are the baryon number (B) violation, C

and CP violation, and departure from the thermal equilibrium.
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Several new physics possibilities exist in the literature [37–45] which try to explain

the excess of matter over antimatter. However, the Bariogenesis via Leptogenesis

mechanism is the most popular one among them. Here, the lepton asymmetry is

generated first, and then this asymmetry is transformed partially to the baryon

asymmetry via the non-perturbative sphelaron process.

Bariogenesis via Leptogenesis scenario can be realized in the Type-I seesaw model.

Here, the bare mass of the RHNs violates the lepton number. In this context,

the Yukawa interaction of neutrino works as a source of CP violation, and if the

out-of-equilibrium decays of RHNs to the SM lepton doublet and the SM Higgs

have occurred, then all the Sakharov conditions can be satisfied naturally.

The main idea behind the thermal leptogenesis [37,46–51] is the following. Here,

the heavy RHNs are produced thermally in the early Universe. Due to the Uni-

verse’s expansion, when the temperature of the Universe falls below the mass of

the RHNs, then the heavy RHNs decay out of equilibrium to generate asymmetry

in the visible sector. The total decay width is given by

ΓNi '
∑
α

Γ(Ni → lLα +H) +
∑
α

Γ(Ni → l̄Lα + H̄) =
(Y †Y )ii

8π
Mi (1.32)

Where decay of particle, as well as decay of anti-particle, are considered. Now,

the CP asymmetry εi can be expressed as

εi =
∑
α

Γ(Ni → lLα +H)− Γ(Ni → l̄Lα + H̄)

Γ(Ni → lLα +H) + Γ(Ni → l̄Lα + H̄)
(1.33)

One needs to take the decay width of RHNs at tree and one-loop levels to pro-

duce CP asymmetry. The interference of the tree level and the loop level decay

amplitudes generate the CP violation. The tree-level and one-loop level Feynman

diagrams of the RHNs decay have been shown in Figure 1.3. However, the de-

cays of all three RHNs can generate CP asymmetry. Here the asymmetry is only

generated by the lightest RHN under the assumption that RHNs maintain the

following mass hierarchy M1 < M2 < M3. The rapid lepton number violating in-

teraction of the lightest RHNs washes out the lepton asymmetry produced by the

out-of-equilibrium decay of the other two heavier RHNs since the lightest RHN

may remain in thermal equilibrium after the completion of the decay of heavier

RHNs. So the production of asymmetry from the decay of the lightest RHN

is relevant here. After that, the lepton asymmetry is converted to the baryon

asymmetry via the sphaleron process. We have presented the derivation of the

Boltzmann equation to calculate the baryon asymmetry in Appendix A.



1.3. Outline of Thesis 13

Ni

lα

H

lβ

lα

Ni Nj

H
H

Ni

H

lβ

Nj

H

lα

Figure 1.3: Feynman diagrams for the decay of the right-handed neutrinos at the
tree and one-loop level.

1.3 Outline of Thesis

One of the interesting areas of research to address the puzzles of the SM is the

model building, where the particle contents or/and gauge groups of the SM are

extended. We have studied different models for dark matter, while in some con-

texts, we try to build connections with other BSM aspects like the neutrino mass,

leptogenesis, etc., with DM. This compelled the particle physics community to

reach a consensus that SM is an effective description of low-energy phenomena

so that an embedding extended) theory accommodate additional new physics. In

this thesis, we study the new physics associated with dark matter and beyond

the Standard Model (BSM) scenario by either including extra particles within the

SM gauge group, extending symmetry structure, or using both. Below, we point

out the silent features and different aspects based on which the present thesis

work was carried out.

• The first aspect explores the WIMP paradigm of dark matter, which is very

popular and well studied in the literature. It assumes the thermal equilib-

rium between the dark matter and the SM particles. Here, the so-called

freeze-out mechanism fixed the abundance of dark matter. The null re-

sults over the years in the direct detection severely constrain this picture.

However, the feeble interaction of dark matter with the bath particles can

naturally explain the non-observations of the signals in such experiments.

Another exciting alternative to WIMP is FIMP, which assumes feeble in-
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teraction of dark matter such that it never gets thermalized with the bath.

It gets produced from the decay or the scattering of the bath particle, and

the freeze-in mechanism sets its abundance.

• The dark matter production depends on the early history of cosmology

since it is occurring in the early Universe. Usually, we do dark matter phe-

nomenology considering the standard cosmological scenario, which dictates

that the early Universe was radiation dominated. However, there is no rea-

son to believe that the energy budget of the pre-BBN era of the Universe

was dominated by radiation. Interestingly, any deviation from the stan-

dard scenario significantly alters the dark matter production, where the

final abundance may differ by a few orders. We explore one such possibility

of non-standard cosmology where the energy budget is dominated by some

other species having a larger redshift than radiation, called a fast-expanding

Universe. In addition, Baryogenesis via leptogenesis scenario can also be

affected by such modified cosmology since the lepton asymmetry production

occurs in the early Universe.

• The primary assumption of the FIMP paradigm is the feeble interaction

between the DM and SM particles. However, if present, it does not re-

strict DM from interacting strongly with other dark sector particles. In

such cases, the dark matter abundance is fixed by the freeze-out of the con-

version process occurring in the dark sector rather than freeze-in, termed

reannihilation. The realization of such an exciting scenario is available in

the literature, where the dark sector comprises a fermion dark matter along

with a scalar or vector mediator or both. If the fermion dark matter has

a significantly large interaction with the light mediator, it can generate

considerably large velocity-dependent self-interaction, which can solve the

small-scale problem of cosmology.

• So far, we have mentioned several times that dark matter production occurs

at a very early time when the temperature is very high. So the consideration

of thermal effects is crucial, though it is often overlooked. It has been

recently encountered that the dark matter freeze-in production may proceed

via a kinematically forbidden decay solely because of significant thermal

correction to mass, dubbed as forbidden freeze-in.

Before going to the details of the study conducted, we discuss different obser-

vational evidence, different candidates, various search strategies, and the con-

struction of Boltzmann equations to calculate the abundance of dark matter in

Chapter 2. We will discuss different aspects of DM and other BSM scenarios in
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the upcoming chapters.

The following three chapters explore different extended realizations of the singlet

doublet scenario, a well-motivated new physics model accommodating different

aspects of dark matters. In Chapter 3, we explore the WIMP scenario of DM in a

minimally extended singlet doublet model, where we have found [52] that direct

detection severely constrains the singlet doublet mixing angle. Then, we discuss

that the small Majorana mass term for the singlet field not only helps in evading

the direct detection bound but generating the Majorana mass radiatively in the

presence of singlet scalars. The Yukawa interaction among the scalars, the lepton,

and the BSM fermion doublet violates the lepton number. In the next chapter

(Chapter 4), We discuss the realization of the Baryogenesis via leptogenesis in

the same frame where the lepton asymmetry is generated via the decays of the

heavy scalars. We have found [53] that the radiation-dominated Universe cannot

produce the correct baryon asymmetry because of the huge washout of lepton

asymmetry. In contrast, the non-standard cosmology offers to generate an ample

amount of asymmetry by significantly reducing the washout.

Chapter 5 explores [54] the reannihilation of dark matter in a singlet scalar singlet-

Doubet model where the reannihilation occurs because of the large interaction

between the singlet doublet Dirac DM and the scalar mediator. The standard

picture of cosmology fails in making the fermion dark matter the main compo-

nent due to the huge conversion of DM to the scalar. As a result, the scalar

dominantly contributes to the relic density as it is a stable particle. Adopting

the kination and the faster than kination picture of the non-standard cosmol-

ogy resolves these issues by suppressing the conversion process significantly. We

further demonstrate that the realized parameter space can successfully generate

the large velocity-dependent self-interaction in the presence of the MeV scalar

mediator.

In our following investigations extended over the following two chapters, we

probed the importance of thermal effects in dark matter production. In Chapter 6,

we adopt the UB−L model to study the FIMP dark matter where we incorporate

thermal correction to the masses [55]. Here, the RHN(lightest one) dark matter

and the B − L gauge boson are produced from the decay of the B − L scalar.

Here, the B − L scalar develops a sizeable thermal mass at high temperatures.

When the mass of the B − L scalar is smaller than both the DM and the B − L
gauge boson, both the particles produce via the kinematically forbidden channel

because of the thermal effects. Finally, in Chapter 7, we discuss the impact of

the thermal effects on the phenomenology of scalar dark matter in the context of

the ULµ−Lτ model [56]. Here, all the particles and the dark matter get significant

thermal mass corrections. The dark matter production takes place before the
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breaking of Lµ − Lτ symmetry from the massless gauge boson associated with

ULµ−Lτ . This framework can potentially address the (g − 2) anomaly, and we

restrict ourselves to the parameter space for which the (g − 2) data is satisfied.

It is found that if you want to explain the (g − 2) anomaly along with the dark

matter where the scalar decays are inefficient, then the only option is the incor-

poration of thermal effects to produce dark matter, which makes this scenario

attractive. Finally, in Chapter 8, we present the summary of this thesis and the

future directions of our study.



Chapter 2

Early Universe and Dark Matter

There are unambiguous pieces of evidence pointing out the fact that the bary-

onic matter constitutes less than five percent of the total energy budget of the

Universe, while around twenty-six percent of contribution comes from DM. In

Chapter 1, we discuss the SM of fundamental particles, which can only describe

a minute portion of the total matter content, and the rest of the part remains

mysterious. Now, we try to shed some light on the DM puzzle. In order to carry

out the task, it is necessary to discuss, what are the evidences of DM? What

is the interaction they possess? What are the dark matter candidates? How to

detect such elusive particles? etc. In the following, we will briefly discuss some

of these features.

2.1 Observational evidences of dark matter

In this section, we demonstrate the observational evidences for dark matter exis-

tence on a wide variety of scales starting from the scale of the smallest galaxies

to clusters of galaxies and cosmological scales.

2.1.1 Discovery of missing mass “Dark Matter”

In the early 1930s, the existence of the omnipresent DM was first realized when

the Swiss astronomer Fritz Zwicky looked at the movement of several distant

galaxies in the Coma cluster, 99 Mpc distance away from the Milky Way [57,58].

He found that the magnitude of velocities of the galaxies with respect to each

other is substantially greater than the velocity arising from the gravitational

potential well made by the visible matter alone. This calculation is based on

the very well-known theorem called Virial Theorem, which connects the average

of total kinetic energy [59, 60], 〈K〉 to the average potential energy, 〈V 〉 for the

system in equilibrium. Assuming that the Coma cluster is comprised of N number

17
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of galaxies, the total kinetic energy takes the form

〈K〉 =
1

2

N∑
i=1

mivi
2 =

1

2
v̄2

N∑
i=1

mi =
1

2
Mtotv̄

2 (2.1)

where v̄ is the average velocities of the galaxies, and Mtot dictates the total mass

of the Coma cluster. Now suppose the fact that the cluster is spherical; the

average potential energy can be approximated as

〈V 〉 = −1

2

N∑
i

∑
j>i

Gmimj

rij
= −3

5

GM2
tot

Reff

(2.2)

where rij is the effective distance between any two galaxies andReff represents the

total effective radius of the Coma cluster. Note that, here, the sum is considered

for all possible pairs of galaxies. Now plugging the values of 〈K〉 and 〈V 〉 from

Equation 2.1 and Equation 2.2 to the Virial Theorem 2〈K〉 + 〈V 〉 = 0, the

expression for the average velocities can be obtained,

v̄2 =
3

5

GMtot

Reff

(2.3)

This relationship is a potent tool in estimating the cluster’s total mass if

the average velocity is known. The observation relied on the total luminosity

mass of the Coma cluster is surprising, which shows that the average velocity is

much larger than the expected one. This puzzling result can have two possible

explanations. One is that the Coma cluster may not be a gravitationally bounded

object, and the virial theorem may not be applicable here. According to the

luminosity mass observation, this cluster is a system where the kinetic energy is

dominated over the potential energy. As a result, all the individual galaxies should

be able to escape from the cluster because of the high velocity, and the cluster

should not survive. But this interpretation does not support the observations.

Another possible solution is that the system maintains virial equilibrium with a

much larger gravitational potential containing a considerable amount of different

nonluminous matter. Therefore, Zwicky concluded that an enormous amount of

invisible matter, which he named “Dark Matter,” within the cluster is needed to

hold the galaxy cluster together.

2.1.2 Rotation curves

The precise measurement of the rotation curves of spiral galaxies in the 1970s by

the astronomers’ Vera Cooper Rubin, Kent Ford, and Ken Freeman has played
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Figure 2.1: Rotation curve for the spiral galaxy NGC 6503 [61] where the solid line
represents the observed behavior. Here the dashed, dotted, and dashed-dotted
lines stand for the rotation curves for the visible component, gas, and the DM
halo, respectively.

a vital role in establishing the existence of dark matter. The rotation curves

display the variation of the radial velocity of the stars inside a galaxy with their

distance from the galactic center, as shown in Figure 2.1. They have calculated

the mass distribution of the Andromeda galaxy M31 with the help of the measured

rotational velocities of the galaxies via redshifts. One can easily calculate the

mass distribution by using Newton’s law. Further, one can obtain the following

expression for the rotational velocity,

v(r) =

√
GM(r)

r
(2.4)

where r is the distance from the center of the galaxy, M(r) represents the mass

contained within the distance r, and v(r) is the rotational velocity. The spiral

galaxy comprises a dense central bulge and a thin disc as the outer region where

most of the visible mass is concentrated in the central part. If we assume that

the density is almost constant, then the mass increases since the volume (∝ r3)

as we go far from the center for r � Rc. But for large distances, i.e., r � Rc

mass becomes independent of distance which one can realize using the Gauss

law. Using this information, one can obtain the following velocity behavior with

distance for large and small r.

v(r) ∝
{
r r � Rc,

r−1/2 r � Rc

(2.5)
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Figure 2.2: Gas distribution of bullet cluster. Image taken from [62].

So, the calculation predicts that the rotational velocity should increase with r as

we go far from the center and reach a maximum value. After that, the velocity

should fall off, as shown in Figure 2.1. But the observation indicates that the

velocity remains almost constant after reaching the maximum. The existence of a

considerable amount of invisible mass beyond the boundary of the visible galaxy

naturally explains the flatness behavior of the rotation curve at a large distance.

Today, hundreds of spiral galaxies have been observed, and all the observations

established the exact flatness nature of the rotation curve. So the discrepancy

between the observation and the prediction in the rotation curves plays a crucial

role in making the dark matter problem much more prominent.

2.1.3 Bullet Cluster

The study of the bullet cluster, comprised of two colliding clusters of galaxies,

provides direct evidence supporting the existence of dark matter. In the collision

of two clusters, the baryonic matter of the clusters interacts and, as a result,

slows down; in contrast, the dark matter passes without experiencing any inter-

action. The collision of galaxy clusters separates the ordinary and dark matter

components. The comparison of the measurement of the total mass with the help

of gravitational lensing and the X-ray image taken by Chandra X-ray Observa-

tory marks the separation as shown in Figure 2.2. Using this method, one can

also find the locations of both dark matter and ordinary matter. It is also clear

from Figure 2.2 that the small clumps of ordinary matter move away from the

collision center with smaller velocity than the large clump of dark matter, which

manifests the collisionless behavior of the dark matter. If dark matter has any

self-interaction, that must be very weak [63].
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Figure 2.3: Left: Image of the galaxy cluster SDSS J0146-0929 is displaying
Einstein’s ring due to strong gravitational lensing. Right: Image of the galaxy
cluster SDSS J1004+4112 showing multiple images of the same quasar around
the center. Credit: ESA/Hubble and NASA.

2.1.4 Gravitational Lensing

Gravitational lensing is one very important outcome of the general theory of

relativity. According to GTR, the path of the light rays gets deflected when they

travel past a massive object, and one can measure the amount of mass of the

lensing object. There are different kinds of gravitational lensing depending on

the mass of the foreground(lensing) object.

• Strong Lensing

In this context, a massive and dense object is present between the source

and the observer, and the light emitted from the source follows several paths

in reaching the observer. As a consequence, multiple images of the same

physical object can be viewed, as illustrated in the right panel of Figure 2.3.

An Einstein ring can be observed when the lensing object is exactly situated

on the source-observer axis, and the Einstein radius of the ring is given by

θE '
√

4GNdOS
dOdS

(2.6)

Where dO and dS are the distance between the observer and the source from

the lensing objects, respectively, and dOS, represents the distance between

the source and the observer. However, a series of arcs would be observed

instead of rings when the location of the object is slightly shifted from the

source-observer axis; see the left panel of the Figure 2.3. Since 1980’s the

strong lensing has been used as an essential tool to measure the masses of

the galaxies.
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• Weak Lensing

The presence of the gravitational potential generated by some massive ob-

ject situated near to the line of sight and located between the source and

the observer distorts the apparent shape of the luminous source. This ef-

fect is termed the weak lensing effect. The source image gets distorted and

magnified or sheared due to such effects. Although the average shape of

the galaxy is circular, the galaxy looks like an ellipsoid on average due to

the shearing effect of the weak lensing. Here, one can reconstruct the grav-

itational potential along the line of sight by combining the observation of

many galaxies. The Sloan Lens ACS Survey utilizes this method to cal-

culate the fraction of the baryonic as well as the DM from large sample

galaxies [64]. They have noticed that in a sphere of radius around ∼ 8

kpc from the galactic center, the dark matter fraction is almost 27%, which

manifests that the baryonic matter dominates the core of the galaxy.

There is another class of lensing which is called gravitational microlens-

ing [65]. Though it is pretty similar to the strong lensing, the effect is

weaker. This effect improves the lens’s focus and thereby makes the source

object more bright.

2.1.5 Cosmic Microwave Background

The Cosmic microwave background study is a vital tool to probe the cosmology

of the early Universe, provides solid proof for the existence of dark matter, and

helps determine the amount of dark matter present in the Universe. The CMB

is radiation emitted in the early stage of the Universe at the redshifts z ∼ 1100

around 380000 years after the big bang and travels in all directions. According

to our present understanding of cosmology, just after the Big Bang, the Universe

was a very hot and dense thermal soup of particles. At that moment, the photons

were not free to propagate since Compton scatterings occurred between photons

and the baryonic matter. As the Universe grows in size because of the Hubble

expansion, it cools down. When the temperature reached the order of the energy

needed to bind an electron with the hydrogen nucleus, the formation of Hydrogen

atoms started. After that, the Universe became transparent to the photons as it

decoupled from the baryon, and it could free stream, and this phenomenon is well

known as recombination. Penzias and Wilson accidentally discovered these freely

propagating photons for the first time in 1964 at Bell Labs. After the recombina-

tion, the range of photons is increased from very short to very large length scales

due to the decoupling. The CMB spectrums can be described accurately by a

black body distribution function at a temperature different from the tempera-
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Figure 2.4: Left Panel: The full-sky map of the temperature anisotropies of
the CMB. Right Panel: Blue points are the temperature power spectrum data
where the red curve represents the best fit base ΛCDM theoretical spectrum.
Images taken form [66]

ture of the matter as the decoupling took place. Though the Universe evolves,

the CMB spectrum today can still be described by the black body radiation at

a temperature lower than the recombination temperature. Here, the photon’s

energy is redshifted because of the expansion of the Universe, and we know that

temperature is proportional to the energy of the photon. So these photons encode

the information about the state of the Universe at the time of the recombination.

Therefore, the study of CMB photons helps to obtain the general properties of

matter.

CMB is a description of radiation with the perfect black body at temperature

T0 = 2.725 K. The anisotropies in the angular distribution of the temperature

of the CMB sky have been measured precisely, which can map the presence of

under-density and the overdensity in the primordial plasma before the recombi-

nation as displayed in the left panel of Figure 2.4. Therefore, one can extract

information about the baryon and matter distribution of the Universe by study-

ing the anisotropies in the CMB spectrum. The observed temperature of the

CMB as a function of angular position in the sky deviates from the mean value

by a tiny amount. So the anisotropies can be characterized by the difference in

temperature as

∆T

T
(θ, φ) =

T (θ, φ)− T̄
T̄

(2.7)

Now one can express this temperature difference as a function of position

using the Fourier series in the spherical coordinates, i.e., the spherical harmonics
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as follows

δT

T
(θ, φ) =

∞∑
l=1

l∑
m=−l

almYlm(θ, φ) (2.8)

Where, Ylm(θ, φ) represents the spherical harmonics and alm refers to the mul-

tipole moments. Considering the fact that the sky is almost uniform on a large

scale, the anisotropies are very small δT/T ∼ 10−5. Here, the variance Cl of a

given moment can be expressed as

Cl = 〈|alm|2〉 ≡
1

2l + 1

l∑
m=−l

|alm|2 (2.9)

The spherical harmonics analysis becomes a simplified ordinary Fourier analysis

in two dimensions since the Universe is relatively flat on small sections of the sky.

In such a limit, l represents the Fourier wave number. Here, the angular wave-

length is defined as θ = 2π/l. So it is evident from this definition that the large

multipole moments refer to small angular scale. One can reasonably approximate

the temperature fluctuation as Gaussian supported by the observations; see the

left panel of Figure 2.4. Interestingly, one can accurately express the information

of the CMB as a function of the multipole moments. Now it is essential to under-

stand the anisotropy properly since the acoustics peaks in the power spectrum

originate due to it, as shown in the right panel of Figure 2.4. This power spec-

trum is the primary outcome of the competition between the baryon and photon.

Here, the photon pressure tries to erase the anisotropy in temperature, whereas

the non-relativistic matter forms large halos of matter, thereby creating local

anisotropies. The acoustic waves in the baryon photon plasma are generated due

to the effects of this competition. As a result, we observe the so-called acoustic

oscillations.

The measurement of the CMB helps in constraining the cosmology as each peak

of the distribution corresponds to one cosmological parameter. According to the

most recent measurements of the Planck Collaboration, the energy content of the

Universe consists of 68.3% dark energy, 26.8% dark matter, and 4.9% baryonic

matter, as shown in the Figure 2.5.
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Figure 2.5: The energy content of the Universe from the recent results of the
Planck Satellite experiment. Credit: ESA and the Planck Collaboration

2.2 Brief Review on the Early History of the

Universe

Some of the important evidences behind the existence of the DM are already

discussed. Although it is not yet wholly settled, in this thesis, we regard dark

matter as a fundamental particle that is a part of the dark sector in the extended

BSM family. In this chapter, we will examine different dark matter candidates

who get produced in the early times of the Universe. To understand a clear

description of dark matter production, it is very important to know the picture

of the early Universe.

2.2.1 Standard Early History of the Universe

The Universe is spatially isotropic and homogeneous on a large scale, which was

assumed initially and later verified with observation. This isotropy and homo-

geneity of the Universe can be described by the Friedmann-LemaÎtre-Robertson-

Walker (FLRW) metric as

ds2 = dt2 − a2(t)

(
dr2

1− kr2
+ r2dθ2 + r2 sin2 θdφ2

)
(2.10)

where t represents the cosmic time, r, θ, φ are the spherical polar coordinates.

Here a(t) refers to the scale factor of the Universe, and the parameter k dictates

the spatial curvature of the Universe where k = 0,+1,−1 stands for the flat,

closed, and open space of the Universe, respectively. The FLRW metric has an

implicit dependence on time appearing through the scale factor. The explicit

time dependence can be obtained by solving the evolution of the scale factor by
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using the following Einstein equations

Rµν −
1

2
Rgµν ≡ Gµν = 8πGTµν + Λgµν (2.11)

whereGµν refers to the Einstein tensor, Tµν represents the stress energy-momentum

tensor, and Λ is the cosmological constant.

Now one can obtain the Friedmann equations describing the evolution of the Uni-

verse for any given energy component by solving the Einstein equations with the

FLRW metric as

H2 +
k

a2
=

1

3M2
P

ρ+
Λ

3
(2.12)

ä

a
= − 1

6M2
P

(ρ+ 3p) (2.13)

whereMP = 2.4×1018 GeV is the reduced Planck mass, ρ and p refer to the energy

density and the local pressure of the fluid, respectively. The Λ term describes the

dark energy density. Now we focus on the early Universe, and we know that the

role of dark energy is negligible and so we can take Λ = 0. In Equation 2.12, a

new variable H is introduced, which is known as the Hubble rate and is defined

as

H =
ȧ

a
(2.14)

where ȧ represents the derivative of a with respect to time.

In the early Universe, there was more than one fluid present in theory. So one

can define the total energy density and the pressure of the system as

ρtot =
∑
i

ρi, ptot =
∑
i

pi (2.15)

Where the index i represents the ith fluid and ρi and pi are the energy density

and the pressure of the fluid. This individual pressure and the energy density are

not free parameters; rather, they are connected through the equation of the state

of the fluid, which is given by

pi = ωiρi (2.16)

where the parameter ω specifies the fluid such as ω = 1/3, 0,−1 refer to radiation,

pressureless non-relativistic matter, and dark energy, respectively.

Now one can define the critical density for the flat Universe (k = 0) by using the
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first Friedmann equation

ρc = 3M2
PH

2 (2.17)

One important parameter to study the early Universe is the density parameter

which is a dimensionless quantity and defined as the ratio of the energy density

of any fluid to the critical energy density of the Universe

Ωi =
ρi
ρc
, Ωtot =

ρtot
ρc

=
∑
i

Ωi (2.18)

There are several important cosmological parameters that have been measured

by the Planck experiment. Here we have given the numerical values of some

parameters today

ΩΛ,0 ∼ 0.69 (2.19)

Ωr,0 ∼ 10−5 (2.20)

Ωm,0 ∼ 0.31 (2.21)

We know that non-relativistic matter comprises baryonic matter and dark matter,

and their current contributions are given by

Ωb,0 ∼ 0.05, ΩDM,0 ∼ 0.26 (2.22)

Here the index 0 in the subscript denotes the value of the parameters at the

present day.

The SM of cosmology predicts that the space is critically flat, which is further

confirmed by various experiments and simulations. Using the Equation 2.12 and

considering the flatness of space, the Hubble rate can be expressed as

H2 =
1

3M2
P

ρ (2.23)

One can derive the continuity equation with the help of the Friedmann equations

Equation 2.12 and Equation 2.13. This equation dictates the evolution of the

energy density in the expanding Universe and is written as

ρ̇+ 3H(p+ ρ) = 0 (2.24)

Now inserting the expressions of the pressure and the Hubble rate from the equa-

tions Equation 2.15 and Equation 2.23 into the continuity equation, one can

express the evolution of number density as a function of the scale factor a(t) as
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follows

ρ = ρ0

(
a0

a

)3(1+ω)

(2.25)

Now we shift our focus toward the thermal bath particles. In the early times

when the Universe was radiation dominated, at that point in time, all the species

were relativistic. The energy density of those particles is given by

ρ(T ) = g∗(T )
π2T 4

30
(2.26)

where g∗ denotes the number of relativistic degrees of freedom. Now the rela-

tivistic degrees of freedom at any temperature T are defined by

g∗ =
∑

bosons

gbi

(
Ti
T

)4

+
7

8

∑
fermions

gfi

(
Ti
T

)4

(2.27)

Where g∗ stands for species i, which decouples from the thermal bath at temper-

ature Ti, g
b
i and gfi represent the internal degrees of freedom for ith the boson

and fermion, respectively. The evolution of the relativistic degrees of freedom has

been displayed in Figure 2.6. For T > 1 TeV, all the SM species are relativistic

and maintain equilibrium and g∗ = 106.75. For T < 1 MeV g∗ = 3.36 since the

only relativistic species are the photons and neutrinos in such temperature. In

Figure 2.6: Evolution of the standard model degrees of freedom with the temper-
ature. Image credit: Cosmology notes by Baumann

addition, the Universe evolved adiabatically in the early times; as a result, the
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entropy of the system remains conserved.

d

dt
(sa3) = 0 (2.28)

where s characterizes the entropy density and is defined as

s =
ρ+ p

T
=

2π2

45
g∗s(T )T 3 (2.29)

where g∗s represents the relativistic degrees of freedom contributed to the entropy

and defined by

g∗s =
∑

bosons

gbi

(
Ti
T

)3

+
7

8

∑
fermions

gfi

(
Ti
T

)3

(2.30)

Finally, the Hubble rate of the early Universe when the Universe was radiation

dominated is given by∗

H(T ) =

√
π2g∗
90

T 2

MP

(2.31)

We know that the Big Bang Nucleosynthesis occurred when the energy budget

of the Universe was radiation dominated. Still, we do not have any information

about the Universe’s energy budget before BBN. So potentially, there is a pos-

sibility that some other species rather than radiation may dominate the energy

budget in such early times of the Universe. There are many alternative cosmo-

logical scenarios present in the literature. One such non-standard cosmological

aspect we will discuss here.

2.2.2 Non-Standard History of the Early Universe

We consider a species φ whose energy density redshifts with the scale factor as

ρφ ∝ a−(4+n) (2.32)

The standard cosmological scenario can be revived by setting n = 0. Here we

always take n > 0, which specifies the picture that the energy density dominated

over the radiation in the early enough times. The energy density of φ and the

radiation must equal at a temperature greater than the BBN temperature to keep

intact the remarkable success of BBN.

• A Faster Expansion

∗Another commonly used form of Hubble rate is, H = 1.66 ∗ √g∗T 2/MPl, where MPl(=
1.22× 1019 GeV ) represents the Planck mass.
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We have already discussed how the expansion rate of the Universe, i.e., the

Hubble rate, is controlled by the energy density through the Friedmann

equations. Here we consider a picture of a cosmological history where both

the species φ and radiation are present in the early Universe and contribute

to the energy density. In this context, the energy density reads as

ρ = ρφ + ρr (2.33)

where ρφ and ρr correspond to the energy density of the species φ and

radiation, respectively.

In the case of standard cosmological history, radiation is the only component

that was present and contributed to the energy density. This energy density

is expressed already in terms of temperature and the effective relativistic

degrees of freedom and given in the Equation 2.26. It is advantageous to

express the ρφ as a function of the radiation temperature. However, we

have already expressed ρφ as a function of the scale factor in Equation 2.32.

We have to find out the relation between the scale factor and radiation

temperature. Then we will be able to parametrize the energy density of

φ as a function of T . One can obtain that g∗s(T )1/3Ta = constant by

exploiting Equation 2.28 and Equation 2.29. One can write the following

equation for any reference temperature Tr using Equation 2.32.

ρφ(T )

ρφ(Tr)
=

(
a(T )

a(Tr)

)−(4+n)

(2.34)

Here Tr denotes a temperature where the energy density of φ equals with

the radiation energy density i.e. ρφ(Tr) = ρr(Tr). Now using this relation

along with g∗s(T )1/3Ta = constant, one can re-express the energy density

φ as

ρφ(T ) = ρr(Tr)

(
g∗s(T )

g∗s(Tr)

)(4+n)/3(
T

Tr

)(4+n)

(2.35)

In this context, the full energy density of the Universe reads as

ρ(T ) = ρφ(T ) + ρr(T ) (2.36)

= ρr(T )

[
1 +

(
g∗(Tr)

g∗(T )

)(
g∗s(T )

g∗s(Tr)

)(4+n)/3(
T

Tr

)n]
(2.37)

From the above equation, it is clear that the energy budget of the Universe

is dominated by φ for T ≥ Tr. Now, using the Friedmann equation, we can
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evaluate the Hubble expansion rate with Equation 2.37 in hand. Assuming

g∗s ' g∗, the Hubble rate for temperature larger than Tr is approximately

given by

H(T ) =

√
π2g∗
90

T 2

MP

(
T

Tr

)n/2
, T � Tr (2.38)

= HR(T )

(
T

Tr

)n/2
(2.39)

Where, HR(T ) denotes the Hubble rate for the radiation dominated Uni-

verse. The above expressions show that the Hubble rate for a given temper-

ature is always larger than the rate corresponding to the standard history of

cosmology. So the Universe expands faster than the usual standard picture.

Although these non-standard parameters are not free and we will discuss

the constraints on it.

2.2.3 BBN Constraints on Non-Standard parameters

BBN occurred when the Universe was a few seconds old, i.e., the temperature

of the Universe was few MeV. We do not want to spoil the striking agreement

between the theoretical prediction on the abundance of light elements considering

the radiation-dominated Universe at the time of BBN and the observations. So

the reference temperature should be larger than the BBN temperature to ensure

the success of the theoretical prediction.

A serious problem with the BBN can emerge if Tr is less than a few MeV when

the formation of light elements begins. In such cases, the Universe expands faster

than the standard scenario, which may alter the predicted abundance of the light

elements.

The effects of the fluid φ are taken into account by the effective number of rela-

tivistic degrees of freedom

ρ(T ) = geff
∗ (T )

π2T 4

30
(2.40)

where we define

geff
∗ (T ) = g∗(T ) + ∆gφ∗ (T ) (2.41)

Here, g∗(T ) describes the standard contributions coming from radiation, and

∆gφ∗ (T ) stands for the energy density of the field φ. The presence of φ can be

described as the number of effective neutrinos. Thus the number of relativistic
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degrees of freedom in the Equation 2.40 becomes

geff
∗ = 2 +

7

8
× 4 +

7

8
× 2×Nν (2.42)

Here we consider the effects of photons, positrons along with neutrinos. In the

Standard model, number of flavours of the neutrinos for T > 1 MeV is NSM
ν = 3.

Now comparing these two expressions of g∗ with and without BSM, one can obtain

∆Nν =
4

7
∆gφ∗ (2.43)

Here, the temperature-dependent additional contributions coming from the extra

neutrinos have the following expressions

∆Nν =
4

7
∆gφ∗ (Tr)

(
g∗s(T )

g∗s(Tr)

)(4+n)/3(
T

Tr

)n
(2.44)

The above equation can be simplified further by considering Tr around the BBN

temperature as

∆Nν '
4

7

43

4

(
T

Tr

)n
(2.45)

BBN bounds on Nν can be found in the Ref, which put constraints on the non-

standard parameters as

Tr ≥ (15.4)1/nMeV (2.46)

2.3 Thermodynamics and The Evolution of the

Universe

2.3.1 Boltzmann Equation

The evolution of the number density of the particle describes by the evolution

of the phase space distribution function f(pµ, xµ). Consider a system where a

particle χ interacts with the rest of the particles of the thermal bath, and the

following equation demonstrates this picture very well

L̂[f ] = Ĉ[f ] (2.47)

where this equation is familiar with the name of the Boltzmann equation and

governs the evolution of the distribution functionf(pµ, xµ) of any spices. Here L̂
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is the Liouville operator, and Ĉ represents the collision operator. The general

covariant form of the Liouville operator is

L̂ = pα
∂

∂xα
− Γαβγp

βpγ
∂

∂pα
(2.48)

All the gravitational effects of the problem enter the equation via the affine con-

nection of the metric. For the FLRW model, the phase space density of the Uni-

verse is spatially homogeneous and isotropic, i.e., f = f(|~p|, t) (or equivalently

f = f(E, t)). In this model, the Liouville operator takes the form

L̂[f(E, t)] = E
∂f

∂t
− ȧ

a
|~p|2 ∂f

∂E
(2.49)

where a(t) represents the scale factor of the metric. One can define the number

density in terms of the phase space density in the following way

n(t) =
g

(2π)3

∫
d3pf(E, t) (2.50)

where g is the internal degree of freedoms. Using Equation 2.49 and Equation 2.50

and doing integration by parts, the Boltzmann equation can be rewritten as

dn

dt
+ 3

ȧ

a
n =

g

(2π)3

∫
Ĉ(f)

d3p

E
(2.51)

The collision term for the process χ+ a+ b+ ....←→ i+ j + .... is given by

g

(2π)3

∫
Ĉ(f)

d3p

E
=−

∫
dΠχdΠadΠb....dΠidΠj....

× (2π)4δ4(pχ + pa + pb....− pi − pj....)
×
[
|M|2χ+a+b+....−→i+j+....fafb....fχ(1± fi)(1± fj)....

− |M|2i+j+....−→χ+a+b+....+....fifj....(1± fa)(1± fb)....(1± fχ)
]

(2.52)

where fi, fj, fa, fb, .... are the phase space densities of the spices i, j, a, b, .... re-

spectively. fχ refers to the phase space density of χ (the spices whose evolution

we are studying); (+) stands for bosons and (−) stands for fermions; and

dΠ ≡ g
1

(2π)3

d3p

2E
(2.53)

where g refers to the internal degrees of freedom. The four-dimensional delta

function dictates the energy-momentum conservation. For the calculation of

the matrix element squared(|M|2), an average over initial and final spins are
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considered, while the appropriate symmetry factors for the identical particles

in the initial and final states are also taken into account. Here a very simple

processχ + a + b ↔ i + j is taken for the analysis. The first assumption is the

CP(or T) invariance, which simplifies the Equation 2.52 and implies that

|M|2i+j→χ+a+b = |M|2χ+a+b→i+j ≡ |M|2 (2.54)

Here the second approximation considers the Maxwell-Boltzmann statistics for

the spices instead of taking the Fermi-Dirac distribution for fermions and Bose-

Einstein distribution for bosons. In the absence of Bose condensation or Fermi

degeneracy one can approximate 1 + f ∼ 1, and fi(Ei) = exp[−(Ei − µi)/T ]

for all the spices which are maintaining kinetic equilibrium. Now the Boltzmann

equation takes the following simplified form after taking these approximations

ṅχ + 3Hnχ =−
∫
dΠχdΠadΠbdΠidΠj(2π)4|M|2

× δ4(pi + pj − pχ − pa − pb)[fafbfχ − fifj] (2.55)

where H(≡ ȧ/a) is the Hubble rate. It is very important to know the significance

of the individual terms in Equation 2.55. The term 3Hnχ is responsible for the

dilution effect due to the expansion of the Universe, whereas the term on the

right-hand side represents the variation in the number density of χ because of its

interaction with the rest of the particles in the thermal plasma.

