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Abstract

The dynamical generation of the baryon asymmetry of the Universe is one of the lead-
ing problems in the field of particle physics and cosmology, which the Standard Model of
particle physics can not explain. In this thesis, we have analyzed in detail the generation of
baryon asymmetry by out-of-equilibrium decay of heavy particle states responsible for neu-
trino mass generation. The relevant mechanism is known as baryogenesis via leptogenesis. In
this process, heavy particle states (such as right handed neutrinos) decay out-of-equilibrium
to produce lepton asymmetry, which is then converted to baryon asymmetry by sphaleron
processes before they decouple. It is shown in the literature that the individual charged
lepton Yukawa interactions of different flavors could influence the lepton asymmetry gen-
eration when they become dominant over the expansion of the Universe, known as flavor
leptogenesis. In this thesis, we have investigated some beyond the Standard Model scenarios
which can influence such flavor leptogenesis setups. Firstly, we have investigated the impact
of an additional flavor symmetry on charged lepton, neutrino Yukawa, and Majorana right
handed neutrino sectors. This eventually leads to interesting results not only in the neutrino
sector but also in terms of the flavor leptogenesis. The scenario favors the normal hierarchical
masses of light neutrinos in the neutrino mass and falsifies the leptonic sector’s maximal
CP asymmetry. On top of that, a successful low scale leptogenesis scenario is achieved.
Then, we propose two scenarios which not only explain the existence of dark matter, baryon
asymmetry, and neutrino mass simultaneously but also provide a platform where the early
universe dynamics of dark matter, either in terms of its production mechanism or its involve-
ment in leptogenesis, can impact the baryon asymmetry of the Universe. Here, individual
lepton flavors have played an important role in determining the correct amount of asymme-
try in all these scenarios. Finally, we have studied the impact of prolonged reheating in the
post-inflationary era of the Universe on the charged lepton equilibration temperatures that
eventually affect the so-called individual lepton flavor regimes of flavor leptogenesis setup. As
aresult, allowed parameter space significantly gets altered if leptogenesis occurs during the
reheating period.
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Chapter

Introduction

1.1 The Standard Model of Particle Physics
1.1.1 Basic Building Blocks

One of the past century’s most notable accomplishments in particle physics has been the de-
velopment of a unified theory of strong, weak, and electromagnetic interactions, also known
as the Standard Model (SM)[1-7] of Particle physics. The fundamental principle underlying
the SM is the gauge invariance, which unites elementary matter particles and their interac-
tions, and incorporates the gauge bosons as a mediator of these interactions. The gauge
group SU(3). x SU(2)r, x U(1)y serves as the mathematical construction for the SM, where
c stands for color, while L and Y represent left-handed chirality, and weak hypercharge
respectively. Here, SU(2);, x U(1)y describes the electroweak interactions, mediated by 4
gauge bosons (Wﬁ:m’g, B,,), while the remaining symmetry SU(3). denotes the strong in-
teraction mediated by the 8 gluons (GZZLQ“S). Altogether, 12 mediators are present in SM,
which are spin—1 bosonic fields. Table 1.1 shows the field content and corresponding quan-
tum number with respect to (w.r.t.) the SM gauge group. As seen from the table, the matter
field spectrum of the SM is composed of three generations of spin—3% fermions, with two
helicity states, namely left and right of each charged fermion, transforming differently un-
der the SU(2), group. Left-handed components transform as doublets, while right-handed
ones are singlets. The fermion sector includes quarks, leptons, and their antiparticles. The
Quark sector comprises of 3 generations of up [namely up (u), charm (c), and top (t)] and
down [namely down (d), strange(s), and bottom (b)] type quarks. All the fermions are
combined to form doublets and singlets of SU(2), as:

U c t
Qr, = ; ; , URr, =ugr;critr, Dpg, =dg;sgr;br,

d s b
L L L

Where Q7. is the left-handed quark doublet state, constructed by taking one up type and one
down type quark from each generation, and Ur and D, are the right-handed singlet states,
respectively. Index o represents the number of generations. On the other hand, left-handed
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1.1. The Standard Model of Particle Physics

Field
SU(3)C X SU(Q)L X U(l)y
Spin Nature Particle
3,2,1/6
Quarks QLo ( /6)
1 UR{NDRQ (37172/3)7 (37171/3)
2
‘ 1,2,-1/2
Leptons La ( /2)
ERO( (17 ]-7 _1)
Gy, (8,1,0)
1 Gauge Bosons :
Wi, B, (1,3,0), (1, 1,0)
0 Scalar H (1,2,1/2)

Table 1.1: Particle spectrum and their charges under Standard Model gauge symmetry.

doublet and right-handed singlet states in the leptonic sector are constructed as:

lr, = ; ; , ER, =eriuRr;iTR,
L L L

where v,, v, v; are the neutrinos of different flavors. The charged leptons are denoted by
e”, u—, 7. It is important to note that the neutrinos in SM do not have any right-handed
partners. There is only one SU(2), doublet in the scalar sector, known as the Higgs, a spin-
0 boson represented by H = (H* H°)". Here, H° and H" represent the neutral and
charged components of the Higgs field.

1.1.2 Lagrangian

Using gauge invariance of the SM gauge group, the entire Lagrangian can be written which
is discussed below for each of the sectors consisting of gauge bosons, fermions and scalar.

I. Electroweak Gauge Bosons
The following Lagrangian can express kinetic terms associated with gauge bosons:

1 1. 1
—Lg = G, GM 4 W, W By B (1.1)

4 - H

where G}, Wﬁ,j and B, are the field tensors associated with the SU(3)., SU(2)r, and

U(1)y gauge groups respectively. They can be expressed as follows:

G, = 0,GS — 0,GY% — g3 [ Gh G, (1.2)
Wi, = 0,W.—0,W§ — gae " WIW}, (1.3)
B, = 8,B, — d,B, (1.4)
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6 Chapter 1. Introduction

with g3 (g2) and 2 (¢“*) representing the gauge coupling constants and structure
constants for SU(3). (SU(2)1,) symmetry respectively.

II. Fermion fields

Quarks and leptons, being fermion fields, will have a similar form of Lagrangian. Ex-

pressing both quarks and leptons as ¢ = ¢, + g, the Lagrangian will look like:

—Lr =Y DY+ VYR (1.5)

where ) = y*.D,, denotes the Lorentzian inner product of gamma matrices v,, and
covariant derivative operator D,,. The covariant derivative D,, is expressed in terms of

SM gauge bosons as:

: N
D, =0,—ig1YB, — zggngL - Zgg,?GZ. (1.6)
where g, is the gauge coupling for U(1)y symmetry. Y, L;N, and 2= rare the

generators of gauged U(1)y, SU(2)r, and SU(3). symmetry respectively with 7* de-
noting three 2 x 2 Pauli spin matrices, while \* represents 3 x 3 Gell-Mann matrices.

ITI. Scalar field and its interaction with fermions

Finally, the most general Lagrangian involving Higgs and its interaction with the fermion

fields consistent with the SM gauge group, is given by:

Ly = (D,H)(D'H) —V(H), (1.7)
~Ly = (Ya)apQr, HUry + (Ya)apQr, HDpr, + (Yo)aplr, HER, + h.c, (1.8)

where a, /3 are the generation indices and V (H) represents the Higgs potential which

can be expressed as:
V(H)=p?H'H + \(H'H)?, (1.9)

with 2 and A are the quadratic and quartic couplings respectively.To make the Ly
invariant under the SM gauge group, a doublet with Y = —1/2 is introduced with the

notation: H = io9 H™, 09 is the second Pauli matrix.

1.1.3 Generation of Mass

The most effective way to generate the mass for all particles within SM is to spontaneously
break the SM gauge symmetry, which the Lagrangian preserves, but the system’s ground
state does not. The mechanism is known as Spontaneous Symmetry Breaking (SSB)[8-10],
and the generation of mass using SSB is accomplished with the help of Eq (1.7)-(1.9), which
is discussed below.