It is customary to translate number density (nχ) to yield (Y ) for the analysis of

the Boltzmann equation

Y ≡ nχ
s

(2.56)

Here the effect of the expansion of the Universe is absorbed; the yield will change

if there is interaction. As a result, the yield will vary with the collision term. The

temperature is a better variable than time to study the evolution of the Universe.

So it is common to define a dimensionless quantity

x =
mχ

T
(2.57)

where mχ refers to the mass of the χ spices. Assuming that the number of

relativistic degrees of freedom (g∗) and the entropy degrees of freedom (g∗s) do

not vary with time and the time and the variable x maintains the relation dt/dx =
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1/Hx in the radiation dominated era. Now one can express the Hubble rate as

H =

√
4π3

45

√
g∗
T 2

MP

=

√
4π3

45

√
g∗
m2
χ

MP

1

x2
(2.58)

After using the newly defined variable and the above definition, one can parametrize

the Boltzmann equation in a more simplified form

dY

dx
=− 1

Hsx

∫
dΠχdΠadΠbdΠidΠj(2π)4|M|2

× δ4(pi + pj − pχ − pa − pb)[fafbfχ − fifj] (2.59)

2.3.2 Abundance analysis of the out of equilibrium species

So far, we have discussed the general Boltzmann equation in the above section.

Here we study the relic abundance produced by the stable or longlived particle,

which is the main focus of the thesis. For stable particles, 2 ↔ 2 processes are

essential, but if the particle is unstable, other processes must be considered for

the analysis. Now we consider the process χχ̄ ↔ ψψ̄ where ψ and ψ̄ is any SM

particles in thermal equilibrium. So these bath particles obey the following equi-

librium distribution  fψ = e
Eψ
T

fψ̄ = e
Eψ̄
T

(2.60)

The delta function in Equation 2.59 implies the conservation of energy.

Eχ + Eχ̄ = Eψ + Eψ̄ (2.61)

Utilizing the above information, one obtains

fψfψ̄ = e−(Eψ+Eψ̄)/T = e−(Eχ+Eχ̄)/T = f eq
χ f

eq
χ̄ (2.62)

Now, the Equation 2.59 can be simplified further by defining the thermally aver-

age cross-section for 2→ 2 process after obtaining [fχfχ̄−fψfψ̄] = [fχfχ̄−f eq
χ f

eq
χ̄ ]

〈σv〉 ≡
∫
dΠχdΠχ̄dΠψdΠψ̄(2π)4 (2.63)

× δ4(pχ + pχ̄ − pψ − pψ̄)|M|2e−Eψ/T e−Eψ̄/T (2.64)
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Now the simplified version of the Boltzmann equation becomes

dY

dx
= −〈σv〉s

Hx

(
Y 2 − Y 2

eq

)
(2.65)

where Y = nχ/s = nχ̄/s is the yield of the particle χ as well as the anti-particle

χ̄. When the production of χ involves multiple processes, it is crucial to consider

the contribution of all the processes to calculate the abundance of the particle

χ. In addition, it is also necessary to know the equilibrium abundance of all the

species to compute the evolution of the yield where the equilibrium abundance is

given

Yeq(x) =
45

4π4

x2

g∗s
K2(x) (2.66)

where K2(x) is the second modified Bessel function of the second kind.

For a scenario where 1→ 2 decay is relevant for the evolution of the yield, then

one has to solve the following Boltzmann equation

dY

dx
= −〈Γ〉

Hx

(
Y − Yeq

)
(2.67)

Now, the most general Boltzmann equation where both the 1 → 2 and 2 → 2

processes are relevant has the following form

dY

dx
= −〈σv〉s

Hx

(
Y 2 − Y 2

eq

)
− 〈Γ〉
Hx

(
Y − Yeq

)
(2.68)

Where the thermally averaged annihilation cross-section for any 2 → 2 process

can be expressed as

〈σv〉 =
1

8m4
χTK

2
2(mχ/T )

∫ ∞
4m2

χ

ds(s− 4m2
χ)σ
√
sK1(

√
s/T ) (2.69)

Here K1(x) and K2(x) are the modified Bessel functions of the second kind.

Moreover, the thermally average decay rate can be written as

〈Γ〉 = Γ
K1(x)

K2(x)
(2.70)

2.3.3 WIMP Dark Matter: Freeze-Out

WIMP paradigm assumes that the DM maintains thermal equilibrium with the

rest of the thermal bath particles in the early Universe. Such kind of scenario is

first explored by the authors’ Benjamin W. Lee and Steven Weinberg. The main

focus of this section is to understand how dark matter production occurs with
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the help of Equation 2.65. Now plugging the expressions of the Hubble rate and

the entropy density in the Equation 2.65, one obtains

dY

dx
= − λ

x2
〈σv〉

(
Y 2 − Y 2

eq

)
(2.71)

where

λ =
2π
√

90

45

g∗s√
g∗
mχMP (2.72)

The assumption of WIMP scenario implies at x = 0, Yχ = Y eq
χ . The rate of

interaction for any 2→ 2 process is given by

Γan = neq〈σv〉 (2.73)

The rate of interaction decreases as the Universe expands and when Γ ' H, the

DM decouples from the thermal plasma. This mechanism is called freeze-out,

and this point is characterized by x = xfo. Using the criterion of freeze-out, one

obtains the approximated value of the xfo as

xfo ' log

[√
45

4π5
MPmχg

√
xfo

g∗
〈σv〉fo

]
(2.74)

Here g∗ and 〈σv〉 both are calculated at freeze-out where 〈σv〉fo = 〈σv〉|x=xfo
. The

parameter g represents the internal degrees of freedom of the DM. In addition,

the usual range of xfo for the WIMP DM is xfo ∼ 20− 25 irrespective of the DM

mass when the DM mass lies between GeV to TeV.

After the decoupling from the thermal bath, the interaction of DM becomes

insignificant, and the abundance of DM freezes. Looking at the evolution of the

DM yield, one can separate two distinct regimes and obtain an approximated

form of the yield for those regimes. We have already discussed that the DM was

a part of the thermal plasma before the freeze-out. So the DM yield refers to the

equilibrium yield for x ≤ xfo.

Y (x) = Yeq (2.75)

In contrast, the DM interaction rate becomes very negligible means the yield

remains almost unchanged after the decoupling. Here the yield can be approxi-

mated as the yield at the freeze-out for x > xfo

Y (x) = Y (xfo) (2.76)
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The temperature of the Universe today is T∞ = 2.725 ± 0.001 K where the

observed abundance of the DM is Y∞ = Yx→∞ ' Y (x � xfo). The relic density

of the dark matter can be evaluated by using the following relation for any DM

mass after calculating the yield numerically

Ωχh
2 = 2.744× 108 mχ

GeV
Y∞ (2.77)

The Planck experiment already puts a limit on the relic abundance of dark mat-

ter, which is Ωχh
2 = 0.1121± 0.0056 .

Now the Equation 2.71 can be solved by using different numerical techniques.

Though it is challenging to obtain an analytical solution since there are com-

plications in dealing with the annihilation cross-section. However, one can get

an analytical solution by imposing some special conditions on the evolution of

the yield. In addition, one can see from Figure 2.7 that the DM yield does not

change after the freeze-out, whereas the equilibrium yield falls rapidly. So one

can neglect Yeq compare to Y in Equation 2.71. Note that the condition is not

valid before freeze-out since DM matter yield follows the equilibrium distribution

in this regime. Now considering both the assumptions, one derives

1

Y∞
=

1

Yfo

+

∫ ∞
xfo

dx

x2
λ〈σv〉 (2.78)

Here, the λ varies with x as both g∗s and g∗ are temprature dependent. In order

to calculate Y∞, the value of g∗s and g∗ at Tfo are used. After neglecting 1
Yfo

, one

can approximate Y∞ as

Y∞ =

(
λfo

∫ ∞
xfo

dx

x2
〈σv〉

)−1

(2.79)

with λfo ≡ λ|x=xfo
.

Now we will discuss a few interesting points about the annihilation cross-section.

In the WIMP scenario, the relative velocity between two annihilating DM par-

ticles is very small. So one can express the annihilation cross-section in terms

of relative velocity. Under this assumption, we can write the cross-section in a

power series of v as

σv ' a+ bv2 + cv4 +O(v6) (2.80)

with v '
√
s/4m2

χ − 4. Here the first three terms refer to the s-wave, p-wave,

and d-wave contribution, respectively. Now the thermally averaged annihilation

cross-section is given by
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Figure 2.7: Freeze-out case: Evolution of the DM yield with the dimensionless
parameter x(= mχ/T ). Image taken from [67]

〈σv〉 =
x3/2

2
√
π

∫ ∞
0

dvv2(σv)e−xv
2/4 ' a+

6b

x
+

15c

x2
+O(1/x3) (2.81)

When the DM annihilation occurs through the s-wave, then we can obtain

a trivial solution for the DM yield as the thermally averaged cross-section is

independent of temperature, i.e., constant, and we can write the following by

using the Equation 2.81

Y∞ =
xfo

λfo〈σv〉
(2.82)

Now we can easily calculate the relic density of the DM by using the following

relation

Ωh2 =
1.09× 109xfo√
g∗MP 〈σv〉

GeV−1 (2.83)

Where we assume that the number of relativistic degrees of freedom for energy

and entropy is almost equal at the freeze-out and the typical value for the WIMP

picture is g∗s = g∗ ∼ 80 − 100. The values of xfo lies between 20 − 30 while the

exact value of xfo depends on the mass of the DM. Therefore, the value of the

relic abundance depends on the annihilation cross-section while there is no direct

dependency on mass.

Generally, for the DM mass range ∼ (10−1 − 104) GeV, one needs 〈σv〉 ∼ 2 ×
1026cm3/s to satisfy the correct relic density. In this mass range, the variation of
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annihilation cross-section with mass is very mild .

Figure 2.7 displays, the numerical solutions of the Equation 2.71 for different

values of thermally averaged annihilation cross-section. As we mentioned earlier

that 〈σv〉 ∼ 2× 1026cm3/s ∼ 1 pb regardless of the DM mass. Interestingly, this

value matches the typical order of the electroweak interaction. That is the reason

it is called the WIMP miracle.

2.3.4 FIMP Dark Matter: Freeze-In

Already, we have discussed the WIMP paradigm, where the primary assumption

is that in the early Universe, the DM was in thermal equilibrium. However,

when the coupling of interaction between the DM and the visible sector is tiny

∼ O(10−7), then the DM never gets thermalized with the thermal plasma. In

such a scenario, the abundance of dark matter in the early times was negligibly

small.

Y (x0) ' 0 (2.84)

In the early Universe, DM production occurred via the annihilation of dark matter

when the temperature was very high. As the Universe expands, the possibility of

collision between the standard model particles decreases; as a result, production

reduces. When the Universe expands further, and the temperature becomes low

enough, the production becomes insignificant. So the abundance of dark matter

freezes in, and it remains constant till today. This kind of DM is well-known as

FIMP.

The initial abundance of dark matter for the freeze-in scenario is negligible, so one

can safely neglect the Y 2 term compared to the equilibrium one in Equation 2.71.

As a result, the DM abundance before the freeze-in is much smaller than the

equilibrium abundance. So the simplified version of the Boltzmann equation for

the 2→ 2 process is given by

dY

dx
=

λ

x2
〈σv〉

(
Y 2 − Y 2

eq

)
' − λ

x2
〈σv〉Y 2

eq (2.85)

Contrary to the freeze-out mechanism, the FIMP type DM yield increases with

the temperature until the yield freezes in. Figure 2.8 shows the solution of the

Boltzmann equation for the freeze-in scenario with different thermally averaged

annihilation rates. Here, it is clear that the larger annihilation rate demands a

larger abundance of dark matter.

It is not true that DM production always takes place through the annihilation of

the bath particles. The DM may get produced from the decay of a heavy particle.



2.3. Thermodynamics and The Evolution of the Universe 41

Γ

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-16

-14

-12

-10

-8

-6

-4

log10x

lo
g 1
0
Y

Figure 2.8: Freeze-in case: Evolution of the DM yield with the dimensionless
parameter x. Image is taken from [68].

Now the Boltzmann equation for the 1→ 2 process reads as

dY

dx
= −〈Γ〉

Hx

(
Y − Yeq

)
' 〈Γ〉
Hx

Yeq (2.86)

An interesting scenario occurs when the DM has sufficiently large interaction

with the other dark sector particles. In this scenario, initially, the dark matter

produced from the bath when the population of DM becomes significant. The

DM will start to produce other dark sector particles and get thermalized due to

their large interaction. Here, the DM final yield is not fixed by freeze-in; rather,

the final abundance is set by the freeze-out of the processes in the dark sector.

Since this freeze-out takes place in the dark sector, it is termed a dark freeze-out.

This kind of scenario receives the name of annihilation of dark matter. We have

studied such an exciting picture in detail in Chapter 5.

We know that dark matter production takes place at a high temperature. So

the consideration of temperature effects may become necessary in some cases.

Suppose the dark matter is getting produced from decays provided that the mass

of the decaying particle is larger than the total mass of the final state particles.

The dark matter may produce from a lighter particle than the dark matter if that

particle develops a sizeable thermal mass compared to dark matter. Any particle

can acquire a large thermal mass in the early Universe when the temperature was

very high. So the incorporation of the thermal mass opens up a new paradigm

where the dark matter produces from a kinematically forbidden channel. The

dark matter produced via a forbidden process is called the forbidden freeze-in

dark matter. Chapter 6 involves a study of FFI dark matter.



42 Chapter 2. Early Universe and Dark Matter

0.001 0.010 0.100 1 10 100
0.01

0.10

1

10

100

1000

104

Figure 2.9: The display of NFW, Einasto, Isothermal and Burkert galactic Dark
Matter density profile where α = 0.17 with rs = {24.4, 28.4, 4.3, 12.6} kpc respec-
tively. Image is taken from [69].

2.3.5 DM Halo profile

Dark matter follows a distribution within the dark matter halo, where the phase

space distribution of DM comprises the spatial and velocity distribution. This dis-

tribution has a crucial impact on direct and indirect detections since this method

considers the DM halo the source of dark matter.

2.3.5.1 DM density profile

In literature, there exist several spherically symmetric halo profiles to demonstrate

the DM halo. Among those profiles, the Navarro-Frenk-White profile is the most

popular one and is given by

ρNFW(r) =
ρc(

r
rs

)[
1 +

(
r
rs

)2] (2.87)

where ρc and rs represent the characteristic density and radius, respectively. Ac-

tually, it is a fit to the density profile, which is guided by the N body simulation.

It is also constructed so that it can mimic the particular behaviour of density

profile as ρ(r) ∼ r−1 for r < rs and ρ(r) ∼ r−3 for r > rs. Note that this profile

has a divergence for r → 0. The recent simulations suggest that the Einasto

profile can describe the halo densities more accurately. This profile is introduced

by Einasto and has the following shape

ρEinasto(r) = ρc

(
− 2

α

[(
r

rs

)α
− 1

])
(2.88)
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where rs is the radius within which half of the total halo mass is enclosed, and ρs

describes the DM density at this radius. The free parameter α can be calibrated

to interpret the variousness in the simulated halos.

In addition, One of the commonly used profiles is the Burkert profile. This

profile is inspired by the rotational curve measurement of the dwarf galaxies and

parametrizes as

ρBurkert(r) =
ρc(

1 + r
rs

)[
1 +

(
r
rs

)2] (2.89)

ρs is the central dark matter density, and rs is the core radius. In the inner part

of the halo, it reconstructs the flat density profile while falls rapidly (ρ(r � rs) ∝
r−3) in the outer region.

There is also another notable profile, the so-called isothermal profile. This profile

is more pertinent for phenomenology rather than describing the dark matter

distribution. it has the potential to reproduce the flat rotation curve and has the

following expression

ρIsothermal(r) =
ρc

a2 + r2
(2.90)

where ρ0 and a are the constants. The isothermal density profile remains almost

constant in small values of radius(r < rs) and falls less sharply ρ(r) ∝ r−2 for

r � rs. All the distributions discussed above are shown in the Figure 2.9 for the

case of the Milky Way.

It is essential to know the dark matter density along with the DM distribution

in the galactic neighborhood of the Sun. for the DD and ID experiments. The

attempt to calculate this quantity has been determined not only by using the

density profile but also by several other studies with the help of different methods.

This result indicates that the DM density lies between

ρDM = 0.3− 0.4 GeV/cm−3 (2.91)

2.3.6 Problems in small scales structures

The prediction of the ΛCDM model matches beautifully with the observation

at large scales, while it clearly shows the difficulty of explaining the astrophys-

ical observations on small scales. There are several issues, commonly known as

small-scale structure problems, and among them, three prominent problems will

be discussed here.



44 Chapter 2. Early Universe and Dark Matter

• Cups-Core problem: This problem is associated with the discrepancy in

the behavior of the density of the dark matter in the central part of smaller

galaxies. According to the prediction of N body simulation, the DM density

profile is cuspy, where the dark matter density follows . In contrast, the actual

behavior of the dark matter density can be deduced by using the observations of

smaller systems. It is encountered that the smaller halos have the core, where

the dark matter density remains constant at a small radius.

• Missing satellite problem: This is related to the mismatch between the

predicted number of subhalos in N-body simulation and the observed number of

satellite galaxies.

• Too big to fail problem: It is expected that the Milky way satellites with

the largest stellar velocity would inhabit the most massive subhalos of the Milky

Way. But the circular velocity profile of the most massive halos in CDM sim-

ulation does not match the observation. The less massive subhalos host these

observed satellite galaxies where the most massive one fails. The question is why

the less massive subhalo successfully forms the luminous counterparts while the

most massive subhalo does not. In short, the too big to fail problem demonstrates

that the center of the most massive subhalo by CDM simulation is too dense to

host the observed satellite of the Milky Way.

• Diversity problem: Observations point out that the density profile in the

inner region of a Halo posses many different behaviours while the cosmological

simulations suggest a small scatter in density profile in the case of Halos with

similar mass and size. Such variety in the slope in the inner part of the density

profile is known as the diversity problem.

2.3.7 Self-interaction of dark matter: Solution to the small

scale problem

There are very few solutions for small-scale problems like the baryonic feedback

effects etc. However, an alternative and exciting way to solve this problem is by

invoking the self-interaction of the dark matter.

The same principles used to place-bound on the dark matter self-interaction have

been applied to solve the small-scale structure problems. The core can be gener-

ated by reducing the number of particles in the subhalos of the galaxies, which can

solve both the issues of the cups-core problem and the missing satellite problem.

Since the generation of the core necessarily reduces the rotational velocity of the
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core and the dwarf galaxy host the largest subhalo. There are enormous studies

that consider different self-interacting dark matter models when the evolution of

the halo is simulated . To support the creation of the core in the dwarf galaxies

suggest that the following order of self-interaction of dark matter is needed.

σSI/m ∼ 1 cm2/g (2.92)

One needs a velocity-dependent cross-section to solve the small-scale problem

with the help of dark matter self-interaction while satisfying the bound at the

cluster halo size, i.e., recovering the collisionless behavior at a large scale . Here,

it is mentioned that the cross-section’s velocity dependence comes naturally when

the dark matter self-interaction occurs via a Yukawa-type potential. It is shown

that this yields a large cross-section at a small velocity while the cross-section

falls very fast as velocity increases. This behavior perfectly matches the require-

ment that the dark matter self-interaction needs to be large at the velocity of 10

km/s, which is the actual velocities range to resolve the small-scale puzzle while

becoming small at the velocities of 1000 km/s, which is the natural velocity range

where the bound from the DM cluster halo lies. It has been verified further in

the numerical simulation that the incorporation of self-interaction of dark matter

generated by the Yukawa type of interaction does replicate the expected behavior

for the dwarf galaxy halo . Light mediator extended version of the SM naturally

mimics the appearance of the Yukawa potential in non-relativistic limit .

It is tough to harmonize cosmology with the models where light mediators are

present in the article content. When the freeze-out mechanism fixes a dark matter

relic in the presence of a light mediator, then that mediator must be thermalized.

This mediator must be unstable because if this is stable, then it becomes the

dominant dark matter component, and it over closes the Universe. To resolve

this issue, the mediator has to decay, and it must decay before the Big Bang Nu-

cleosynthesis since its decay after BBN may alter the primordial abundance of the

light elements. When the DM is connected with the visible sector by kinetic mix-

ing or Higgs portal interaction, it is also challenging to explain the short lifetime

of the mediator while satisfying the strong bound coming from direct detection

experiments.

2.4 Dark Matter Searches

In Chapter 1, we have discussed the DM properties. In this chapter, we already

demonstrate the WIMP and FIMP scenarios and the procedure to calculate the

relic density. Now, we are going to describe how DM can be detected. The
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DM experimental detections can be grouped into three categories: Direct detec-

tion of DM-nucleus scattering process in underground experiment [70]; Indirect

detection, i.e., detection of SM particles produced from the DM annihilation pro-

cess [71] and eventually, the production of DM at collider such as the LHC [72].

The FIMP can have similar properties as the WIMP; its feeble interaction with

the SM particles makes the detection more challenging. However, the detection

techniques are the same for both cases.

Several current experiments are trying to detect dark matter and unravel its na-

ture and interaction apart from the gravitational interaction. In this section, we

explore the current prospect of dark matter detection.

2.4.1 Direct Detection

Direct detection experiments of DM use the most promising detection techniques.

The basic idea behind DM detection is to measure the recoil energy of the DM

nucleus scattering happening in the DM halo. E. Witten and M. Goodman came

up first with such an interesting idea in the 1980’s [73]. Unfortunately, electro-

magnetic techniques can not be used to detect the DM since it is an electrically

neutral particle. However, the elastic scattering between the DM and the nucleus

provides the possibility to detect it. So, the knowledge of different astrophysical

properties helps us in predicting the DM interaction rate with the underground

detector.

• Event Rate

The differential event rate is the most important quantity in the direct

detection experiments, which is usually referred to as the differential rate

unit (dru) [74–76]. The differential event rate is calculated per count, kg,

day, and keV and expressed as

dR

dENR

=
ρ0

mNmχ

∫
v>vmin

vf(v)
dσ

dENR

(v, ENR)dv (2.93)

where mN and mχ are the masses of the nucleon and the dark matter,

respectively, ENR represents the nuclear recoil energy, and σ refers to the

DM-nucleon scattering cross-section.

Generally, the direct detection experiments consider the assumption that

DM follows an isotropic distribution in a singular isothermal sphere, ρ(r) ∼
r−2. The DM local density is ρ� = ρ|r=R� with R� = 8.0 ± 0.5 kpc [77]

represents the distance between the Sun and the galactic centre. The com-

monly used dark matter local density in the direct detection experiments is

ρ� = 0.3 GeV/cm3 [78].
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DD commonly uses the isotropic and Gaussian velocity distribution

f(~v) =
1√

2πσv
e−|~v|

2/2σ2
v (2.94)

where σv represents the velocity dispersion of the DM gas cloud. Here, this

N-body simulation [79] supported approximation is known as the Standard

Halo Profile. The velocity dispersion can be written in terms of the circular

velocity of the galaxy as σv =
√

3/2vc, with vc = 220± 20 km/s [80].

The integral integrates over all possible velocities above a certain minimum

velocity which is fixed by the requirement to induce the nuclear recoil. One

can obtain this minimum velocity by using simple kinematics as

vmin =

√
mNENR

2µ2
χN

(2.95)

where µχN = mχmN
mχ+mN

is the reduced mass of the dark matter and nucleon

system. The DM escapes from the the DM halo when the velocity of DM

is larger than the escape velocity, v > vesc = 544 km/s [81].

The total event rate per kilogram per day can be estimated by integrating

the Equation 2.93 in the range of possible energies of the nuclear recoil as

follows

R =

∫ ENR,high

ENR,low

dENR ε(ENR)
dR

dENR

(2.96)

Where ε(ENR) is the efficiency of the detector and ENR,low refers to the

threshold of the detector. Here the value of the ENR,high fixes by the kine-

matics as

ENR,high =
2µχNv

2
esc

mN

(2.97)

• DM Nucleus Cross-Section

Equation 2.97 gives the rate of the interaction of DM with the Nucleus

with the detector per day and per kilogram. All the information about the

DM-Nucleus interaction is encoded in the DM-Nucleus cross-section.

dσ

dENR

=

(
dσ

dENR

)
SI

+

(
dσ

dENR

)
SD

(2.98)

This cross-section is comprised of two contributions; one is the spin-independent

contribution which arises from the DM coupling with the scalar as well as
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Nucleon ∆u ∆d ∆s

Protons 0.80(3) -0.46(4) -0.12(8)
Neutrons -0.46(4) 0.80(3) -0.12(8)

Table 2.1: Displays the matrix element of the axial-vector current in a nucleon.
The first row shows ∆p

q where the second row shows ∆n
q [86].

the vector, and the other is the spin-dependent contribution that comes

because of the axial-vector interaction of the DM.

The DM-nucleus cross-section relies on the DM-nucleon cross-section, where

the microscopic information of the collision is encoded. In the case of a

small momentum transfer from dark matter to the nucleus, one can obtain

an expression relating to the microscopic and macroscopic cross-sections.

(a) Spin-Dependent Cross-Section

The spin-dependent cross-section depends on the spin of the dark mat-

ter and the angular momentum of the system. The expression takes

the following form for the fermionic dark matter [75](
dσ

dENR

)
SD

=
16G2

FmN

πv2

J + 1

J
(ap〈Sp〉+ ap〈Sp〉)2S(ENR)

S(0)
(2.99)

Where S(ENR) and S(0) represent the form factors, 〈Sp,n〉 refer to the

expectation values of the spin content of the nucleus and J represents

the total angular momentum of the nucleus. Here the coefficients ap

and an can be expressed as ap =
∑

q=u,d,s

αAq√
2GF

∆p
q

an =
∑

q=u,d,s

αAq√
2GF

∆n
q

(2.100)

The different αA couplings arise from the dark matter axial-vector in-

teraction with the quarks, which are model dependent. In addition, the

information about the quark spin content of the nucleon are encoded

in ∆n,p
q which are proportional to 〈N |q̄γµγ5q|N〉. Generally, the lat-

tice QCD [82] and the experimental nuclear physics techniques [83–85]

both strategies are used to determine these coefficients. The values of

∆n,p
q are shown in Table 2.1.

(b) Spin-Independent Cross-Section

The cross-section is independent of the spin of the dark matter and

the nucleus angular momentum in the limit of zero momentum trans-
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Nucleon fTG fTu fTd fTs
Protons 0.917(19) 0.018(5) 0.027(7) -0.037(17)

Neutrons 0.910(20) 0.013(3) 0.040(10) 0.037(17)

Table 2.2: Displays the light quarks contribution to the mass of the proton and
neutron where the numbers in the parentheses represent the one sigma uncertain-
ity [91].

fer [87]. The expression can be written as(
dσ

dENR

)
SI

=
2mN

πv2

(
[Zfp + (A− Z)fn]2 +

B2
N

256

)
F 2(ENR) (2.101)

Where BN ≡ αVu (A+ Z) + αVd (2A− Z) refers contribution due to the

vector vector interaction and αVu,d represents the vector vector coupling

between the DM and the u and d quarks. Here (A,Z) are the number of

neutrons and protons of the nucleus and F 2(ENR) is the experimental

form factor [88, 89].

Ultimately, the quantity fp,n has the following structure

fp,n

mp,n

=
∑

q=u,d,s

αSq
mq

fpTq +
2

27
fpT,G

∑
q=u,d,s

αSq
mq

(2.102)

Where αSq represents the scalar-scalar coupling of the DM with the

quarks. The nucleon matrix elements are encoded in the coefficients

fp,nT,q , which gives the contribution of the light quarks of the nucleus.

These coefficients have the following definitions

fp,nT,q =
mq

mp,n

〈N |q̄q|N〉 (2.103)

These quantities are calculated using the Lattice QCD or experimen-

tally or precisely using the measurements of the pion-nucleon sigma

term [90]. Here fp,nT,G denotes the contribution of the gluons to the mass

of the nucleon and can be defined as

fp,nT,G = 1−
∑

q=u,d,s

fp,nT,q (2.104)

All the constants discussed here are summarized in Table 2.2.

• Current Status of Direct Detection Landscape

The search for dark matter becomes one of the tough challenges of the High

energy physics. Many experimental groups have been trying their best to
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Figure 12. The current experimental parameter space for spin-independent WIMP-

nucleon cross sections. Not all published results are shown. The space above the

lines is excluded at a 90% confidence level. The two contours for DAMA interpret

the observed annual modulation in terms of scattering of iodine (I) and sodium (Na),

respectively [125]. The dashed line limiting the parameter space from below represents

the “neutrino floor” [117] from the irreducible background from coherent neutrino-

nucleus scattering (CNNS), see Sect. 3.4.

target) are weaker due to their higher threshold and lower exposure.

In a mass range from 1.8 GeV/c2 . m� . 5 GeV/c2, the most stringent exclusion

limit was placed by DarkSide-50 using a LAr target depleted in 39Ar [126]. The

result from a 0.019 t⇥ y run is a based on using the ionization signal only, which

allowed reducing the analysis threshold to 0.1 keVee. The observed background of

1.5 events/(kg⇥ d⇥ keVee), corresponding to 5.5 ⇥ 105 events/(t⇥ y⇥ keVee), can be

attributed to known background sources above ⇠1.4 keVnr (corresponding to 8 e�).

Due to their much smaller total target mass and higher backgrounds, the cryogenic

experiments using Ge-crystals with ionization and phonon readout (EDELWEISS,

(Super)CDMS) or scintillating CaWO4-crystals with light and phonon readout

(CRESST) cannot compete in the search for medium to high-mass WIMPs. However,

due to their ability to reach extremely low thresholds well below 1 keVnr, they are very

sensitive to low-mass WIMPs with masses .5 GeV/c2. The Germanium-based detectors

SuperCDMS and EDELWEISS could improve their low-mass sensitivity by operating

the detectors with a high bias voltage, converting the ionization signals into Neganov-

Figure 2.10: Bounds from SI direct detection experiments of dark matter. The
excluded region is the space above the different lines. The two contours filled
with red colors display the DM observation from DAMA/LIBRA, and the yellow
region refers to the neutrino floor [92]. Image taken from [70]

detect the DM over several years, though they do not found any signature

of WIMP dark matter or other forms of dark matter. So, we only have

experimental bounds on the theoretical model of dark matter.

The first experiment of direct detection started in 1987 when 0.72 kg of

high purity germanium crystal was used as a target. After that, several

DD experiments were performed, which further improved the experimental

bound on the dark matter. Nowadays, the landscape of DM searches con-

sists of several DD experiments where the present experiments use novel

gas like Xenon, argon, etc., as targets.

Among different search strategies, the DD experiments play a very impor-

tant role in placing a very strong bound on DM. As we discussed, there

are two kinds of cross-section of dark matter one is spin-dependent, and

another is spin-independent; between strongest bounds come from the spin-

independent cross-section for most of the models. Some of the current limits

on dark matter have been shown in Figure 2.10. The signature of the di-

rect detection experiments for the WIMP dark matters occurs due to the

single scatter nuclear recoils. Interestingly, the coherent neutrino-nucleus

scattering (CNNS) also produces the same kind of signal (in any detector),

which generates irreducible background for the WIMP search. The limits

in parameter space from the such background are shown in Figure 2.10 by

the yellow dashed line, known as the ”neutrino-floor,” where it limits the

parameter space from below.
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2.4.2 Indirect Detection

The dark matter indirect detection is based on the search for the anomalous

component in the cosmic rays as a result of the annihilation of the DM pair.

Generally, there are three kinds of detectable fluxes which are charged parti-

cles, like electrons and positrons, protons and antiprotons, photons, and, finally,

neutrino fluxes. Several works have appeared which have tried to find the DM

signature since the 1970s. Some of the initial publications have looked at γ ray

fluxes [93, 94], positron fluxes [95,96], antiproton fluxes [97, 98] etc.

One can constrain the DM models by studying these fluxes of the stable particles

that reached the Earth. Normally, in most of the BSM models, the annihilation

of the DM particles produces the SM particles resulting in the final states with

the stable particles. If such processes exist, then the signature of dark matter

can be found in the cosmic rays detected on the Earth. The indirect detection

aims to track the footprints of the dark matter in the stable particle fluxes de-

tected in the experiments. However, it is not always true that DM annihilations

should produce detectable signatures all the time. When the DM annihilation

cross-section possesses dependency on the relative velocity of the dark matter,

then the contribution of these processes to the flux of the stable particles is neg-

ligibly small as the velocity of DM today is very small. Though the study of all

kinds of fluxes is interesting and important, here we are interested in the flux of

uncharged particles or, more specifically, the photons.

• Propagation of Uncharged Particles

There are two fluxes of uncharged particles arriving at Erath: the neutrinos

flux and the photons flux. The most significant flux of the neutrinos is the

solar neutrino flux generated in the Sun, and the other is the atmospheric

neutrino flux produced in the atmosphere. These neutrinos can propagate

easily because of their weak interaction with other particles, making their

mean path larger. In the propagation, the neutrinos encounter several dif-

ferent effects; for a complete description of to deal with such subtilities, see

the Ref [99].

The other neutral particle on which our primary interest lies is the γ rays.

The differential fluxes of photons produced due to the DM annihilation that

reaches the Earth from a window of size ∆Ω can be parametrized as [100]

dΦγ

dE
(E) =

J

8πm2
χ

∑
f

〈σv〉f
N f
γ

dE
(E), (2.105)
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with

J =

∫
∆Ω

dΩ

∫
ρ2(s)ds (2.106)

is called the J-factor, and it has all the astrophysical information. More

precisely, the J-factor represents the integration of the DM profile along

the line of sight. When the γ rays are produced via the decay of DM, the

flux is given by

dΦγ

dE
(E) =

J

4πmχ

∑
f

Γf
N f
γ

dE
(E), (2.107)

where

J =

∫
∆Ω

dΩ

∫
ρ2(s)ds (2.108)

• Experimental status of indirect detection

The current prospect of indirect detection plays a vital role in providing

constraints on the BSM models having dark matter candidates. Here, we

will give a current status for the γ ray searches.

In indirect detection, the γ-ray search experiments are the most promising

source in placing bounds. The dwarf spheroidal galaxies are DM-dominated

objects, and it emits low diffuse γ rays. One can set limits on different

BSM models by using the observation of the photons coming from dwarf

spheroidal galaxies.

A few years back, the photon flux of 15 different dSphs was analyzed by

the Fermi-LAT experiment. Generally, the Fermi collaboration has studied

photons with energy range 500 MeV to 500 GeV [101,102].

Though the dSphs are providing the strongest bounds as a γ ray source,

different advancements have been made to study the γ rays coming from

the galactic center and other sources [103,104].

2.4.3 Collider searches

We have already discussed different techniques of direct detection and indirect

detection. So, it is necessary to talk about the production of dark matter at

colliders for the completion of the DM search strategies. The LHC searches give

the current strongest bound on the dark matter. Since the dark matter does not

have any electromagnetic and strong interaction, so it remains undetected at the

collider, leaving the signature of missing energy or the missing momentum. Now,
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we discuss some DM searches at collider .

1. Invisible decay of the SM-Higgs

ATLAS and CMS impose bounds on the invisible decay of the Higgs, and

the current bound can be found in the Ref [105]. One can constrain the DM

model when the DM couples to the Higgs for the DM mass mDM ≤ mh/2.

2. Invisible decay of the SM Z-boson

In some scenarios, the DM directly couples to the Z boson, where the precise

measurements of Z at LEP contain the DM. Here also, the mass of the dark

matter has to satisfy the criterion mDM ≤ mZ/2 like the Higgs case.

3. Mono-X searches

In some cases, the DM does not interact directly with the SM particles.

Here, the DM can be produced along with some standard model particles

at the collider. In such cases, one can talk about the DM by studying the

SM particles which have been produced along with the dark matter. Here

this X stands for these SM particles, which can be Higgs, Z boson, QCD

jets, etc

.





Chapter 3

Pseudo-Dirac dark matter and

radiative neutrino mass in a

singlet doublet scenario

3.1 Introduction

In this chapter, we study a simple extension of Standard Model, which offers a

common origin for pseudo-Dirac dark matter interaction with the visible sector

and radiative generation of neutrino mass. The singlet doublet fermionic dark

matter scenario is studied extensively [106–112, 112–117, 117–123, 123, 123–136],

and it falls within the WIMP paradigm. There are two neutral fermion states

in this set up which mix with each other and the lightest one is identified as

the DM candidate. The mixing angle depends on the coupling strength of the

singlet and doublet fermion with the SM Higgs. The magnitude of this mixing

angle determines whether the DM is singlet like or doublet dominated. In singlet

doublet model DM candidate can be probed at direct search experiments through

its interaction with nucleon mediated by the SM Higgs and the neutral gauge

boson. However, the null results at direct search experiments restrict the range

of the mixing angle below . 0.06 [106], making the DM almost purely singlet

dominated. Considering a setup where SM is extended with a singlet fermion,

Ref. [137] (subsequently in Ref. [138]) demonstrated that inclusion of a small

Majorana mass term for the singlet fermion in the Lagrangian splits the DM

eigenstate into two nearly-degenerate Majorana states with a tiny mass difference.

In the small Majorana mass limit, the splitting does not make any difference to

the relic abundance analysis, however, making a vital portal to direct detection

of the pseudo-Dirac DM candidate [137]. We apply this interesting feature in the

singlet doublet dark matter model by allowing a small Majorana mass term for

55
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the singlet fermion in addition to the Dirac terms for both the singlet and doublet.

This inclusion brings a significant relaxation on the singlet doublet mixing angle,

which is otherwise severely constrained, as discussed before. Present model may

also provide exciting implications in collider searches with rich phenomenology.

However, it is even more appealing to note the implication in yet another sector,

seemingly unrelated so far.

We make use of the same Majorana mass term for the singlet fermion in

generating the low energy neutrino mass radiatively [30,139]. The present mech-

anism of neutrino mass generation is also familiar as the scotogenic inverse seesaw

scheme. In the process, we extend the minimal version of the singlet doublet DM

framework with multiple copies of a real scalar singlet fields ∗. These additional

scalar fields can couple with the SM leptons and the doublet fermion through lep-

ton number violating vertices. Thus in the radiative one-loop level DM particles

and the singlet scalars take part in the generation of neutrino masses. As a result,

the eigenvalues of the SM neutrinos are determined by the masses of DM sector

particles, scalar singlets and the Majorana mass parameter of the singlet fermion.

More importantly, the Majorana nature of the SM neutrino is solely determined

by the introduced Majorana mass term for the singlet fermion, which also helps in

successfully evading the spin-independent (SI) constraints in dark matter. Thus

the DM sector and the neutrino mass parameters are strongly correlated in the

present set up which we are going to explore in detail.

The chapter is organized as follows. In Section 3.2, we present the struc-

ture of our model, which is primarily an extended form of the singlet doublet

model. We describe the field content, their interactions and insertion of addi-

tional Majorana term. In Section 3.3, we discuss the consequence of our model

in dark matter phenomenology. We examine the properties of our pseudo-Dirac

dark matter candidate and how it extends its model parameter space evading the

spin-independent direct detection limits. In Section 3.4, we explain the mecha-

nism of radiative generation of neutrino mass and look at the parameter space

where oscillation data can be satisfied simultaneously along with the dark matter

constraints and relic. Finally, we conclude highlighting features of our study in

Section 3.5.

3.2 The Model

We extend the SM particle sector by one SU(2)L doublet fermion (Ψ) and one

gauge singlet fermion (χ). In addition, we also include three copies of a real

∗A similar exercise on the radiative generation of neutrino mass within the singlet doublet
DM framework is performed in Ref. [129] except having a pure Majorana type DM.
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BSM and SM Fields SU(3)C ×SU(2)L×U(1)Y ≡ G U(1)L Spin Z2

Ψ ≡
(
ψ0

ψ−

)
1 2 -1

2
0 1

2
−

χ 1 1 0 0 1
2

−
φi (i = 1, 2, 3) 1 1 0 0 0 −

`L ≡
(
ν`
`

)
1 2 -1

2
1 1

2
+

H≡
(

w+

1√
2
(v + h+ iz)

)
1 2 1

2
0 0 +

Table 3.1: Field contents and charge assignments under the SM gauge symmetry,
Lepton number, Spin and additional Z2.

scalar singlet field (φ1,2,3). The BSM fields are charged under an additional Z2

symmetry while SM fields transform trivially under this additionally imposed Z2

(see Table 3.1). The BSM fields do not carry any lepton numbers. The Lagrangian

of the scalar sector is given by

Lscalar = |DµH|2 +
1

2
(∂µφ)2 − V (H,φ), (3.1)

where,

Dµ = ∂µ − igσ
a

2
W aµ − ig′Y

2
Bµ, (3.2)

with g and g′ being the SU(2)L and the U(1)Y gauge couplings respectively. The

scalar potential V (H,φ) takes the following form

V (H,φi) = −µ2
H (H†H) + λH (H†H)2 +

µ2
ij

2
φiφj + λijkφ

2
iφjφk +

λij
2
φiφj(H

†H).

(3.3)

We consider µ2
H , µ

2
ij and the quartic coupling coefficients λij and λijk are real

and positive. In general the mass term for scalars (µ2
ij), the quartic coupling

coefficients (λij, λijk) are non diagonal. The vacuum expectation values (vev)

of all the scalars H and φ1,2,3’s after minimising the scalar potential in the limit

µ2
H , µ

2
ij > 0 are obtained as,

〈H〉 = v, 〈φ1,2,3〉 = 0. (3.4)

Since all the quartic couplings are positive, the scalar potential is bounded from

below in any field direction with the set of stable vacuum in Equation 3.4 [140,
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141]. For sake of simplicity † we assume that µ2
ij, λij, λijk are diagonal with the

masses of the scalar fields parametrised as (M2
φ1
,M2

φ2
,M2

φ3
). The discrete sym-

metry Z2 remains unbroken since 〈φ1,2,3〉 = 0. The Lagrangian for the fermionic

sector (consistent with the charge assignments) is written as:

L = Lf + LY , (3.5)

where,

Lf = iΨLγµD
µΨL + iΨRγµD

µΨR + iχLγµ∂
µχL + iχRγµ∂

µχR

−MΨΨLΨR −MΨΨRΨL −MχχLχR −
mχL

2
χcLχL −

mχR

2
χcRχR, (3.6)

and

LY = YΨLH̃χR + hij`iΨRφj + h.c.. (3.7)

We keep a small Majorana mass (mχL,R � Mχ) term for the χ field in Equa-

tion 3.6. In this particular set up the lightest neutral fermion is a viable dark

matter candidate which has a pseudo-Dirac nature provided a tiny mχL,R ex-

ists. The choice of this non-vanishing mχL,R is kept from the necessity of evading

strong spin-independent dark matter direct detection bound. As we will see later

that this term is also helpful in generating light neutrino mass radiatively. The

first term in Equation 3.7 provides the interaction of DM with the SM particles

mediated through the Higgs. While the second term in Equation 3.7 violates

the lepton number explicitly ‡. This kind of lepton number violation could trig-

ger a thermal or non-thermal leptogenesis (baryogenesis) in the early Universe,

provided sufficient CP asymmetry is generated [53].

3.3 Dark Matter

The different variants of singlet doublet fermion dark matter are extensively stud-

ied in the literature [106–129] over the years. Here we go through the DM phe-

nomenology in brief. In the present study, we consider Mφ � Mψ,mχL,R such

that the role φ fields in DM phenomenology is minimal §. The Dirac mass matrix

†In the present analysis the quartic couplings for the singlet scalars have negligible role and
can take any arbitrary positive value within their respective perturbativity bounds [142,143].
‡Consideration of complex scalar singlets instead of real ones would lead to the conservation

of the lepton number [129].
§In principle, scalars could take part in DM phenomenology through coannihilation pro-

cesses. However, considering the mass pattern, we have chosen for simplicity, their contributions
turn out to be negligible.
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Figure 3.1: Region of parameter space allowed from both the relic density and
direct detection bounds are shown in a plane of dark matter mass Mξ1 and mixing
angle sin θ, in the limit Majorana massmχL,R = 0. Different colors are for different
values of mass gap ∆M = (Mξ2−Mξ1) allowed here. In this scenario, upper limit
in sin θ is strongly constrained from direct detection bounds which gradually
relaxed with higher dark matter mass and thus a lower cross section.

for the neutral DM sector after the spontaneous breakdown of the electroweak

symmetry is obtained as (in mχL,R → 0 limit),

MD =

(
MΨ MD

MD Mχ

)
, (3.8)

where we define MD = Y v√
2
. Therefore, we are left with two neutral Dirac particles

which we identify as (ξ1, ξ2). The mass eigenvalues of (ξ1, ξ2) are given by,

Mξ1 ≈Mχ −
M2

D

MΨ −Mχ

(3.9)

Mξ2 ≈MΨ +
M2

D

MΨ −Mχ

(3.10)

Therefore, the lightest state is ξ1, which we identify as our DM candidate. The

DM stability is achieved by the unbroken Z2 symmetry. The mixing between

two flavor states, i.e. neutral part of the doublet (ψ0) and the singlet field (χ) is
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parameterised by θ as

sin 2θ ' 2Y v

∆M
, (3.11)

where ∆M = Mξ2 − Mξ1 ≈ MΨ − Mχ in the small Y limit. In small mixing

case, ξ1 can be identified with the singlet χ. The DM phenomenology is mainly

controlled by the following independent parameters.

{MΨ, Mχ, θ}. (3.12)

The DM would have both annihilation and coannihilation channels to SM

particles, including the gauge bosons [118, 122] as shown in Figure D.1 of Ap-

pendix D. It turns out that the coannihilation channels play the dominant role in

determining the relic abundance for pure singlet doublet fermion DM since the

annihilation processes are proportional to the square of mixing angle and hence

suppressed in the small mixing limit. The DM can be searched directly through

its spin-independent scattering with nucleon mediated by both SM Higgs and

Z boson as depicted in Figure D.2 of Appendix D. In Figure 3.1 we show the

observed relic abundance by Planck 2018 [144] and spin-independent direct de-

tection bounds (from XENON 1T [145]) satisfied region in sin θ −Mξ1 plane for

different values of Mξ2 in the absence of the Majorana mass term (mχL,R). We

have used Micromega 4.3.5 [146] package for the numerical analysis. It is observed

that the relic abundance is satisfied for a particular Mξ1 when ∆M = Mξ2 −Mξ1

is small. This means the coannihilation processes are dominant compared to the

annihilation processes in determining the observed relic abundance. One impor-

tant point to note is that the required amount of ∆M increases with the DM

mass for any fixed value of sin θ. Figure 3.1 also evinces strong constraint on

sin θ . 0.06 primarily from the direct detection bounds, which gradually relaxed

with higher dark matter masses because of a lower cross section. Finally, it keeps

the DM framework alive from spin-independent direct detection bound.

The strong upper bound on sin θ can be alleviated by taking the presence of

mχL,R into account. The tiny nature of mχL,R makes ξ1 pseudo-Dirac. In the

limit m → 0 where we define m = (mχL + mχR)/2, the Majorana eigenstates of

ξ1 (i.e. ζ1, ζ2) become degenerate. The presence of a non-zero mχL,R breaks this

degeneracy, and we can still write

ζ1 '
i√
2

(ξ1 − ξc1), (3.13)

ζ2 '
1√
2

(ξ1 + ξc1). (3.14)
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φ3
φ2
φ1

ξ2

ζ4

ζ3

ξ1

ζ1

ζ2
∆M

≪O(m)

∼O(m)

Mass

1

Figure 3.2: Mass spectrum of the dark sector, showing the lightest pseudo-Dirac
mode as dark matter and other heavy BSM fermions and scalars. Generation
of large mass difference (∆M) and small mass gap (m) discussed at the text
expressed at the zeroth order of δr. Scalars are assumed to be heavier in this
study.

in the pseudo-Dirac limit m�Mζ1 ,Mζ2 where Mζ1,ζ2 'Mξ1 ∓m. Similarly, the

state ξ2 is spilt into ζ3 and ζ4. Hence we will have four neutral pseudo-Dirac mass

eigenstates in the DM sector. The complete mass spectrum of the neutral dark

sector particles is displayed in Figure 3.2. The mass of the charged fermion ψ−

lies in between ζ3 and ζ2 as followed from Equation 3.9. The pseudo-Dirac nature

of the eigenstates forbid the interaction of DM (ζ1) with the neutral current

mediated by SM Z boson at zeroth order of δr ' (mχL − mχR)/mξ1 . Thus

the pseudo-Dirac DM could have the potential to escape the SI direct search

bound. Although at next to leading order, the DM still possesses non-vanishing

interaction with Z boson depending on the magnitude of δr. This is analyzed in

the next paragraph. It is important to note that the m can not be arbitrarily small

since there exists a possibility of the lighter state ζ1 to scatter inelastically with

the nucleon to produce heavier state ζ2 [147–149]. It imposes some sort of lower

bound on m & O(1) KeV [147–149] in order to switch off such kind of interaction.

However, the presence of a vertex like ζ̄1γ
µζ2 can give rise to huge Z mediated

s-channel coannihilation cross section of the DM with the next to lightest state

(NLSP) [148] in the above mentioned limiting value of m. This cross section

would have a suppression factor of sin4 θ. In spite of this, for moderate values of

sin θ, the cross section can turn huge. We have examined and found that keeping

m ∼ O(1) GeV effectively prevents the Z mediated s-channel coannihilation of

the DM with the NLSP [149] even with moderate values of sin θ. A similar result
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Figure 3.3: Region of parameter space allowed from both the relic density and
direct detection bounds are shown in a plane of dark matter mass Mζ1 and mix-
ing angle sin θ, in case of a nonzero but small Majorana mass mχL,R insertion.
Different colors are for different values of mass gap ∆M = (Mξ2 −Mξ1) allowed
here. It is instructive to compare this present plot with Figure 3.1. Unlike the
previous mχL,R = 0 case (denoted by black dotted line here), upper limit from
direct detection is much relaxed and barely constrained in this scenario. The
present upper limit in sin θ is primarily constrained from the relic density criteria
and (unlike the previous case) constrain is being stronger at higher dark matter
mass.

is obtained in Ref. [137,150]. At linear order in δr, a direct search of pseudo-Dirac

dark matter through Z-mediation is still possible which we discuss below.

The vector operator for the SI direct search process mediated by Z boson will

be modified to

L ⊃ α(ζ̄1γ
µζ1)(q̄γµq), (3.15)

with α = 4g2δr sin2 θ
m2
Z cos2 θW

Cq
V = α′Cq

V and g as the SU(2)L gauge coupling constant.

Note that, at zeroth order in δr, vector boson interaction of dark matter would

vanish, and only the Higgs mediated processes would contribute to the direct

search. Considering DM mass larger than the nucleon mass, the spin-independent

direct detection cross section per nucleon is obtained as [106,108]

σSI ' a

π

M2
ζ1
m2
Nα
′2

(Mξ1 +mN)2A2

[
ZCp

V + (A− Z)Cn
V

]2

, (3.16)

where mN = 940 MeV, the nucleon mass, θW is the Weinberg angle and Cp
V =

1
2
(1−4 sin2 θW ), Cn

V = −1
2
. It is clear from the smallness of the term (1−4 sin2 θW )

that, the DM particle rarely talks to protons, and hence the SI cross section

mainly depends on the DM interaction with neutrons. For Dirac fermion a =



3.3. Dark Matter 63

1 [151], while for Majorana a = 1
4

[151]. From the above relation, one can extract

δr as follows,

δr = 1.07× 1019

(
σSI

cm2

)1/2(
1

sin2 θ

)
. (3.17)

Now to evade direct search constraints for the DM mass & 100 GeV, it is sufficient

to have σSI . 10−47 cm2. Imposing this bound in Equation 3.17, we can report

an upper bound on the difference of Majorana mass parameters mχL−mχR which

is,

mχL −mχR . 3.4× 10−5 Mζ1

sin2 θ
. (3.18)

The above bound turns out to be strongest for smaller Mζ1 and larger sin θ. For

the present analysis, where we accommodate a WIMP like candidate with mass

O(100) GeV and sin θ . 0.3. This automatically sets the bound as follows

mχL −mχR . 13.5 MeV. (3.19)

Taking the contribution of the Z mediated interaction of the DM with nucleon

of the order of O(10−47) cm2 and considering mχL ' mχR = 1 GeV, we have

plotted the relic abundance and direct search allowed points on sin θ−Mζ1 plane

in Figure 3.3. Different colors are presented for different values of mass gap

∆M = (Mξ2 −Mξ1) allowed here. It is instructive to compare this present plot

with Figure 3.1. Unlike the previous mχL,R = 0 case (upper constraint limit of

which is illustrated by a black dotted line in current plot), here upper limit from

direct detection is much relaxed and barely constrains this scenario. In fact,

the present upper limit in sin θ is primarily constrained from the relic density

criteria, and unlike the previous case, the constraint is being stronger at higher

dark matter mass. From this analysis, it is clear that the earlier obtained limit

on sin θ got relaxed at a considerably good amount. Another notable feature of

Figure 3.3 is that for lighter DM, large mass splitting is allowed for higher values

of sin θ. This follows from the fact that the annihilation cross section starts

to play an equivalent role as coannihilation at large sin θ. The above values of

Majorana mass parameters would be used to evaluate the neutrino mass.

The allowed parameter space of DM in Figure 3.3 is also subject to indirect

detection constraints. The indirect search for dark matter experiments aims to

detect the SM particles produced through DM annihilation in a different region

of our observable universe where DM is possibly present abundantly, such as the

center of our galaxy or satellite galaxies. Among the many final states, photon and
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Figure 3.4: Annihilation cross sections for relic and direct search satisfied points
of DM (see Figure 3.3) to W+W− final states for different sets of ∆M . The
bound from Fermi LAT+MAGIC [152] is also included for comparison purpose.

neutrinos, being neutral and stable can reach the indirect detection experiments

without significant deviation in the intermediate regions. Strong constraint is

deduced from the measured photons at space based telescopes like the Fermi-

LAT or ground based telescopes like MAGIC [152]. The photon flux in a specific

energy range is written as

ΦF =
1

4π

〈σv〉ann

2m2
DM

∫ Emax

Emin

dNγ

dEγ
dEγ × J, (3.20)

where J =
∫
dxρ2(r(b, l, x)) encapsulate the cosmological factors, conventionally

known as J−factor, representing the integrated DM density within the observable

solid angle along the line of sight (LOS) of the location. r(b, l, x) is the distance

of the DM halo in coordinate represented by b, l and ρ(r) is the DM density

profile. From the observed Gamma ray flux produced by DM annihilations, one

can restrict the relevant parameters which contribute to the DM annihilation into

different charged final states like µ+µ−, τ+τ−, W+W− and b+b−.

Let us recall that the relic satisfied region in Figure 3.3 is mostly due to the

coannihilation effects provided the DM annihilations remain subdominant. Al-

though for larger sin θ, DM annihilations start to contribute to the relic density

at a decent amount. Among the many final states of DM annihilation in our

scenario, 〈σv〉ζ1ζ1 is the dominant one with contributions from both s and t chan-

nels mediated by ψ± and the SM Higgs. In particular, the annihilation channels
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having W± in the final states involve SU(2)L gauge coupling. Therefore, to check

the consistency of our framework against the indirect detection bounds, we focus

on DM annihilation into W-pair ζ1ζ1 → W+W− as shown in Figure D.3 of Ap-

pendix D. In Figure 3.4, we exhibit the magnitude of 〈σv〉ζ1ζ1→W+W− for all the

relic satisfied points in Figure 3.3 and compare it with the existing experimental

bound from Fermi-Lat [152]. We see that all the relic satisfied points lie well

below the experimental limit. We also confirm that the model precisely satisfies

the indirect search bounds on other relevant final state charged particles.

Before we end this section, it is pertinent to note that in this analysis, our

focus was on the DM having mass in between hundred GeV to one TeV. Naturally,

a question emerges that what happens for the higher DM masses. Since we have

two independent parameters, namely ∆M and sin θ, it is possible to account

for the correct order of relic abundance for any arbitrary DM mass by tuning

one of these. Besides, stringent direct search bound can also be escaped easily

with a vanishing tree level neutral current (due to pseudo-Dirac nature of DM)

unless sin θ turns extremely large. We have numerically checked that even for

DM as massive as 50 TeV, both relic density and direct search constraints can be

satisfied in the present framework. However, a model independent conservative

upper-bound on WIMP DM mass can be drawn using partial-wave unitarity

criteria. The analysis performed in [153] points out that a stable elementary

particle produced from thermal bath in the early Universe can not be arbitrarily

massive ( . 34 TeV ) corresponding to Ωh2 ∼ 0.1. Since it is a model independent

bound, it applies in our case too.

3.4 Neutrino Mass

In the presence of the small Majorana mass term (mχL,R) of χ field and the lep-

ton number violating operator in Equation 3.7, it is possible to generate active

neutrino mass radiatively at one loop as displayed in Figure 3.5. It is worth men-

tioning that this type of mass generation scheme is known as one loop generation

of inverse seesaw neutrino mass [154].

The neutrino mass takes the form as provided below [30,139,154],

mνij = hTkiΛkkhjk, (3.21)
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νL φi

Ψ
0

Ψ
0

χ

〈H〉 〈H〉

νL

1

Figure 3.5: Generation of neutrino mass radiatively at one loop level getting
contributions from tiny Majorana mass term inserted in the dark sector along
with the heavy singlet scalars.

where, Λkk = ΛL
kk + ΛR

kk with

ΛL
kk = mχL cos2 θ sin2 θ

[ ∫ d4q

(2π)4

M2
ξ1

(q2 −M2
φk

)(q2 −M2
ξ1

)2
+

∫
d4q

(2π)4

M2
ξ2

(q2 −M2
φk

)(q2 −M2
ξ2

)2

−
∫

d4q

(2π)4

2Mξ1Mξ2

(q2 −M2
φk

)(q2 −M2
ξ1

)(q2 −M2
ξ2

)

]
, (3.22)

and

ΛR
kk = mχR cos2 θ sin2 θ

[ ∫ d4q

(2π)4

q2

(q2 −M2
φk

)(q2 −M2
ξ1

)2
+

∫
d4q

(2π)4

q2

(q2 −M2
φk

)(q2 −M2
ξ2

)2

−
∫

d4q

(2π)4

2q2

(q2 −M2
φk

)(q2 −M2
ξ1

)(q2 −M2
ξ2

)

]
(3.23)

The hij is the Yukawa coupling as defined in Equation 3.7. Each integral of

the above two expressions for Λkk can be decomposed as two 2-point Passarino-
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Veltman functions [155,156] as provided below:

ΛL
kk =

1

16π2
mχL cos2 θ sin2 θ

[ M2
ξ1

M2
φk
−M2

ξ1

{B(0,Mξ1 ,Mφk)−B(0,Mξ1 ,Mξ1)}

+
M2

ξ2

M2
φk
−M2

ξ2

{B(0,Mξ2 ,Mφk)−B(0,Mξ2 ,Mξ2)}

− 2Mξ1Mξ2

M2
ξ2
−M2

ξ1

{B(0,Mξ2 ,Mφk)−B(0,Mξ1 ,Mφk)}
]
,

(3.24)

ΛR
kk =

1

16π2
mχR cos2 θ sin2 θ

[
{B(0,Mξ1 ,Mφk)−B(0,Mξ2 ,Mφk)}{

1 +
2Mξ1

M2
ξ2
−M2

ξ1

(Mξ1 −
mχL

mχR

Mξ2)

}]
+
mχL

mχR

ΛL
kk,

(3.25)

where B(p,m1,m2) is defined as [157],

B(p,m1,m2) =

∫ 1

0

dx
[2

ε̃
+ log

( µ2

m2
1 x+m2

2 (1− x)− p2 x (1− x)

)]
, (3.26)

with, 2
ε̃

= 2
ε
− γE + log(4π), ε = n− 4 and γE is the Euler-Mascheroni constant.

The mass scale Λkk is a function of DM mass, mixing angle θ and the masses

of the scalar fields. The pseudo Dirac DM phenomenology restricts sin θ for a

particluar DM mass in order to satisfy both relic and direct detection bound.

Using that information one can estimate Λkk for both higher and lower values of

sin θ for a particular DM mass. We use QCDloop [156] to evaluate Λkk numerically

and which is found to be consistent with the analytical estimation of Λkk.

In Figure 3.6 (upper plots), we present the contours for Λ11 = 105 eV (left

panel), Λ11 = 105.5 eV (right panel) considering several values of ∆M in the sin θ−
Mζ1 plane. For this purpose, we fix mχL,R = 1 GeV and Mφ1 at 1.2 × 103 GeV.

It is evident from this figure that, for a necessity of higher values of Λ11 one has

to go for larger sin θ values. In Figure 3.6 (lower plots), we present the contours

for Λ22 = 106 eV (left panel), Λ22 = 106.5 eV (right panel) considering the set of

earlier values of ∆M in the sin θ −Mζ1 plane. Here also we take mχL,R = 1 GeV

and fix Mφ2 at 104 GeV. One can draw a similar conclusion on the contours of

Λ22 as we get for Λ11.

It is to note that, in order to make the three SM neutrinos massive one needs

to take the presence of three scalars, although it is sufficient to have two scalars

only for a scenario where one of the active neutrinos remains massless. In the

presence of a third copy of the scalar, we would have evaluated the corresponding
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Figure 3.6: (Upper plots) demonstrate the contours for Λ11 for different values of
∆M in sin θ −Mζ1 plane. Similarly, (lower plots) demonstrate Contours for Λ22.

Λ in a similar manner.

Once we construct the light neutrino mass matrix with the help of different

Λijs we can study the properties associated with neutrino mass. The obtained

low energy neutrino mass matrix mνij thus constructed is diagonalized by the

unitary matrix Uν(U).

mdiag
ν = UTmνU, (3.27)

We consider the charged lepton matrix to be diagonal in this model. In that case,

we can identify U as the standard UPMNS matrix [19] for lepton mixing.

To start with Equation 3.21, one can get the light neutrino mass in terms of

the Yukawa couplings hij and the mass scale Λkk. The hij which is present in

Equation 3.21 can be connected to the oscillation parameters with the help of
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SL no. Mζ1 (GeV) ∆M (GeV) sin θ Ωh2 Log10

[
σSI

cm2

]
Λ11 (eV) Λ22 (eV) Λ33 (eV)

I 200 47 0.256 0.12 -46.71 1.95× 106 5.04× 106 8.44× 106

II 800 123 0.066 0.12 -48.26 2.79× 105 3.38× 105 7.18× 105

Table 3.2: Two sets of relic and direct search satisfied points and correspond-
ing values of Λ considering mχL,R ∼ 1 GeV, scalar field masses, Mφi ∼ {1.2 ×
103, 104, 105} (GeV) and the lightest active neutrino mass mlightest

ν ∼ 0.01 eV.
The points are also tested to satisfy Br(µ→ eγ) bound.

Casas-Ibarra parameterization [158], which allows us to use a random complex

orthogonal rotation matrix R. Using this parameterization, we can express the

Yukawa coupling by the following equation [158].

hT = D√Λ−1RD√
mdiag
ν

U †, (3.28)

where, D√
mdiag
ν

= Diag(
√
mν1,

√
mν2 ,

√
mν3), D√Λ−1 = Diag(

√
Λ−1

11 ,
√

Λ−1
22 ,

√
Λ−1

33 ).

The R can be parameterised through three arbitrary mixing angles which we

choose to be (π
4
, π

3
, and π

6
). Now to have a numerical estimate of the Yukawa

couplings hij, as stated earlier we consider mχL,R at 1 GeV and scalar field masses

at {1.2× 103, 104, 105} GeV and make use of two sets of relic density and direct

search satisfied points as tabulated in Table 3.2. At the same time, we use best

fit central values of the oscillation parameters to construct the UPMNS matrix and

choose the normal hierarchy mass pattern [159] with the lightest active neutrino

mass eigenvalue as 0.01 eV. In Table 3.3 we represent the Yukawa coupling matri-

ces (h) using the above sets of benchmark points. So far, the analysis of neutrino

part has been carried out by keeping mχ fixed at 1 GeV. One can go for an even

higher choice of mχL,R values (competent with the pseudo-Dirac limit), however,

in such a scenario the order of the elements of the h matrix will be reduced further

as evident from Equation 3.21. One can choose arbitrary masses for the scalars

for generating the active neutrino mass radiatively at one loop order as described

before. However corresponding Yukawas hij would be suitably modified such that

higher values in Mφis would suppress them further than our benchmark scenario,

represented in Table 3.3.

It is expected that constraint on the model parameter, specifically hij may

arise from the lepton flavour–violating (LFV) decays of φ fields. The most strin-

gent limit comes from the µ→ eγ decay process [160–162]. However, the Yukawa

couplings being very small ∼ O(10−5) as tabulated in Table 3.3 easily overcome

the present experimental bound [163]. The pseudo-Dirac nature of dark matter is

testable at colliders through displaced vertices [150]. A detailed study is required

whether a relaxed sin θ has some role to play in this regard.
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SL no. hij

I 10−5 ×

 −4.26 + 2.29i 2.38 − 1.01i −2.03− 0.75i
2.67 − 2.09i 3.10 − 4.42i 3.51 − 2.60i
7.44 − 7.15i 3.29 − 2.30i −0.076− 1.03i


II 10−4 ×

 −1.13 + 0.60i 0.92 − 0.39i −0.70− 0.26i
0.71 − 0.55i 1.20 − 1.70i 1.20 − 0.90i
1.97 − 1.90i 1.27 − 0.89i −0.026− 0.35i


Table 3.3: Numerical estimate of the two Yukawa coupling matrices which are
built for the sets of benchmark points tabulated in Table 3.2.

3.5 Conclusion

In this work, we study a simple extension of the standard model, including a

singlet doublet dark sector in the presence of a small Majorana mass term.

As a consequence generated eigenstates deviate from Dirac nature, owing to a

small mass splitting between pair of two pseudo-Dirac states. Lightest of these

pseudo-Dirac fermionic states, considered as dark matter, can evade the strong

spin-independent direct detection constrain by suppressing the scattering of dark

matter with nucleon through the Z-boson mediation. We explicitly demonstrate

this significant weakening of the direct detection constraint on the singlet dou-

blet mixing parameter while ensuring that such dark matter is still capable of

satisfying the thermal relic fully.

The same Majorana mass term provides an elegant scope to generate neutrino

mass radiatively at one loop, which requires an extension of the dark sector model

with copies of real scalar singlet fields. Introduction of these additional scalars is

also motivated by stabilizing the electroweak vacuum even in the presence of a

large mixing angle. They also provide a source of lepton number violation, gener-

ating light Majorana neutrinos satisfying oscillation data fully. Hence this present

scenario offers the potential existence of a pseudo-Dirac type dark matter in the

same frame with light Majorana neutrinos. We obtain two different bounds on

the left and right component of the newly introduced Majorana mass parameter,

i.e. (mχL +mχR) & O(1) GeV and (mχL−mχR) . O(1) MeV, accounting for the

correct order of active neutrino masses and oscillation data. We further demon-

strate the dependence of these model parameters and reference benchmark points

satisfying best fit central values of the oscillation parameters and consistent with

the pseudo-Dirac dark matter constraints.
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A dark clue to seesaw and

leptogenesis in a pseudo-Dirac

singlet doublet scenario with

(non)standard cosmology

4.1 Introduction

In this work, our endeavor is to establish a comprehensive connection between

the dark sector and the observed baryon asymmetry of the Universe in a non-

standard cosmological scenario. The dark sector involves an extended version

of the singlet doublet Dirac dark matter [106] framework with the dark matter

weakly interacting with the thermal bath. The analysis is in continuation from

our previous work in Chapter 3, where it is shown by us [52] that the presence

of a small Majorana mass for the singlet fermion in addition to the Dirac mass

makes the DM (admixture of singlet and doublet) of pseudo-Dirac nature ∗. The

pseudo-Dirac dark matter is known to leave imprints at the collider in the form of

a displaced vertex which can be traced. The pseudo Dirac nature also assists the

DM to escape from the direct search experiments by preventing its interaction

with the neutral current at the tree level [137]. We have shown that eventually the

absence of a neutral current at the tree level leads to a substantial improvement

for the allowed range of the mixing angle between the singlet and doublet fermion

which was otherwise strongly constrained. In [52] we also extend the minimal

singlet dark matter set up by inclusion of copies of a dark singlet scalar field to

∗ In view of the rich phenomenology associated with a pseudo-Dirac DM, we deform the
pure Dirac version of the singlet doublet DM model. One can find the Majorana version of the
singlet doublet dark matter in [120]. For other related works and associated phenomenology
based on a similar kind of setup, one can refer to [107–119,121–123,125–136].

71
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yield light active neutrino masses radiatively. We particularly have emphasized

that the Majorana mass term which is related to non observation of DM at

direct search experiments can yield the correct order of light neutrino masses. In

the present work we explore the DM phenomenology in an identical set up by

making an important assumption of presence of a non-standard thermal history

of the Universe. In particular we consider the presence of a popular non-standard

scenario before the BBN dubbed as fast expanding Universe [164].

As previously mentioned we also offer a slightly different approach for realizing

leptogenesis, where the lepton asymmetry originates from the lepton number and

CP violating decay of singlet dark scalar fields into SM leptons and one of the

dark sector fermion. The produced lepton asymmetry further can account for the

observed baryon asymmetry of the Universe through the usual sphaleron process.

We specifically have shown that the presence of a non-standard era in the form of

a fast expanding Universe is slightly preferred in order to generate the observed

amount of matter-antimatter asymmetry in this particular set up.

This work is organised as follows. In Section 4.2 we present the structure

and contents of the model, which is primarily an extended version of the sin-

glet doublet model. Theoretical as well as experimental constraints of the model

parameters are debated in Section 4.3. Section 4.4 is kept for explaining the cos-

mology of fast expanding universe where working mathematical forms are pro-

vided to utilise them in following sections. We detail the DM phenomenology in

presence of non-standard cosmology in the Section 4.5. Different aspects of pa-

rameter dependance and related constraints are discussed quantifying the effect

of non-standard scenario. In Section 4.6, we present the neutrino mass generation

technique. Then Section 4.7 is dedicated for the baryogenesis through leptogen-

esis and the required analytical formula realizing the same. Results and analysis

for neutrino mass and BAU are shown in Section 4.8. Finally we summarize our

findings and conclude in Section 4.9.

4.2 Structure of the model

We propose a pseudo-Dirac singlet doublet fermionic dark matter model and

extend it minimally to accommodate neutrino mass and baryon asymmetry of the

Universe. The fermion sector in the set up includes one vector fermion singlet

(χ = χL +χR) and another SU(2)L vector fermion doublet (Ψ = ΨL + ΨR). The

BSM scalar sector is enriched by three copies of a real scalar singlet field (φ1,2,3).

We consider the SM fields to transform trivially under a imposed Z2 symmetry

while all the BSM fields are assigned odd Z2 charges (see Table 4.1). The BSM

fields are non-leptonic in nature. The Lagrangian of the scalar sector is given by
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BSM and SM Fields SU(3)C×SU(2)L×U(1)Y ≡ G U(1)L Z2

ΨL,R 1 2 -1
2

0 −
χL,R 1 1 0 0 −

φi (i = 1, 2, 3) 1 1 0 0 −

`L ≡
(
ν`
`

)
1 2 -1

2
1 +

H ≡
(

w+

1√
2
(v + h+ iz)

)
1 2 1

2
0 +

Table 4.1: Fields and their quantum numbers under the SM gauge symmetry,
lepton number and additional Z2.

Lscalar = |DµH|2 +
1

2
(∂µφ)2 − V (H,φ), (4.1)

where,

Dµ = ∂µ − igσ
a

2
W aµ − ig′Y Bµ, (4.2)

with g and g′ stand for the SU(2)L and the U(1)Y gauge couplings respectively.

Below we write the general form of the scalar sector potential V (H,φ) consistent

with the charge assignment in Table 4.1:

V (H,φi) = −µ2
H (H†H) + λH (H†H)2 +

µ2
ij

2
φiφj +

λijk
2

φ2
iφjφk +

λij
2
φiφj(H

†H).

(4.3)

After minimization of the scalar potential in the limit µ2
H , µ

2
ij > 0 the vacuum

expectation values (vev) for both the scalars H and φi’s can be obtained as given

below,

〈H〉 = v, 〈φi〉 = 0. (4.4)

For simplification, we consider λij, λijk as diagonal in addition to mass matrix for

the scalars, parameterized as Diag(M2
φ1
,M2

φ2
,M2

φ3
). Since 〈φi〉 = 0, Z2 remains

unbroken which stabilizes the DM candidate.