Following Eq. (1.9), with u? < 0 and A > 0, it can lead to non-zero minima of the
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1.1. The Standard Model of Particle Physics

potential. Choosing a specific minimum such as

(H) = , (1.10)

withv = \/—pu?/), known as the vacuum expectation value (vev) would break the SU(2), x
U(1)y gauge group down to U(1)g)s. As a result, gauge fields corresponding to the three
broken generators become massive, which are identified as Wﬁt and Z, bosons having masses

M+ = gav/2and M, = 27— respectively. On the other hand, the gauge field correspond-

T 2cos By

ing to the unbroken U(1) gy symmetry nothing but the photon field: A,. One can define
these massive and massless bosonic states in terms of previously defined bosonic mediators:

1
+ 1 Y172
Wi=7% (W, FiW7), (1.11)
Zy, = cos O, WS — sin 0, By, (1.12)
A, = sin HwWi + cos 0, By, (1.13)

with 6, = tan™! (;%) known as the Weinberg angle. Finally, eight massless generators of
SU(3). are known as gluons.With respect to this new ground state, the Higgs field can be

developed as (in the unitary gauge):

1 0
H=—

; (1.14)
V2 v+ h

where 7 is the physical Higgs field having mass m;, = v/2\v.

The SM fermion masses arise from the Yukawa interactions denoted by the Lagrangian
in Eq: (1.8) after the Higgs gets a vev. Using Eq. (1.14), the mass matrices from SM quarks
and charged leptons are obtained as:

v v v

(Mu)as = E(Yu)am (Ma)as = E(Yd)aﬁv (Mme)as = \/i(Yé)aﬂ (1.15)

In general these matrices are nondiagonal. Then in the quark sector, diagonalization of m,,
and my mass matrices can be done via bi-unitary transformations, which will eventually
connect the flavor basis of quark states (with subscript ) to mass diagonal basis (with sub-
script i) as:

(ur)a = (Uu)ai(ul)i, (dL)a = (Ua)ai(d])i,
(UR)a = (Vu)ai(UII%)iv (DR)a = (Vd)ai(Dh)i- (1-16)
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8 Chapter 1. Introduction

Following this, the charged current interaction takes the form, in this mass diagonal basis,

Lo =92 Z (@, HUIU)i(dy); + hec., (1.17)

which indicates the mixing between the quarks where ¢, j run for 1 to 3 (no. of generations).
The mixing matrix U U, is known as Cabibo— K obayashi—Maskawa (CKM) matrix [11,12].

Similar to the quark sector, the diagonalization of the charged lepton mass matrix m.
involves a rotation connecting the leptonic flavor eigenstates to the mass eigenstates. On the
other hand, the absence of any right-handed neutrinos results massless neutrinos. Hence,
It is always possible to make the mass eigenstates of charged lepton and neutrinos coincide
with their corresponding flavor states. As a result, there would not be any CKM-like mixing
in lepton sector of the SM.

1.14 Need for physics beyond the SM

The experimental findings and the theoretical predictions of SM agree remarkably well. Fur-
thermore, the discovery of the Higgs boson at the LHC completes the particle spectrum of
the Standard Model. Despite being so successful, there are several issues in particle physics
and cosmology which SM fails to explain. Here let us look at some of these fascinating

issues.

e Neutrino Mass: According to the SM, neutrinos are the only massless fermions. How-
ever, various neutrino experiments conducted since Ray Davis’ Homestake experiment
in the 1960s have estimated deficit of observed neutrinos as compared to the predicted
ones. These anomalies eventually lead to the postulate of oscillating neutrinos where
neutrinos of different flavor can oscillate among each other, which requires neutrinos
to have non-zero mass.

e Dark Matter: There are various astrophysical evidences, such as the galactic rotation
curve of galaxies[13], gravitational lensing effects[ 14 ], and so on, which point towards
the presence of non-luminous matter in the Universe, popularly known as dark mat-
ter (DM)[15, 16]. Furthermore, if one believes that DM is made up of fundamental
particles, then the SM particle spectrum alone cannot explain the nature of DM. This
encourages one to look beyond the SM (BSM).

e Baryon Asymmetry of the Universe: Another critical issue SM fails to address is the
dominance of baryonic matter over antibaryon in our visible Universe[17, 18]. Dynam-
ical generation of baryon asymmetry requires beyond SM degrees of freedom. The
current thesis revolves primarily around the study of baryon asymmetry generation,
which will be discussed in greater depth in the following sections.

Apart from the problems mentioned above, there are problems like the stability of the EW
vaccum|[19,20], hierarchy problem[21], strong CP problem|[22, 23] in the theoretical frontier
of SM which are worthy of addressing. In the context of BSM physics, the mechanism of
baryon asymmetry generation in the form of leptogenesis can be intertwined with many
such issues which will be addressed in this thesis having a particular emphasis on flavor
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1.2. Early Universe Cosmology

aspect of it. Since some of these issues are intricately connected with the dynamics of the
early Universe, in the next section we will look into the relevant concepts associated with
the early Universe cosmology. Then in the following sections, we will elaborate on some
of the connected issues relevant to the current thesis as well as the background of lepton
asymmetry generation in the Leptogenesis mechanism.

1.2 Early Universe Cosmology

Similar to the SM of particle physics, there exists a cosmological model that describes our
Universe’s structure and evolution on the grandest scale. In this section, we will briefly

review the essential features and drawbacks of this model to set the stage for the thesis.

1.2.1 Dynamics of Universe

The theory, also known as Standard Cosmological Model, is predicated on the notion that the
Universe, on a large scale, is homogeneous and isotropic[24—27]. With such assumptions,
the metric adopts the typical Friedmann-Lemaitre-Robertson-Walker (FLRW) form[24]:

dr?
1 — kr?

ds? = g drtdr” = —dt* + a®(t) + 7% (d6® +sin® 0 dp?) | (1.18)
where ¢ is the physical time, with (r, 6, ¢) representing the spatial comoving coordinates.
The parameter k£ denotes the spatial curvature, with £ = 0 corresponding to a flat Universe
and £ > 0, (k < 0) leading to a closed (open) Universe respectively. Parameter a(t) is
known as the scale factor, representing the size of the Universe. The physical distances R
are weighted by the scale factor as:

,

d

R = a(t)/ L — (1.19)
0 (1—Fkr?)2

and hence increase with time in an expanding Universe. Another important quantity that

denotes the evolution of the Universe is the expansion rate, also known as the Hubble pa-

rameter. It is defined as:

1da
=_" 1.2
H T (1.20)

It has a dimension of inverse time and is positive for expanding Universe (negative for a
collapsing Universe). The current value of this parameter is generally expressed as:

Ho =100 h km s~ MPc™!, (1.21)

where h is the dimensionless parameter and currently known to be h ~ 0.7.

Knowing the metric, one can look for the dynamics of the Universe, which is entirely
encoded in the time-dependent scale factor a(t). The evolution of a(t) is determined by the
Einstein equations:
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10 Chapter 1. Introduction

G =81GT — Aguw (1.22)

A is the Einstein cosmological constant and G/, is known as Einstein tensor and denoted as:

1
Guw =R, — §g”VR’ (1.23)

with the Ricci scalar R and the Ricci tensor R,,,, defined as:

R = gMVR,uV ) R,ul/ = Fgarﬁu - Pgul—‘ga + Fgua - Fgaﬂ/ : (124)
Here, I’g 5 are the Christoffel symbols and are related to the first derivative of the metric

as:
_ g* [ 0gaw ag[ﬁu agaﬁ

., =2— — . 1.25
of 2 | 02P + ox® ox” ( )

Notation G in Eq. (1.22) is known as Newton’s constant and can be expressed as: G =
8w/ MpQ, where Mp; ~ 1.22 x 10" GeV is the Plack mass. Finally, T},, denotes the stress-
energy tensor of all the matter species in the Universe.

Comparing the matter element of the Universe with a perfect fluid having no viscosity,

one can deduce the Friedmann equations:

5  8mG E A
_ K 12
H 3 P2ty (1.26)
aM .,  4nG A
E +H = 3 (p—|—373) + 37 (127)

where p and P denote the energy density and pressure of all the elements of the Universe
such as relativistic matter (denoted as radiation), the non-relativistic matter (represented
by matter), and the cosmological constant. Furthermore, the covariance conservation of

stress-energy tensor leads to a continuity equation:

d
d—f +3H(p+P) =0 (1.28)

Knowing the equation of state w = P/p for different elements, one can solve the Eq: (1.28),
which will eventually lead to the scale factor dependence for energy density of different
species.