The Lagrangian for the fermionic sector at tree level is written as:

L = Lf + LY , (4.5)
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where,

Lf = iΨ̄γµD
µΨ + iχ̄γµ∂

µχ−MΨΨ̄Ψ−Mχχ̄χ−
mχL

2
χcPLχ− h.c.−

mχR

2
χcPRχ− h.c.,

(4.6)

and

LY = Y1Ψ̄LH̃χR + Y2Ψ̄RH̃χL + hαi ¯̀LαΨRφi + h.c.. (4.7)

In the Lf , the doublet has a Dirac like mass term MΨΨ̄Ψ which can be expanded

as MΨ(ΨLΨR + ΨRΨL). While for χ field both the Dirac Mχ(χLχR + χRχL) and

Majorana type masses (mχL,R) appear in Equation 4.6, which is perfectly allowed

by the imposed Z2 symmetry. In a similar line the Equation 4.7 shows the Yukawa

like interaction pattern of ψL,R and χL,R with the SM Higgs and φ. Hereafter

we work with a generic choice Y1 = Y2 ≡ Y in order to reduce the number of

free parameters in the model (see [165,166] for such an example). This particular

choice of equality helps us to evade the spin dependent direct detection bound

(please refer to footnote ¶). With this equality the first two Yukawa terms can be

written in a compact form like Y Ψ̄H̃χ. We specifically assume that the Majorana

mass for χ field is much smaller than the Dirac one i.e. mχL,R � Mχ. In the

present framework the lightest neutral fermion is a viable dark matter candidate

which is of pseudo-Dirac nature in the limit mχL,R � Mχ. As we see in [52]

that this non-vanishing mχL,R assists in evading strong spin-independent dark

matter direct detection bound. In addition, it is also found [52] to be crucial in

generating light neutrino mass radiatively.

The presence of a non-vanishing mχL,R and and Mχ along with φ being a real

scalar field and non-vanishing coupling coefficient Y result in symbolizing the

Yukawa like interaction (h) involving SM leptons and the doublet ψ as a lepton

number violating vertex at tree level. The interaction of DM with the SM particles

mediated through the Higgs is realized by the first term in Equation 4.7, whereas

the second term which is also responsible for active neutrino mass generation

through radiative loop [52] manifests the explicit violation of the lepton number †.

In the present study, we consider Mφi � Mψ,mχL,R such that the role of φ

fields in DM phenomenology is minimal ‡. After the spontaneous EW symmetry

breaking, the Dirac § mass matrix for the neutral DM fermions is given by (in

†The purpose of choosing the dark sector scalar fields as real is justified to pave the way for
explicit lepton number violation [129] in Equation 4.7.
‡Ideally the scalars, being a part of the dark sector can engage in DM phenomenology through

coannhilation processes however considering the mass pattern in Figure 4.1 their contributions
turn out to be minimal.
§ The Majorana version of the singlet doublet dark matter accommodates one pair of Weyl
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mχL,R → 0 limit),

MD =

(
MΨ MD

MD Mχ

)
, (4.8)

where we define MD = Y v√
2
. After diagonalisation of MD the mass eigenvalues

are computed as,

Mξ1 =
Mχ +MΨ

2
− 1

2

√
4M2

D +M2
χ − 2MχMΨ +M2

Ψ, (4.9)

Mξ2 =
Mχ +MΨ

2
+

1

2

√
4M2

D +M2
χ − 2MχMΨ +M2

Ψ, (4.10)

where the Dirac mass eigenstates are represented as (ξ1, ξ2). It is evident from

Equation 4.9 that ξ1 is the lightest eigenstate. The mixing between two flavor

states, i.e. neutral part of the doublet (ψ0) and the singlet field (χ) is parame-

terised by θ as

sin 2θ =

√
2 Y v

∆M
, (4.11)

where ∆M = Mξ2−Mξ1 which turns out to be of the similar order of MΨ−Mχ in

the small θ limit. Also, in small mixing case, ξ1 can be identified with the singlet

χ. In the limit m→ 0 where we define

m = (mχL +mχR)/2, (4.12)

the Majorana eigenstates of ξ1 (i.e. ζ1, ζ2) are degenerate. A small amount of

non-zero mχL,R breaks this degeneracy , and we can still write

ζ1 '
i√
2

(ξ1 − ξc1), (4.13)

ζ2 '
1√
2

(ξ1 + ξc1). (4.14)

in the pseudo-Dirac limit m � Mζ1 ,Mζ2 where Mζ1,ζ2 ' Mξ1 ∓m. In a similar

fashion, the state ξ2 would be splitted into ζ3 and ζ4. Hence we will have four

neutral mass eigenstates in the DM sector with the lightest state (ζ1) being the

DM candidate. Since all of the mass eigenstates have pseudo-Dirac origin,

we mark them as “pseudo-Dirac” states. For a formal understanding on the

construction of pseudo Dirac fermion in terms of the Weyl spinors, we refer the

readers to Appendix B .

SU(2)L doublet fermions and one Weyl singlet fermion. Thus the number of neutral Weyl
degrees of freedom is three. While in our case there exist four neutral Weyl degrees of freedom.
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φ3

φ2

φ1

{

ξ2

ζ4

ζ3

≪O(m)
Mass

Mφi
≫Mξi

∼ µξ

Ψ
+

ζ1

ζ2

ξ1

∼ ∆M − µξ

∼O(m)

1

Figure 4.1: Mass spectrum of the dark sector, showing the lightest pseudo-Dirac
mode as the dark matter and other heavy BSM fermions and scalars. The mass
of the charged fermion is MΨ and it lies somewhere in between ξ1 and ξ2 with

µξ = ∆M sin2(2θ)
4

in the limit of small sin θ. The mass ordering is subject to change
depending on the numerical values of m, ∆M and sin θ.

For a representative mass spectrum of the dark sector, please follow Figure 4.1,

showing the lightest pseudo-Dirac mode as the dark matter candidate together

with other heavy BSM fermions and scalars. In the following section we look

into the possible constraints before emphasizing cosmological predictions of the

model.

4.3 Model Constraints

In this section we summarize the possible constraints on the model parameters

arising from different theoretical and experimental bounds.

• Perturbativity and stability bounds: Any new theory is expected to

obey the perturbativity limit which imposes strong upper bounds on the

model parameters:

λij, λijk < 4π, and Y, hij <
√

4π. (4.15)

It is also essential to ensure the stability of the scalar potential in any field

direction. The stable vacuum of a scalar potential in various field directions

are determined by the co-positivity conditions [140,141] where all the scalar

quartic couplings are involved. Here we are considering all the scalar quartic

couplings as real and positive and thus automatically satisfy the necessary
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Figure 4.2: Sketch of T parameter using Equation 4.16 as a function of ∆M
for two different values of Mξ1= 200 GeV (left) and 1000 GeV (right). Each
line indicates constant magnitude of sin θ. The black dashed line stands for the
observed upper limit of T parameter.

co-positivity conditions.

• Bound on Majorana mass parameter: In the presence of a small Ma-

jorana mass, the ξ1 state gets splitted into two non degenerate Majorana

eigenstates. This triggers the possibility of inelastic scattering of ξ1 with

nucleon to produce ξ2. Such inelastic scattering would give rise to non zero

excess of nucleon recoil into direct detection experiments (e.g. XENON

1T) which is strongly disfavored. Hence, it is recommended to forbid such

kind of inelastic processes. This poses some upper limit on the Majorana

mass parameter mχL + mχR & 240 KeV for DM having mass O(1) TeV

considering Xenon detector [148,149].

• Electroweak precision observables: Owing to the presence of an ad-

ditional SU(2)L doublet fermion, the electroweak precision parameters put

some restrictions on the model parameters. It turns out that in the small

Majorana mass limit the S and U parameters do not pose any significant

constraint [166]. However one needs to inspect the magnitude of T param-

eter originating from the BSM sources. Considering the small Majorana

mass limit, the analytical expression for T parameter in our framework

carries the following form [166]:

T ' g2

16π2M2
Wα

[
Π̃(MΨ,MΨ, 0) + cos4 θ Π̃(Mξ2 ,Mξ2 , 0) + sin4 θ Π̃(Mξ1 ,Mξ1 , 0)

+ 2 sin2 θ cos2 θ Π̃(Mξ1 ,Mξ2 , 0)− 2 cos2 θ Π̃(MΨ,Mξ2 , 0)− 2 sin2 θ Π̃(Mψ,Mξ1 , 0)

]
(4.16)
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where α being the fine structure constant. The vacuum polarization func-

tions (Π̃) are defined as

Π̃(Ma,Mb) =− 1

2
(M2

a +M2
b )

{
Div + Ln

(
µ2

MaMb

)
− 1

2

}
− (M4

a +M4
b )

4(M2
a −M2

b )
Ln

(
M2

a

M2
b

)

+MaMb

{
Div + Ln

(
µ2

MaMb

)
+ 1 +

M2
a +M2

b

2(M2
a −M2

b )
Ln

(
M2

b

M2
a

)}
.

(4.17)

The present experimental bounds on T is given by [159]:

∆T = 0.07± 0.12, (4.18)

In Figure 4.2, we demonstrate the functional dependence of T parameter

on Mξ1 , ∆M and sin θ. Two notable features come out: (i) for a constant

Mξ1 and sin θ, one can observe the rise of T parameter with ∆M and thus

at some point crosses the allowed experimental upper limit, (ii) for higher

DM mass, the constraints on the model variables from T parameter turn

weaker.

• Relic density bound and direct search constraints: The observed

amount of relic abundance of the dark matter is obtained by the Planck

experiment [144]

0.1166 . ΩDMh
2 . 0.1206. (4.19)

Along with this, the dark matter relic density parameter space is con-

strained significantly by the direct detection experiments such as LUX [167],

PandaX-II [168] and XENON 1T [169]. In our analysis, we will follow the

Xenon-1T result in order to validate our model parameter space through

direct search bound.

Here we would like to reinforce the view that although the Z-boson mediated

spin independent (SI) direct search process can be suppressed at tree level

(as commented in the introduction section), the SM Higgs mediated SI

direct search process still survives providing loose constraints. Thus the

bound on the SI direct search cross section from experiments like Xenon-

1T is still applicable. The spin dependent direct search cross section is

negligible in our working limit Y1 ∼ Y2 (see footnote ¶ for more details).

• Bounds from invisible decay of Higgs and Z boson: In case the
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DM mass is lighter than half of Higgs or Z Boson mass, decays of Higgs

and Z boson to DM are possible. Invisible decay widths of both H and Z

are severely restricted at the LHC [159, 170], and thus could constrain the

relevant parameter space. Since, in the present study our focus would be

on the mass range 100 GeV – 1 TeV for DM, the constraints from H and

Z bosons does not stand pertinent.

In the upcoming discussions we will strictly ensure the validity of the above

mentioned constraints on the model parameters while specifying the the bench-

mark/reference points that satisfy the other relevant bounds arising from DM

phenomenology and leptogenesis.

4.4 Fast expanding Universe

As mentioned earlier, the presence of a new species in the early Universe before

the radiation domination epoch can significantly escalate the expansion rate of the

universe, which in turn has a large impact on the evolution of the particle species

present in that epoch. In this section we brief the quantitative justification of the

effect of a new species on the expansion rate of the universe. Hubble parameter

H delineates the expansion rate of the Universe. At temperature, higher than Tr

with the condition g∗(T ) = ḡ∗ (some constant), with the help of Equation 2.39

the Hubble rate can be written as

H(T ) = HR(T )

(
T

Tr

)n/2
, (with T � Tr) (4.20)

where HR(T ) ∼ 1.66 ḡ
1/2
∗

T 2

MPl
, the Hubble rate for radiation dominated Universe.

In case of SM, ḡ∗ can be identified with the total SM degrees of freedom g∗(SM) =

106.75. It is important to note from Equation 4.20 that the expansion rate is

larger than what it is supposed to be in the standard cosmological background

provided, T > Tr and n > 0. Hence it can be stated that if the DM freezes out

during η domination, the situation will alter consequently with respect to the one

in the standard cosmology.

With positive scalar potential for the field responsible for fast expansion, value

of 0 < n ≤ 2 can be realized. The candidate for n = 2 species could be the

quintessence fluids [171] where in the kination regime ρη ∝ a(t)−6 can be attained.

However for n > 2, one needs to consider negative potential. A specific structure

of n > 2 potential can be found in Ref. [164] which is asymptotically free.
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4.5 Revisiting dark matter phenomenology

The comoving number density of the DM (ζ1) is governed by the Boltzmann’s

equation (in a radiation dominated Universe) [172]:

dYζ1
dzD

= − 〈σv〉s
HR(T )zD

(Y 2
ζ1
− Y eq2

ζ1
), (4.21)

where, zD =
Mζ1

T
and 〈σv〉 stands for the thermally averaged annihilation cross

section with v being the relative velocity of the annihilating particles. The equi-

librium number density of the DM component is represented by Y eq
ζ1

in Equa-

tion 4.21. The relic abundance of the DM is obtained by using [172]:

ΩDMh
2 = 2.744× 108 Mζ1YzD=∞ (4.22)

In the WIMP paradigm, it is presumed that DM stays in thermal equilibrium

in the early Universe. Considering the DM freezes out in the RD Universe, the

required order of thermally averaged interaction strength of the DM to account

for correct relic abundance is found to be,

〈σv〉 ≈ 3× 10−26cm3 sec−1, (4.23)

The Equation 4.23 quantifies an important benchmark for WIMP search, which

bargains on a major assumption that the universe was radiation dominated at the

time of DM freeze out. However, in an alternative cosmological history, depending

on the decoupling point of DM from the thermal bath this number is expected

to change by order of magnitudes, which in turn, brings out significant changes

in the relic satisfied parameter space of a particular framework.

In the current framework, the DM ζ1 can (co-)annihilate with the other heav-

ier neutral and charged fermions into SM particles through Z or Higgs media-

tion. Furthermore, co-annihilation processes like ψ+ψ− → SM, SM ( ψ± are the

charged counterpart of the vector fermion doublet Ψ) also supply their individ-

ual contributions to total 〈σv〉. The relevant Feynman diagrams contributing to

the possible annihilation and co-annihilation channels of the DM can be found

in [124]. For the model implementation we have used Feynrules [173] and subse-

quently Micromega [174] to carry out the DM phenomenology.

As mentioned in the previous section for the fast expanding Universe the

Hubble parameter HR(T ) in Equation 4.21 in presence of the new species η, need

to be replaced with H(T ) of Equation 4.20 with n > 0. This recent temperature

dependence of the expansion rate of the Universe provide some new degrees of

freedom as we also observe here. For the standard cosmological background,
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in pseudo Dirac singlet doublet dark matter model there are three independent

parameters for a particular DM mass namely: ∆M, sin θ and the Majorana mass

m¶. For simplicity of our analysis we keep the Majorana mass m small by fixing

it at 1 GeV. Then the relevant set of parameters which participate in the DM

phenomenology in presence of the modified cosmology are the following :{
∆M, sin θ, Tr, n

}
, (4.24)

for a certain DM mass.

4.5.1 Spin independent direct search

The part of the Lagrangian relevant for spin independent direct search of the DM

within the Dirac limit (m→ 0) is given by,

L ⊃ g

2 cos θW
sin2 θ ξ1γ

µZµξ1 +
Y√

2
sin θ cos θ h ξ̄1ξ1, (4.25)

However switching the parameter m on, leads to the pseudo-Dirac limit in which

the neutral current interaction of the DM ζ1, i.e., first term of Equation 4.25

vanishes at zeroth order in δr =
mχL−mχR

Mζ1
. Although a small residual vector-

vector interaction of the DM to the quarks, due to the non-pure Majorana nature

of the mass eigenstates still exists at leading order in δr. This brings about the

Z mediated effective interactions of the DM with nucleon which is given by,

L ⊃ α δr (ζ̄1γ
µζ1)(q̄γµq), (4.26)

with α =
(

4g2 sin2 θ
m2
Z cos2 θW

)
Cq
V = α′Cq

V and g as the SU(2)L gauge coupling constant.

In addition, the SM Higgs mediated process of DM-nucleon scattering will be

present at the tree level as evident from Equation 4.25. The relevant Feynman

diagrams are shown in Figure 4.3. It is pertinent to comment that in the vanishing

δr limit only Higgs mediated diagram in Figure 4.3 contribute to the SI direct

¶It is worth mentioning that for a general case where the two Yukawas are not equal, one
has to deal with two mixing angles, namely θL and θR rather considering only one (θ). In the
pseudo Dirac case with θL 6= θR (or Y1 6= Y2), a few extra axial type interactions for DM (ζ1)
appear in the Lagrangian which vanish in the θL ∼ θR (or Y1 ∼ Y2) limit. These axial couplings
have negligible contribution to the DM relic abundance as we have checked. Having said that,
one of the axial interactions of DM ∼ ζ1γµγ5ζ1Z

µ (with coupling coefficient proportional to
sin2 θR−sin2 θL) can yield non zero spin dependent nucleon cross section for θL 6= θR which can
provide signal in the spin dependent direct search experiments. Since, one of our major aims of
the present study is to hide the DM at both spin independent and spin dependent direct search
experiments, we work with the pseudo-Dirac and θL ∼ θR limits respectively. This further
simplifies the scenario, with a single Yukawa like coupling in the set up which is sufficient to
portray the novel features of the proposed scenario.
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Figure 4.3: Feynman diagrams contributing to the spin independent direct search
of the DM.
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Figure 4.4: Relic abundance of the DM as a function of the mixing angle between
the singlet and doublet is shown considering both standard (solid line) and non-
standard (dashed and dotted lines) thermal history of the Universe, for Mζ1 = 200
GeV with (left) ∆M = 25 GeV and (right) ∆M = 50 GeV. The disfavored region
from the spin independent direct detection constraints are denoted by respective
shaded region. Here we have considered Tr = 0.1 GeV.

search of DM.

4.5.2 Dark matter in presence of (non)standard thermal

history

In case of a faster expansion of the Universe, the DM freezing takes place quite

earlier than what it does in the standard scenario, resulting into an overabun-

dance. Hence, to account for the observed relic abundance, an increase of the

total annihilation cross section of DM is required. This in turn necessitates the

rise of the associated coupling coefficients.

This fact can be realized from Figures 4.4-4.5, where the DM relic abundance

is plotted against sin θ by considering Tr = 0.1 GeV. We choose two different DM

masses for the analysis, one at a comparatively lower range with Mζ1 = 200 GeV

shown in Figure 4.4 while the other one in a higher mass regime at Mζ1 = 1000
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Figure 4.5: The same as Figure 4.4 but for a choice of higher DM mass, for
Mζ1 = 1000 GeV with (left) ∆M = 90 GeV and (right) ∆M = 150 GeV. Here
we have fixed Tr = 0.1 GeV.

GeV as in Figure 4.5. We also take different values of n and ∆M to have a clear

comprehension of how the new degrees of freedom changes the relic density. It is

prominent that a larger value of sin θ is required in order to satisfy the observed

density limit (green color band representing 2σ range of the observed relic density)

for n & 1 compared to the n = 0 (standard) case. We also display the SI direct

search constraints on the same plot. The contribution to spin independent direct

detection cross section comes solely from the Higgs mediated diagrams (right

panel of Figure 4.3) since we are working in the δr = 0 limit. The direct detection

cross section seemingly restricts the value of sin θ in an intermediate range. For

example, such a constraint of 0.62 . sin θ . 0.76 is indicated as shaded region

in left panel of Figure 4.4. This is because the SI direct search cross section is

proportional to the factor: sin2 θ cos2 θ, as evident from Equation 4.25. In the

right panel of the Figures 4.4-4.5, this intermediate range (specifically the upper

limit) of sin θ is not apparently visible since it exceeds the plotting range.

A few important aspects of the analysis can be drawn from Figures 4.4-4.5. It

is seen that for a particular DM mass, non-standard cosmology (n > 0) requires

larger sin θ to be consistent with the observed relic abundance as mentioned

earlier. For a specific value of n, relic density increases with ∆M thus at some

point can be ruled out from SI direct search bound for a specific DM mass. For

example, in the left panel of Figure 4.4, fixing n = 2 can satisfy the correct relic

and which is also allowed by the SI direct search bound. However once ∆M is

increased up to a substantial amount it enters into the disfavored region, as seen

in the right panel of Figure 4.4.

So far the DM phenomenology has been studied by assuming Tr = 0.1 GeV.

Nonetheless one can look for the DM parameter space considering a higher value
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Figure 4.6: The same as Figure 4.4 but for a choice of larger Tr = 1 GeV.

of Tr. In Figure 4.6, we use a slightly larger value of Tr = 1 GeV and present

the relic contours for different values of n in Ωh2 − sin θ plane. It is observed

that increase of Tr reduces the relic density for a particular n. As an example,

in the left panel of Figure 4.4, the required value of sin θ was 0.53 to satisfy the

relic abundance criteria considering n = 2 and Tr = 0.1 GeV. Now for Tr = 1

GeV, this value got shifted to 0.25. Enhancement of Tr is also preferred in the

view of SI direct search constraints as can be seen by comparing the right panel of

Figure 4.4 and Figure 4.6 where the n = 2 relic contour turns out to be favored in

the later case. This leads to a realization that, lowering the required value of sin θ

to account for the expected relic density further reduces the SI direct search cross

section. One can assign a further higher value to Tr > 1, however the scenario will

approach towards the standard case which is prominent in comparing Figure 4.4

and Figure 4.6. We end this section by tabulating two sets of relic satisfied points

for n = 2 in Table 4.2 which have relevance in the study of neutrino mass and

leptogenesis.

BP n Tr (GeV) Mζ1 (GeV) ∆M (GeV) sin θ Ωh2 Log10

[
σSI

cm2

]
I 2 0.1 200 25 0.53 0.12 -46.71
II 2 0.1 1000 90 0.325 0.12 -46.8

Table 4.2: Two sets of relic and SI direct search satisfied points collected from
Figures 4.4-4.5

.
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Figure 4.7: Schematic diagram of radiative neutrino mass generation.

4.6 Neutrino mass generation

This model renders a mechanism which explains the radiative generation of light

neutrino mass. The relevant one loop process is shown in Figure 4.7 which es-

tablishes the fact that the presence of the heavy scalars are essential in order to

make the Majorana light neutrinos massive. The light neutrino mass matrix can

be expressed by the following equation [30,139,154]:

mναβ = hTiαΛiihβi, (4.27)

where, Λii = ΛL
ii + ΛR

ii . The ΛL
ii and ΛR

ii include the contribution from mχL and

mχR respectively. For the full analytical expressions representing ΛL
ii, ΛR

ii we refer

to our earlier work [52]. We use Casas-Ibarra parameterization [158] in order

to connect the mixing parameters with neutrino Yukawa coupling. Using this

parameterization, one can write [158]:

hT = D√Λ−1RD√
mdiag
ν

U †, (4.28)

where, R is a complex orthogonal matrix. Any complex orthogonal matrix can be

manifested by R = O eiA where O and A represent any arbitrary real orthogonal

and real anti-symmetric matrices respectively [175]. The exponential of the anti-

symmetric matrix A can be simplified to

eiA = 1− cosh r − 1

r2
A2 + i

sinh r

r
A (4.29)

with r =
√
a2 + b2 + c2 and

A =

 0 a b

−a 0 c

−b −c 0

 (4.30)
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For our purpose, we consider O as an identity matrix and also for simplicity

of the anti-symmetric matrix A we have chosen the equality a = b = c ≡ a. It is

important to note that, this particular parameterization for the R matrix helps

us to achieve a desired order of Yukawa coupling by keeping the neutrino mixing

parameters intact. We denote, D√
mdiag
ν

= Diag(
√
mν1,

√
mν2 ,

√
mν3), D√Λ−1 =

Diag(
√

Λ−1
11 ,

√
Λ−1

22 ,
√

Λ−1
33 ). It is also worth mentioning that this special kind

of Casas-Ibarra parametrization for the neutrino Yukawa coupling is found to

be facilitating to produce the parameter space responsible for generating the

observed BAU in the present framework. Authors in [176] have shown the explicit

roles of the anti-symmetric matrix A and its elements a, b, c in order to achieve

sufficient amount of lepton asymmetry. In our case too, the usefulness of this

particular parametrization can be observed in Section 4.8 where we tune a such

that one can acquire the observed BAU. As obtained from the recent bayesian

analysis [177], the mild preference for the normal mass hierarchy (NH) of the

neutrinos, allows us to chose the NH as the true hierarchy among the three light

neutrino masses. It is also found that the latest global fit of neutrino oscillation

data [178] seems to favor the second octant of the atmospheric mixing angle for

both the mass hierarchies. The recent announcement made by the experiment

prefers the Dirac CP phase to be−π/2 with 3σ confidence level (for detail one may

refer to [179]). Keeping all these in mind for the numerical analysis section we fix

all the neutrino parameters to their 3σ central values including the maximal values

for the Dirac CP phase. It is also noted that, a random scan of all the neutrino

parameters in their entire 3σ range would not affect our present analysis much.

The resulting Yukawa coupling in the neutrino sector governs the CP violating

decay of the BSM scalar leading to an expected amount of lepton asymmetry

which we discuss in the next section.

4.7 Baryogenesis via Leptogenesis from scalar

decay

In this section, we describe the production mechanism of lepton asymmetry driven

by the decay of the scalar belonging to the dark sector. Our proposal for leptoge-

nesis differs from the usual scenario of leptogenesis in the type I seesaw framework

in the sense that, in such a scheme the production of lepton asymmetry is guided

by the decay of the heavy Majorana RHN. The present set up, on account of

the presence of lepton number violating vertex involving φ and the SM leptons,

motivates us to investigate the process of lepton asymmetry creation from the

singlet scalar (φ) decay which has also served a key role in generating the light
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Figure 4.8: Possible feynman diagrams for lepton asymmetry production from
singlet scalar decay

neutrino mass. We will also see that presence of a non-standard history of the

early Universe provides indisputable contribution in order to yield correct order

of baryon asymmetry by suppressing the washout factor significantly.

In the present framework the dark sector scalar (φ) can undergo a CP violating

decay to SM leptons and the additional BSM fermion doublet which leads to

lepton number violation by one unit. This particular decay process can naturally

create lepton number asymmetry provided out-of-equilibrium criteria is satisfied.

Earlier we have commented on the choice of the mass spectrum of dark sector

scalars i.e. Mφ1 < Mφ2 < Mφ3 (see Figure 4.1), which however do not play any

decisive role in favoring the true hierarchy of neutrino mass. All these scalars can

potentially contribute to generate the final B−L asymmetry. The CP asymmetry

factor is defined as the ratio of the difference between the decay rates of φ into

the final state particles with lepton number +1 and -1 to the sum of all the decay

rates, quantified as,

εαi =
Γ(φi → L̄αΨ)− Γ(φi → LαΨ̄)

Γ(φi → L̄αΨ) + Γ(φi → LαΨ̄)
, (4.31)

The total lepton asymmetry receives contributions from two kind of subprocesses:

(i) superposition of tree level and vertex diagram and (ii) superposition between

tree level and self energy diagram as shown in Figure 4.8. This allows us to write

εT = εvertex + εself energy. Driven by Equation 4.31, we can obtain the analytical

form of εvertex which is given by (see Appendix C for the detail):

εivertex =
1

4π

∑
j 6=i

Im
[
(h†h)ijhαjh

∗
αi

]
(h†h)ii

xij log

(
xij

xij + 1

)
(4.32)

where, hαi is the Yukawa matrix governing the lepton number violating interac-

tion in this set up and xij =
M2
φj

M2
φi

. In computing Equation 4.32 we have considered

the massless limit for the SM leptons. We also have figured out that the εiself energy

exactly vanishes in this limit. A more detailed analytical understanding of this

asymmetry parameter is provided in the Appendix C. The obtained amount of
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lepton asymmetry can estimate the observed BAU in presence of a rapid ex-

pansion of the Universe for a particular domain of scalar mass. The effect of

this unorthodox cosmology is crucial especially in bringing down the leptogenesis

scale and can be realized from the modifications brought out in the Boltzmann’s

Equations which we are going to discuss in the following subsection.

4.7.1 Boltzmann’s equations and final baryon asymmetry

The evolutions of number densities of φ and B − L asymmetry can be obtained

by solving the following set of coupled Boltzmann’s equations (BEQs) [48,50]:

dNφi

dz
= −Di(Nφi −N eq

φi
), with i = 1, 2, 3 (4.33)

dNB−L
dz

= −
3∑
i=1

εiDi(Nφi −N eq
φi

)−
3∑
i=1

WiNB−L, (4.34)

with z = Mφ1/T when the decaying scalar is the φ1. For convenience in numerical

evaluation in case all the three scalars are actively involved in the generation of

the final lepton asymmetry (which is true here) one can redefine a generalized

temperature-function (z), writing z = zi√
x1i

with i = 1, 2, 3. Note that Nφi ’s are

the comoving number densities normalised by the photon density at temperature

larger than Mφi . The first one of the above set of coupled equations tells us about

the evolution of the scalar number density whereas the second determines the

evolution of the amount of the lepton asymmetry which survives in the interplay

of the production from parent particle (first term) and washout (second term),

as a function of temperature.

To properly deal with the wash out of the produced lepton asymmetry one

must take into account all the possible processes which can potentially erase a

previously created asymmetry. Ideally there exist four kinds of processes which

contribute to the different terms in the above BEQs: decays, inverse decays,

∆L = 1 and ∆L = 2 scatterings mediated by the decaying particle. In the weak

washout regime, the later two processes contribute negligibly to the washout.

Hence in our present analysis, considering an initial equilibrium abundance‖ of

N1, the inverse decay offers the principal contribution.

The Hubble expansion rate in the standard cosmology is estimated to be

HR(T ) ≈
√

8π3g∗
90

M2
φ1

MPl

1
z2 ≈ 1.66g∗

M2
φ1

MPl

1
z2 with g∗ = 106.75, being the effective

relativistic degrees of freedom. The Di in Equation 4.33 denotes the decay term

‖In the case of vanishing initial abundance of N1, the ∆L = 1 scatterings can enhance the
abundance of N1 and increase the efficiency factor [180,181]
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which can be expressed as,

Di =
ΓD,i
Hz

= Kix1iz〈1/γi〉, (4.35)

considering H = HR and one can write ΓD,i = Γ̄i + Γi = Γ̃D,i〈1/γi〉 with 〈1/γi〉,
the ratio of the modified Bessel functions K1 and K2 quantifying the thermally

averaged dilution factor as 〈1/γi〉 = K1(zi)
K2(zi)

. Note that Γi represents the thermally

averaged decay width of φi to SM lepton and the BSM fermion doublet whereas

Γ̄i stands for the conjugate process of the former. The wash out factor Ki in

Equation 4.35 is related to the decay width and the Hubble expansion rate as

Ki ≡
Γ̃D,i

H(T = Mφi)
. (4.36)

The decay and inverse decay processes automatically take the resonant part of the

∆L = 2 scatterings into account. Thus to avoid double counting it is a mandatory

task to properly subtract the real intermediate states (RIS) contribution where

the decaying particle can go on-shell in the s-channel scattering. For a detailed

analytical understanding of RIS subtraction one may look into [48]. At the same

time, it is to note that at a higher temperature the non-resonant parts of ∆L = 2

scatterings become important when the mediating particle (here the scalar φ) is

exchanged through u-channel. An in-depth study of such high temperature affect

on the ∆L = 2 scatterings mediated by heavy RHNs can be found in [50, 182].

Now the inverse decay (ID) width ΓID is connected to ΓD as:

ΓID(zi) = ΓD(zi)
N eq
φi

(zi)

N eq
l

, (4.37)

where N eq
φi

= 3
8
z2
iK2(zi) and N eq

l = 3
4
. Then it follows that the relevant wash

out term in the present scenario will take the following form:

Wi ≈ W ID
i =

1

2

ΓID(zi)

Hz
, (4.38)

=
1

4
Kix

2
1i K1(zi)z

3, (4.39)

for standard Universe. We would like to mention once again that in the BEQs of

Equation 4.33 Nφi and NB−L denote the respective abundances with respect to

photon number density in highly relativistic thermal equilibrium.

The influence of non-standard cosmology as briefed in Section 4.4, is observed

in the form of a new set of modified BEQs where the Hubble rate of expansion

obeys the form as shown in Equation 4.20. Hence in the alternative cosmological
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BP Λ11 (eV) Λ22 (eV) Λ33 (eV) a hαi × 104

I 9.94× 107 1.02× 108 1.04× 108 2.9
( −10.08− 3.17i 4.02 − 7.94i −0.31− 6.58i
−1.54 − 10.38i 8.92 0.26i 5.71 − 3.1i

1.05 − 6.88i 5.65 + 1.81i 4.13− 0.83i

)
II 5.54× 107 5.69× 107 5.83× 106 2.7

( −9.55− 3.0i 3.97 − 7.5i −0.29− 6.22i
−1.46 − 9.84i 8.44 + 0.24i 5.39 − 2.91i
0.96 − 6.53i 5.36 + 1.69i 3.86− 0.75i

)
Table 4.3: Numerical estimation of the two Yukawa coupling matrices which are
obtained for the sets of benchmark points (BP) tabulated in Table 4.2. Reference
scalar masses are considered as Mφi = {107, 107.1, 107.2} GeV.

scenario with n > 0 the Hubble parameter in the present section will be modi-

fied according to Equation 4.20 wherever applicable. For example with the new

Hubble expansion rate, the decay term looks like,

Di =
ΓD,i
Hz

= Kiz
n/2+1x

n/4+1
1i

K1(zi)

K2(zi)
. (4.40)

Similarly, the washout parameter Ki and WID will be modified to

Ki =
Γ̃D,i

HR(T = Mφi)

(
Tr
Mφi

)n/2
, (4.41)

Wi =
1

4
Kix

n/4+2
1i K1(zi)z

n/2+3 (4.42)

With all these inputs, the final baryon asymmetry of the Universe can be obtained

by using,

ηB = asph
NB-L

N rec
γ

= 0.0126 N f
B-L, (4.43)

where asph indicates standard sphaleron factor and N f
B-L being the final B-L asym-

metry.

4.8 Results for neutrino mass and leptogenesis

It is clear from the above discussion that the Yukawa couplings and the masses of

BSM scalar and fermionic fields enter into both one loop diagrams responisble for

neutrino mass and lepton asymmetry calculation respectively. Here we present

some numerical estimates of the relevant parameters which offer correct order of

neutrino mass and lepton asymmetry in this set up.

For numerical computation we choose the lightest active neutrino mass to be

0.001 eV, abiding by the cosmological bound on the sum of neutrino masses as

reported by Planck (
∑

imνi < 0.12 eV) [144, 183, 184]. We also prefer to choose

the maximal value for Dirac CP phase δCP = −π
2

and the best fit central values

for rest of the oscillation parameters. Using these values, it is trivial to obtain the
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Figure 4.9: Washout factors as a function of a for (left) standard and (right)
non-standard case. We consider here Mφi = {10s, 10s+0.1, 10s+0.2} GeV with
s = {7, 8, 9} for the benchmark point I in Table 4.2.

Yukawa couplings (hαi) with the help of Equation 4.28 once the mass scales of

the BSM fields are known. In Table 4.3, we provide the numerical estimate of the

Yukawa couplings matrix (h) for the two reference points as noted in Table 4.2,

considering scalar masses as {107, 107.1, 107.2} GeV. This estimation is essential

for the calculation of baryon asymmetry as well.

As emphasized earlier, one of the primary aims of this study is to investigate

the dynamical generation of baryon asymmetry considering the presence of non-

standard cosmology (H 6= HR) instead of the standard one (H = HR). The Fig-

ures 4.9-4.10 illustrate the reason behind this preference. In Figure 4.9, we show

the variation of the washout factor Ki as a function of the parameter a present

in Equation 4.28 considering both standard (left) and non-standard (right) cases.

In Figure 4.10, we exhibit the variation of εi with respect to the parameter a.

For clarity we have chosen different domains for the scalar mass, considering

Mφi : {10s, 10s+0.1, 10s+0.2} GeV where s can take the values as s = 5, 7, 9. Using

this set of Mφi values and the reference point I in Table 4.2 we prepare these

figures. These figures give a clear insight on the fact that both the washout fac-

tor Ki and εi are increasing functions of a. Moreover, for lower Mφi the wash

out becomes stronger (Ki � 1). The Figure 4.10 reveals that the order of the

asymmetry parameter remains to be more or less unaltered irrespective of the

choice of Mφ scales. This can be understood from Equation 4.32, where the term

involving the functional dependence of Mφi takes a constant value close to unity

for any arbitrary choice of Mφi .

In contrast to the standard case, the right panel of Figure 4.9 shows that the
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Figure 4.10: Order of lepton asymmetry parameter εi as a function of a in Equa-
tion 4.28 for considering scalar masses Mφi = {105, 105.1, 105.2} GeV (left) and
Mφi = {107, 107.1, 107.2} GeV (right) for the benchmark point I in Table 4.2.

order of Ki’s can be substantially suppressed in case the Universe expands faster

where we have chosen Tr and n to be 0.1 GeV and 2 respectively. Although

in the standard case it may be possible to generate the correct order of baryon

asymmetry with superheavy scalar fields (MΦi � 109 GeV), we prefer the non-

standard option since it opens up the possibility of relaxing the lower bound on

Mφ’s to meet the weak washout criteria (Ki < 1).

We numerically solve the BEQs of Equation 4.33 with the initial conditions

that the scalars are in thermal equilibrium at T > Mφi and also assume that the

initial B-L asymmetry N ini
B−L = 0. We have performed this analysis by assuming

the lightest scalar Mφ1 ∼ O(107) GeV and which is enforced to obey two kinds

of hierarchies with the other two heavier scalars. First we consider a compressed

pattern of mass hierarchy among the scalars and in the later part we speculate on

the case with a relatively larger mass hierarchy. This two hierarchy patterns lead

to distinct evolutionary dynamics of the scalars as understood from Figures 4.11-

4.12.

In Figure 4.11, we show the evolution of Nφ1,2,3 (left) and NB−L (right) by

considering the compressed mass pattern with n = 2, Mφi = {107, 107.1, 107.2}
GeV. As it is seen that, number density of the scalars drops from their equilibrium

abundances and NB−L rises with decreasing temperature and finally NB−L gets

saturated at some finite value. In Table 4.4, we list the required values of the

parameter a to attain the observed amount of ηB for the reference points of

Table 4.2 considering n = 2 and Tr = 0.1 GeV. We also include the order of the

lepton asymmetry parameter and the ηB values for n = 1. It is clearly understood

that a smaller value of n, reduces the amount of ηB for a fixed Tr and a.

Next we consider a representative uncompressed mass hierarchies among the
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Figure 4.12: Evolution of Nφi (left) and NB−L (right) as a function of temperature
T considering uncompressed mass hierarchy among the scalars with {Mφi →
107, 109, 1011} GeV and Tr = 0.1 GeV for the benchmark points I in Table 4.2.

scalars (not shown in the Tables) and fix Mφi = {107, 109, 1011} GeV. In Fig-

ure 4.12, we show the evolution of Nφ1,2,3 and NB−L as a function of temperature

T . Since Mφ2,3 are quite heavier as compared to Mφ1 , their number densities fall

sharply at a very early stage of evolution. Hence, in the evolution, first NB−L

gets created from φ3 decay. Then when φ2 starts decaying, NB−L changes its sign

which is observed in form of a kink in right of Figure 4.12 is observed. Finally

the decay of the lighter scalar φ1 helps in keeping the remnant asymmetry upto

the expected amount successfully. Similar to the earlier case, in Table 4.5, we

tabulate the findings: the value of a, order of ε1,2,3 and ηB(n = 1) to attain the

correct order of ηB.

The present analysis appears to be suitable for any mass window for the
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BP a |ε1| |ε2| |ε3| ηB(n = 1) ηB(n = 2)

I 2.9 3.01× 10−9 2.21× 10−8 1.95× 10−8 5.07× 10−13 3.71× 10−10

II 2.7 2.68× 10−9 1.98× 10−8 1.7× 10−8 5.69× 10−13 3.28× 10−10

Table 4.4: Estimating baryon asymmetry considering compressed mass hierarchy
with Mφi = {107, 107.1, 107.2} GeV for the two benchmark points in Table 4.2.

.

BP a |ε1| |ε2| |ε3| ηB(n = 1) ηB(n = 2)

I 2.75 8.99× 10−13 7.03× 10−8 4.05× 10−8 1.30× 10−13 2.86× 10−10

II 2.75 1.52× 10−12 1.26× 10−7 8.16× 10−8 2.10× 10−16 4.30× 10−10

Table 4.5: Estimation of baryon asymmetry considering uncompressed mass hier-
archy with Mφi = {107, 109, 1011} GeV for the two benchmark points in Table 4.2.

.

scalars provided the validity of the analytical expressions for ε1,2,3 in Equation 4.32

holds. It is to note here that, as of now we have explored this scenario only for

unflavored regime of leptogenesis, but it would be intriguing to examine this

framework including flavor effects where the charged lepton Yukawa interactions

are fast enough. In analogy with the scenario where lepton asymmetry originates

from the decay of a heavy RHN, a different magnitude of a would be required to

describe the evolution of such processes, consistent with the observations. Since,

we are already in the weak wash out regime, apparently it can be claimed that

the contribution from the individual flavor asymmetries would be minimum [50].

4.9 Summary and Conclusion

We have constructed an attractive framework deciphering baryogenesis from lep-

togenesis along with a pseudo-Dirac dark matter candidate and neutrino mass in

a scalar extended singlet doublet scenario. Successful accomplishment of all the

three entities at the same time is conspired by a mere Majorana mass term for

the singlet fermion present in the Lagrangian. We have considered both standard

and non-standard cosmology and furnished a comparative analysis between the

two. Since the thermal history of the Universe is largely unknown prior to the

big bang nucleosynthesis, we conceive the idea of fast-expanding Universe and

analyze the singlet doublet DM phenomenology in detail. In one of our earlier

works, we have investigated pseudo-Dirac singlet doublet DM phenomenology in

view of spin independent DM SI direct search experiments. Here we extend that

idea and find that the impact of this rapid expansion of the Universe turns sig-

nificant especially the relevant parameter space to be consistent with the direct
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detection bound receives huge deviation compared to the standard one. First,

we estimate the interaction strength for the singlet doublet dark matter with the

visible sector for two specific DM masses (. 1 TeV) considering the various kinds

of the fast expansion of the Universe (with different temperature dependences)

which turns out to be higher than in the usual scenario. This looks consistent

with the earlier model independent works in this direction. In the later part, we

discuss the radiative generation of neutrino mass which require an extension of

the minimal framework with additional singlet scalars. We further calculate the

baryon asymmetry of the Universe from the decay of these dark scalars by using

the Yukawa couplings which get constrained from the neutrino oscillation data.

The proposed mechanism of lepton asymmetry generation is slightly different

from the ones available in the existing literature where the decay of heavy right-

handed neutrino generates the asymmetry in the lepton sector. We conclude

with an important notion that the non-standard Universe is perhaps preferred

over the standard one in the present scenario to yield the observed amount of

baryon asymmetry in the Universe.





Chapter 5

Self-interacting freeze-in dark

matter in a singlet doublet

scenario

5.1 Introduction

We focus on working in a scenario where the GeV scale fermion dark matter pre-

dominantly contribute to the total relic abundance. Stronger interaction strength

between the fermionic dark matter and the mediator scalar is desired for produc-

ing large self-interaction [185–189]. On the other hand, a strongly coupled dark

sector generally leads to the formation of internal dark thermal equilibrium with a

separate dark sector temperature TD [189–194]. In our present scenario, after the

freeze-in production of χ, they start annihilating into a pair of φ and vice versa,

maintaining the dark sector equilibrium before a freeze-out mechanism triggers

for χ. In literature, such rich dynamics inside a hidden dark sector is familiarly

known as the reannihilation effect [190, 191]. Considering radiation dominated

Universe (RD), we find that after the dark sector freezes out, φ shares a sizeable

contribution to the total relic abundance. Thus, a χ dominated scenario is very

unlikely.

Since our aim is to provide a χ dominated scenario which may also give rise to

velocity-dependent fermionic self-interacting dark matter (see [189] for a similar

exercise in a different framework), the proposed set up as discussed above in the

radiation dominated Universe does not work. In the present study, we apprehend

that the presence of a non-standard epoch in the early Universe could be useful

to alleviate this. A faster expansion of the Universe can prevent the dark sector

from reaching thermal equilibrium or slow down the dark sector interaction rate.

These assist in suppressing the χχ → φφ conversion rate to obtain a χ domi-

97
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nated dark matter scenario. We have employed two particular kinds of modified

cosmology [53, 164, 195] namely kination domination and faster than kination

domination. We have found that such non-standard epochs in the early Universe

can work remarkably to reach our defined aim of obtaining Ωχh
2 ∼ 0.12 [12]

which has the potential to resolve the cosmological problems as earlier stated.

Additionally, the presence of a non-standard epoch helps to provide a comple-

mentary probe of the GeV scale dark matter in the singlet doublet framework

via displaced vertices which is not possible in a radiation dominated scenario

as shown in [111, 196]. The chapter is organised as follows. In Section 5.2, we

furnish the model structure and the corresponding Lagrangians. Next, in Sec-

tion 5.3, we discuss the dark matter phenomenology considering the standard

cosmology and two different forms of non-standard cosmology. We describe the

discovery prospects of the proposed model at collider experiments in Section 5.4.

Estimate of the self-interaction cross section for the singlet doublet dark matter

are presented in Section 5.5. Finally, we summarise by pointing out the new

findings of our analysis and draw the conclusion in Section 5.7.

5.2 The Model

We extend the SM particle content by one SU(2)L vector doublet fermion (Ψ)

with hypercharge Y = −1
2

and one hyperchargeless gauge singlet vector fermion

(χ). In addition, we also include a real scalar singlet field (φ) which assists the DM

to yield strong dark matter self-interaction. We impose a discrete Z2 symmetry

under which the SM particles and the φ field transform trivially while the BSM

fermions are assigned odd Z2 charges. The Lagrangian of the scalar sector is read

as

Lscalar = |DµH|2 +
1

2
(∂µφ)(∂µφ)− V , (5.1)

where the covariant derivative is defined as,

Dµ = ∂µ − igσ
a

2
W aµ − ig′Y

2
Bµ, (5.2)

with g and g′ being the SU(2)L and the U(1)Y gauge couplings respectively. The

scalar potential V = V (H) + V (φ) + V (φ,H) takes the following form,

V (H) = −µ2
H (H†H) + λH (H†H)2, (5.3)

V (φ) =
m2
φ

2
φ2 +

λφ
4!
φ4 +

b3

3!
φ3, (5.4)

V (φ,H) =
λφH

2
φ2(H†H) + a3 φ(H†H). (5.5)
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Note that we do not write the liner term for φ in V (φ) since it can always be

absorbed through the redefinition of the other parameters. We assume that all

the mass scales and the coupling coefficients are real and positive. In this limit,

the vacuum expectation values (vev) of the scalars H and φ after minimising the

potential V are obtained as,

〈H〉 = v , 〈φ〉 = 0. (5.6)

The Lagrangian for the fermionic sector is written as,

L = Lf + LY , (5.7)

where,

Lf = iΨγµD
µΨ + iχγµ∂

µχ−mΨΨΨ−mχχχ (5.8)

LY = − YΨH̃χ+ h.c.− λφχχ− δφΨΨ, (5.9)

where we have defined ΨT = (ψ+ ψ0).

The Dirac mass matrix for the neutral fermions after the spontaneous break-

down of the electroweak symmetry is obtained as,

MD =

(
mΨ MD

MD mχ

)
, (5.10)

where we defineMD = Y v√
2
. After diagonalisation of Equation 5.10, we are left with

two neutral Dirac particles which we identify as ξ1 and ξ2. The mass eigenvalues

of ξ1 and ξ2 are given by,

mξ1 ≈ mχ −
M2

D

mΨ −mχ

(5.11)

mξ2 ≈ mΨ +
M2

D

mΨ −mχ

(5.12)

Therefore, the lightest eigenstate is ξ1, which is the stable DM candidate of our

framework. The stability of the DM is ensured by the unbroken Z2 symmetry.

The mixing between two flavor states, i.e. neutral part of the doublet (ψ0) and

the singlet field (χ) is parameterised by,

sin 2θ ' 2Y v

∆M
, (5.13)

where ∆M = mξ2 − mξ1 ≈ mΨ − mχ in the small Y limit. Here, ξ1 can be

identified with the singlet χ. Since the present analysis involves freeze-in dark
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matter production, the mixing between the singlet and doublet fermions is always

very tiny. Therefore, henceforward we identify the dark matter candidate as χ.

5.3 Dark matter relic

The present set-up has two stable particles φ and χ, and both can contribute

to total DM relic abundance. The relative contribution of each component to

the DM relic is dependent on early Universe history, as we discuss below. We

have worked with mφ � mχ. We also set the interaction strength between the

lighter scalar and our fermion DM candidate (χ) relatively large λ ∼ O(10−1)

with an aim to obtain a large amount of self-interaction for χ that can address

the problems associated with small scale structures of the Universe. We assume

the parameters a3, λφH , which mix φ with SM Higgs sector and δ which couples φ

with ψ to be extremely tiny or negligibly small such that both φ and χ can never

equilibrate with the SM bath. On the other hand, the Yukawa coupling Y (� 1)

connecting the dark matter with SM bath is another important parameter for

present study. It determines the production rate of fermion dark matter from

SM bath by via freeze in process. We make a specific choice a3, δ, λφH � Y

which implies φ can only be populated at a non-negligible rate from the χχ→ φφ

process, depending on the expansion rate of the Universe. The Yukawa coupling Y

along with the self interacting coupling λ would decisively determine the dynamics

of our model and we would specify their strength during benchmark selection.

5.3.1 Radiation dominated Universe

In the standard description of Big bang cosmology, the Universe is radiation

dominated prior to BBN. Initially both the components begin with zero number

density and first χ gets produced from the SM bath. Below we list the relevant

processes that populate the DS particles before and after EW symmetry breaking.

• Before EW symmetry breaking: The DM production takes place from

the ΨΨ → χχ (H mediated), HH → χχ (Ψ mediated) and Ψ → Hχ

processes. If Y � 1, the scattering processes are expected to be suppressed

due to Y 4 dependence and the decay channel of Ψ (with decay width ∝ Y 2)

will dominantly contribute to the non-thermal yield of DM relic density.

• After spontaneous EW symmetry breaking: The singlet doublet mix-

ing occurs which triggers additional production processes for the DM. In this

regime, the DM production channels are the (i) scatterings: SM SM→ χχ,

SM SM → χξ2 and (ii) decays: ξ2 → χh, χZ; ψ± → χW±. Both the
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scattering processes could be mediated by Higgs and SU(2)L gauge bosons.

In the limit Y � 1, the scattering process SM,SM→ χχ would have sub-

dominant impact on the production of DM.

Considering the decays to play dominant role in the non-thermal production of

χ at early Universe∗ we define 〈ΓΨ〉T = 〈ΓΨ〉 Θ(T−TEW)+〈ΓΨ±+Γξ2〉 Θ(TEW−T )

where TEW ∼ 160 GeV indicates the EW symmetry breaking temperature. The

〈ΓΨ〉T is the thermally averaged decay width where T is the SM temperature. The

subsequent process χχ → φφ process† yields φ and when the number density of

φ is sufficient, it can further annihilate to χ and form a local dark sector thermal

equilibrium with an uniform temperature TD provided [194,197]

r ≡ nχ〈σv〉χχ→φφ
H � 1. (5.14)

Finally χ freezes out and both contribute non-negligibly to the total relic abun-

dance. The set of Boltzman equations that governs such dynamics with z(= mχ
T

)

are given by [189–194],

dYφ
dz

=
s

Hz 〈σv〉
TD
χχ→φφ

Y 2
χ −

(
Y eq
χ (TD)

Y eq
φ (TD)

)2

Y 2
φ

 (5.15)

dYχ
dz

= − s

Hz 〈σv〉
TD
χχ→φφ

Y 2
χ −

(
Y eq
χ (TD)

Y eq
φ (TD)

)2

Y 2
φ

+
45z2

2π2m3
χ

s〈ΓΨ〉T
H

(
Y eq

Ψ (T )− Yχ
)
,

(5.16)

where Yi represents the comoving number density of ith component. The final relic

abundance of ith component can be determined by Ωih
2 = 2.744×108×mi×Yi(z =

∞).

Note that each of the dark sector particles could follow thermal distribution

having its own temperature provided sufficient self interaction exists. Now if the

conversion procees χχ → φφ is efficent enough, the DS particles reach thermal

equilibrium quickly after the initial production with a common temperature. In

that case we can safely use the thermal distribution anstaz for the DS particles.

Two possible methods to estimate the dark sector are prevalent in literature. The

first one is to obatin the energy density of the DS as function of temperature and

subsequently estimating the dark temperature [189–191,198,199]. The other one

∗This will be justified in a while.
†It is simple to ensure that the dominant production of φ occurs from χχ→ φφ process by

tuning the other relevant parameters {a3, b3, λφH , δ} at sufficiently smaller value.
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λ mΨ mχ mφ Y Ωχh
2 Ωφh

2

RD-I 0.145 1.5 TeV 20 GeV 10 MeV 5.45× 10−10 0.0075 0.111

RD-II 0.095 1.5 TeV 10 GeV 10 MeV 5.48× 10−10 0.0085 0.110

RD-III 0.085 1.5 TeV 5 GeV 10 MeV 5.65× 10−10 0.0035 0.116

Table 5.1: Three representative benchmark points that describe the reannihilation
scenario in the present framework considering radiation dominated Universe.

is calculating the DS temperature using the second moment approximation [200–

202]. In both the methodlogy it is generally assumed that the DS particles follow

a distribution which is close to the thermal one with the underlying assumption

of sufficent self-interaction of DS particles. In the present work we have utilized

the first prescription following [189, 191] in order to compute the dark sector

temperature. We have presumed that DS reaches thermal equilibrium and share

a common temperature TD since we consider λ to be considerably larger having

magnitude ∼ O(0.1) with mΨ � mχ. Later we numerically verify this after

obtaining the solutions of the relevant Boltzman equations to make our analysis

self-consistent.

We solve the Boltzman equation for the total dark sector energy density (ρD =

ρχ + ρφ) where ρi indicates the energy density for an individual component [187,

189–191,194,198,202].

dρD
dt

+ 3H(ρD + pD) = PΨn
eq
Ψ , (5.17)

where the quantity PΨ represents the thermally averaged energy transfer rate

from the SM to dark sector. The notation pD = pχ + pφ stands for the sum of

the pressures for individual components. The standard form of pD is given by,

pD =
gχ
6π2

∫ ∞
mχ

(E2
χ −m2

χ)3/2

eEχ/TD + 1
dEχ +

gχ
6π2

∫ ∞
mφ

(E2
φ −m2

φ)3/2

eEφ/TD − 1
dEφ, (5.18)

The symbols gχ and gφ imply the internal degrees of freedom for χ and φ species.

Additionally, one can write the energy density of the dark sector as,

ρD =
gχ
2π2

∫
(E2

χ −m2
χ)1/2E2

χdEχ

e
Eχ
TD + 1

+
gφ

2π2

∫
(E2

φ −m2
φ)1/2E2

φdEφ

e
Eφ
TD − 1

. (5.19)

Analytical computation of the integrations in RHS of Equations 5.18-5.19 in

presence of Fermi-Dirac distribution function looks complicated. Instead one can
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Figure 5.1: The left plot shows the variation of dark sector temperature TD as
a function of inverse temperature z. Corresponding evolutions for the number
densities of dark sector particles are shown in the right plot. Here, after initial
non-thermal production of χ strong self-interaction generates a dark sector ther-
mal equilibrium. Further, freeze-out produces the φ abundance. The Figures are
computed considering the benchmark point RD-II in Table 5.1.

compute the same in the Maxwell Boltzman-approximation. We find ‡,

pD =
gχ
2π2

m2
χT

2
DK2

(
mχ

TD

)
+

gφ
2π2

m2
φT

2
DK2

(
mφ

TD

)
(5.20)

ρD =
gχm

2
χ

2π2
TD

[
mχK1

(
mχ

TD

)
+ 3TDK2

(
mχ

TD

)]
+
gφm

2
φ

2π2
TD

[
mφK1

(
mφ

TD

)
+ 3TDK2

(
mφ

TD

)]
. (5.21)

Replacing Equation 5.20 and Equation 5.21 in Equation 5.17, it is simple to

obtain the evolution equation for TD as function of SM temperature.

In Table 5.1, we provide three reference points that instigate dark freeze out

of χ after the non-thermal production from the SM bath for three choices of

dark matter masses having magnitude 5 GeV, 10 GeV and 20 GeV, respectively.

For all benchmark points, we have fixed mΨ at 1.5 TeV. This particular choice

is motivated to evade the current LHC bound (see Fig. 5.8). In case of non-

thermal dark matter production one requires to ensure that the DM remains out

of equilibrium with the SM thermal bath. In the present set up with mΨ = 1.5

TeV, the scattering process SM SM→ χξ2 after the EW symmetry breaking

is inefficient (or kinematically forbidden) to thermalize the DM with the SM

due to large mass hierarchy between the top quark mass and ξ2. The other

scattering process SM SM→ χχ can be still active however is suppressed by the Y 4

‡We verified a close match between the numerical estimation from the standard expression
with this approximation for our calculation.
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Figure 5.2: The ratio of the interaction rate among the dark sector particles
and Hubble parameter of the Universe following Equation 5.14 as function of
temperature for for the benchmark point RD-II in Table 5.1.

dependence. Before EW symmetry breaking all the relevant scattering processes

have Y 4 dependence as mentioned earlier. We find Y . O(10−3) keeps the DM

out of thermal equilibrium from the SM bath at any temperature considering a

DM mass ∼ O(10) GeV in standard RD Universe.

In the present study, we focus on a secluded kind of mechanism where DM

χ gets produced from SM bath and conversion of χ yields φ. However as seen

from the Lagrangian, we may have a few other sources for the production of φ

from the SM particles. This includes processes like ΨΨ → φφ, HH → φφ with

their combined efficacy is function of the coupling parameters {a3, b3, λφH , δ}.
We fix them at sufficiently small values as mentioned earlier such that the afore-

mentioned production processes of φ are effectively switched of with negligible

contribution. We have considered δ = 10−12, a3

mφ
= b3

mφ
= 10−12 and λφH = 10−15

throughout our analysis.

The evolutions of dark sector temperature and χ and φ abundances for the bench-

mark point RD-II (with DM mass 10 GeV) are shown in Figure 5.1. To generate

these Figures, we solve the set of coupled Boltzmann equations as described in

Equations 5.16-5.19 and also used Equations 5.20-5.21 with the initial conditions

(Yχ, Yφ, TD) = 0 and YΨ = Y eq
Ψ (T ). In Figure 5.2, we display the ratio r as

defined in Equation 5.14 to measure the strength of dark sector interaction rate

as a function of SM temperature for the same benchmark point. This figure con-

firms the formation of dark sector equilibrium after the non-thermal production

of both the components with r � 1 for a finite period. In the left of Figure 5.1,

we see the evolution pattern of the dark temperature as a function of SM bath
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temperature. Since the dark matter annihilation to SM particles is negligible, it

turns out that TD � T always. Initially, the dark temperature increases from

zero due to constant entropy injection from the SM bath and reaches a maximum

value. Then, due to the expansion of the Universe, it keeps decreasing. Till

T ∼ mΨ, the production of χ continues from Ψ decay, and hence we see a slower

decreasing rate of TD initially, and after that, it becomes steep.

The most intriguing part is, here, due to large λ, the χ keeps annihilating to φ

till the decoupling and ends with suppressed abundance (see right of Figure 5.1).

Hence for the chosen benchmark points in the reannihilating scenario, we notice

Ωχ � Ωφ. An enhancement of λ for a fixed mχ may slightly increase the relic of φ

further, while it will be reduced further in the opposite limit. However, a small λ is

not desirable in view of generating sufficient self-interaction of χ to solve the small

scale structure problems of the Universe. It is to note that for all three reference

points in Table 5.1, the total relic abundance ΩTh
2 = Ωφh

2 + Ωχh
2 ∼ 0.12 [12]

remains within the observed limit by Planck requiring a similar order of Y value.

Thus, radiation dominated Universe with a large λ fails to provide a pure χ

dominated scenario due to the late time annihilation of the dark matter χ to

mediator φ. We anticipate that a non-standard Universe in the form of kina-

tion or faster than kination domination could enforce significant suppression of

φ production rate from χχ → φφ process even in the presence of large λ. This

may occur if the ratio in Equation 5.14 remains comparatively suppressed till

late time. Note that such faster expansion of the Universe may also slow down

the production rate of χ from the SM bath. However, that can be increased by

adjusting Y .

5.3.2 Non-standard Universe

In standard description of cosmology, we generally assume that the Universe is

radiation dominated in the pre big bang nucleosynthesis (BBN) era. However, due

to lack of evidences, possibilities remain open that before BBN, the Universe could

have been occupied by a nonstandard fluid, redshifting faster or slower than the

radiation component. Earlier works have emphasised that consideration of such

modified cosmology poses non-trivial impact on the dark matter phenomenlogy.

A non-standard Universe can be sketched by assuming the presence of an

additional species (η) along with the radiation component in the Universe. We

consider the equation of parameter (ω) of the nonstandard fluid is larger than

that of radiation. We parameterize this by ρη ∝ a−3(1+ω) which can be converted

to ρη ∝ a−(4+n) with ω = 1
3
(n + 1) and n > 0. The modified description of

the Universe leads to the redefinition of the Hubble parameter (H) as given
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λ mΨ mχ mφ Y n Tr Ωχh
2

FKD-I 0.145 1.5 TeV 20 GeV 10 MeV 1.86× 10−8 3 19.7 MeV 0.120

FKD-II 0.095 1.5 TeV 10 GeV 10 MeV 2.6× 10−8 3 20 MeV 0.119

FKD-III 0.085 1.5 TeV 5 GeV 10 MeV 1.24× 10−7 3 4 MeV 0.119

Table 5.2: Three representative benchmark points that demonstrate pure freeze-
in non-standard cosmology with faster than kination domination.

by [53,164,195],

H2 =
ρR + ρη

3M2
P

, (5.22)

where MP refers the reduced Planck scale, ρR and ρη correspond to the energy

densities of radiation and η component. The total energy density of the Universe

in presence of η as function of temperature can be expressed as,

ρ(T ) = ρrad(T ) + ρη(T ) (5.23)

= ρrad(T )

[
1 +

g∗(Tr)

g∗(T )

(
g∗s(T )

g∗s(Tr)

)(4+n)/3(
T

Tr

)n]
, (5.24)

where ρR = π2

30
g∗(T )T 4 with g∗ stands for the number of relativistic degrees of

freedom. The relativistic entropy degrees of freedom is denoted by g∗s. Thus

a faster expanding Universe is simply parameterised by the set of (n, Tr). A

larger n or smaller Tr prompts the energy density of the Universe to redshift

more faster. The temperature Tr implies the end of modified expansion rate

and we get back the radiation dominated phase. In case of standard radiation

dominated Universe, η field would be absent and we simply consider ρ = ρrad.

The BBN observation on the number of relativistic degrees of freedom imposes a

lower bound on Tr (& (15.4)1/n MeV). A special case n = 2 (or ω = 1) is familiar

as kination domination phase. For n > 2, one has to consider scenarios faster

than quintessence with negative potential. We refer the readers to [164], for a

detailed description of a fast-expanding Universe. Below we separately discuss

the cases for kination domination and faster than kination domination.

5.3.2.1 Faster than kination phase

As earlier mentioned a faster than kination phase is realised for n > 2. Here we

consider n = 3. A faster expansion implies enhanced Hubble rate which can sup-

press the interaction rate among the dark sector particles. If the interaction rate

among the dark sector particles gets heavily suppressed (i.e. r � 1), that leads

to the production of χ by pure freeze-in. In that case the governing Boltzman
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Figure 5.3: Left: The ratio of the interaction rate among the dark sector particles
and Hubble paramter of the Universe as function of temperature for the bench-
mark point FKD-II in Table 5.2. Right: The evolution of DM comoving number
density is shown with temperature for the same reference point.

equation for χ looks very simple as given by [55,203],

dYχ
dz

=
45z2

2π2m3
χ

s〈ΓΨ〉T
H

(
Y eq

Ψ (T )− Yχ
)
. (5.25)

Since the rate of the conversion process χχ→ φφ is negligibly low in case of pure

freeze-in, we do not estimate the relic of φ here, which is expected to be barely

abundant in the present Universe. For the same reason, the computation of dark

temperature is not essential here.

In Table 5.2, we note down three benchmark points with BSM model inputs

{λ,mΨ,mχ,mφ} are same as used in Section 5.3.1. We have considered zero

initial abundance of χ since it remains out of equilibrium in the early Universe.

We fix n = 3 for this case and vary the Tr and Y in order to obtain correct

relic abundance (by pure freeze-in) as allowed by Planck. Recall that these three

reference points have portrayed reannihilation patterns with Ωχh
2 � Ωφh

2 for a

radiation dominated Universe. In the right of Figure 5.3, we have depicted the

evolution of comoving abundance of χ with temperature considering the reference

point FKD-II. We have used n = 3 and fixed the parameters Tr and Y such that

correct relic abundance for χ is attained. In left of Figure 5.3, we estimate the

parameter r as earlier defined and found it to be order of ∼ O(10−2). This indeed

ensures the validity of labelling the present scenario as pure freeze-in. Here we

do not mention the abundance of the φ field. Owing to the faster expansion of

the Universe, the produced χ never creates its own bath, and it is expected that

the contribution of χχ → φφ would be negligible in yielding φ. Nevertheless, a
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conservative test can always be performed by solving the Boltzmann equations

for Yφ and Yχ while considering the maximum § possible value of 〈σv〉χχ→φφ.

By utilising this conservative method, we have found similar results (maximum

uncertainty is 2%) with Yφ remaining much lower than Yχ. We also notice from

Table 5.2, that the required order of the Yukawa coupling is relatively larger than

the one shown in Section 5.3.1 considering standard RD Universe. The reason is

obvious as a faster expanding Universe not only suppresses the rate of χχ→ φφ

process but also slows down the production process of χ and therefore, one needs

to raise BSM Yukawa coupling parameter Y appropriately. To investigate the

Tr dependence on Y further, in Figure 5.4, we show the relic density satisfied

contours in the Tr − Y plane for mχ = 10 GeV and 20 GeV considering n = 3.

We keep the corresponding values of λ and mΨ in accordance with Table 5.2. For

a fixed DM mass, a smaller Tr requires larger Y . This occurs since a smaller

Tr implies an enhanced Hubble rate, and it requires a larger Y to obey the relic

abundance bound. Moreover, a smaller DM mass also requires larger Y to obey

the relic bound. It is to note that in Figure 5.4, we have kept Tr below 25 MeV.

Beyond this value of Tr, the ratio r would turn larger than O(10−2) and therefore,

the contribution of χχ→ φφ conversion in the final DM relic may turn important

at some extent.

In summary, the above discussion reveals that a faster than kination domi-

nated early Universe (n = 3) is able to provide a pure freeze-in yield for χ with

absolutely dominant share to the total relic abundance even in the presence of

λ ∼ O(10−1). This is in sharp contrast to the RD Universe where we found

Ωχh
2 � Ωφh

2 with the same values of λ and mass scales of the dark sector par-

ticles. In the upcoming section, we discuss how the scenario evolves in the case

of kination dominated (n = 2) early Universe.

5.3.2.2 Kination phase

Earlier, we have seen, faster than kination domination has led to pure freeze-in

for the parameters that show reannihilation in the case of an RD Universe by

suppressing the interaction rate among dark sector particles. Now, we consider

the kination domination case (n = 2), which leads to a relatively slower expansion

rate of the Universe than n = 3 and hence may enhance the interaction rate a bit

inside the dark sector. Thus to realise pure freeze-in with kination domination era,

a relatively smaller value of Y for a fixed Tr is expected to obey the relic bound

compared to the n = 3 case. Indeed such prediction emerges to be correct as

§Maximum possible value of a thermally averaged cross section can be found by equating the
temperature of the corresponding bath with the heavier mass scale approximately associated
with the interaction.
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Figure 5.4: Relic satisfied contours in Tr−Y plane considering n = 3 for mχ = 10
GeV and 20 GeV.

evident from Figure 5.5 where we show the estimate of the order of Y for mχ=10

GeV and 20 GeV as function of Tr considering n = 2. Using the approximate

method as commented earlier, we have found that for the respective ranges for

Y and Tr in Figure 5.5, the ratio r always remains . O(10−2) and thus relic φ is

always suppressed with an uncertainity 5% atmost.

One may also wonder whether a reannihilating scenario for the dark matter χ

with final correct relic abundance is possible in non-standard cosmological models.

To investigate this, let us stick to the n = 2 case. This would obviously require

a larger Tr compared to the pure freeze-in case with n = 2. Assuming internal

equilibrium of dark sector is established for some period in the early Universe, the

set of Boltzman equations remain same as in Equations 5.15-5.17. We would like

to reuse the same three set of benchmark values for (λ,mΨ,mχ,mφ) as originally

introduced in Section 5.3.1. We would like to emphasise that, these points depict

a reannihilation pattern in the radiation dominated Universe, while the presence

of a kination or faster than kination dominated epoch transform it to pure freeze-

in with almost full χ occupancy in the total relic abundance provided suitable

choices for Tr are made. Here, we find out the estimates of (Y, Tr) such that

it shows a reannihilation pattern with Ωχh
2 � Ωφh

2. We consider zero initial

abundance for the dark sector particles as well as T ini
D = 0. In Table 5.3, we

note down the required order of Tr and the Yukawa coupling that predicts such

scenario considering the same set of (λ,mΨ,mχ,mφ) as used in Section 5.3.1.

The evolution patterns of TD, Yχ and Yφ for the benchmark point KD-II in
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Figure 5.5: Relic satisfied contours in Tr−Y plane for mχ = 10 GeV and 20 GeV
considering n = 2.

λ mΨ mχ mφ Y n Tr Ωχh
2 Ωφh

2

KD-I 0.145 1.5 TeV 20 GeV 10 MeV 3.5× 10−9 2 205 MeV 0.115 0.003

KD-II 0.095 1.5 TeV 10 GeV 10 MeV 4.5× 10−9 2 110 MeV 0.117 0.002

KD-III 0.085 1.5 TeV 5 GeV 10 MeV 1.3× 10−8 2 20 MeV 0.118 0.002

Table 5.3: The representative benchmark points that lead to reannhilation after
freeze-in production of χ in presence of kination dominated epoch with n = 2.

Table 5.3 are shown in Figures 5.6-5.7. In the left of Figure 5.6, the ratio r is

plotted as a function of the temperature of the SM bath. This figure shows r

crosses unity for a brief period and dark sector equilibrates. This feature enables

χ to annihilate at a late time to φ after production from the standard model

bath. However, the annihilation rate is suppressed due to faster expansion of the

Universe, which results in reduced relic for φ as compared to the one in RD Uni-

verse. We also notice such an enhanced expansion rate of the Hubble parameter

slows down the χ production process itself, but that can be adjusted by tuning

the Yukawa coupling Y appropriately (see Table 5.3). In right of Figure 5.6, the

temperature TD is plotted as a function of SM temperature T . We see a nontrivial

pattern for the temperature evolution of the dark sector here. The TD remains

constant up to z ∼ 0.01 then reduces with z. This has occurred specifically due

to an accidental cancellation between the second term of LHS in Equation 5.17

and the term in RHS while solving the Boltzman equation for dark sector energy

density. Such cancellation is triggered by the same temperature dependence of
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Figure 5.6: Left: The variation of parameter r is shown against the SM tempera-
ture for the reference point KD-II. Right: The variation of TD on SM temperature
T is shown for the same reference point.

the Hubble parameter and neq
Ψ when Ψ is relativistic. In Figure 5.7 the evolu-

tion patterns for the number densities of χ and φ considering the benchmark

point KD-II are shown as function of SM temperature. The obtained patterns

are similar as in case of RD Universe. The comoving number density of χ drops

from its freeze-in value due to late time dark freeze out. Similar reannihilation

patterns for mχ = 20 GeV and 5 GeV can be obtained as well with the proper

assignments of other relevant parameters as pointed out in Table 5.3. For all

three the benchmark points of Table 5.3, χ occupies the maximum share of total

relic abundance, whereas φ can contribute up to 2% of the total relic.

Before we close this section, let us draw a clear comparison between the im-

pacts of standard and non-standard cosmology within the present setup. We

begin by fixing the mediator mass mφ = 10 MeV and dark matter mass at 5

GeV, 10 GeV and 20 GeV, respectively. In an RD Universe, a larger value of λ

(motivated from generating velocity dependent large self interaction) leads to the

annihilation of χ to φ after its production by forming dark sector equilibrium.

Consequently, we obtain φ as a dominant DM component rather than χ. We then

anticipate that presence of a non-standard epoch (kination or faster than kina-

tion) in the early Universe can assist in realising a dominant share of χ in total

DM relic abundance with or without reaching dark sector thermal equilibrium

for the same dark sector parameters as used in the RD scenario. We have utilised

the same benchmark points as used in the RD case and show that, indeed, a

fast-expanding Universe changes the DM dynamics completely and helps in real-

izing χ as the main dark matter component. This occurs since the presence of a

modified cosmology enhance the expansion rate of the Universe and suppresses
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Figure 5.7: The evolution of χ and φ number densities are shown with SM tem-
perature for the benchmark point KD-II.

the conversion rate of the χχ → φφ process. One can also spot that it requires

a larger amount of Yukawa coupling Y to obey the relic density bound in a non-

standard era compared to the case in RD Universe. This, in turn, improves the

collider search prospects of the present set up as we will talk about shortly.

5.4 Discussion on Collider searches

We shall now briefly discuss the detection prospects of the proposed singlet scalar

extended singlet doublet freeze-in DM at colliders. The possible collider signa-

tures of the singlet doublet fermion DM model have been discussed in detail in

the context of WIMP [?,125] and FIMP [111,196] DM scenarios. The collider sen-

sitivity of the singlet doublet dark matter model is mainly based on the YΨH̃χ

vertex. Note that the same vertex determines the production efficiency of the

dark matter in the early Universe. Depending on the cosmological history and

dark sector dynamics, we found that the value of Y keeps changing for fixed DM

mass and mΨ or mξ2 . For example, a fast expanding Universe prefers larger Y

as compared to the RD Universe in each of the pure freeze-in or reannihilation

scenarios to obtain a constant dark matter relic. Therefore in the present frame-

work, the colliders can perhaps be utilised to test the cosmological history at the

early Universe and the hidden dark sector dynamics in the context of the singlet

doublet model.