The first and the second column of Table 1.2 shows the value of w and behavior of p(a)
for different components of the Universe. As depicted by the the second column, at the early
time, Universe was dominated by the radiation matter (RD). Subsequently, non-relativistic
matter elements dominated (MD) the energy density of the Universe. Finally, Universe is
dominated by the cosmological constant. To know the dynamics of a(t) during such MD,
RD and cosmological constant dominated Universe (having fixed w), one need to solve the
Eq: (1.26). Eventually the evolution of a(t) takes different forms, which is mentioned in the
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1.2. Early Universe Cosmology

last column of Table 1.2. The present Observations of the cosmic microwave background

Species | w="P/p | p(a) | a(t)

Matter 0 a3 | ¢2/3

Radiation % a4 | ¢1/2

A _1 a0 | eHt
Table 1.2

(CMB) [17] and large-scale structure (LSS) can predict the present day energy density of a
species i, which is parametrized by:

QY p’ij (1.29)
crit.

where p0 . = % is the energy density required to halt the expansion of the Universe, also
known as critical energy density. According to these experiments, currently, our Universe
is a flat i.e. K = 0. Furthermore, it is composed of only 4% baryons, 26% non-relativistic
(cold) DM and 68% dark energy (DE) as a form of A having wy = —1:

Q% =0.04, Q% =0.119, O} =0.72. (1.30)

1.2.2 Thermodynamics of Early Universe

To learn about the macroscopic properties of various elements in the Universe, one must
first determine whether the elements remain in thermodynamic equilibrium during the Uni-
verse’s evolution. Different number-conserving scatterings generally establish kinetic equi-
librium. In contrast, interactions that reduce the number of particles of a given species, such
as pair annihilation, enforce chemical equilibrium among different species. As the Universe
expands, a species stays in equilibrium if the rate of its interactions is higher than the ex-
pansion rate H. Considering the case of two body processes of the form a + b — ¢ + d, the

thermally averaged interaction rate can be denoted by
(Ta) = np{ov), (1.31)

Here, (ov) denotes the thermal average of ocv, where o is the cross-section of the process,
and v is the relative velocity of a w.r.t. b. Furthermore, n;, represents the number density of
the target material b. The equilibrium will be maintained if :

{L'a)
M

>> 1 (1.32)

while, the same species a will become decoupled, when (I';) << H.
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1.2.2.1 Equilibrium Dynamics

When a species stays in equilibrium, its macroscopic properties can be easily evaluated start-
ing from the distribution function of particles in phase space:

f(B) = leap{(E - p)/T} £1]" (1.33)

where E(= /| P|>+m?), u are the energy and chemical potential of the species respectively,
while T" representing the temperature of the heat bath it shares as it is in equilibrium. +1, —1
correspond to the Fermi-Dirac and Bose-Einstein distribution respectively. For a relativistic
and non-relativistic particle, the number density (n), energy density (p), and the pressure

density (p) take the form as depicted in table 1.3.

Nature Species n p D
Relativistic Boson ((3)gT?/m? m2gT1/30 | p/3
(T >>m, )
Fermion (3/4)¢(3)gT3/m? (7/8)m2gT*/30 | p/3
Non-Relativistic
(m>>T) Boson & Fermion | (%)% 2exp[—(m — p)/T] mn nT
Table 1.3

Looking at the energy density of non-relativistic particles, one can easily see that its con-
tribution towards the total energy density is exponentially suppressed compared to the rel-
ativistic counterpart. Consequently, it is convenient to include only the relativistic species

while calculating the total energy density of the Universe during the RD phase:

2

= g, T, 1.34
307 (1.34)

Ptot. = PR

where g, is the total massless degrees of freedom and is denoted as:
7 .\* .\*
o=z > dalm) + D galF) (1.35)
8 , T T
a(fermions) a(bosons)

where T}, is the temperature of the species a. Entropy density of the Universe is the another
macroscopic variable which is important to look for. Similar to the energy density, entropy
density is again mostly influenced by the relativistic particle and can be evaluated as:

272
= 573, 1.36
TRL (1.36)

1.2.2.2 Non-equilibrium Dynamics

However, due to the expansion of the Universe, a species may not remain in equilibrium

indefinitely. In this case, kinetic theory is the most useful tool to learn about the evolu-
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1.2. Early Universe Cosmology

tion of the system in time. The method involves determining the time evolution of the
particle distribution function as a solution to an integrodifferential Equation known as the
Boltzmann equation which is discussed below.

Assuming the particle distribution function as f(z*, P*), one can construct the Boltz-
mann equation as:

L[f (", P")] = C[f(a", P")] (1.37)

where L is the Liouville operator which, in a flat homogeneous and isotropic Universe, leads
to:

. 0 0
L(f(z",P")] = |E5; —HE* | f(t, E). 1.38
O e (1.38)
Here C denotes the collision operator which indicates the presence of particle scattering,
annihilation, decay etc. For a species a, having interactions a + b <+ ¢ + d, the collision

operator takes the form:
d®py d*p, d*pq
C(faa fb7 fca fd) - / (27T)32Eb (27T)32EC (271')32Ed

X | Meatosa P Fefa(l = J) (1 fo) = [Mapealfafol1 2 £)(1 £ fa)],
(1.39)

(2n)*6"(P, + P, — P. — P,)

where M b —ycq (Med—ap) is the invarient Feynman amplitude square for the process a +b —
c+d (c+d — a+b). The functions (1 T, f) represent the Bose enhancement (Pauli blocking)
effect for final state fermion (boson) particle. The 4— dimension delta function denotes the
energy-momentum conservation for the process. Finally, to learn about the time evolution

of number density of the specific particle a, one need to integrate both side of Eq: (1.37)

with the factor [ (d;:)% which will eventually results in the following form of the Boltzmann
equation (BE):

3
e 3tn, = [ (er)igac<fa;fb,fc,fd>. (1.40)
Here first term in the left side indicates the change in the number density of species a w.r.t.
time, while second term represents the dilution of number density of a due to expansion of
the Universe.

We will see throughout this thesis that the above-mentioned out-of-equilibrium phe-
nomena played a crucial role in a variety of important events during the early Universe, such
as i) the production of DM, ii) the production of baryon asymmetry, and so on. In the later
part of the thesis, we will again come back to discuss it in greater detail while investigating
the DM and baryon asymmetry generation process.
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1.2.3 Different Phases of Early Universe

Shortly after the big bang, Universe was filled with massless relativistic elements, and radi-
ation domination was attained. The first significant change in the Universe occurred around
t ~ 1071% sec. (T' ~ 100 GeV) when sponteneus electroweak symmetry breaking took place.
As aresult, all the particles attained mass. As the Universe continued to expand, its temper-
ature decreases. At about ¢ ~ 107* sec. (T' ~ 100 MeV) quarks and gluons started to com-
bine themselves and formed hadronic bound states. Subsequently, around ¢ ~ 3 min. (7" ~
0.1 MeV), temperature became so small that protons and neutrons started to form nuclear
bound states. The phenomenon is commonly referred to as Big Bang Neucleosyntesis
(BBN). Matter energy density began to dominate over radiation energy density around
t ~ 10 yrs. (T ~ 1 eV). Then around t ~ 10° yrs. (T' ~ 0.1 €V), the energy of the pho-
ton became so low that it could freely stream through the Universe and eventually being
detected as the cosmic microwave background (CMB) radiation.