One of the possible signatures at LHC could be the disappearing charge track

signature induced by ψ± → π±ξ2 decay with decay length cτψ± ∼ O(1) cm.
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by the search of disappearing charge track signature. We have also shown the
present and proposed LHC exclusion sensitivities by the dashed red and green
contours respectively as taken from [111].

Independent analyses by ATLAS and CMS collaborations [204,205] have inferred

strong restriction on the chargino mass considering a supersymmetric framework

as a benchmark model. Since the decay ψ± → π±ξ2 is equivalent to chargino to

Higgsino production, in the present analysis, the bounds provided by ATLAS and

CMS can be employed in our analysis as well. In Figure 5.8, the purple shaded

region is disfavored due to non-observation of disappearing charge track assuming

Br(ψ± → π±ξ2) ' 1. In our analysis, we have considered mΨ to be of the TeV

scale. Thus the bound arising from the disappearing charge track signature is

not important for our case.

On the other hand, due to gauge mediated interactions, the heavy charged

(ψ±) and neutral (approximately ξ2) components of dark fermion doublet in this

model can be produced at a hadronic collider. The relevant processes are p p→
ψ+ ψ−, ξ2 ξ2 and ψ± ξ2 which further decay to DM (χ or ξ1) along with jets in

final states via hh, hZ, ZZ, W+W− modes. The presence of feeble interaction

between heavy doublet and the DM (YΨH̃χ), which is the one of requirements

of freeze-in scenario makes the heavy neutral state ξ2 longlived (cτξ2 > 1 mm)

at the typical scale of detector length. The heavy charged state, ψ± promptly

decays to a heavier neutral state, ξ2 with a soft pion which is difficult to probe.

The charge fermion, ψ± can also decay directly into DM with W (ψ± → W±χ),

which is suppressed when the singlet doublet mixing is small. In the limit of
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small singlet doublet mixing, the direct and associate productions of ξ2 ξ2 are one

of the promising modes for our analysis which can give rise to displaced vertices

with jets plus missing energy signature (DV+MET) before reaching the end of

the tracker. Similar kind of search has been performed by ATLAS with
√
s =

13 TeV and L = 32.8 fb−1 in the context of split supersymmetric models (i.e.

gluino-neutralino) [206]. Such events are analysed by looking at the individual

jet tracks which are originating from a displaced vertex. The ATLAS DV+ /ET

search estimates the final events targeting at least one displaced vertex with jets

and large missing transverse energy. So the signal processes which can give rise

to the DV+ /ET signature at LHC in this framework are given as:

pp→
(
ψ+ψ−

)
→ ξ2 ξ2 + soft pions→ hh/hZ/ZZ + χχ→ jets + χχ;

→
(
ψ±ξ2

)
→ ξ2 ξ2 + soft pion→ hh/hZ/ZZ + χχ→ jets + χχ;

→ ξ2 ξ2 → hh/hZ/ZZ + χχ→ jets + χχ. (5.26)

Note that here we have only considered hadronic decay channels of h and Z, since

large hadronic branching yields a sizeable cross-section of the pp → jets + χχ.

The above signal cross-section mainly depends on the long-lived particle mass,

mξ2(' mΨ) and the Yukawa coupling, Y . The heavy neutral state, ξ2 can decay

inside (1 mm − 100 m) or outside the detector that crucially depends on the

strength of Y .

An accurate prediction of discovery prospects of our proposed scenario requires

proper recasting with the exact limits from CMS and ATLAS. One needs to

perform a careful reconstruction and selection of events employing suitable cuts

and considering the generator-level efficiency and background estimation. The

details of the recasting strategy of this singlet doublet model have been performed

in Ref. [111]. In Figure 5.8 we extract the present and proposed exclusion bounds

obtained on mξ2−Y plane from [111] and check the sensitivities of the benchmark

points we used so far, implying different kinds of dark matter dynamics both

in standard and non-standard cosmology. The benchmark points FKD-I and

FKD-II with n = 3, which signify pure freeze-in in non-standard cosmology,

are inside the 300 fb−1 exclusion limit and can be traced in the future runs of

ATLAS. Two of the three benchmark points (KD-II and KD-III) with n = 2

are also likely to be probed in the next run of ATLAS. If tested, these would

probably indicate the presence of modified cosmology with the values of non-

standard cosmological parameters as listed in Table 5.2 and Table 5.3. The

benchmark points labelled as RD-I, RD-II and RD-III are far outside the reach

of ATLAS 300 fb−1 run. For these reference points, the decay lengths of ξ2 turns

out to be very large with cτξ2 ∼ O(1) km. Thus it is challenging to search ξ2 with
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φ

Figure 5.9: Feynman diagram for dark matter self interaction

such long lifetimes at ATLAS and CMS with current and future sensitivities. The

proposed MATHUSLA surface detector experiment [207,208] could be capable of

probing such a long-lived particle. We do not discuss this in detail and refer the

readers to [196].

5.5 Dark matter self-interaction

The present set-up resembles a two-component dark matter framework. We have

seen in Sections 5.3.2.1 and 5.3.2.2, that χ could be the main component with

almost 100% relic share owing to the presence of modified cosmology. Hence χ,

being adequately abundant in the present Universe, can be an ideal candidate

for self-interacting dark matter. Figure 5.9 displays the Feynman diagram of

DM self interaction. As earlier mentioned, few long-standing tensions between

astrophysical observations and N-body simulations for cold DM suggests the DM

to be self-interacting with 0.1 cm2/gm . σ/mχ . 10 cm2/gm for DM relative

velocity (30 . vd . 200) km/s [209] and σ/mχ ∼ 0.1 cm2/gm at galaxy cluster

scale [209]. In the present framework, the self interaction can take place through φ

mediation. We assume the χ to be symmetric in nature. The DM self-interaction

processes are χχ → χχ, χχ → χχ and χχ → χχ. The nonrelativistic self-

scattering in DM halos is conventionally described by a Yukawa potential,

V (r) = ± α
2
D

4πr
e−mφr, (5.27)

where “±” stands for repulsive and attractive potentials. The parameter αD is

the analog of fine structure constant defined by αD = λ2

4π
. In general, a fermion

dark matter can self-interacts via both scalar and vector portal. Note that the

scalar interactions are purely attractive, while a vector interaction could be both
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attractive or repulsive [209]. In literature, uses of two kind of cross sections can

be noticed namely (i) transfer cross section (σT ) and (ii) viscosity cross section

(σV ), which are defined as follows [209–214]:

σT =

∫
dΩ(1− cos θ)

dσ

dΩ
, σV =

∫
dΩ sin2 θ

dσ

dΩ
, (5.28)

where θ is the scattering angle. The viscosity cross section has certain merits

over the transfer one. For example, the σV takes care of the divergences in both

forward and backward scatterings in the DM halo. In addition, for self-interaction

between identical particles, transfer cross sector fails. In view of this, we calculate

the σV in the present set up.

The description of the self-scattering could be of different natures (classical,

semi-classical or quantum), parameterized by two dimensionless parameters,

κ =
mχvd
mφ

and β =
2αχmφ

mχv2
d

, (5.29)

which are correlated to the momentum and strength of the potential relative to

the kinetic energy. The system is known to be in the classical, semi-classical, and

quantum regime for κ� 1, κ & 1 and κ . 1 respectively. The analytical form of

σV in classical and semi-classical regimes can be found in Ref. [215].

For the quantum case (excluding the Born approximation for 2βκ2 � 1), in

principle one needs to solve the Schrodinger equation by partial wave analysis in

order to compute the differential cross section. The differential scattering cross

section can be computed by,

dσ

dΩ
=

1

k2

∣∣(2l + 1)eiδlPl(cos θ) sin δl
∣∣2 . (5.30)

where the phase shift for the partial wave is indicated by δl. The Schrodinger

equation for the radial wave function Rl(r) of the reduced DM two-particle system

is written as,

1

r2

∂

∂r

(
r2dRl

dr

)
+

(
k2 − l(l + 1)

r2
− 2µV (r)

)
Rl = 0, (5.31)

where µ = mχ/2 is the reduced mass and k = µvd. Then by obtaining δl from the

asymptotic form of the radial function Rl(r), one can reach at the approximated

expression for the viscosity cross section:

σVm
2
φ '

4π

κ2

∫ ∞
0

dl
(l + 1

2
)(l + 3

2
)

2l + 2
sin2 2δ′

(
l +

1

2

)
, (5.32)
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Figure 5.10: Self-interaction cross section as function of velocity for the two differ-
ent sets of (mχ, λ) that have been used to describe the dark matter phenomenol-
ogy in Sections 5.3.2.1 and 5.3.2.2. The black arrow indicates the constraint from
the Bullet Cluster which is σ

mχ
< 0.7 cm2/g for v = 4000 km/s [63, 210]. We

fix mφ at 10 MeV. We also show the observational data from dwarfs (blue), low
surface brightness (LSB) galaxies (brown), and galaxy clusters (orange) as taken
from [216].

where δ′ (l + 1/2) ' δl+1 − δl. The analytical computation of σV looks unlikely

in the above case, where both quantum and non-resonant effects are important.

However, for κ� 1, the S-wave scattering dominates, and the Hulthen potential

can be implemented to find the σV analytically as indicated in [215].

In Figure 5.10, we estimate the velocity dependence of the viscosity cross sec-

tion σV considering three sets of (mχ, λ) as used for the DM analysis earlier in

Section 5.3.2.1 and Section 5.3.2.2 with mφ= 10 MeV. Note that for all three

benchmark points, we could obtain nearly same percent relic abundance for the

dark matter candidate χ in considering non-standard cosmology namely kination

domination or faster than kination domination. For all three (mχ, λ) sets, the pa-

rameter σv
mχ

remains in the range (0.1-10) cm2/g at vd = (30−200) km/s. Notably,

these three reference points also yield strong self interaction at galaxy cluster scale

as prefered by the observational data. We also found that these points satisfy

the bound σv
mχ

< 0.7 cm2/g at vd = 4000 km/s, arising from the observations

in Bullet Cluster galaxies [209]. In the case of RD dominated Universe, for the

three benchmark points under our discussion, χ is not adequately abundant in

the present scenario, and hence the solution of small structure anomalies remains

unlikely. However, the assumption of a modified cosmology before BBN turns in-

strumental in the simultaneous realisation of adequately abundant χ component



118 Chapter 5. Self-interacting freeze-in dark matter

dark matter and sufficient self-interaction to alleviate the small scale anomalies

of the Universe.

5.6 Brief comment on DM direct detection

In our framework, the DM-neucleon scattering processes which are responsible

for the direct detection search are mediated via Z-boson and Higgs boson with

the corresponding Feynman amplitudes are proportional to sin2 θ and sin4 θ re-

spectively. Since we require very small order of Y in our scenario, it is ex-

pected that the spin independent direct-detection cross-section to be extremely

supressed and and lie well below current experimental bounds. For example, with

mχ = 10, ∆M = 1.49 TeV and Y = 2.6 × 10−8 (FKD-II in table 2), the DM-

neucleon spin dependent scattering cross-section is σSI ' 10−36 pb as calculated

using micrOMEGAs 4.3 [146]. It is far below the current spin independent direct

search bound ∼ 10−9 pb from XENON 1T. This observation holds true for the

other benchmark points as well having similar or smaller order of Y .

5.7 Summary and Conclusion

The singlet doublet model is a simple particle extension of SM, providing a viable

dark matter candidate from mixing of doublet and singlet fermions after the

electroweak symmetry breaking. Different variants of this scenario are extensively

studied for its enriched dark sector and collider signatures. In this work, we have

examined whether a non-thermally produced and adequately abundant GeV scale

fermion doublet dark matter candidate has the potential to be probed at colliders.

We also discuss the prospect of alleviating the small scale structure anomalies of

the Universe.

We have minimally extended the singlet doublet dark matter model with a

MeV scale singlet scalar, which mediates the dark matter self-interaction. The

singlet scalar is stable in Universe lifetime since it has no decay mode. The

fermion dark matter has a non-thermal origin and can be produced adequately

in the early phase of the Universe. A strong self-interaction, in general, prefers

a sizable non-gravitational interaction strength between the dark matter and the

mediator particle. With such a notion, our computation indicates the forma-

tion of internal dark thermal equilibrium when the conversion process from the

fermion dark matter to scalar mediator turns so efficient that it significantly sup-

presses relic abundance for our dark matter candidate. In fact, the mediator

particle emerges to be way more abundant in the present Universe. The process

as mentioned above is prominent in a standard radiation-dominated Universe,
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and we remain unsuccessful in obtaining the singlet doublet fermion dark matter

as the main component.

We adopt two specific non-standard cosmological scenarios such as kination

and faster than kination-dominated early Universe to circumvent this issue. The

motivation for such choices is to suppress the conversion process inside the dark

sector. We have found that proper tunings of non-standard cosmological param-

eters completely alter the evolution patterns of the number densities for the dark

sector particles. In fact, the benchmark points which had earlier manifested a

reannihilating pattern in the RD dominated Universe depict a pure freeze-in sce-

nario in the non-standard Universe with negligible mediator abundance in the

present Universe. In addition, for some choices of the non-standard cosmologi-

cal parameters, the dark sector still goes through internal thermal equilibrium.

However, that does not cause colossal depletion to the dark matter relic, unlike

the case considering radiation domination.

In short, the presence of a modified cosmology helps realise the fermion-dark

matter as the main component that is adequately abundant in the present Uni-

verse. An exciting consequence comes in terms of collider constraints, where we

found that the displaced Vertex signature can provide the robust exclusion bound

on the GeV scale DM parameter space. Some of our benchmark points are al-

ready within the projected exclusion limit that can be tested by LHC in the next

run. We have further demonstrated that the realised parameter space can in-

deed generate velocity-dependent sufficient self-interactions (consistent with the

bounds from observations at bullet cluster galaxies) with a MeV scale mediator.

We conclude with the comment that, in general, a freeze-in dark matter being

feebly coupled to the visible sector is extremely hard to track at experiments.

Interestingly, the proposed framework of singlet doublet freeze-in GeV scale DM

has ample scopes to be indirectly probed e.g. in the astrophysical experiments

at galaxy scales due to the strong self-interaction of the fermion dark matter as

well as in the collider experiments by virtue of modified cosmological theory.





Chapter 6

Freeze-in Dark Matter Through

Forbidden Channel in U(1)B−L

6.1 Introduction

In this work, we focus on DM production, where it has renormalizable interactions

with the thermal bath (IR freeze-in). From here onwards, we will refer to the

freeze-in scenario where the DM production dominantly takes place at a temper-

ature near about the mass of the decaying∗ bath particle as a standard freeze-in

or SFI. Deviating from this scenario, in the present analysis, we consider the pro-

duction of DM in a parameter regime where its production remains kinematically

forbidden in the SFI framework. Darmé et al. studied such a mechanism recently

for DM production in Ref. [217]. The interesting feature of this particular produc-

tion mechanism is the involvement of thermally corrected masses [217–223] of the

particles participating in the DM production. Here, one considers that the medi-

ator is not only a part of the hot thermal plasma, but it may also acquire a sizable

thermal mass. In the early Universe, when the temperature was extremely high,

the thermal mass of the mediator can have differed substantially from its mass

at vacuum, i.e., the thermal effects must have dominated the mediator’s mass.

Analogous to the SFI, here, the initial population of dark matter is assumed to be

zero or negligibly small, and it is produced gradually from the mediator’s decay.

At a sufficiently high temperature, the mediator can acquire large thermal mass,

and the condition: Mmediator(T ) > 2MDM can easily be achieved. The dark matter

then can be copiously produced from this decay, even if such a process remains

kinematically forbidden at low temperatures. This alternative approach of DM

production can be indexed as forbidden freeze-in (FFI). This new FFI scenario

∗Assuming the production of the DM through the scattering of the bath particles remains
sub-dominant in comparison the production via decay.

121
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can open up an exciting and new paradigm of dark matter phenomenology.

This work aims to explore the FFI scenario in a minimal U(1)B−L exten-

sion [224–230] of the SM. As is well known, the B −L extension necessitates the

introduction of three right-handed neutrinos (RHN) to make the model free from

the triangular anomaly. Unlike the Type-I seesaw [13, 16, 17, 231–234], here, the

bare mass term for the RHNs are not allowed at tree level. Hence, in order to

make the RHNs massive, they are required to couple to an SM gauge singlet (com-

plex) scalar appropriately charged under the U(1)B−L symmetry. These RHNs

become massive once the B − L scalar acquires a non-zero vacuum expectation

value (vev) and spontaneously breaks the U(1)B−L symmetry. In addition, the

B − L gauge boson also becomes massive after the breaking of B − L symme-

try. It is interesting to point out that the B − L setup can provide a common

solution to three of the most important issues of present-day particle physics and

cosmology, i.e., the non-zero neutrino mass [53,234–238], baryogenesis via lepto-

genesis [37,46,47,53,180,239,240] from the decay of heavier RHNs and dark matter

(WIMP/FIMP). The WIMP type DM in the context of the B −L extension has

been thoroughly studied [241–243]. Here, the lightest RHN (non-trivially charged

under a Z2 symmetry) plays the role of a DM [244]. Even though such extension

can explain all three outstanding issues under the same umbrella, the DM phe-

nomenology still remains highly constrained. The RHN dark matter relic density

can only satisfy the Planck limit [12] near the resonance regimes [241, 242]. An

interesting alternative is to consider the lightest RHN as FIMP type DM (SFI).

This possibility is also vastly explored in the literature [227–229, 243, 245, 246]

and unlike the WIMP scenario, here a sizable mass range is allowed† for DM.

Contrary to this, in the present setup, we follow the FFI approach to study

the freeze-in production of dark matter from the kinematically disallowed decay

of the scalar that gets a significant thermal mass correction while maintaining

equilibrium with the hot thermal plasma in the early Universe. This chapter

is organized as follows. In Section 6.2, we introduce the model part while Sec-

tion 6.3 describes in detail the thermal mass correction of the mediator. Different

theoretical and experimental constraints deemed relevant here are described in

Section 6.4. Next, we present the forbidden freeze-in production of dark matter

and the estimation of numerical results in Section 6.5 and finally, we summarize

our findings in Section 6.6.

†We would like to point out that in a recent study [247], the authors have shown that
Lyman−α bound can also exclude DM mass . O(15 keV) if produced through a freeze-in
mechanism.
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Field SU(2)L × U(1)Y YBL Z2

N1 (1, 0) -1 −
N2, N3 (1, 0) -1 +
S (1, 0) 2 +

Table 6.1: The additional fields and their quantum numbers under different sym-
metry groups. Here, YBL refers to the U(1)B−L charge.

6.2 The scenario

The present scenario explores the possibility of a U(1)B−L extension of the SM

gauge symmetry. Here, the particle content is extended by adding three right-

handed neutrinos Ni (i = 1, 2, 3) together with a complex scalar S, all of them

charged under the U(1)B−L symmetry. In addition, the SM leptons and quarks

also carry U(1)B−L charges of −1 and +1
3
, respectively. Further, invoking an

additional unbroken discrete Z2 symmetry and making one of the RHN (say, N1)

non-trivially charged under it ensures its stability by forbidding its interactions

with the SM leptons and Higgs. Being stable, N1 contributes as a suitable DM

candidate in the present setup. On the other hand, the remaining BSM particles

and SM particles carry a positive charge under this Z2. In Table 6.1, we present

the charges of all the BSM fields under the different symmetry groups.

These B − L charge assignments also eliminate the possibility of triangular

B − L gauge anomalies in our model [248]. With the given particle spectrum

and the gauge symmetries, the most general renormalizable and gauge invariant

Lagrangian for the present setup can be written as,

L = LKE + Ly − V (φ, S) (6.1)

where kinetic terms LKE for the BSM fields are given as,

LKE = |DµS|2 +
∑
i=1,2,3

N̄iiγ
µDµNi −

1

4
ZµνZ

µν , (6.2)

with Zµν = ∂µZν
BL − ∂νZµ

BL, and Dµ = ∂µ + i [Y g′ + YBL gBL] (ZBL)µ. Here, we

work in the pure U(1)B−L model, where g′ is considered to be zero. This choice of

g′ = 0 forbids Z-ZBL mixing at the tree level‡. Finally, gBL denotes the U(1)B−L

gauge coupling.

Moving on to the scalar part of the Lagrangian, the most general renormaliz-

able scalar potential for this setup is given by

‡The gauge kinetic mixing is highly constrained by electroweak precision measurements
demands it to be . 10−4 [249].
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V (φ, S) = −µ2
φφ
†φ− µ2

S|S|2 +
λφ
2

(φ†φ)2 + λφS(φ†φ)|S|2 + λS|S|4. (6.3)

For µ2
S > 0, the CP even component of B−L scalar S = 1√

2
(vBL+φS) develops a

non-zero vacuum expectation value vBL and breaks the U(1)B−L symmetry. This

breaking ensures Majorana masses for the RHNs (discussed latter) together with

an additional massive B − L gauge boson ZBL. The masses of the B − L scalar

(φS) and gauge boson after the B − L symmetry breaking is expressed as §,

m2
S = 2λS v

2
BL, (6.4)

MZBL = 2 gBL vBL. (6.5)

On the other hand, Electroweak Symmetry Breaking (EWSB) is triggered

for µ2
φ when the CP -even components of φ receive a vev v. The minimization

conditions for the potential in Equation 6.3 are given below:

µ2
φ =

λφ
2
v2 +

λφS
2
v2
BL, (6.6)

µ2
S =

λφS
2
v2 + λS v

2
BL. (6.7)

After the EWSB, scalar doublet in the present setup can be parametrized as

φ =

(
0

1√
2
(v + φh)

)
. (6.8)

Subsequent to the EWSB, a non-zero φh−φS mixing leads to the following mass

terms

V ⊃ 1

2

(
φh φS

)( λφ v
2 λφS v vBL

λφS v vBL 2λS v
2
BL

)(
φh

φS

)
. (6.9)

The mass matrix is diagonalised using(
φh

φS

)
=

(
cθ sθ

−sθ cθ

)(
h

s

)
(6.10)

§After the breaking of B − L symmetry, φ also obtains mass due to the presence of λφS
interaction. We do not write that mass term explicitly as its presence does not alter the present
analysis.
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with

tan 2θ =
−2λφS v vBL

λφ v2 − 2λS v2
BL

. (6.11)

The mass eigenstates (h, s) then have masses

m2
h,s =

1

2

[(
λφv

2 + 2λSv
2
BL

)
±
√

(λφv2 − 2λSv2
BL

)2
+ 4λ2

φSv
2v2
BL

]
. (6.12)

Here we consider physical scalar h as the SM like Higgs boson with mass

mh = 125.09 GeV [250]. The various model parameters are expressible in terms

of the physical quantities as follows:

λφ =
(m2

hc
2
θ +m2

ss
2
θ)

v2
, (6.13)

λφS =
(m2

s −m2
h)sθcθ

v vBL
, (6.14)

λS =
(m2

hs
2
θ +m2

sc
2
θ)

2v2
BL

. (6.15)

The φS − φh mixing angle is highly constrained, and the current experiments

demand it to be small (see Section 6.4). As this mixing angle does not play any

significant role in the present context, we have kept sθ fixed at 10−3 throughout

this work, such that it satisfies the experimental constraints. In the limit of

sufficiently small φS − φh mixing, one obtains φS ' s, and mS ' ms.

Next, the Yukawa interactions for the present scenario is expressed as,

−Ly ⊃ y11N̄
c
1N1S + yαβN̄

c
αNβS + hiαlLφ̃Nα + h.c., (6.16)

with α, β = 2, 3 and i = e, µ, τ . As discussed earlier, N1 being Z2 odd remains

stable, unlike the other two RHNs N2 and N3, which can decay into the scalar

and the SM leptons (l) through the third term of Equation 6.16 if kinematically

allowed. The existence of N2 and N3 in the present setup can also explain the

origin of non-zero neutrino masses together with baryogenesis via leptogenesis.

In addition, EWSB gives rise to the following mass matrix for N1,2,3.

MN =
√

2 vBL

y11 0 0

0 y22 y23

0 y23 y33

 . (6.17)

To demonstrate our point without losing the generality, we consider y23 = 0 for
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simplicity in the rest of the analysis, in which case MN is diagonal with masses

Mi =
√

2 yii vBL. (6.18)

For simplicity, we assume the other two RHNs to be nearly mass degenerate for

the rest of the analysis and consider y22 ' y33 = y. Finally, for our analysis

purpose, we choose the following sets of independent parameters:

{ms,M1, y, vBL, gBL, sθ}.

6.3 Thermal corrections

This section briefly comments on the thermal corrections to the masses of relevant

particles. These corrections play a non-trivial role in understanding the DM

phenomenology of the present setup. In the early Universe, when the temperature

of the thermal soup was very high, the thermal corrections [182, 222, 251] to the

masses of the particles in the bath must have been very large. In general, any

particle that couples in the thermal bath with the primordial plasma is expected

to obtain a mass proportional to the temperature of the Universe provided the

condition T > mi is satisfied, here mi denotes various mass scales involved in the

theory [252].

SM particles are expected to be in equilibrium with the thermal plasma at

high temperatures. In the present set up we also assume that the particles like

the scalar S and the heavier RHNs N2,3 remained in equilibrium with the thermal

plasma due to their sizable interaction strengths in the early Universe. Hence,

their masses are expected to obtain thermal corrections at high temperature.

On the other hand, DM candidate N1 in this model interacts very feebly with

the thermal bath and never enters thermal equilibrium. Due to this reason,

the thermal correction to its mass remains negligible even at high temperatures.

For example, considering U(1)B−L breaking scale vBL ∼ O(1010 GeV) with a

fixed DM mass M1 ∼ 500 GeV, one obtains y11 ∼ 3 × 10−8 GeV, following

Equation 6.18. With such a feeble interaction, the thermal corrections to N1 mass

at a temperature T >> M1 remains negligible i.e. M1(T ) =
√
M2

1 + (y2
11/16)T 2 '

M1. Finally, the setup also demands a very feeble gBL ∼ O(10−8). Such a small

gBL also prevents ZBL from entering into the equlibrium and hence its thermal

mass can also be negelected. These choices of couplings will be further clarified

in Section 6.5.

Now we discuss the thermal corrections to the mass of s as it plays a crucial

role in the DM phenomenology of the present construct. Note that several pro-
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s s

Ni

Ni

Figure 6.1: One-loop diagram contributing dominantly towards thermally cor-
rected mass of scalar s.

cesses can provide thermal contributions to the mass of s. For example, one can

have self-energy corrections with s, H, ZBL and Ni coming in the loop, which

can contribute to the thermally corrected mass of s. These contributions can

be denoted as Π2
s(T ), Π2

H(T ), Π2
ZBl

(T ) and Π2
Ni

(T ) respectively. The present

work demands a very large vBL to ensure the feeble interaction of the DM with s.

This, in turn, also makes the couplings like λS and λφS negligibly small (see Equa-

tion 6.2, with vBL ∼ O(1010 GeV), λS ∼ 10−13 and λφS ∼ 10−10). The smallness

of these couplings guarantees that Π2
s, Π2

H remains significantly small in compar-

ison to Π2
Ni

(T ) (Note that the Ni −Ni − S coupling (y) can be quite large) and

can be ignored. Next, the set up also demands a very small gBL and hence the

contributions of Π2
ZBL

(T ) can also be safely ignored. The thermal contribution

to the mass of s from the diagram shown in Figure 6.1 is given as [222,251]:

Π2
Ni

(T ) =
y2
ii

6
T 2. (6.19)

Finally, the effective mass of the scalar can be expressed as,

Ms(T ) =
√
m2
s + Π2

s(T ) + Π2
H(T ) + Π2

ZBL
(T ) + Π2

Ni
(T ). (6.20)

One can similarly calculate the masses of N2,3 in terms of temperature by incor-

porating all relevant contributions. In Section 6.5, we describe the importance of

the thermal corrections in the context of the DM phenomenology.

6.4 Theoretical and experimental constraints

6.4.1 Theoretical constraints

The scalar potential discussed in Equation 6.3 must remain bounded from below

in various directions in the field space. Stability of vacuum can be ensured if the
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quartic couplings satisfy the following conditions:

λφ > 0, λS > 0, λφS +
√

2λφλS > 0. (6.21)

On the other hand, to keep the model parameters perturbative, the parameters

must obey:

|λi| < 4π, |gi| <
√

4π, |yi| <
√

4π, (6.22)

Where gi and yi denote the gauge, and the Yukawa couplings and λi represent

the scalar quartic couplings involved in the calculation.

6.4.2 Experimental Constraints

I. Relic density and direct detection: Due to the presence of a DM,

the model is subjected to the constraints coming from the Planck experi-

ment [12]:

ΩDMh
2 = 0.120± 0.001. (6.23)

Additionally, the model is also exposed to the constraints imposed by the

direct detection experiments like LUX [167], PandaX-II [253] and Xenon-

1T [169]. Elaborated discussions on the dark matter phenomenology are

presented in Section 6.5.

II. LHC diphoton searches: In presence of the mixing between h and s,

the tree level interactions of the SM Higgs with the SM fermion and gauge

bosons get modified. In such a scenario, the signal strength in the di-photon

channel then takes a form:

µγγ = c2
θ

BRh→γγ
BRSM

h→γγ
' c2

θ

Γh→γγ
ΓSM
h→γγ

. (6.24)

LHC sets a limit on this new mixing angle as | sin θ| ≤ 0.36 [254].

III. LEP bound and opposite sign di-lepton search at LHC: Since the SM

fermions are charged under U(1)B−L symmetry and interact directly with

the U(1)B−L gauge boson ZBL, the footprints of ZBL can be obtained in the

collider searches. The null detection of such signature severely constrains

the ratio MZBL/gBL. The exclusion limit from LEP-II [255, 256] on this
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ratio is:

MZBL

gBL
≥ 7 TeV. (6.25)

On the other hand, one should also observe the constraints coming from

opposite-sign di-lepton searches at LHC, which primarily excludes the model

for 150 GeV < MZBL < 3 TeV [241, 257], depending on the size of gBL. In

this work, the B − L gauge boson is treated as a FIMP which in turn

demands gBL to be very small, and hence the stringent constraints, as dis-

cussed above, can easily be evaded.

IV. Invisible Higgs decay: In this model, SM Higgs can also decay to the

RHNs, ZBL and also to the BSM scalar, if kinematically allowed. These

extra decay modes can contribute towards invisible Higgs decay. In such a

situation, we need to employ the bound on the invisible Higgs decay width

as [105]:

Br(h→ Invisible) < 0.11, (6.26)

Γ(h→ Invisible)

Γ(h→ SM) + Γ(h→ Invisible)
< 0.11. (6.27)

where Γ(h → Invisible) = Γ(h → BSM) when mi <
mh
2

with i =

N1, N2, N3, ZBL, s and Γ(h → SM) = 4.2 MeV. However, in our present

analysis, we primarily focus on the parameter space where mi >
mh
2

. So

the above constraint is not applicable.

6.5 Dark Matter Phenomenology

Null detection of WIMP dark matter in the direct [167, 169, 253] and indirect

search experiments [258] has motivated the community to explore the various

exotic realization of DM. Among such possibilities, the popular one is the FIMP-

type DM, where the DM never comes in equilibrium with the thermal soup.

Here, the initial abundance of the DM is assumed to be zero (or negligible).

As the Universe cools down, its feeble interaction with the bath helps in its

gradual production from decays or scatterings of the bath particles. Such a weaker

strength of coupling ensures that the DM interaction rate invariably remains

smaller than the Hubble expansion rate (H), i.e. Γint < H. Studies of such a

FIMP type DM establish a condition where the maximum DM production takes

place when the temperature of the thermal bath is of the order or below the
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s

ZBL

ZBL

s

N1

N1

ZBL

N1

N1

h

N1

N1

h

ZBL

ZBL

Figure 6.2: Possible production channels of ZBL and the DM candidate N1.

mass of the mother particle responsible for the production of the DM. Unlike the

standard freeze-in scenario, in the present up, DM production can be enhanced at

early times if thermal corrections to the mass of the mother particle are included.

This mechanism of DM production can be dubbed as the forbidden freeze-in.

Here, the DM production channel, which was otherwise forbidden or kinematically

disallowed in the standard freeze-in (SFI), now becomes allowed once the thermal

correction to the mass of the mother particle is incorporated.

The present setup explores the U(1)B−L extension of the SM where the light-

est RHN (N1), which is odd under a Z2 symmetry, plays the role of FIMP dark

matter. Here, the production of N1 can take place from the decay of s, h (phys-

ical scalars obtained after the mixing between φS and φh after the EWSB) and

ZBL. All such relevant production channels of ZBL and N1 are depicted in Fig-

ure 6.2. The feeble interaction of N1 is assured by choosing a relatively large vBL

(Γs→N1N1 ∝ y2
11c

2
θ ∝M2

1 c
2
θ/v

2
BL) and a relatively smaller gBL (ΓZBL→N1N1 ∝ g2

BL).

Note that, due to the smallness of gBL, the B−L gauge boson ZBL also never

thermalizes with bath and is produced feebly from the decay of s and h. Hence,

in order to study the evolution of dark matter with the expansion of the Universe,

one needs to solve a set of coupled Boltzmann equations while taking into account

the evolution of ZBL as well. The coupled Boltzmann equations are expressed as,
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dYZBL
dx

=
1

Hx

[
θ(Ms(ms/x)− 2MZBL) 〈Γs→ZBLZBL〉Y EQ

s − 〈ΓZBL→ all〉YZBL

]
,

(6.28)

dYN1

dx
=

1

Hx

[
〈ΓZBL→N1N1〉YZBL + θ(Ms(ms/x)− 2M1) 〈Γs→N1N1〉Y EQ

s

]
,

(6.29)

Here x = ms/T , where T and H = 1.67
√
g∗

T 2

MPl
denotes the temperature and

expansion rate of the Universe respectively. Whereas Yj = nj/s denotes the

comoving number density of the different species (j = s, ZBL, N1) involved with

s being the entropy density. Y EQ
s signifies the equlibrium density of s. Next, 〈Γi〉

with i = s, ZBL represents the thermally averaged¶ decay widths [228] where

Γs−→ZBLZBL =
g2
BLc

2
θ

8π

M3
s (T )

M2
ZBL

(
1− 4M2

ZBL

M2
s (T )

)1/2 (
1− 4M2

ZBL

M2
s (T )

+
12M4

ZBL

M4
s (T )

)
,

(6.30)

Γs−→N1N1 =
Ms(T )

32π
y2

11c
2
θ

(
1− 4M2

1

M2
s (T )

)3/2

, (6.31)

ΓZBL−→N1N1 =
MZBL

24π
g2
BL

(
1− 4M2

1

M2
ZBL

)3/2

, (6.32)

ΓZBL−→ff̄ =
MZBL

12π
g2
BL

(
1 +

2M2
f

M2
ZBL

)(
1−

4M2
f

M2
ZBL

)1/2

. (6.33)

Note that, due to the large B − L breaking scale, BSM particles gain their

masses in the early Universe, and hence the ZBL is mainly produced through the

decay of s. At this stage, we would also like to mention that due to the feeble

interaction (y11) of the DM with s and large value of both s and Ni masses at

high temperature the production of N1 is dominated by the decay of s, while

its production from scattering processes like NiNi → N1N1 or hh(ss) → N1N1

remains subdominant and can be neglected. Finally, we have also ensured that

rate of the scattering processes like N1Ni → N1Ni and N1h(s)→ N1h(s) remains

several orders of magnitude smaller than the Hubble expansion rate. For example

we found that ΓN1Ni→N1Ni/H(T ) ∼ 10−20 at T ' 108 GeV which shows that the

¶Since ZBL never thermalizes with the plasma, one should properly consider the non-
thermal distribution function (fZBL) for ZBL in order to calculate its thermally averaged decay

width [228]. In such a scenario 〈ΓZBL〉 =

∫
(
MZBL
EZBL

)ΓZBL→AAfZBL (p,T )d3p∫
fZBL (p,T )d3p

.
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Figure 6.3: Variation of thermally corrected mass Ms(x) of second scalar with a
dimensionless quantity x = ms

T
for three different values Yukawa coupling y. In

the left panel, we demonstrate a scenario where the B −L gauge boson ZBL and
the DM candidate N1 can only be produced via the FFI mechanism. In contrast,
the right panel depicts a picture where the ZBL can only be produced via the FFI
mechanism, but N1 can be produced through both FFI and SFI.

N1 never enters thermal equilibrium even at high temperatures.

In the present setup, we are interested in exploring the production of both

ZBL and N1 through the forbidden channels. These channels become effective

once thermal corrections to the mass of s are incorporated and remain active

only till the point these decays are kinematically allowed, this is ensured by the

use of θ−function in Equation 6.5. Once the asymptotic yield of the DM YN1(x∞)

is obtained after solving the Boltzmann equation, we can use it to calculate the

relic density of the DM as,

ΩN1h
2 = 2.744× 108

(
M1

GeV

)
YN1(x∞), (6.34)

where x∞ indicates the asymptotic value of x after the DM freeze-in.

To understand the DM phenomenology more evidently, we categorize our

study into two cases in terms of possible mass hierarchies: (A) MZBL > M1 > ms,

and (B) MZBL > ms > M1 so that the effect of FFI and its benefits over SFI

becomes visible. We demonstrate the importance of these two cases in Figure 6.3.

Here, we show the variation of thermally corrected scalar mass Ms(x) in terms of

dimensionless parameter x = ms/T for three different choices of Yukawa couplings

y. Note that, while generating Figure 6.3 we followed a conservative limit where

it is assumed that the thermal correction to the mass of s remains significant

till the temperature T ∼ M2,3 ∼ yvBL. Below this temperature, the thermally

corrected mass of s coincides with the bare mass value [252]. We follow the
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Decay-Channels SFI FFI

s→ ZBLZBL X X
s→ N1N1 X X
ZBL → N1N1 X X

Table 6.2: List of processes contributing to dark matter and ZBL production
in a standard freeze-in (SFI) and forbidden freeze-in (FFI) scenario for a mass
hierarchy MZBL > M1 > ms. s → ZBLZBL remains forbidden within this mass
hierarchy for the SFI scenario, which in turn suggests that ZBL → N1N1 is also
forbidden even though this decay remains kinematically allowed.

same principle in presenting the rest of our analysis. In Figure 6.3 the dashed

horizontal line represents the fixed values of different mass parameters, 2MZBL

(in purple), 2M1 (in magenta), and ms (in orange) which helps to understand the

mass hierarchy. The pink shaded region shows the parameter space where the

FIMP type particles can also be produced if allowed in the SFI scenario. It is

evident from the left panel of Figure 6.3 that the production of the FIMP type

particles (ZBL and N1) can only take place through the mechanism of FFI if one

considers the mass hierarchy MZBL > M1 > ms. On contrary to this, in the right

panel of Figure 6.3, we consider a situation where the mass of the dark matter

i.e. M1 lies below Ms(T ) = ms. Primary condition on scalar mass Ms(T ) = 2M1

ensures the production of the dark matter both from the decay of s and ZBL in the

forbidden freeze-in scenario and only through s in a standard freeze-in scenario.

s → ZBLZBL remains forbidden in this case due to the choice of mass hierarchy

considered. This case also provides a clear distinction between the FFI and SFI

scenarios. Next, we solve the set of coupled Boltzmann equations (Equation 6.5)

numerically to study the evolution of ZBL and N1 with the expansion of the

Universe for these two cases.

6.5.1 Case A: Complete FFI region when MZBL > M1 > ms

In this mass hierarchy, s being the lightest BSM particle, it neither decays to

ZBL nor to N1 in a typical SFI scenario. Once the thermally corrected mass of

s is taken into account, the left panel of Figure 6.3 demonstrates that s can be

heavy enough to produce both ZBL and N1 through the FFI mechanism. We also

provide Table 6.2 for a better understanding of this picture.

To facilitate our discussion, in Figure 6.4a, we show the variation of YZBL and

YN1 with a dimensionless quantity x = ms
T

. The values of different parameters

controlling the DM phenomenology are mentioned at the top of each plot. One

notices that the production of the ZBL which can occur through the decay of the

second scalar s is kinematically forbidden with the given choices of ms and MZBL
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(a) (b)

(c)

Figure 6.4: Evolution of generated yield of ZBL (dotted lines) and dark matter
N1 (solid lines) with respect to a dimensionless parameter x = ms

T
. The values of

different parameters controlling the DM phenomenology are mentioned at the top
of each plot in a case study for complete FFI region, observed for mass hierarchy
MZBL > M1 > ms. Thick black dashed line represents the yield of the DM
corresponding to the observed relic density.

if the thermal corrections are not incorporated. Looking at the Equation 6.2,

one finds that for a large vBL as required in this setup, the couplings λφ and

λφS remains significantly small, on the other hand, the setup also demands a

very small gBL; hence the contribution of Π2
s(T ),Π2

H(T ) and Π2
ZBL

(T ) in Equa-

tion 6.20 remains almost negligible. On the other hand, the scalar field can ac-

quire a sizeable thermal mass depending on the choices of BSM Yukawa couplings

(y22 ∝ M2/vBL and y33 ∝ M3/vBL). This is also consistent with our expecta-

tion that the masses of the other two RHNs must be quite heavy to explain the

non-zero neutrino masses and leptogenesis through Type-I seesaw. It is expected

that, with an adequate choice of the y (with y22 ' y33 = y), one can easily obtain
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a scenario: Ms(T ) > 2MZBL , 2M1 and thereafter, the decay of s can produce ZBL

and N1. This can also be seen in Figure 6.4a. Next, with the choices of parame-

ters considered, the production of N1 can also proceed via the decay of ZBL. In

Figure 6.4a, the evolution of ZBL (dotted) and N1 (solid) are shown for three dif-

ferent choices of y, i.e. y = 10−3 (red), y = 7×10−4 (blue), y = 10−4 (green). With

y = 10−3, the thermally corrected mass of s is expected to be large. The larger

mass leads to a relatively larger decay widths for the processes s→ ZBLZBL and

s→ N1N1 (in comparison to smaller y values) which in turn generates relatively

larger yields of ZBL and N1 in Figure 6.4a. One notices that the abundance of

ZBL gradually increases due to its production from the decay of s, then saturates

(plateau) once its production rate becomes comparable to its decay rate. Finally,

it falls as its decay to the SM fermions, and the DM overtakes its production.

However, the abundance of N1 increases slowly till the time (first bend) when

the temperature of the Universe becomes of the order of the heavier RHN masses

i.e. T ' Mi (i.e. x ' 7 × 10−6 for y = 0.001), after which its production from

the decay of s becomes kinematically forbidden, and its yield saturates. This is

because, at this point, the dominant contribution to the thermally corrected mass

of s becomes insignificant (as also discussed in Section 6.3), and Ms(T ) falls back

to the bare mass value ms. Subsequently, a relatively sharper rise is observed

in its yield due to its production from ZBL, and finally, its abundance saturates

(at around T ' MZBL i.e. x ' 10−1 ) once the decay of ZBL is completed. It

is interesting to point out that the production of ZBL from the decay of s starts

much earlier in comparison to the production of N1. This happen because the s

decays dominantly to ZBL and sub-dominantly to N1 (see Equation 6.5). Similar

behavior is observed in the evolution of ZBL for smaller y, but with a relatively

smaller yield. With a small y, the thermal correction to the mass of s also remains

small. This, in turn, reduces the decay width of s. Unlike the scenario with a

relatively larger y, now N1 production ceases when the decay s→ N1N1 becomes

kinematically disallowed at a relatively later time ( as a smaller y corresponds to

a smaller value of M2,3, hence a larger x). It again starts getting produced as the

ZBL → N1N1 becomes operational. Finally, DM abundance freezes in once the

decay of ZBL is complete. The thick dashed horizontal black line (in each plot)

indicates the abundance of dark matter for which the relic density satisfies the

Planck experimental limit.

Next, in Figure 6.4b we show the evolution of the dark matter for three

different combinations of vBL and gBL while keeping MZBL fixed at 1 TeV. Here,

one finds that for a choice of smaller vBL (and a larger gBL), both the FFI

production channels get enhanced, leading to an overabundant N1 (as Γ(s →
N1N1) ∝ 1

v2
BL

and Γ(ZBL → N1N1) ∝ g2
BL). Hence, one can accommodate the
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Decay-Channels SFI FFI

s→ ZBLZBL X X
s→ N1N1 X X
ZBL → N1N1 X X

Table 6.3: List of processes contributing to dark matter production in a stan-
dard freeze-in (SFI) and forbidden freeze-in (FFI) scenario for a mass hierarchy
MZBL > ms > M1. s → ZBLZBL remains forbidden within this mass hierarchy
for the SFI scenario, which in turn suggests that ZBL → N1N1 is also forbidden
even though this decay remains kinematically allowed.

correct yield of the DM by tuning these two parameters appropriately, as seen

from the blue curve. Lastly, Figure 6.4c shows the effect of different DM masses on

its evolution. For a choice with M1 = 500 GeV, the only source of its production

is the decay of s. The moment this decay stops, the DM yield becomes constant.

In such a case, it is difficult for the DM to satisfy the measured relic at the Planck

experiment.

6.5.2 Case B: Partial FFI region when MZBL > ms > M1

We now aim to study the DM phenomenology with the above mass hierarchy

where FFI decay modes are open partially, as also shown in the right panel of

Figure 6.3. Hence evolution process of the DM indicates a distinct direction in

the FFI scenario compared to SFI. Unlike the previous case, DM can now be

produced directly from the decay of s, even if Ms(T ) ' ms is satisfied. However,

the production of the ZBL can only be possible through the forbidden freeze-in

mechanism from the decay of s‖. For a better understanding, in Table 6.3 we

provide all the relevant decay channels required for the production of ZBL and

N1 for FFI and SFI. Next, we demonstrate the importance of forbidden freeze-in

(FFI) over the standard freeze-in (SSI) in Figure 6.5.

This figure shows a comparison between the production of the DM in the SFI

scenario (dashed blue line) and the FFI scenario (solid blue line). Here, with the

given choice of parameters, the ZBL can never be produced from the decay of s in

the SFI scenario. Hence its abundance remains almost negligible (as it can also be

produced through scatterings). With such an insignificant yield, ZBL contribution

in producing the DM will always remain sub-dominant in comparison to the DM

production coming from the s decay. Hence, the DM yield saturates as soon as

its production from the s decay stops. In this situation, it may become difficult

for the DM to satisfy the correct order of relic density. On the other hand, with

‖Although the production of ZBL can proceed through 2 → 2 scatterings, its abundance
remains almost negligible as the production cross-section depends on g4

BL.
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Figure 6.5: Evolution of generated yield of N1 with respect to a dimensionless
parameter x = ms

T
. The solid blue line depicts the production of N1 in an FFI

scenario which can satisfy the Planck experimental limit on the relic density
for the given choice of parameters. With the same choice of parameters, the
DM remains under-abundant for an SFI scenario, as shown by the dashed blue
line. The values of different parameters controlling the DM phenomenology are
mentioned at the top of each plot in a case study for partial FFI region, observed
for mass hierarchy MZBL > ms > M1. The thick black dashed line represents the
abundance of the DM corresponding to the observed relic density.

the incorporation of FFI, DM can be further produced from the decay of both s

and ZBL in an adequate amount to satisfy the correct relic density with the given

choice of parameters.

Finally, we also like to comment on the detection prospect of the model under

consideration. The spontaneous breaking of the U(1)B−L symmetry at a high

energy scale leads to the formation of Nambu-Goto cosmic strings [259]. Once

formed, the collisions and self-interactions of strings produce non-self-interacting

string loops, which further oscillates and radiates their energy in the form of grav-

itational wave (GW). The incoherent superposition of such continuous emission

results in stochastic GW signals. This GW signal can be detected at the present

and future GW detectors like pulsar timing arrays (PTAs), NANOGrav [260],

PPTA [261], EPTA [262], IPTA [263], LISA [264], LIGO [265] etc. The searches

of GWs can increase the predictability of the present setup. The detailed study

of GWs is beyond the scope of the present work, and we plan to take it as a

future endeavor.
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6.6 Summary and conclusions

In this work, we study the phenomenology of feebly interacting massive particles

as dark matter in a minimal U(1)B−L extension of the SM. The role of DM is

played by the lightest of the three right-handed neutrinos, which in turn are intro-

duced to make the model free from the triangular anomaly. The other two heavier

RHNs can generate non-zero neutrino masses and matter-antimatter asymmetry

of the Universe through Type-I seesaw. Here, an unbroken Z2 symmetry ensures

the stability of the DM. The setup also requires a complex SU(2)L singlet scalar

charged under the B − L symmetry. After obtaining a non-zero vev, the scalar

breaks the U(1)B−L spontaneously and simultaneously makes the RHNs together

with a B − L gauge boson massive.

Due to their feeble interactions with the bath particles, both the DM candi-

date (N1) and B − L gauge boson (ZBL) never comes in equilibrium with the

thermal bath. Contrary to this, the complex scalar mediator remains in the

thermal equilibrium with the bath due to its not-so-small interactions with the

bath particles and contributes to the gradual freeze-in production of N1 and ZBL.

Moreover, if kinematically allowed, the DM production is further dominated by

the ZBL decay.

Although FIMP-type DM is studied in the B − L framework, the thermal

corrections to the mediator masses were never taken into account. Incorporat-

ing such corrections to the mediator mass at high temperature opens up a new

paradigm for a FIMP-type DM phenomenology. Simultaneously, it also opens up

an attractive possibility of producing the DM in a kinematically forbidden region

of the standard freeze-in (SFI) picture. In this work, we explore this exciting

possibility. With this in mind, we categorized our study into two cases depending

on the mass hierarchy of these particles. All other likely mass hierarchies can be

summed up within these two possibilities.

The first illustration depicts a forbidden freeze-in (FFI) picture where gauge

boson and dark matter are heavier than the complex scalar residing in the thermal

bath. Hence, the decay is kinematically disallowed, and consequently, such a

picture is utterly missing in the SFI framework. The appealing feature here is

that the production of the DM can take place in two steps: first from the decay

of the scalar due to the thermal corrections to its mass and then subsequently

from the late time decay of the gauge boson. Our example explores the synergy

between these two processes depending upon parameters in the model.

For further clarity, in our second case study, we choose a particular mass

hierarchy (MZBL > ms > M1) to mark the role of FFI over SFI scenarios. Here

the production of ZBL is kinematically forbidden in the SFI case, while the dark
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matter is produced only from B−L scalar’s decay. Unlike the standard scenario,

with the help of a large thermally corrected mass in FFI, the scalar can produce

the gauge boson together with the dark matter in the early Universe. Similar to

the first scenario, the DM production again happens in two steps which makes

the distinction of FFI with SFI noticeable. Finally, due to the involvement of a

large B −L breaking scale, the model can be tested indirectly in the GW search

experiments. Such a scale leads to the formation of cosmic string, which further

oscillates and radiates its energy in the form of gravitational waves.





Chapter 7

Thermally corrected masses and

freeze-in dark matter: A case

study with U(1)Lµ−Lτ

7.1 Introduction

In this chapter, we further elucidate the idea of the thermally corrected masses

of the various species and their effect on the freeze-in production of the DM in

the minimal U(1)Lµ−Lτ [266] framework. Unlike the standard U(1)B−L model [55,

243, 267] which offers a stable DM in the form of right-handed neutrino (RHN),

the U(1)Lµ−Lτ scenario requires an additional scalar (singlet under the SM gauge

symmetry) with a non-trivial U(1)Lµ−Lτ charge to explain the presence of the

DM in the universe. Assuming the DM interacts feebly with the bath particles,

it can be produced from the decay of (i) the scalar responsible for the breaking

of U(1)Lµ−Lτ symmetry, (ii) SM Higgs and, (iii) the massive gauge boson of

U(1)Lµ−Lτ symmetry in the SFI scenario ∗ if kinematically allowed as was also

discussed in [266]. We demonstrate in this work that the DM being a scalar,

can also obtain a thermally corrected mass at a high temperature due to its self-

interaction. Such a possibility was not explored in [55, 217]. In this work, we

aim to explore the deviation that can be observed from the SFI scenario once the

thermal masses of the bath particle together with the DM are taken into account.

Besides explaining the dark matter, an U(1)Lµ−Lτ framework can simultaneously

explain the discrepancy in the anomalous magnetic moment of muon (g−2) from

its SM prediction [268] and non-zero neutrino masses [268]. Keeping this in mind,

we show that the present setup can accommodate a DM that can be produced via

∗The production of DM from the scatterings can safely be ignored, as it remains suppressed
in comparison to the decay.

141
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both SFI and FFI channels while also providing the solution for the discrepancy

in the anomalous magnetic moment of muon (g − 2) results.

The chapter is organized as follows. The model is introduced in section 7.2,

and the various constraints deemed relevant are detailed in section 7.3. We com-

pute the relevant thermal masses in section 7.4. And the same section also elab-

orates on the ensuing freeze-in phenomenology. Finally, the study is concluded

in section 7.5.

7.2 The model

We extend the SM gauge symmetry by an U(1)Lµ−Lτ symmetry where Lµ and

Lτ represent the muon and tau lepton numbers respectively. The fermionic con-

tent of the model includes the SM leptons and quarks together with three ad-

ditional right-handed neutrinos (N e
R, N

µ
R, N

τ
R). As suggested by the symmetry

of the present scenario, the muon and tau carry a non-trivial charge under the

U(1)Lµ−Lτ . The newly introduced RHNs are singlet under the SM gauge sym-

metry, while two of them carry 1 and −1 unit of U(1)Lµ−Lτ the third remains

uncharged. The scalar sector of the setup is enhanced with a complex scalar (S)

which is a singlet under the SM gauge symmetry but carries 1 unit of U(1)Lµ−Lτ
charge. We also introduce an additional scalar (φ), a SM gauge singlet that plays

the role of the DM. The stability of the DM is guaranteed by its non-trivial

charge assignment under U(1)Lµ−Lτ symmetry. The fermion and scalar content

of the model inclusive of the SM ones and their respective charges are shown in

Table 7.1 and Table 7.2.

Gauge
Group
SU(2)L
U(1)Y

Baryon Fields

QiL = (uiL, d
i
L)T uiR diR

2 1 1
1/6 2/3 −1/3

Lepton Fields

LiL = (νiL, e
i
L)T eiR N i

R
2 1 1
−1/2 −1 0

Scalar Fields
H S φ
2 1 1

1/2 0 0

Table 7.1: Particle contents and their charge assignments under SM gauge group.

Gauge
Group

U(1)Lµ−Lτ

Baryon Fields

(QiL, u
i
R, d

i
R)

0

Lepton Fields
(LeL, eR, N

e
R) (LµL, µR, N

µ
R) (LτL, τR, N

τ
R)

0 1 −1

Scalar Fields
H S φ
0 1 nµτ

Table 7.2: Particle contents and their charge assignments under U(1)Lµ−Lτ .
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With an idea of particle content and their charges under the different sym-

metry groups we now proceed to write their interactions. To begin with, we first

write the kinetic terms for the additional fields,

LKE =
i

2

∑
α=e,µ,τ

Nαγ
δDδNα + (DδS)†(DδS) + (Dδφ)†(Dδφ) (7.1)

where Dδ = ∂δ + igµτQµτ (Zµτ )δ with Qµτ representing the charge and Zµτ

being the gauge boson of U(1)Lµ−Lτ symmetry. Next, we write the Lagrangian

involving the Yukawa interactions and masses of the additional fermions involved,

L =− 1

2
heµ(N̄ c

eNµ + N̄ c
µNe)S

† − 1

2
heτ (N̄

c
eNτ + N̄ c

τNe)S −
∑

α=e,µ,τ

yαL̄αH̃Nα

− 1

2
MeeN̄

c
eNe −

1

2
Mµτ (N̄

c
µNτ + N̄ c

τNµ)S + h.c. (7.2)

Finally, we write the most general scalar potential involving all the scalars in

the present setup,

V (H,S, φ) =− µ2
HH

†H − µ2
SS
†S + µ2

φφ
†φ+ λH(H†H)2 + λS(S†S)2 + λφ(φ†φ)2

+ λHS(H†H)(S†S) + λHφ(H†H)(φ†φ) + λSφ(S†S)(φ†φ). (7.3)

The scalar S breaks the U(1)Lµ−Lτ symmetry once its CP even component

develops a non-zero vacuum expectation value (vev) vµτ . As a consequence of

this breaking, the gauge boson belonging to the U(1)Lµ−Lτ symmetry obtains a

non-zero mass, mZµτ = gµτvµτ .The same breaking also results in an additional

non-zero mixing that develops in between the the RHNs as can be seen from

Equation 7.2. After the Electroweak Symmetry Breaking (EWSB), the Higgs

doublet (H) also develops a non-zero vev v = 246 GeV. The scalars after the

breaking of the gauge symmetry can be parameterized as,

H =

(
0

1√
2
(v + h)

)
, S =

1√
2

(vµτ + s). (7.4)

Subsequent to the EWSB, a non-zero h−s mixing leads to the following mass

terms,

V ⊃ 1

2

(
h s

)( λH v
2 λHS v vµτ

λHS v vµτ 2λS v
2
µτ

)(
h

s

)
. (7.5)
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The mass matrix is diagonalised using(
h

s

)
=

(
cθ sθ

−sθ cθ

)(
h1

h2

)
(7.6)

with

tan 2θ =
−2λHS v vµτ

λH v2 − 2λS v2
µτ

. (7.7)

The mass eigenstates (h1, h2) then have masses

m2
h1,h2

=
1

2

[(
lHv

2 + 2lSv
2
µτ

)
±
√

(lHv2 − 2lSv2
µτ

)2
+ 4l2φSv

2v2
µτ

]
. (7.8a)

The various model parameters are expressible in terms of the physical quantities

as follows:

λH =
m2
h1
c2
θ +m2

h2
s2
θ

v2
, (7.9a)

λS =
m2
h1
s2
θ +m2

h2
c2
θ

v2
, (7.9b)

λHS =
2(m2

h1
−m2

h2
)sθcθ

vvµτ
. (7.9c)

Finally, after both the symmetries are broken, the dark matter mass can be

expressed as,

m2
φ = µ2

φ +
1

2
λHφv

2 +
1

2
λSφv

2
µτ . (7.10)

It is convenient to describe a framework in terms of vevs, physical masses and

mixing angles. We demandmh1 = 125 GeV and tag {gµτ , vµτ ,mh2 ,mφ, sθ, lHφ, lSφ}
as the free parameters of the scalar sector.

7.3 Constraints and additional issues

We discuss in this section the various constraints on this model, as well as, the

predictions of neutrino mass and the muon anomalous magnetic moment in this

model.

7.3.1 Neutrino scattering experiments

Gauging the U(1)Lµ−Lτ symmetry leads to severe constraints from neutrino tri-

dent production, that is, νµ(ν̄µ) + N → νµ(ν̄µ) + µ+µ− + N . Here N denotes a
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heavy nucleus. Given the good agreement of the observed results with the SM for

this process reported by CHARM-II [269] and CCFR [270, 271], the parameter

space in the presence of a new neutral gauge boson gets seriously restricted. A

relatively new probe is the coherent elastic neutrino-nucleus scattering (CEνNS)

process that at the amplitude-level looks like νN → νN . CEνNS has recently

been measured by the COHERENT collaboration [272–274]. The Zµτ in the

gauged U(1)Lµ−Lτ model enters CEνNS through the Z −Zµτ kinetic mixing and

thereby gets constrained. In fact, the BOREXINO [275, 276] process studies the

same scattering process as COHERENT, however using solar neutrinos. The im-

pact of all the constraints is conveniently depicted in the mZµτ − gµτ plane in

Figure 7.1.

7.3.2 LHC constraints

Z → 4µ searches by ATLAS [277] and CMS [278] constrains the gauge sector of

the model and rules out a portion of the mZµτ −gµτ plane as shown in Figure 7.1.

On another side, an h−s mixing as defined by Equation 7.6 implies that the tree-

level couplings of h1 with the SM fermions and gauge bosons scale by a factor of

cθ w.r.t. the corresponding SM ones. This subjects the mixing angle θ from Higgs

signal strength constraints and other exclusion limits from the LHC [105, 279].

We adopt |sθ| < 0.1 in this work to comply with all such constraints. Finally, the

reported upper limit on the invisible branching ratio of the 125 GeV Higgs puts a

limit on BR(h→ φφ†) whenever kinematically allowed. However, this constraint

is almost trivially satisfied in this setup given a feeble h − φ − φ† interaction

strength dictated by the freeze-in dynamics.

7.3.3 Dark matter constraints

We demand that the freeze-in relic density predicted by this model must entirely

account for the observed relic of the universe. The Planck experiment [12] has

reported

ΩDMh
2 = 0.120± 0.001. (7.11)

In addition, any dark matter model must abide by the limits imposed by the

direct detection experiments such as LUX [167], PANDA [253], XENON1T [169].

It is however much easier to evade such constraints in a freeze-in framework such

as the present scenario. In this case, the tiny couplings of the DM φ to h1 and

h2 accordingly predict DM-nucleon scattering (mediated by h1, h2 in this model)

rates that are well below the stated bounds.
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Figure 7.1: The impact of the various experimental constraints on the present
model. The region to the left of the red, magenta, and black curves are respec-
tively ruled out by BOREXINO, COHERENT, and CCFR. And the region bound
by the blue curve is ruled out by the Z → 4l searches at the LHC. The cyan band
is the region compatible with the 2σ limit of muon g − 2 as quoted in Eq. 7.13.

7.3.4 Muon g − 2

The dominant contribution to ∆aµ in this model comes from the 1-loop amplitude

mediated by the Zµτ gauge-boson. This contribution can be expressed as [280,281]

∆aZµτµ =
g2
µτ

4π2

∫ 1

0

dx
x(1− x)2

(1− x)2 + rx
, (7.12)

where r = (mZµτ/mµ)2. Following the announcement of the FNAL [282] results

on muon g − 2, a combined measurement of the discrepancy is

aexp
µ − aSM

µ = (2.51± 0.59)× 10−9. (7.13)

An inspection of Figure 7.1 reveals that apart from the stretch around mZµτ ∈
[10 MeV,300 MeV], the parameter space compatible with the observed ∆aµ is

almost entirely ruled out by the neutrino scattering experiments.

7.3.5 Neutrino mass

Generation of neutrino mass in the gauged U(1)Lµ−Lτ model occurs through Type-

I seesaw [13,231–233,283] and has been discussed in detail in [268,284,285]. The
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light neutrino mass matrix has the familiar Type-I form

Mν = −MDM
−1
R MT

D. (7.14)

Here, MD and MR refer to the Dirac and Majorana mass matrices. Following the

spontaneous breaking of the gauge symmetry of the model, one derives

MR =

 Mee
1√
2
heµvµτ

1√
2
heτvµτ

1√
2
heµvµτ 0 Mµτ

1√
2
heτvµτ Mµτ 0

 , (7.15a)

MD =
1√
2
v × diag(ye, yµ, yτ ). (7.15b)

We refer the reader to [268, 284, 285] for details of fitting the neutrino data. A

similar approach is adopted for this study.

7.4 Freeze-in production and the impact of ther-

mal corrections

This section outlines the impact of T 6= 0 on the masses of particles in this

model. The formalism we follow is elaborately discussed in the review [286].

Henceforth, the thermal correction to the mass of a particle P will be denoted by

δm2
P (T ) and its thermally corrected mass by MP (T ). One then notes MP (T ) =√
m2
P + δm2

P (T ) where mP is the mass for T = 0. We first discuss the correction

to the Zµτ mass. The contribution coming from a complex scalar carrying a

charge qS (see left panel of Figure 7.2) is given by

δM2
Zµτ (T )

∣∣
S

=
1

3
q2
Sg

2
µτT

2. (7.16)

We add here that only the longitudinal component of a gauge boson receives

thermal corrections. Similarly, the contribution coming from a chiral fermion

(see right panel of Figure 7.2), say fL carrying qf charge reads

δM2
Zµτ (T )

∣∣
fL

=
1

6
(qf )

2g2
µτT

2. (7.17)

Thus, summing up the contributions coming from all relevant fields in the model,

one obtains

δM2
Zµτ (T ) =

(5

3
+ n2

µτ

)
g2
µτT

2. (7.18)
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Zµτ

S

Zµτ Zµτ

fL

fL

Zµτ Zµτ

S

S

Figure 7.2: The one loop diagrams contributing to the mass of gauge boson Zµτ .

As detailed in the previous sections, the DM φ has feeble interactions with

the scalars as well as with the gauge field Zµτ . The smallness of such interaction

strengths implies that the interaction rate of DM remains smaller than the Hubble

expansion rate throughout the thermal course of the Universe. Consequently,

the DM φ is never in equilibrium with the thermal bath and is injected into the

thermal plasma via annihilations and decays of other particles. This is the freeze-

in mechanism in a nutshell. Of these, the dominant contribution comes from the

decay since the annihilations typically undergo suppressions by propagators and

additional couplings. The impact of the annihilations is hence neglected in this

study hereafter. Also, since the DM φ does not enter the thermal bath at any

point in its cosmological history, it is cold. Therefore, thermal corrections to the

DM mass itself become negligible in this setup.

We remind here that some previous studies [266] have looked at the freeze-in

dynamics for the U(1)Lµ−Lτ model in detail. As mentioned earlier, we shall refer

to the standard picture that has emerged from such studies as ”standard freeze-

in” or SFI. Our goal in this study is to demonstrate the deviation from SFI when

thermal corrections to the masses of both the decaying particle and the DM are

taken. We assume that all the decaying particles (see Figure 7.3), i.e., the two

scalars and Zµτ , are throughout in thermal equilibrium.

The Boltzmann equation predicting the DM yield is then given by

dYφ
dx

=
1

Hx

[
< ΓZµτ→φφ† > (x)Y eq

Zµτ
+
∑
i=1,2

< ΓSi→φφ† > (x)Y eq
Si

]
. (7.19)

Here x =
mφ
T

with T and H = 1.67
√
g∗

T 2

MPl
denoting the temperature and the

expansion rate of the Universe respectively. In addition, Yφ =
nφ
s

refers to the co-

moving number density of the DM with s being the entropy density. Y eq
i signifies

the equilibrium densities with i = Zµτ , S1, S2. Here, in theory, S1, S2 generically

denote the two neutral scalars. It is pointed out that {S1, S2} respectively coin-
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cide with {h, S} and {h1, h2} before and after the spontaneous breakdown of the

gauge symmetry. The thermal decay width for A→ B C reads

〈ΓA→B C〉(x) =
K1(x)

K2(x)
ΓA→B C , (7.20)

where Kn(x) is the nth order modified Bessel function. The late-time DM yield

Yφ(x∞) is calculated by solving the Boltzmann equation. The DM relic density

is then obtained using

Ωφh
2 = 2.744× 108 mφYφ(x∞). (7.21)

It is reminded that the parameters controlling the interaction strengths of φ

Zµτ

φ

φ

s, h, h1, h2

φ

φ

Figure 7.3: Decays responsible for the dark matter production.

and ultimately Yφ(x∞) are λHφ, λSφ, gµτ and nµτ . For a clearer understanding of

the interplay of the different thermal masses involved, we divide the subsequent

analysis into Scenario A: λHφ, λSφ << nµτgµτ and Scenario B: λHφ, λSφ ∼ nµτgµτ .

We further take gµτ = 5×10−4 and vµτ = 80 GeV for this case which corresponds

to the tree level mass MZµτ = 0.04 GeV following the spontaneous breaking of

U(1)Lµ−Lτ . Moreover, this choice predicts ∆aµ = 1.45× 10−9 and thus is consis-

tent with the latest 2σ experimental limit of Equation 7.13. Explicit verifications

establish that the lifetime corresponding to the Zµτ → νµν̄µ, ντ ν̄τ decays is smaller

than the age of the Universe by several orders of magnitude for the said choice

of gµτ . Thus Zµτ is not cosmologically stable and thus does not contribute to

the relic density. Finally, we would also like to emphasize that the interaction

strength of Zµτ with the SM fermions is large enough to keep it in equilibrium in

the early Universe.

7.4.1 λHφ, λSφ << nµτgµτ

This limit entails that ΓSi→φφ† << ΓZµτ→φφ† and hence DM is dominantly pro-

duced by the Zµτ decay. In order to study the impact of thermal corrections
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on DM production, we propose mφ = 1 GeV, 30 MeV, and 25 MeV as bench-

mark values. The rationale behind choosing such values will become clear in the

ensuing discussion.

The thermally corrected mass of Zµτ for T > vµτ reads MZµτ (T ) '
√

5
3
gµτT

since nµτ � 1 for freeze-in. It is once again reminded that while the mass of

Zµτ entirely comes from thermal corrections for T > vµτ , the DM φ does get a

bare mass equalling µφ from the scalar potential in the said temperature range.

Figure 7.4 shows the variation of MZµτ (x) for the chosen values of mφ. At a very

high temperature, say Tinitial = 105 GeV (xinitial = 10−5 formφ = 1 GeV), one finds

MZµτ (Tinitial) = 64.55 GeV. However, this mass gap diminishes with decreasing

T (increasing x) and a crossover is observed at T = T cr
1 (x = xcr

1 ) obtainable

through MZµτ (T
cr
1 ) = 2mφ, beyond which MZµτ (T ) < 2mφ. We hereafter refer to

this as the first crossover. Using the expressions for MZµτ (T ) given above, one

derives T cr
1 =

√
12
5

mφ
gµτ

. This crossover is seen to happen for mφ = 1 GeV and

30 MeV. Table 7.3 displays the corresponding T cr
1 values. As an example, mφ

= 1 GeV predicts T cr
1 ' 3.098 × 103 GeV. On the other hand, decreasing mφ

accordingly postpones the crossover. For instance, as mφ is lowered from 1 GeV

to 30 MeV, T cr
1 proportionately decreases from ' 3.098× 103 GeV to 92.95 GeV.

We next come to discuss the role of vµτ in this scenario. An inspection of

Table 7.3 reveals that T cr
1 > vµτ = 80 GeV for mφ = 1 GeV and 30 MeV. The

spontaneous breaking of U(1)Lµ−Lτ takes place at T = vµτ thereby generating

a squared mass equalling g2
µτv

2
µτ for Zµτ . The thermally corrected mass for the

same therefore shows a kink at T = vµτ , as can be seen in Figure 7.4. And

this kink opens up the possibility of having MZµτ (T = vµτ ) > 2mφ for a second

time during the thermal evolution of this scenario. We compute the Zµτ thermal

mass at this symmetry-breaking threshold in Table 7.3 and discover that this

indeed happens in case of mφ = 30 MeV. Moreover, at some T cr
2 < vµτ , one

again might encounter MZµτ (T
cr
2 ) = 2mφ for a second time. This is referred to

here as the second crossover with the corresponding temperature being T cr
2 =√

12m2
φ−3g2

µτv
2
µτ

5g2
µτ

. We mention here again that all crossover possibilities and the

corresponding temperatures and x-values are summarised in Table 7.3 for each

mφ.

We can take a stock at this point. Each mφ value entails a qualitative behavior

distinct from the others. For mφ = 1 GeV, the first crossover is seen following

which one has MZµτ (T ) < 2mφ at all later times. Even the kink at T = vµτ does

not flip the hierarchy between MZµτ (T ) and mφ immediately preceding T = vµτ .

Hence, a second crossover is ruled out for this DM mass. On the other hand,

following the first crossover in case of mφ = 30 MeV, the kink at the symmetry
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Figure 7.4: Variation of thermal masses of the extra gauge boson(Zµτ ) (green)
with the dimensionless variable x =

mφ
T

for three different values of DM masses.
The horizontal blue line corresponds to dark matter mass mφ.

mφ First crossover T cr
1 (xcr

1 ) mX(T = vµτ ) Second crossover T cr
2 (xcr

2 )
1 GeV Yes 3098.39 GeV (3.22× 10−4) 0.065 GeV No -

30 MeV Yes 92.95 GeV (3.22× 10−4) 0.065 GeV Yes 69.28 GeV (4.33× 10−4)
25 MeV No - 0.065 GeV Yes 46.48 GeV (5.37× 10−4)

Table 7.3: The crossover possibilities and the corresponding temperatures.

breaking temperature again leads to MZµτ (T ) > 2mφ. And the second crossover

also takes place shortly after that. Lastly, for mφ = 25 MeV, MZµτ (T ) > 2mφ

is maintained all the way from T >> vµτ to T = T cr
2 following which the mass

hierarchy flips.

We would like to comment on the representativeness of the chosen bench-

marks. Any horizontal line corresponding to a given 2mφ value that cuts the

MZµτ (x) curve just once for x <
mφ
vµτ

shares the same qualitative features as BP1.

Similarly, the 2mφ line that cuts the MZµτ (x) curve thrice, i.e., at x <
mφ
vµτ

, x =
mφ
vµτ

and x >
mφ
vµτ

would be qualitatively similar to BP2. Finally, the 2mφ line that

cuts the MZµτ (x) curve once for x >
mφ
vµτ

is the same as BP3 qualitatively.

Next, we plot the DM comoving number densities Yφ(x) as a function of x

in Figures 7.5,7.6 and 7.7. One key takeaway from this study is that thermal

corrections to the mass of the decaying particle can open up new temperature

thresholds not encountered in SFI. And the preceding discussion enables an intu-

itive understanding of the DM yield as a function of temperature. First, we point

out that in the absence of thermal corrections, Zµτ is either massless (for T > vµτ )

or at best has a 40 MeV mass (T < vµτ ). That is, mZµτ ≤ 2mφ in either case for

all the mφ values chosen. Therefore, the decay Zµτ → φφ† remains kinematically

closed, and no DM production must take place in the SFI picture. However,

as detailed before, this decay mode kinematically opens up upon incorporating

the thermal corrections, and DM production gets triggered and continues up to

x = xcr
1 for the DM masses permitting the first crossover. The decay threshold

closes at x = xcr1 , and DM production abruptly stops causing the DM yield to

saturate at Yφ(xcr
1 ) immediately after. For mφ = 1 GeV, the Zµτ → φφ† threshold
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does not reopen at any later point. And this explains the horizontal line to the

right of xcr
1 in Figure 7.5.