1.24 Shortcoming of Standard Big Bang Cosmology

Despite its success, there are still a few intriguing observations that cannot be explained by
the standard big bang cosmology. Here we briefly review few such problems:

e Horizon Problem: The CMB spectrum reveals that the Universe is amazingly isotropic,
with an average temperature of T = 2.7255 £ 0.01 K [17]. Therefore, it is anticipated
that the CMB photons we observe today from different directions of the Universe were
in causal contact at the time of decoupling. However, one can predict whether the
photons were in a causal connection at the time of decoupling using the tools available
in the standard cosmological model. To learn about it, one need to know about the
maximum distance traveled by the photon or calculate the comoving particle horizon,
which is denoted as:

= /0 d(In a) (;{) , (1.41)

where 1/(a?#) is known as comoving Hubble radius, which depends on the the equa-
tion of state w of the species that dominates the Universe as:

1 1 1
— = g3+, 1.42
aH  Hp “ ( )
Eventually, using the above relation, one can find :
a Radiation domiantion

TH X (1.43)
a'/? Matter domination,

This indicates that the comoving particle horizon grew monotonically with time which
implies that there should be a large amount of regions outside the horizon at CMB de-
coupling. In fact, it can be shown that there were almost 10* number of disconnected

TH-3115 176121017
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patches during CMB decoupling[28]. Because of such obvious contradiction between
theory and experimental results, the question of why two apparently causally discon-
nected regions appear similar in CMB arises. This is known as the Horizon Problem[29,
30].
e Flatness Problem: To understand this issue, we must return to the Friedmann equation
in Eq: (1.26) and rewrite it as follows:
pla) k

1=0 — 1= .
perit (@) =1 = a2

(1.44)

As measured by the CMB, the solution to this equation should result in a spatially flat
Universe today, i.e., Q(today) — 1 = £0.02[17]. Furthermore, we have learned from
Eq. (1.42) that the comoving Hubble radius 1/(a#) increases monotonically w.r.t.
scale factor. Using this information, one can find the solution of Eq. (1.44) at a very
early Universe (say at Planck scale) as[31]:

Q(Planck scale) — 1 < O(107%) (1.45)

Accordingly, the spatial curvature of the early Universe must be extremely finetuned to
0in order to achieve an almost flat Universe today, known as the F'latness Problem|[29,
30].

1.2.4.1 Possible resolution via inflation

To resolve the issues mentioned above the idea of inflation was introduced by Alan Guth
around 1980 [32]. The basic assumption behind inflaton was to introduce an exponentially
accelerated phase before the conventional RD era of the Universe, which can be explained
by:

a>0— jt(aﬂ)—l <0 (1.46)

Due to such exponential expansion, comoving Hubble radius 1/(a#) decreases during
inflation. Owing to such outcome, it can be assumed that the whole observable Universe
was inside the comoving Hubble radius at the onset of inflation. Then as the Universe ex-
panded exponentially, some causally connected regions went outside the comoving Hubble
radius. After the end of inflation, as the Universe started to deaccelarate, 1/(a?) started to
increase. As a result, those regions which were earlier causally disconnected again started to
come inside the comoving Hubble radius. Thus one can trace back the apparently causally
disconnected regions during the CMB decoupling phase to the causally connected regions
at the beginning of the inflation and resolve the Horizon Problem.

Inflation can also solve the F'latness Problem. Due to the decreasing property of 1/(a?)
during inflation, solving Eq. (1.44) with any arbitrary initial condition on §2 — 1 at the start
of inflation will result in a spatially flat Universe after inflation. As a result, it can explain
the early flatness of the Universe.

However, to solve both problems, inflationary models that can sustain inflation for an ex-
tended period of time need to be developed. Several interesting models are already present
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in the literature. In the context of our analysis, the post-inflationary epoch remains interest-

ing as we will talk about it later.

1.3 Neutrino Mass

Neutrinos are special particles playing an important role in the expanding Universe. They
are the only fermion in the SM which are electrically neutral and do not have right handed
counterparts. As a result, neutrinos were assumed to be massless. However, since 1998,
starting from the Super-Kamiokande (SK) collaboration[33], various different neutrino os-
cillation experiments such as K2K[34], KamLand[35] have observed neutrino deficits (with
respect to the expected flux) in different types of neutrino flux coming from different sources.
For example, SK was the first experiment that observed a flux asymmetry in upward-going
and downward-going atmospheric p-neutrino flux. The ratio of upward-going and downward-
going v,, flux was found to be of order ~ 0.55 [36], which indicates almost 50% deficit. On the
other hand, with the solar neutrinos sector, almost all the experiments observed significantly
smaller amounts of solar v, than the amount predicted by the standard solar model[37].
Similar deficits of neutrino flux have also been observed for reactor neutrinos[35] as well.
All these anomalies can be resolved if one incorporates the three-flavor oscillation frame-
work of neutrinos, which requires the existence of negligible but non-zero neutrino mass
along with definite mixing among different flavors of neutrino. The presence of such non-
zero mass and mixing induces an additional rotation, hence leading to a lepton mixing ma-
trix analogous to CKM mixing in the quark sector. There are a large number of neutrino
mass mechanism models present in the literature generating light neutrino mass. One can

now relate the flavor and mass eigenstates in the lepton sector as:
(er)a = (Ue)aileL)is  (ER)a = (Ve)ai(ER)i, and,  (vp)a = (Un)ai(Wp)in  (147)

which finally leads to a lepton mixing angle U = UJU,, explicitly present in the charged
current interaction for leptons as:

L = T 3@ W ULU)ig(0,); + e (1.48)

-]

This U matrix is known as Pentecorvo-Maki-Nakagawa-Sakata (PMNS) matrix and it fol-
lows the relation UTU = 1 (i.e. U is unitary in nature). Consequently, for three generations
of neutrinos it has nine independent real parameters out of which three denote mixing an-
gles and six represent phases. Some of these six phases can be rotated away depending on
the nature of the neutrinos and only few will remain as the physical phase. For Dirac type
neutrino one can show that only one physical phase is relevant, which is known as Dirac
phase 6. On the other hand, if neutrino possesses Majorana property, three physical phases
remain out of which one in ¢ and the other two are denoted as Majorana phases. The PDG
parametrization of the PMINS matrix is given by:
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0

C12€13 $12€13 S13€"
— 45 )
U —S12Ca3 — C12513593€ 0 Clacos — 5128135237 c13803 | Um (1.49)
i
512823 — C12513C23€" C12823 — $12513C23€;5  C13C23

where, ¢;; = cosf;; and s;; = sin6;;, while 0 represents the Dirac phase. Here, matrix
U = diag(1, e21/2 6“31/2) contains the Majorana phases «2; and as;.

Neutrino oscillation experiments provide estimates on neutrino mixing and mass square
differences. The constraint on absolute values of neutrino mass comes as a form of the sum
of neutrino mass ) |, m,, < 0.12 eV from the observation of CMB[17]. On the other hand,
direct detection experiments measuring beta decay like KATRIN[38] provide an upper limit

on effective mass mg = /> ,|(U )€Z~|2mz2 < 1.1 €V, while neutrinoless double beta decay
experiment like CUPID [39] gives the best limit on a different parameter mgg o< Y, U2m; <
0.2 -0.5eV.

All these experimental results indicate that neutrinos should have mass. In the literature,
there exist different variants of seesaw mechanisms such as Type-I seesaw[40-46], Type-II
seesaw|[46-50], Type-III seesaw[51], inverse seesaw [52, 53] etc., radiative neutrino mass
models such as Zee-Wolfenstein Model|[ 54 ], Zee-Babu Model[55, 56 ], Ma-Model[57] and so
on, which provide novel setup for generation of neutrino mass. Below we provide detailed

discussion on type-I and II scenarios, which are particularly important for this thesis.

1.3.1 Type-I seesaw mechanism

The most simple and attractive mechanism, which can explain the smallness of neutrino
mass is the Type-I seesaw mechanism. In this setup, the particle content of the SM can be
extended by three electrically neutral gauge singlet right handed neutrinos (RHNs), Ng,
with i = 1, 2,3, which are Majorana fields in nature. Consequently, utilizing these RHNs
following Lagrangian is constructed on top of the SM lagrangian:

. 1 -
_‘Ctype—l = (YV)ailLaHNRi + §(MR)ij(NRi)CNRj + h.c., (150)

where the first term denotes the Yukawa interaction involving left handed lepton doublet,
Higgs doublet and RHNSs similar to the SM Yukawa interactions. The second term represents
the bare Majorana mass term for the RHNSs. As a result of which, such SM gauge invariant
bare Majorana mass term can be introduced in the Lagrangian (though the term breaks the
lepton number symmetry by two units). After SSB, the Lagrangian denoting the neutrino

mass terms can be expressed as:

(7z Ng) + hc., (1.51)

DN | —

Emass =
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where mp = Y, v/ V/2 is the Dirac mass matrix generated after SSB while the matrix in the
middle is identified as seesaw mass matrix mgeesqw. FOr three added RHNSs, mp and Mg
would have 3 x 3 matrix structure, with My being symmetric in nature. Subsequently,
Mseesaw Will be a 6 x 6 symmetric matrix. Under the assumption mp << Mg, the block

diagonalisation of M ecsqaw yields two non-zero eigenvalues in the form of 3 x 3 matrices:

ml ~ —mDM]glmlT) (1.52)