Figure 7.5: Evolution of the DM comoving number density as a function of x =
mφ
T

for mφ = 1 GeV when DM production from scalar decay is negligible.

For mφ = 30 MeV, DM production stops at the first crossover point, thereby

causing the plateau immediately to the right of xcr
1 = 3.22 × 10−4. For this BP,

the Zµτ → φφ† threshold reopens shortly after at the symmetry breaking point,

and freeze-in production kicks in again. This reopening is what shows up as

the kink in Figure 7.6 around x = 3.75 × 10−4. However, this second phase of

DM production is rather short-lived and terminates permanently at the second

crossover point. Hence a second horizontal region xcr
2 = 4.33 × 10−4 onwards in

Figure 7.6.

Figure 7.6: Evolution of the DM comoving number density as a function of x =
mφ
T

for mφ = 30 MeV when DM production from scalar decay is negligible.
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Lastly, we discuss the freeze-in production for mφ = 25 MeV. In this case,

DM production is unimpeded up to the second crossover point. Therefore, one

expectedly finds a plateau starting at xcr
2 = 5.37 × 10−4 in Figure 7.7. The

symmetry breaking only leads to the minor cusp around the corresponding x-

value, i.e., x = 3.12× 10−4.

Figure 7.7: Evolution of the DM comoving number density as a function of x =
mφ
T

for mφ = 25 MeV when DM production from scalar decay is negligible.

For the DM φ being generated through the decay of Zµτ only, Yφ(x∞) and

therefore Ωφh
2 ∝ n2

µτ . Having displayed the various temperature thresholds in

the Figures 7.5, 7.6 and 7.7, it is all about tuning nµτ such that Yφ(x∞) is in

the requisite ∼ 10−11 ballpark. For example, we find the appropriate nµτ =

1.47× 10−3, 1.46× 10−3 and 1.34× 10−3 for mφ = 1 GeV, 30 MeV and 25 MeV

respectively.

7.4.2 λHφ, λSφ ∼ nµτgµτ

In this section, we study the impact of the h1, h2 → φφ† decays on freeze-in

production for the chosen mφ values. It, therefore, becomes pertinent here to

examine the thermal corrections to the masses of the decaying scalars. A crucial

difference between Zµτ → φφ† and h1, h2 → φφ† in this model is that while

the former can lead to DM production at very early epochs (or at a very high T )

through thermal corrections, the latter is triggered primarily through spontaneous

symmetry breaking. Given that we have vµτ = 80 GeV in addition to v = 246

GeV, one can treat vSB ∼ 100 GeV as a common symmetry breaking scale, and

therefore the scalar decays are activated for T ≤ vSB. We further take Mh2 = 25

GeV, sinθ = 0.01 and yeµ = yeτ = 0.5 consistently with the collider constraints

and neutrino data. And the impact of thermal corrections on the scalar masses
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becomes subdominant for such a temperature range. We first quote below the

thermally corrected masses for h1,2 to test this impact. Neglecting the effect of a

small sθ, and the couplings λHφ and λSφ, one writes

M2
h1

(T ) ' m2
h1

+
1

12

(
6λH + λHS + 3y2

t +
3

4
(g′)2 +

9

4
g2
)
T 2, (7.22a)

M2
h2

(T ) ' m2
h2

+
1

12
(2λHS + 4λS + y2

eµ + y2
eτ + 3g2

µτ )T
2. (7.22b)

This choice corresponds to λH = 0.258, λS = 0.098 and λHS = 0.015 from

Equations 7.9a-7.9c. One then obtains Mh1(vµτ ) = 153.73 GeV and Mh2(vµτ ) =

33.42 GeV. Thus, for both mh1 = 125 GeV and mh2 = 25 GeV, the correction

generated from the thermal loops is incremental. Such choices for mφ and mh2 ,

Figure 7.8: Evolution of the DM comoving number density as a function of x =
mφ
T

for mφ = 1 GeV when scalar decays are not negligible. The dotted line is the
corresponding SFI curve.

therefore, imply that unlike Zµτ → φφ†, the h1, h2 → φφ† decays can occur even in

the absence of temperature effects. Therefore, DM production in the SFI picture

is not completely ruled out for this subsection.

Figures 7.8, 7.9 and 7.10 show the impact of scalar decays on the DM yield

for mφ = 1 GeV, 30 MeV, and 25 MeV respectively. For the chosen DM masses,

both Mh1(T ) and Mh2(T ) remain greater than 2mφ in the T < vµτ range. In

other words, the finite temperature corrections do not alter the original hierarchy

in this case. We also take λHφ = λSφ ≡ λ for simplicity. For mφ = 1 GeV,

DM production from scalar decay kicks in around x ' 0.01, an epoch when the

production from Zµτ decay has already ceased long back. As can be seen in

Figure 7.8, the scalar decays thus ”lift” the horizontal DM yield curve, and the

natural freeze-in saturation smoothly is attained around x ∼ O(0.1). No new

crossovers are introduced in the process. The cases of BP2 and BP3 are also
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not very different. For BP2 and BP3, DM production from Zµτ decay stops at

xcr
2 = 4.33×10−4 and 5.37×10−4 respectively. However h1, h2 → φφ† get activated

at a slightly earlier epoch, i.e., x ' 3 × 10−4. So, DM matter production never

entirely ceases for BP2 and BP3. This is corroborated by Figures 7.9 and 7.10. We

remind now that scalar decays too contribute to DM production; the parameters

l and nµτ values need to be chosen carefully so as to obtain the required relic

density. These parameter values for each mφ can be read from the corresponding

figure.

Figure 7.9: Evolution of the DM comoving number density as a function of x =
mφ
T

for mφ = 30 MeV when scalar decays are not negligible. The dotted line is the
corresponding SFI curve.

Figure 7.10: Evolution of the DM comoving number density as a function of
x =

mφ
T

for mφ = 25 MeV when scalar decays are not negligible. The dotted line
is the corresponding SFI curve.

Finally, we will also like to comment briefly on the possibility of having a large
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vµτ with the same choice of gµτ fixed at 5× 10−4 as discussed above. A large vµτ

results in a heavier Zµτ . Although this scenario does not remain consistent with

the recent g − 2 data, as can also be seen from Figure 7.1, it still is interesting

in terms of DM phenomenology. If the mass hierarchy among the Zµτ , the scalar

responsible for breaking U(1)Lµ−Lτ symmetry, and the DM are appropriately set

the scenario can result in the forbidden production of the DM from the decay of

this scalar at a very early epoch through thermal corrections. The production of

DM from Zµτ decay will always proceed through the SFI even with the thermal

mass of Zµτ is taken into account if the DM mass is smaller than half of the Zµτ

mass. Discussing this scenario in detail is beyond the scope of the present work,

and we wish to take it as a future project.

7.5 Summary and Conclusion

Although the studies of FIMP dark matter in a minimally extended U(1)Lµ−Lτ
model already exists in the literature, the role of thermal corrections in this

setup has never been examined before. In this work, we show that incorporating

a thermal mass for the gauge boson Zµτ opens up new temperature thresholds

that are not encountered in SFI. For simplicity, we only consider the production

of the DM through the decay of the gauge boson of U(1)Lµ−Lτ symmetry and

two scalars. All the above-mentioned particles remain in equilibrium with the

SM bath but couple feebly to the DM. The DM mass does not receive thermal

corrections on account of the fact that a FIMP does not equilibrate with the

thermal bath at any point. However, the masses of the decaying particles receive

such corrections at high temperatures due to their interactions with the thermal

bath.

For a better understanding of the role of different thermal masses, we di-

vide our study into two different scenarios: (A) λHφ, λSφ << nµτgµτ and (B)

λHφ, λSφ ∼ nµτgµτ . In the first scenario, the DM is dominantly produced by the

decay of Zµτ whereas the second scenario entails the production of DM from the

decay of Zµτ as well as the other two scalars. An exciting feature of the first

scenario is the existence of two crossovers where the condition MZµτ (T ) > 2mφ is

satisfied. While the DM production always proceeds via a channel that remains

kinematically forbidden in the SFI scenario before the first crossover, and the

production of the DM after the second crossover might or might not happen via

the forbidden channel. In the second scenario, the impact of the scalars decaying

into the DM is also observed on top of its production from the decay of Zµτ . Here,

the production from the scalar decay is triggered only after the spontaneous sym-

metry breaking. Finally, we also comment on the possibility of having a larger
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U(1)Lµ−Lτ breaking scale, which we wish to take as a future endeavor.

The involvement of the feeble interactions of DM with the SM particles in

the freeze-in scenario makes the model exceedingly challenging to observe exper-

imentally. With the WIMP DM parameter space almost getting ruled out from

the present experiments, the FIMP-type DM has emerged as a new alternative.

Hence, providing a detection prospect of such DM is always a compelling task.

Keeping this in mind, we focused on a DM parameter of the present setup that

remained consistent with the DM relic density but at the same time also pro-

vided a solution to the muon (g − 2) anomaly. This, in turn, also increases the

predictability of the present setup.



Chapter 8

Summary and Conclusions

The standard model of particle physics, one of the remarkable advancements of

the present era, successfully describes elementary particles at a fundamental level

and all the interactions among them. Decades-long journey in different high-

energy experiments directed us to acquire a deep understanding of the fascinat-

ing world of electroweak and QCD interactions, measuring different parameters

at very high precision. Despite this, several blind spots, such as its inability to

describe dark matter, neutrino mass, matter anti-matter asymmetry, etc., and

various esthetic issues in its composition compelled us to conceive the standard

model as an effective low-energy description of a larger and superior construc-

tion. While theoretical physicists around the globe are looking to design such

self-consistent edifice, different collider and celestial experiments are scrutinizing

for a desperate hint of new physics.

The present thesis studies some new physics models winding around different

dark matter scenarios. Interestingly, the evidence of dark matter has spread over

a wide range of scales, e.g., from the galactic to the cosmological scale, in various

experiments. In addition, the observation of CMB even provides the composition

of the present Universe in high precision, confirming that the non-baryonic dark

matter constitutes almost 80 percent of the matter density. As this significant

component of the Universe, there is no reason not to expect a much-extended

family structure in the dark sector. We are primarily oblivious because of their

characteristic weaker interaction with the SM particles. Neither we know their

fundamental properties, such as mass, spin, interactions, complexity in the dark

sector, or production mechanism. Different production paradigms for the DM

have been proposed depending on the nature of its interaction.

Our study mainly focuses on the WIMP and FIMP paradigms of dark matter,

where the freeze-out and freeze-in mechanisms set the final abundance of dark

matter, respectively. Freeze-out mechanism leads to the eventual abundance of

the thermal dark matter after maintaining thermal equilibrium with the thermal

158
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soup in the early Universe. So this kind of dark matter typically poses a signifi-

cant interaction rate and is severely constrained from direct detection experiments

and sometimes other indirect and collider searches. Different model-dependent

studies indicate substantial constraints in the parameter space with the possible

mass range of such dark matter in the GeV to TeV scale range.

On the contrary, freeze-in dark matter is never part of the thermal bath because

of its feeble interaction strength. Getting any measurable detection signal for

such feebly interacting DM is challenging. In this case, one can get dark matter

for a wide range from orders of keV to TeV and higher. DM production can

occur via the decay of the heavy mediator in the dark sector. In that case, such

a mediator can be produced at the collider experiments to study signatures like

displaced vertex (DV) or long-lived particle (LLP) searches.

Since the production of dark matter is a phenomenon of the early Universe, it has

a connection with cosmology. We have shown that the effects of non-standard

cosmology have a stimulating impact on dark matter phenomenology and lep-

togenesis. The presence of the modified cosmology demands an early freeze-out

than the standard case, so one needs a larger interaction rate to satisfy the relic

density constraints. In some scenarios, improved signals can be obtained since the

interaction strength is enhanced. In the freeze-in scenario also, large annihilation

and or/and decays are needed due to the presence of a non-standard Universe

which can significantly modify the search strategy for the DM.

In our first study (Chapter 3), we investigate a simple extension of the standard

model with a doublet and a singlet fermion. Here, considering a small Majorana

mass term for the singlet field splits the Dirac state into two nearly degenerate

pseudo-Dirac states. The lightest pseudo-Dirac state serves as the dark matter,

which is capable of evading the strong bound of the spin-independent direct de-

tection experiment due to the subdued scattering of the dark matter with the

nucleon mediated by the Z boson. We also illustrate the effect of the relaxation

in the direct detection constraint on the singlet doublet mixing angle while en-

suring that the dark matter fully satisfies the thermal relic. In addition, the

same Majorana mass term has the potential to generate Majorana mass for the

neutrinos radiatively at one loop, which necessitates the presence of real scalars.

In Chapter 4, we further examined into a scalar extended singlet doublet model,

which can realize the baryogenesis via the leptogenesis mechanism. Here, the

asymmetry is generated first in the lepton sector and then transformed to the

baryon sector via the sphelaron process. In this scenario, lepton asymmetry pro-

duction proceeds via the heavy scalar’s decay to the BSM fermion doublet and

the SM lepton doublet. We also explore the effects of non-standard cosmology on

DM phenomenology and baryogenesis. We have found that generating the cor-
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rect order baryon asymmetry is impossible in the presence of standard cosmology.

However, the consideration of the non-standard cosmology has the potential to

address the baryon asymmetry by significantly suppressing the washout of the

produced lepton asymmetry.

Decades of null results in different direct detection experiments put forward the

question on the scale of the interaction. There are several alternative proposals;

among them, the feebly interacting massive particle paradigm is a very excit-

ing one. In this scenario, the DM never thermalizes with the thermal bath and

produces non-thermally from the scattering or decays of the bath particles. Inter-

estingly, there are works that describe the self-interaction of dark matter enable

to address the small-scale problem of cosmology. Now, we examine the nonther-

mal production of the singlet doublet dark matter where we extend our scalar

sector by a MeV scale singlet scalar to mediate the strong self-interaction of the

DM in Chapter 5. Initially, the fermion dark matter is non-thermally produced,

and then the conversion of dark matter to scalar occurs. Here, the abundance

of dark matter is fixed not by the FI but by the freeze-out of the conversion

process occurring in the dark sector. Since the scalar does not have any decay

mode, it also contributes to the relic density of dark matter. In the radiation-

dominated Universe, the conversion process is so significant that it effectively

reduces the abundance of dark matter and remains unsuccessful in making the

fermion dark matter the main component. However, the consideration of the

kination or faster than kination dominated Universe can circumvent the issue

by suppressing the conversion of dark matter to the scalar. We have further dis-

cussed that the MeV scalar mediator can generate the sizeable velocity-dependent

self-interaction cross-section for the realized parameter space of the dark matter.

In the remainder of the thesis, we look at a different aspect of dark matter. We

know that the production of dark matter took place in the early Universe when

the temperature was very high. So the consideration of thermal effects can play

an essential role in dark matter phenomenology. Now we demonstrate the impact

of thermal effects on the study of dark matter. In chapter 6, we have studied the

FIMP dark matter in a minimal U(1)B−L extension of the SM where the lightest

RHN(N1) serves as the DM candidate and the rest two heavier RHNs can generate

the neutrino masses as well as the matter anti-matter asymmetry of the Universe

through the Type-I seesaw mechanism. Here, the B−L scalar and the gauge bo-

son become massive after the B−L breaking. In this scenario, we have discussed

the impact of thermal effects on the DM phenomenology and seen that the B−L
scalar gets significant thermal mass correction at high temperatures. We discuss

the DM phenomenology for the mass hierarchy MZBL � M1 � ms where the

production of both N1 and ZBL proceed via the kinematically forbidden channel
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at high temperature because of the incorporation of the thermal mass correction.

Here, the dark matter is further produced via the late time decays of the ZBL

boson. The dark matter production remains impossible through the standard FI

for such mass hierarchy. In another mass hierarchy(MZBL � ms � M1), though

the DM production occurs via SFI, the late time decay of ZBL to DM helps in dif-

ferentiating SFI from FFI. Finally, we conclude that the consideration of thermal

effects actually enlarges the parameter space of DM by allowing DM production

from a kinematically forbidden channel.

Finally, we explore FIMP dark matter in the context of U(1)Lµ−Lτ model; How-

ever, such studies are done earlier, but we are considering thermal corrections to

the masses of the particles participating in the dark matter phenomenology and

the dark matter for the first time in Chapter 7. Here, the dark matter production

can occur through the scalar’s decay and the Zµτ boson. We divide our scenario

into two cases to facilitate the analysis together with the realization of the ther-

mal effects. At first, we demonstrate the production of dark matter from the

kinematically forbidden decay of the Zµτ boson due to the presence of thermal

correction while neglecting the scalar contribution. Next, we take into account

the contribution of the scalars and found that both the decays open up after the

symmetry breakings and produce dark matter further on top of the dark matter

production from Zµτ decay. The experimental detections of FIMP dark matter

remain highly challenging due to its feeble interaction with the visible particles.

Offering a detection prospect of such dark matter is always a fascinating task.

Interestingly, our scenario has the potential to address the muon (g−2) anomaly.

So, we choose the parameter space for which it can satisfy the (g− 2) data while

satisfying the relic density constraints of dark matter.

In conclusion, this thesis covers some interesting BSM aspects, mainly focusing

on various dark matter scenarios. Apart from the dark matter, other attractive

puzzles, the neutrino mass and the baryon asymmetry generated by Bariogene-

sis via Leptogenesis mechanism are also addressed. Besides studying the usual

WIMP, and FIMP scenarios, we explore different new exciting possibilities of dark

matter production. We perform the dark matter phenomenology in the presence

of thermal effects and discuss the freeze-in production of DM from a kinemat-

ically forbidden channel due to the significant thermal correction towards mass

named as forbidden freeze-in(FFI). In addition, we also study another interesting

paradigm called reannihilation, where the DM (or mediator) is produced from

standard model particles non-thermally (via freeze in the process), and then the

conversion process happens inside the dark sector, and the conversion process’s

freeze-out fixes the abundance of dark matter. We discuss the self-interacting

dark matter scenario where the large self-interaction of dark matter comes from
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the dark matter interaction with the light scalar mediator, which can solve the

small-scale problem of cosmology.

Many of these mechanisms have been proposed just recently, generating eupho-

ria in activities constructing different models and phenomenology around them.

Since many such mechanisms were realized in the early phase of the Universe

when the temperature was very high, the study of thermal effects is important.

It is interesting to follow how it modifies dark matter production. The thermal

effects in the case of leptogenesis are also an interesting aspect to explore.



Appendix A

Boltzmann Equation to Study

Leptogenesis

Leptogenesis is an out of equllibrium process and it can be described by Boltz-

mann equation. The evolution of any spices ’X’ is given by the following differ-

ential equation.

ṅX + 3
Ṙ

R
nX = −

∑
[Xa....↔ ij....] (A.1)

[Xa....↔ ij....] =
nXna....

neqXn
eq
a ....

γeq(Xa....→ ij....)− ninj....

neqi n
eq
j ....

γeq(ij....→ Xa....)

γeq is the spacetime density of scattering in thermal equllibrium. It can be con-

sidered as the decay rate(Γ) also, for the process like X → ij..... The density of

scattering for the process Xa→ ij.

γeq(Xa→ ij) ≡
∫
d~pXd~pafXfa

∫
d~pid~pj(2π)4δ4(pX + pa − pi − pj)|M|2

where, d~pX =
∫ dpX

2EX(2π)3 . n and neq are the number density and equllibrium

number density respectively.

The Boltzmann equation is purely classical here. Quantum corrections will get

importance when the mean distance between collisions is shorter than the wave-

lengths of the particles. The second term of the equation of L.H.S is called the

dilution factor which is coming because of the expansion effect of the universe.

Now we will define the number density in comoving volume i.e. we will ab-

sorb the effect of expansion and a dimensionless variable to simplify the above

equation. The comoving number density and dimensionless variable are Y and z
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respectively.

Y =
n

s
, z =

mX

T
(A.2)

where, s is the entropy density and mX is the mass of the spice X.

The Boltzmann equation becomes

szH
dYX
dz

= −
∑

[Xa....↔ ij....] (A.3)

A.1 Boltzmann equation for YN

Let YN is the comoving number density of right handed neutrino. We are cosider-

ing only decay and inverse decay in the Boltzmann equation(N ↔ lφ̃†, N ↔ l̄φ̃).

The Boltzmann equation for righthanded neutrino becomes

szH
dYN
dz

= −{[N ↔ lφ̃†] + [N ↔ l̄φ̃]} (A.4)

For decay N → ij.....

γeq(N → ij...) = γeq(ij...→ N) = neqN
K1(z)

K2(z)
ΓN (A.5)

Here the particle density distribution function is approximated as the Maxwell-

Boltzmann distribution function and are very small to make significant quantum

correction.

szH
dYN
dz

= −K1(z)

K2(z)
ΓN

(
nN − neqN

ninj...

neqi n
eq
j ...

)
(A.6)

Decay of heavy neutrino produces the out of equllibrium of the system. The

lepton number conserving scattering is occuring very fast to maintain the thermal

equillibrium for rest of the system. All the spices are following their equillibrium

density distribution except right handed neutrino.

zH
dYN
dz

= −K1(z)

K2(z)
ΓN(YN − Y eq

N ) (A.7)

A.2 Boltzmann equation for YB−L

We will derive the Boltzmann equation for the time evolution of B − L . The

right handed neutrinos do not carry any lepton number. So all processes involving

heavy neutrinos will violate B − L because they conserve baryon number. Here
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we will take into account only B − L violating interactions. In literature, decay,

inverse decays, ∆L = 1 and ∆L = 2 scatterings at tree level are considered in

deriving the Boltzmann equation.

We will neglect the ∆L = 1 scattering here since it involves interactions with

quark sector and we consider the effects of lepton sector. ∆L = 1 scattering

involves Higgs as mediator. The presence of any Z2 like discrete symmetry for-

bids any interaction of heavy neutrino with Standard model Higgs. So ∆L = 1

scattering is‘ relevant for leptogenesis in seesaw type model. Now the Boltzmann

equation for B − L evolution can be written as

zH
dYB−L
dz

= −1

s

{
[N ↔ lφ̃†]− [N ↔ l̄φ̃]

− 2[ll↔ φ̃φ̃]− 2[lφ̃† ↔ l̄φ̃] + 2[l̄l̄↔ φ̃†φ̃†]

}
(A.8)

Two terms of R.H.S of the first line of above equation denotes the contribution

of the decay and the inverse deca, where the last three terms are giving the

contribution of scattering. The multiplication factor 2 is telling that the lepton

number violated by two units fpr scattering but same is violated by one unit for

decays and inverse decays. Lets focos on the deacy part.

[N ↔ lφ̃†] =
nN
neqN

γeq(N → lφ̃†)−
nlnφ̃†

neql n
eq

φ̃†

γeq(lφ̃† → N), (A.9)

[N ↔ l̄φ̃] =
nN
neqN

γeq(N → l̄φ̃)−
nl̄nφ̃
neq
l̄
neq
φ̃

γeq(l̄φ̃→ N), (A.10)

Sakarov’s condition says that C and CP violations are needed. Here heavy neu-

trinos decay are generating CP violation. So all the γ’s above are not equal. But

CPT conservation will give the following equalities.

γeq(N → lφ̃
†
) = γeq(l̄φ̃→ N) ≡ (1 + εD)

γD
2
, (A.11)

γeq(N → l̄φ̃) = γeq(l̄φ̃† → N) ≡ (1− εD)
γD
2
, , (A.12)

where εD is the measure of CP violation due to the decay and γD is the total

decay rate.

Initially when we derive the evolution of comoving number density for any spice,

we have taken that only the spice is decaying out of equllibrium where as all other

spices are maintaing their equllibrium value. Since here we are producing excess

in lepton number, so we also take the abundance of lepton doublet to be out of

equllibrium. Here only Higgs doublet is in it’s equllibrium value. So the number
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density of lepton doublet is deviating from it’s equllirium value such a way

nl
neql

= 1 + χl,
nl̄
neq
l̄

= 1 + χl̄, , (A.13)

where, χl and χl̄ are the amount of lepton number violations which are first order

small in εD. Using Equations A.9, A.10, A.11, A.12, A.13 one can write

[N ↔ lφ̃†]− [N ↔ l̄φ̃]

=
nN
neqN

(1 + εD)
γD
2
− (1 + χl)(1− εD)

γD
2

− nN
neqN

(1− εD)
γD
2

+ (1 + χl̄)(1 + εD)
γD
2

= εDγD

(
nN
neqN

+ 1

)
− γD

2
(χl − χl̄) (A.14)

where we have neglected any second order term in εD.

Now,

[ll↔ φ̃φ̃] = (1 + χl)
2γeq(ll→ φ̃φ̃)− γeq(φ̃φ̃→ ll) (A.15)

[lφ̃† ↔ l̄φ̃] = (1 + χl)γ
eq(lφ̃† → l̄φ̃)− (1 + χl̄)γ

eq(l̄φ̃→ lφ̃†) (A.16)

[l̄l̄↔ φ̃†φ̃†] = (1 + χl̄)
2γeq(l̄l̄→ φ̃†φ̃†)− γeq(φ̃†φ̃† → l̄l̄) (A.17)

We know that any process at tree level is CP conserving. Since we are considering

that all the ∆L = 2 scattering processes at tree level so these processes are CP

invariant. Using CP and CPT invariance property one can get the following

relations.

γeq(ll→ φ̃φ̃) = γeq(φ̃φ̃→ ll) = γeq(l̄l̄→ φ̃†φ̃†) = γeq(φ̃†φ̃† → l̄l̄) ≡ γt, (A.18)

γeq(lφ̃† → l̄φ̃) = γeq(l̄φ̃→ lφ̃†) ≡ γs (A.19)

∆L = 2 scattering involves s channel processes. These processes look like a decay

followed by inverse decay when the mediator is satisfying on-shell condition i.e.

real particle. In the Boltzmann equation we have considered the decay as well
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as scattering for the evolution of B − L. Decay means the particle is real and

also scattering involving on shell mediator means real particle. So we are over

counting. We subtract the on shell contribution from the s channel scattering.

The contribution to γs by the on-shell N as mediator particles using narrow width

approximation.

γeqOS(lφ̃† → l̄φ̃) = γeq(lφ̃† → N)BR(N → lφ̃) (A.20)

γeqOS(lφ̃→ l̄φ̃†) = γeq(lφ̃→ N)BR(N → lφ̃†) (A.21)

The branching ratios for different decay channels of heavy neutrinos

BR(N → lφ̃) ≡ (1− εD)

2
, BR(N → lφ̃†) ≡ (1 + εD)

2
(A.22)

Now the substracted or corrected s channel contribution is given by

[lφ̃† ↔ l̄φ̃]sub = (1 + χl)[γs − (1− εD)2γD
4

]− (1 + χl̄)[γs − (1− εD)2γD
4

]

= (γs +
γD
4

)(χl − χl̄) + γDεD +
γDεD

2
(χl + χl̄) (A.23)

We are taking terms upto linear order in εD. Since χ’s are first order in εD, we

neglect the last term also.

[lφ̃† ↔ l̄φ̃]sub = (γs +
γD
4

)(χl − χl̄) + γDεD (A.24)

One can simplifies the following equations in Equations A.15,A.17 using the re-

lation of Equation A.18 and taking the linear order of χ’s.

[ll↔ φ̃φ̃] = (1 + χl)
2γeq(ll→ φ̃φ̃)− γeq(φ̃φ̃→ ll)

= (1 + 2χl)γt − γt = 2χlγt (A.25)

[l̄l̄↔ φ̃†φ̃†] = (1 + χl̄)
2γeq(ll→ φ̃φ̃)− γeq(φ̃φ̃→ ll)

= (1 + 2χl̄)γt − γt = 2χlγt (A.26)
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After putting all the calculated expression from the Equations A.14,A.25,A.24,A.26

in Equation A.8, the Boltzmann equation for B − L becomes

zH
dYB−L
dz

= −1

s

[
εDγD

(
nN
neqN

+ 1

)
− γD

2
(χl − χl̄)− 2γs(χl − χl̄)

− γD
2

(χl − χl̄)− 2γDεD − 4γt(χl − χl̄)
]

= −1

s

[
εDγD

(
nN
neqN
− 1

)
− (χl − χl̄)(γD + 2γs + 4γt)

]
(A.27)

The term (χl − χl̄) measures the total lepton number violation. One can express

it in terms of lepton number vioation in comoving volume and entropy density.

χl − χl̄ = (1 + χl)− (1 + χl̄) =
nl − nl̄
neql

= YLs (A.28)

where, YL =
nl−nl̄
neql s

=nL−nL̄
s

. Here we have taken thet the equillibrium number

density of lepton and anti lepton are equal.

Now one can rewrite the above Boltzmann equation in terms of comoving number

density and also total decay width with the help of decay width as follows

zH
dYB−L
dz

= −εDΓN
K1(z)

K2(z)

(
YN − Y eq

N

)
+ YL(γD + 2γs + 4γt) (A.29)

The varriable should be same on both side of the equation so we have to relate

L to B − L. At very high temparature sphalerons are in equllibrum and these

processes conserve B − L. After electroweak symmetry breaking those processes

become very suppressed. So NL and NB−L are connected to each other depending

on temparature. When the spheleron processes are in equillibrium that time some

of the lepton number leaks to baryon number. These are related by the spheleron

factor asph, NL=-asphNB−L. where 0 < asph < 1 is the measure of effectiveness of

sphlerons. Now the set of Boltzmann equations for leptogenesis

dYN
dz

= −D(YN − Y eq
N ), (A.30)

dYB−L
dz

= −εDD
(
YN − Y eq

N

)
−WYB−L (A.31)

where,

D =
ΓN
zH

K1(z)

K2(z)
, W = asph

γD + 2γs + 4γt
zH

(A.32)
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Realization of Pseudo-Dirac

fermion

Here, we present a brief understanding on the construction of a pseudo-Dirac

fermion. The notations to be used are adopted from Ref [287]. In general a Dirac

fermion (X) can be expressed in terms of two Weyl fermions.

X =

(
η

ξ†

)
with PLX =

(
η

0

)
and PRX =

(
0

ξ†

)
(B.1)

The charge conjugation of X is given by

Xc =

(
ξ

η†.

)
(B.2)

Suppose we have a Lagrangian where both Dirac and Majorana mass terms for

X field are present.

L = mDX̄X +
1

2
mL
MX

CPLX + h.c.+
1

2
mR
MX

CPRX + h.c.. (B.3)

For the moment we consider mL,R
M = mM . Now, one can expand L in terms of

the Weyl components and can rewrite the above Lagrangian as,

L = mD(ηξ + η†ξ†) +
1

2
mM(ηη + h.c.) +

1

2
mM(ξξ + h.c.) (B.4)

With this, the mass matrix in the (η, ξ) basis turns out to be

M =

(
mM mD

mD mM

)
. (B.5)
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After diagonalising M, we obtain the two mass eigenstates as,

y1 =
i√
2

(ξ − η) (B.6)

y2 =
1√
2

(ξ + η). (B.7)

We notice that the eigenstates y1 and y2 are two component in nature. However,

we can always form a four component spinor by defining

Yi =

(
yi

y†i

)
. (B.8)

With the above definition it is convenient to write the following relations,

Y1 =
i√
2

(Xc −X) (B.9)

Y2 =
1√
2

(Xc +X). (B.10)

It is important to mention that, in the limit mL
M 6= mR

M , the above four component

eigenstates will receive some correction which can be expressed as

Y1 =
i√
2

(Xc −X) +O(δ) (B.11)

Y2 =
1√
2

(Xc +X) +O(δ), (B.12)

where, δ = |mL
M −mR

M |. Now, the states Y1 and Y2 are non degenerate and since

they have a pseudo-Dirac origin, we call them pseudo-Dirac states in the limit

mL,R
M � mD.



Appendix C

Analytical formulation of the

lepton asymmetry parameter

In this section we present a brief analytical estimate of the lepton asymmetry

from the lepton number violating dark sector scalar singlet decay. The asymmetry

parameter generally gets non-zero contributions from the interference of the tree

level and two 1-loop level diagrams as shown in Figure 4.8. However in the present

set up with a vanishing lepton mass limit, the sole contribution to the lepton

asymmetry is sourced by the interference of the tree level and vertex diagram

only. The invariant amplitude square for the tree level decay of the BSM scalar

(φ) to SM lepton (l) and the vector like fermion (Ψ) can be expressed as,

|M|2φi→ l̄Lα+Ψ =
∑
α

(hαih
∗
αi)M

2
φi
, (C.1)

Where i, j are the indices specific to the BSM scalar which run as (1, 2, 3) and

the α = e, µ, τ refers to SM lepton indices respectively. Considering the limit

Mφ � mΨ,ml, the corresponding decay width of i’th scalar at tree level can be

expressed as:

Γφi→ l̄Lα+Ψ =
|M|2
16π

1

Mφi

=

(
h†h
)
ii
Mφi

16π
. (C.2)

Next we proceed to calculate the contribution caused by the interference be-

tween the tree level and vertex diagrams to ε. The Feynman amplitude square

of such kind of interference process (see Figure C.1) is given by (in the vanishing

171
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p

q

p
′

q3

q1

q2

1

Figure C.1: Particle directions and momenta of the vertex diagram as shown in
Figure 4.8.

lepton and DM mass limits):

I ′vertex = 2iAh

∫
d4q1

(2π)4

uΨ PR ��q1 PL��q2 PR vl vl PL uΨ

(q2
1 + iε)(q2

2 + iε)(q2
3 −M2

φj
+ iε)

, (C.3)

where Ah = hβjh
∗
βihαjh

∗
αi. Afterwards, we use the standard trace properties of

the Gamma matrices and also consider the imaginary part of the I ′vertex/Ah in

Equation C.3 (since it solely matters for lepton asymmetry as we will see in a

while) to write:

I ′vertex = 2iAh

∫
d4q1

(2π)4

(q1.q2)(p′.q)− (q1.p
′)(q2.q) + (q1.q)(q2.p

′)

(q2
1 + iε)(q2

2 + iε)(q2
3 −M2

φj
+ iε)

, (C.4)

We work in rest frame of the incoming particle φi. Applying principle of momen-

tum conservation at each vertices we obtain

q1 = {E1,q1}, q2 = {Mφi − E1,−q1} with p = {Mφi ,~0}, (C.5)

also, p′ =

{
Mφi

2
,−q

}
, q =

{
Mφi

2
,q

}
. (C.6)

Next, we implement the famous Cutkosky rule to evaluate the integral Im(Ivertex)

and write

Disc [I ′vertex] = 2iAh

∫
d4q1

(2π)4

(−2πi)2 δ[q2
1] δ[(p− q1)2] Θ(E1) Θ(Mφi − E1)[

(q − q1)2 −M2
φj

]
(C.7)

Upon further simplifications and performing the integral Equation C.7 we reach

at

Disc [I ′vertex] =
iAhM

2
φi

8π

[
1 + xij log

(
xij

1 + xij

)]
, (C.8)
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where xij =
M2
j

M2
i
. Now, one can use the conversion: Im (I ′) = − 1

2i
Disc [I ′] to

attain

Im (I ′) = −
M2

φi

16π

[
1 + xij log

(
xij

1 + xij

)]
. (C.9)

where we define I ′vertex = AhI
′. The general formula for vertex contribution to

the lepton asymmetry parameter is,

εvertex = − 4

Γtot

∑
i 6=j

∑
α

Im(Ah) Im[I ′Vφ], (C.10)

where Vφ is the phase space factor for a two body decay process (under discussion)

having magnitude 1
8πMφi

. The total decay width is the sum of forward and inverse

decay widths i.e. Γtot = Γφi + Γ̄φi as in Equation C.2. One can further write

Im(I ′Vφ) = Im(I ′)Vφ since Vφ is real.

With all the expressions earlier highlighted, finally we note down the explicit

form of εvertex in terms of the model parameters,

εivertex =
1

4π

∑
j 6=i

Im
[
(h†h)ijhαjh

∗
αi

]
(h†h)ii

[
1 + xij log

(
xij

xij + 1

)]
(C.11)

In a similar fashion, one can formulate the contribution to the lepton asym-

metry originating from the self energy diagram. Since at vanishing lepton mass

limit due to properties of Gamma matrices, the interference amplitude of self

energy and the tree level diagrams vanishes at the amplitude level we skip the

details here.
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Feynmann Diagrams for DM

production, Direct Detection and

Indirect Detection

ζi
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W

W−

W+
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Z

W−

W+

ψ−

ψ+

γ/Z

W−

W+

ψ−

ψ+

ζi

W−

W+
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ψ−

ζi

γ/Z

W−

ψ−
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W−

W−

γ/Z

ψ−

ζj(i 6= j)

ζi

W−

Z

h

ζ1/ζ2

ζ4/ζ3
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W+

Figure D.1: Annihilation and coannihilation processes dominantly contribute to
the relic density of DM.
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Appendix D. Feynmann Diagrams for DM production, Direct Detection and

Indirect Detection

ζ1 ζ1

h/Z

n n

Figure D.2: Process for direct detection of DM.
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W+

ζ1

ζ1
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h/Z
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Figure D.3: Process for indirect detection of DM.
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