To generate the mass of the light neutrinos, one need to diagonalize the light neutrino mass

I Ao
m,, as:

USmiU; = diag(my, ma, m3) = Dy, (1.54)

where U, is the PMNS matrix defined in Eq. (1.48) if one assumes the charged lepton mass
matrix to be diagonal. Finally, for the mass of the heavy RHNSs, one again diagonalizes the
symmetric matrix My by orthogonal transformation with a Unitary matrix Vy:

VIMNVZ = diag(My, My, M3) = Dy (1.55)

1.3.2 Type-II seesaw mechanism

In type-II seesaw setup, one new scalar field A = (A;, Ay, Aj)isadded into the SM.
The new scalar A being triplet under the SM gauge group can be expressed as:

. | (at/vE At

A=— P = T = )
\/i \/§ AO _A—l—/\/i

(1.56)

where AT = Az, AV = % and AT+ = %. Here, 7; represents the Pauli spin

matrices with 7« = 1,2,3. Using this representation, one can construct the new interaction

terms responsible for neutrino mass!' as:

—Ligpe—11 = (Ya)apl§_(imaA)lr, + prHY (imy AVYH + h.c. . (1.57)

After SSB, the vev of the Higgs doublet field induces a non-zero vev for the neutral com-
ponent of the triplet (A") = v, which can be calculated by minimizing the scalar potential
as:

2

0\ __ v
(A7) =va = 202 (1.58)

!'Furthermore, one needs to introduce the kinetic and potential terms relevant for the new triplet in the La-
grangian.
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This leads to the Majorana mass term for light neutrinos :
(mi)ij ~ 20a(Ya)ij- (1.59)
Finally, diagonalizing m?! results in the light neutrino masses.

1.4 Dark Matter

With the development of cosmological research over the last few decades, our understand-
ing of the elements that make up our Universe has steadily increased. One of such study,
based on high-precision measurements of the CMB temperature by WMAP [58 ]and PLANCK
[59] collaboration, has revealed that Dark Energy (DE), which accounts for the accelerated
expansion of the Universe, makes up the majority (about 70%) of the energy density of the
Universe, while rest of the Universe appears to be made up of mostly DM (almost 26%).
Finally, visible matter (also known as “baryonic" matter) accounts for only 4% of the total
energy density of the Universe. Although the DM has not yet been directly detected, and its
characteristics are still mostly unknown, astronomical experiments have provided a wealth
of indirect evidence in the form of its gravitational effects that have motivated us to believe
in its existence.

The most prominent and earliest evidence of the presence of DM came from the obser-
vation of the rotational velocity of galaxies and galaxy clusters. Pioneered by Fritz Zwicky
in 1933[60], and later by Vera Ruben in 1970[61], extensive study of the rotational curves of
different galaxies were performed. As a result of which, an unique behavior of rotational
velocity of galaxies and galaxy clusters (similar to Fig. 1.1) was discovered. Fig. 1.1 shows
the variation of rotational velocity of the hydrogen gas clouds around the galaxy NGC 6503
w.r.t. the distance from the center of the galaxy. As seen from the plot, the rotational velocity
Ve increases linearly for small distance from center r. Further increasing r leads to a satura-
tion of the V. till the end of the galaxy. Theoretical calculation using Newtonian mechanics,
however, results in a completely different behavior of V. oc 7~/2 for a larger value of r, which
indicates that the rotational velocity should decrease w.r.t. distance r for larger distances.
This discrepancy can be eliminated by introducing DM halo on top of visible matter as the
galaxy’s constituents, which results in the observed V...

Another distinct tool to study the presence of DM is searching for gravitational lensing
in the sky. According to the Einstein’s general relativity, light can bend in presence of bulk
of matter. One can utilize this fact to estimate the density profile of the matter content of an
intermediate galaxy which acts as a lens for light coming from distant galaxies. As the light
comes through this intermediate galaxy, bending of light occurs due to the gravitational
effect of the constituents of the galaxy. Consequently, a distorted pattern of light rays is
observed in the detectors. Looking at the amount of distortion, one can distinguish the
amount of DM from the visible matter in the intermediate galaxy. One such astonishing
outcome was presented by Bergmann, Petrosian by looking at the leansing effects of several
clusters. A more recent study on Bullet cluster[14, 62] together with various other galaxy
survey experiments also have provided important signatures of DM. We can get some clues

about some of the microscopic nature of DM from the experimental evidences discussed
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Figure 1.1: Rotation velocities V. of different constituents of galaxy NGC 6503 [13]. Different lines depict the
contribution of the three major components towards V. . As seen from the plot, Dark matter, dubbed “halo”
makes the most significant contribution at long distances.

above. The Existence of DM’s gravitational interaction is one of them, while the nonexistence
of electromagnetic charge is another important property of DM. Furthermore, DM should
be a stable object or at least its lifetime should not be smaller than the age of the Universe.
Despite this knowledge, we still do not know many things about DM, the most important
of them is whether or not DM is a particle. Going one step further, if one assumes that
the DM is a fundamental particle, many more questions start to arise whose answers are
still unknown to us, such as, what is the spin of DM? How strong is DM’s interaction with
other fundamental particles? How were they produced in the early Universe? and so on.
Answering such questions is one of the main tasks of the beyond SM model builders as SM
fails to provide any particle DM candidate.

In the present thesis, we will devote one whole chapter to discuss the influence of pos-
sible DM candidates on the matter-antimatter asymmetry generation process. Hence, our
goal for the rest of this section will be to discuss elaborately some of the possible production

mechanisms of DM, more importantly, “Freeze-out" and “Freeze-in" mechanisms.

1.4.1 Production of Dark Matter

There are primarily two mutually exclusive mechanisms available in the literature that can
be used to produce the required amount of stable DM. One is known as “Freeze-out" mech-
anism while the other is known as “Freeze-in". Let us discuss them one by one.

1.4.1.1 Freeze-out Mechanism

In this setup, the DM particle is assumed to have weak coupling with SM fields. Such DMs
are popularly known as Weakly interacting massive particle (WIMP)[63-69]. As a result, the
DMs are in thermal equilibrium in the early Universe. Hence it can be produced from the
thermal bath. Subsequently, it decouples from the bath when this equilibrium ceases to exist.
Depending on the nature of DM at the time of decoupling, DM can be further classified
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as i) hot DM (HDM)- the DM which stays ultra-relativistic during decoupling, ii) warm
DM (WDM)- it decouples when it becomes relativistic, and, iii) cold DM (CDM)- the DM
which becomes completely nonrelativistic at the time of decoupling. The easiest way to
evaluate the decoupling temperature of such DMs is by comparing the DM annihilation rate
(more specifically, the thermal average of annihilation rate (I')) with the expansion rate of
the Universe H. As described in Eq. (1.31) and (1.32), when (I') < H, the interactions of
the DM freeze out and DM decouples from the thermal bath. As a result, DM can have a
significant abundance surviving till now.

A more rigorous and accurate way to learn about the decoupling temperature as well as
the relic abundance of DM particle (say ¢) today is by solving the Boltzmann equation (BE)
for DM particle (say 1) as presented in Eq. (1.40), where n, will be now replaced by n,, and
collision term in the right side will represent all the number changing processes for ¢. To see
how it works, let us assume that the v particle only annihilates to SM particle-antiparticle
pairs (X, X and inverse processes) 17 <+ X X. As a result of which, the right side of the BE
can be expressed as:

. N d*py PPpx Ppx
C(fy: fas Ix fx) = / (271')32E¢-} (2m)32Ex (2m)32E ¢

X [MixxopaPEx Fe (U f) (L £5) = My xxPhafs(l £ fx)(1# fx)].
(1.60)

(2m)*W (P + Pj — Px — Px)

One can simplify the above expression with the following approximations: (i) there is
no CP violation within the interaction processes. As a result of which, owing to the CPT

theorem, one can denote

Mygoxxl= Myl (1.61)

(ii) One can safely neglect the Pauli blocking/ Bose condensation effect in the early Uni-
verse. Consequently, 1 £+ f, ~ 1 holds. Furthermore, since the SM particles are in thermal

equilibrium, fx(fg) can be expressed as:
fx =1 = Eap(-Ex/T),  fx=[f¢=Ezp(-Ex/T). (1.62)

Finally, along with the above approximations (i) and (ii), the delta function for energy con-
servation Ey, + Ej = Ex + Ex leads to the following form of the collision term:

o [ Py dPpx dpy
Clfvi for Ix ) = / (2m)32E; (2m)32Ex (27)32E %

X [Mygoxx (£ = fuls) - (163)

(2m)*sW (P, + Py — Px — Py)

Incorporating the left side of Eq. (1.40), the BE for DM looks like:

dn¢

L4 8Hny = (00) L x [(nf;)Q - ni} (1.64)
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where niq denotes the equilibrium number density of DM:

3
eq _ GefsT (@)2
n 92 T KQ(’ITLQ,/T), (165)
with gesr = g (3g/4) for bosonic (fermionic) DM, while m,; representing the mass of the
DM. Here (0v) 5, x x is the thermal average of scattering cross section times the relative
velocity of DM and can be expressed as [70-72]:

3.,
(00) s vx = 1 / d*py d°py d3px Py (2m)?
XX T ()2 | (2m)32E,, (27)32E; (21)32Ex (21)32E %

x 0W(Py + Py — Px — Pg)|Myg_xx|*Exp(—Ey/T)Exp(—Eg/T). (1.66)

In terms of center of mass energy S of the colliding DMs (ov),,;_, x x can be evaluated as:

1 ° 9
()45 = St R a7 A ASVS(S —amE) K (VS Dok (L67)
¥
where K and K> are the modified Bessel functions respectively.
It is always useful to transform the BE in such a way that the effect of the expansion of the
Universe can be scaled out. For that purpose, one can define the new dimensionless variable

Yy = ny/s, with s being entropy density presented in Eq. (1.36). Consequently, the BE in
Eq. (1.64) will look like:

dYy 2 2

== o)y (VD2 - VY (1.68)
Furthermore, since the thermal average of cross section times velocity depends on the tem-
perature of bath T rather than time, it is convenient to solve the BE as a function of tem-
perature or, more specifically dimensionless parameter z = m,, /7. Thus, assuming a RD

Universe, the relation between time and variable z [24]

0.301M, 0.301M, ,

- P _ 22, 1.69
VI T g 169
leads to the following form of BE
de . Z$<O”U> eq 2 2
dz H(T =my) [(Y¢ ) Yw] ’ (1.70)

where H(T = my) = 1.669i/2m3}/Mp = H(T)z?. One can solve this simple form of BE
to learn how a DM evolves with the evolution of the Universe. The yield at the decoupling
period Y}, can now be easily estimated from the solution of BE. Since there will be no number
changing processes available after freeze out, Y}, will remain constant after the decoupling

till now. Consequently, the current relic abundance of the DM can be estimated using the
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relation:
0
P soYtom
e (1.71)
pcrit. pcrit.

where sp = 2970 cm ™3 is the entropy density of the Universe today.

There exists a large amount of WIMP DM models in the literature which relies on such
freeze-out mechanism. It is interesting to point out that if one assumes a DM having mass
of the order of weak scale, which has weak interaction mediated annihilation processes, the
estimated relic abundance of such DM comes out as the observed value in CMB. This is
known as WIM P miracle. Due to the weak coupling, these DMs can produce signals at
the LHC. There are other direct and indirect detection experiments available for WIMP type
DMs, some of which we will discuss in a later chapter.

1.4.1.2 Freeze-in Mechanism

This is another well studied mechanism, which was pioneered by L.J. Hall[73] in 2009. In
this setup, DM is assumed to have very feeble interaction strength with other particles. As
a result of which, the DM never attains thermal equilibrium during its evolution. Due to
the feeble nature of its interactions, this type of DM is popularly known as the Feebly inter-
acting massive particle (FIMP)[73-77]. These particles can be produced from the decay or
annihilation of heavier particles.

To learn about the evolution of this type of DM over time, one again needs to solve the
BE presented in Eq. (1.40). However, the final form of the equation becomes pretty simple
for this type of DM due to its feeble coupling. For example, let us analyze a simple scenario
where DM (say %) is assumed to be produced only from the decay of heavier particles (say
X)) from the bath: X — . This is a good assumption since the annihilation of particles to
the DM will be highly suppressed compared to their decay processes due to the associated
feeble coupling. In addition, in this case, one can assume that the initial abundance of DM
was negligibly small due to its very weak coupling. As a result of which, the collision term
in Eq. (1.39) will look like:

a3 d3
C(fy; [y, fx) = / (2W)5;E¢ (2%)31’)2)(EX (2m)*6W(Px — 2Py) || Mx oy fx (1 £ £y)?

(1.72)

Assuming 1 £+ fy ~ land fx = fy, and finally representing the Eq. (1.40) in terms of
Yy = ny /s, one can generate the final form of the BE as:

dYy, 1

dz! = HZ/Y;q<FX—>’¢1’¢)>a (173)
which provides the evolution of FIMP DM yeild Y;, w.r.t. the dimensionless variable 2z’ =
Mx /T where My is the mass of the X particle. Here (I'x_,yy) = I'x 4y K1(2)/K2(2) de-
notes the thermal average of decay width I' x_, ., of X particle. Here contrary to the WIMP
scenario, DM with zero abundance in the early Universe is gradually produced from the
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decay of X particles till the X particle becomes nonrelativistic and its abundance drops ex-
ponentially. As a result, the abundance of DM practically freezes in and remains constant
till now. We will study in detail a simple DM candidate produced from a such freeze-in

mechanism and its indirect impact on the lepton asymmetry generation in a later chapter.

1.5 Baryon asymmetry of the Universe

In particle physics and cosmology, the imbalance between matter and antimatter in the ob-
servable Universe remains a significant enigma that is yet to be fully understood. Although
the standard model of cosmology is capable of predicting CMB radiation and the primor-
dial quantities of light elements, it falls short of explaining why antibaryon abundance n 3
is almost absent in our visible Universe, more precisely why the baryonic abundance Yz =
(np —np)/s is of the order of 8.7 x 10~ ![17]. We will begin this section by presenting ex-
perimental evidence that confirms our Universe has more baryons than antibaryons. Then,
we will discuss the necessary conditions to create such asymmetry through dynamic pro-
cesses. One such process, called the leptogenesis mechanism, is the most promising baryon
asymmetry generation mechanism as it is inherently tied to the origin of neutrino mass gen-
eration from the seesaw mechanism. In the next section, we will discuss the specifics of this

mechanism and provide a broad overview.

1.5.1 Antimatter search and constraint on baryon asymmetry

Due to the almost identical nature of fundamental interactions of particles as well as antipar-
ticles, it is natural to believe that the Universe should be symmetric in matter and antimatter.
However, to verify such speculation, it is necessary to search for and detect an equivalent
amount of antimatter (antibaryon) to the matter (baryonic) already observed in our Uni-
verse. There are two ways one can look for antimatter in the Universe: (i) direct search for
antinuclei or (ii) search for the diffused gamma rays generated due to a possible annihilation
of the matter and antimatter if both are present.

To start with, one can search for antimatter on the Earth. However, no antimatter is
found. The solar system is the next closest source where antimatter can be searched. The
presence of antimatter in the solar system would result in a strong photon signal due to its
interaction with solar winds[78]. However, the absence of such signals has ruled out the
possibility of antimatter in the solar system. Another compelling evidence of the absence of
antimatter in our solar system and our galaxy comes from the direct observation of cosmic
rays. PAMELA and FERMI space observatories are extensively studying these cosmic rays.
Recently they have discovered some traces of positrons and antiprotons. However, the an-
tiproton to proton flux is only found to be of O(10~%). Such small antiprotons are generated
by the interaction of cosmic ray protons via p+p — p+ 3p process. This again indicates that
no antimatter structure in the form of stars is present in our solar system or our galaxy.

The presence of antimatter in the remaining part of the Universe can be heavily con-
strained by the indirect detection process. In that case, One can think of two fundamentally
different types of regions in the Universe: (a) regions where matter and antimatter are mixed

homogeneously similar to the environment at intergalactic medium or interstellar medium,
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Figure 1.2: The primordial abundances of *He, D, ®He, and"Li as a function of cosmic baryon density predicted
by the standard model of Big-Bang nucleosynthesis. The bands indicate the 95% CL range[18], while yellow
boxes denote the observed light element abundances. The narrow blue vertical band is the CMB measure of the
cosmic baryon density, while the wider magenta band indicates the D+4He BBN concordance range (at 95%

CL). Credit to [79].

where along with matter, a certain amount of antimatter can be found, and (b) large patches
of regions consist of only matter or antimatter.

The majority of the baryons in galaxy clusters are found in the warm, intracluster gaseous
medium that emits X-rays. These X-rays are produced due to thermal bremsstrahlung emis-
sion from the two-body collisions. However, If a fraction of this gas (say f) were to consist of
antibaryons, matter-antimatter annihilation would produce high-energy gamma rays, which
are related to the observed X-ray flux. Non-observance of these gamma-ray flux provides an

upper limit on the fraction f[80]:

n 1 Iy

oV Fy’ (1.74)

f<3x10™
where T is the temperature of the gas, while F'x and F, represent the flux for X-ray and
gamma-rays respectively. EGRET experiment searches for these gamma photons. It has
surveyed 55 galaxy clusters[81] and has provided an upper bound on the gamma-ray flux
for each cluster of galaxies. Using these upper bounds, fraction f is constrained in [82]. The
largest bound on f is found to be f < 1075, which indicates that these clusters are almost
entirely made up of matters. On the other hand, if there were large regions consisting of only
matter or antimatter, a large amount of matter-antimatter annihilation would occur at the
boundary between the two patches. Non-observation of such annihilation signal as a form
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of photons generally provides a bound on the size of such individual patches. In [83], the
authors provide an estimate of the size of such domains, which is found to be of the order
of the observable Universe.

All these observations discussed till now indicate a baryon asymmetric Universe. There
are two ways one can quantify such baryon asymmetry: i) by taking a ratio of baryon density
and photon density of the Universe: g = (np —ng)/n,, or ii) by taking the ratio of baryon
density and entropy density: Yp = (np — ng)/s, with ng = 0 holds today as discussed
above. Analyzing the acoustic peaks in the angular power spectrum of the CMB, one can
provide a bound on np (or Yp) of the present day (indicated by n% or Y3) with a good
degree of accuracy as[17]:

n% = (6.12+0.04) x 107%r Y3 = (8.740.06) x 1071 (1.75)

On the other hand, the measurement of the abundance of the primordial light elements
during the big bang nucleosynthesis (BBN) period also provides an estimate of 5% (or Y})
as[18]:

n% = (5.7-6.5)x 1071° Y0 =(8.2-8.8) x 107" (95% CL). (1.76)

Fig 1.2 shows the variation of the primordial fraction abundances of *He, D, *He, and"Li
w.r.t. the baryon density as predicted by the standard model of Big Bang nucleosynthesis.
Here, the CMB measurement of the cosmic baryon density (as presented in Eq. (1.75)) is
denoted by the narrow blue vertical band, while the observation from BBN [18](at 95% CL)
is indicated by the wider magenta band. The overlap between these two bands indicates that
both CMB and BBN observations of cosmic baryon density are consistent with each other.
It should be noted that the time for BBN formation differs significantly from that of CMB
formation. Nonetheless, the similar amount of baryon asymmetry obtained from these two
epochs is quite intriguing.

1.5.2 Generation of baryon asymmetry

To explain such observed baryon asymmetry, the simplest solution would be to assume the
baryon number asymmetry as the initial condition from the beginning of the Universe. How-
ever, in that case, one would require 6000001 baryons for every 6000000 antibaryon leading
to a highly fine-tuned initial situation. A state with such fine tuning seems quite unlikely.
More importantly, we have compelling evidence from CMB that inflation occurred in the
early Universe. As a result, any primordial baryon asymmetry would have been erased by
the exponential expansion of the Universe during the inflation era. Hence a dynamical gen-
eration mechanism of baryon asymmetry from a baryon-antibaryon symmetric Universe is
necessary, which is popularly known as baryogenesis. Let us now discuss the conditions

necessary for baryogenesis and search for the conditions within the SM of particle physics.
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1.5.2.1 Sakharov Condition

The three ingredients required to dynamically generate a baryon asymmetry were proposed
by Sakharov in 1967[84]. They are summarized as follows:

1. Baryon number violation: It would be obvious that the Universe with an initial con-
dition B = 0 can not gain any baryon number excess if all fundamental interactions
maintain the baryon number. So, one needs baryon number violating interactions in
the system. Within the SM of particle physics, both baryon number and lepton number
are conserved at the classical level. However, due to the axial anomaly and nontriv-
ial vacuum states of the non-abelian gauge symmetries of SM, these accidental sym-
metries of SM are broken at the quantum level. Hence, at the nonperturbative level,
baryon number violating interaction, called the sphaleron process, is present within
SM.

2. Charge-conjugate (C) and Charge-conjugate-Parity (CP) violation: C or CP symmetry
indicates that the interaction rate for a process and its charge conjugate or CP-conjugate
process are equal. As a result, the C or CP-conjugate process of a baryon number vio-
lating interaction would produce an equal and opposite amount of baryon asymmetry
leading to a system having vanishing net baryon number. So, C and CP violation is
essential for baryon asymmetry generation. The weak interactions within the SM vio-
late C maximally, and the CKM matrix related to quark mixing violates CP. Therefore
SM itself satisfies Sakharov’s second condition. However, the amount of CP violation
present within the CKM matrix is so small that it is impossible to generate baryon
asymmetry of the order ng ~ 107! with such a small CP violation.

3. Departure from equilibrium: Baryon asymmetry produced from processes satisfying
the above two conditions would evolve with the temperature of the Universe. If dur-
ing this whole process, the system stays in thermal equilibrium, an equal amount of
interaction and its inverse process would occur, erasing the whole baryon asymme-
try. Hence, a system must go out of equilibrium for the survival of the produced
baryon asymmetry. Within the SM, the electroweak phase transition process (EWPT)
is present, which may provide such out of equilibrium phase for the process gen-
erating baryon asymmetry. However, for this purpose, the EWPT has to be of first
order[85, 86] which is currently inconsistent within the Higgs boson’s mass ~ 125
GeV|[87-89]. As a result, the out-of-equilibrium condition is not satisfied within SM.

All these indicate that to generate the required amount of baryon asymmetry, one should
search for new physics scenarios beyond the SM, which can provide not only a new source of
CP violation but it should also introduce new out-of-equilibrium dynamics. There are many
interesting scenarios present in the literature which can dynamically produce the baryon
asymmetry successfully, such as GUT baryogenesis[90-92], Affleck-Dine baryogenesis[93,
94], baryogenesis via leptogenesis[95-97], etc. However, we will not go into the detail of
these mechanisms; rather, we will discuss the baryogenesis via leptogenesis mechanism
in the next section elaborately, followed by a discussion on the importance of individual
charged lepton flavors on leptogenesis mechanism as its understanding is crucial in view of

the present thesis.
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1.6 Baryogenesis via Leptogenesis

One of the most attractive mechanisms for the dynamical generation of baryon asymmetry
is leptogenesis due to its close proximity with the seesaw variant of neutrino mass mech-
anisms. As discussed earlier, within a seesaw framework, the SM is generally extended
with heavy degrees of freedom. Consequently, the smallness of the light neutrino masses
is explained by the large masses of newly added fields. Among all such seesaw setups, the
type-I setup is most attractive’ as, in this case, the inclusion of heavy RHNs is enough for
the generation of light neutrino mass. Given that the decays of these seesaw-related heavy
RHNSs generally satisfy all the conditions necessary for generating a lepton asymmetry, such
a canonical seesaw framework can accommodate the leptogenesis mechanism naturally. For
example, (i) complex Yukawa couplings present in the Yukawa interaction associated with
such RHNs can be the source of CP violation, (ii) due to the Majorana nature, the mass term
of the RHNSs violates lepton number; (ii) the decay process of the RHNs at 7" < M; can go
out of equilibrium as a result of the expansion of the Universe. Hence, a finite amount of lep-
ton asymmetry can be generated, which is then partially converted into a baryon asymmetry
through anomalous B + L violating electroweak sphaleron interactions. In the remaining
section, we will mainly discuss in detail the leptogenesis mechanism and the importance of
individual charged lepton flavors on lepton asymmetry generation within the type-I seesaw

framework.

1.6.1 Unflavored thermal leptogenesis

The relevant Lagrangian, which can explain the leptogenesis naturally within the type-I see-
saw framework is presented in Eq. (1.50). In this setup, due to the existence of Yukawa
interaction as well as the Majorana mass term, the RHNs would be produced from the ther-
mal bath in the early Universe (7" >> M;) by means of inverse decay ({1, + H — N; and
(1, + H — N;) as well as 2 — 2 scatterings mediated via Higgs boson. Typically, it is con-
sidered that the interaction rates of these processes were fast enough in the early Universe
to keep the RHNSs in thermal equilibrium. Subsequently, as the temperature of the Universe
dropped below the mass of the individual RHNs, the decay of respective heavy field N;
would become active via N; — ¢; + H and N; — {1 + H, which would produce a finite
amount of CP asymmetry in the individual lepton flavor direction. One can parametrize
such CP asymmetry as:

(07

o D(N; =y, +H)—T'(N; — £r, + H)
¢ Za{r(Ni—>£LQ+H)+F(NZ'—>ZL&+FI)}’

(1.77)

where I'(N; — (1, + H) and T'(N; — {1, + H) are the decay width of the decay process
N; — f1, + H and N; — ¢, + H respectively. The denominator represents the total decay

*The original leptogenesis setup provided by Fukugita and Yanagida also incorporated the type-I seesaw
framework.
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Figure 1.3: Tree and one-loop Feynman diagrams for the decay of the RHNS.

width of NV; and can be easily estimated at the tree level to be

(YVTYL)M

M;. (1.78)
81

S {T(N; = b, + H) + T(N; = I, + H)} =

Note that the difference between I'(N; — (1, + H) and I'(N; — /1, + H) vanishes at
the tree level. However, at the one loop level, interference between the tree and one loop
decay amplitudes can give rise to a finite amount of CP asymmetry. The relevant Feynman
diagrams are shown in Fig.1.3. As can be seen from the diagrams, both the one loop self
energy[98, 99] and vertex correction diagram[95, 96] (middle and right diagrams of Fig.1.3
respectively) contribute to the CP asymmetry. Additionally, one needs to have at least two
RHNSs to have a non-vanishing CP asymmetry. After performing the loop calculations, the
individual CP asymmetry ¢ can be estimated as:

J#i

+1Im {(Yj)m(y,,)aj(yjy,,)ﬂ} G (?\ﬁ) ] , (1.79)

where F(z) = /& [1 + - +(1+2z)h <1+%>} and G(z) = 1/(1 — z) are the loop functions.
Finally, to generate the total CP asymmetry from the decay of IV;, sum over flavor index
o needs to be performed so that e; = Y ¥ = ef + ¢!’ + 7. Consequently, the total CP

asymmetry ¢; (from the decay of i-th RHN) will be given by:

2

M:
g = m ;Im [(ijy)fj] F (MJQ> : (1.80)
Furthermore, if one assumes a hierarchical RHN scenario, where the masses of the RHNs
follow the relation M; << M, << Mjs, the lightest RHN might stay in the thermal equi-
librium for a much longer period of time compared to the other two RHNs. As a result,
the CP-asymmetries generated by N2 and N3 are expected to be washed out by the lepton
number violating interactions of N;. This leaves only the CP asymmetry generated by V; as
the dominant contribution to the process of leptogenesis. Such an asymmetry, however, can
further be washed out partially by the lepton number violating 2 — 2 scattering interactions.
Incorporating all these effects into account, one can approximately estimate the final lepton
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asymmetry as:

1 3

Yo 1 =np_p/s = ———"° .
B-L=nB-L/s o1 151 (1.81)

where k represents the efficiency factor that accounts for the fraction of lepton asymmetry
surviving the washout processes. If N; decays strongly out-of-equilibrium, all back reac-
tions can be negligible and one can assume ~; ~ 1. On the other hand, if the departure from
equilibrium for Ny is mild, £ ~ 1072 — 1073 can produce the required amount of lepton
asymmetry. An accurate estimate for the efficiency factor s or, in other words, the final
asymmetry will however follow if one solves coupled BEs that correlate the abundance of
N; with the produced B — L asymmetry.

To construct the BE for B — L number asymmetry from Eq. (1.40), one can conveniently
construct a new basis, ¢;, out of the lepton doublets ¢, as[95, 96, 100]:

Y, at
0 = %m, (1.82)

(YJYu)m'

in the unflavor limit, where the asymmetries produced in ¢, , . can not be distinguished.

In terms of new states, the neutrino Yukawa interaction of NV; becomes 4/ (YVT Yy)ii&ﬁ N;. If
one assumes the hierarchy among RHN masses as M; << My << Mj3, only the following

relevant interactions associated with ¢; lepton state will influence the lepton asymmetry:

e Decay process of RHNSs: interaction rate density is denoted by vp = v(N1 — (1 H) +
v(Ny — WH ) while the same for inverse decay processes is denoted by y(¢; H — N)
and v({1H — Ny).

e Higgs mediated AL = 1, t and s-channel scattering processes: interaction rate densi-
ties are vy, = 7(01Qr, <> Nitr) and vy, = v(¢1 N1 <> Qr,tR) respectively.

e The AL = 2, N; mediated s-channel scattering processes: interaction rate density
YN, =1 H > (1 H).

e The AL = 2 Ny mediated ¢ and u-channel scattering processes: interaction rate density
N, = Y(l1ly < HH).

Consequently, constructing the BE for B — L number asymmetry along ¢; direction will
be sufficient. Starting from Eq. (1.40) following the steps provided in Eq.(1.60)-(1.62), the

following classical coupled equations can be constructed®, which represent the evolution of

3For most general computation, one needs to construct the density matrix for lepton asymmetry and solve
for every entry of it.
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number density of Ny and B — L asymmetry:

dYy, Y,

=—| = -1 2 4 1.83

sHx I (Yﬁ,‘f (vp + 27, +4ymH,), (1.83)

dYp_p dy, dYg
— L
sHa dx y x< dx dx
Y; Ys_ Y;
= Y]gé —1)eavp+ % 29N, + 29N, + 2vmH, + ijz(lﬂHs : (1.84)
Ny 04 Ny

where the total CP asymmetry & originates from the difference between decay rate* N; —
/i+Hand Ny — ¢, + H. Following the CPT theorem, this difference can be parametrized
as:

_ _ 1
’y(Nl — 0+ H) = 7(@1 + H — Nl) = 5’)/1)(1 +€1),

_ _ 1
’V(Nl —>£1+H) :7(£1+H—>N1) = 5’)/D(1—€1). (185)

Here z = M; /T is the dimensionless parameter, while Y and Y, represent the equilib-
rium number density-to-entropy density ratio of lightest RHN Ny and new lepton doublet
state /1 respectively and can be evaluated using Eq.(1.36) and a relation similar to Eq.(1.65).
Finally, solving the BEs in Eq. (1.83) and (1.84) simultaneously will provide a better estimate
of final lepton asymmetry compared to the approximated case presented in Eq. (1.81).

At the leptogenesis scale, sphaleron processes were in thermal equilibrium. As a result
of which, these processes efficiently can convert the produced lepton asymmetry into baryon
asymmetry till the temperature of the Universe drops below 150 GeV, where the sphaleron
interaction becomes exponentially suppressed, and no conversion from lepton asymmetry
to baryon asymmetry is possible. During this conversion process, the following relation
between baryon number asymmetry and B — L number asymmetry can be derived[101]:

Vg = CYp_1, (1.86)

where C denotes the conversion factor. If sphalerons decoupled from the thermal bath just
before the SSB scale, it follows C' = 28/79, while if sphalerons remain in equilibrium till
slightly below the SSB scale, the relation modifies to C' = 12/37. After the sphaleron pro-
cesses decouple, there would be no interaction that could change the baryon asymmetry.

1.6.2 Charged lepton equilibration and flavored leptogenesis

While evaluating the final B — L asymmetry above, it was assumed that all the lepton asym-
metry was generated along the /; lepton state direction and eventually, a flavor sum was
performed. However, this prescription of evaluating the final lepton asymmetry becomes
invalid as soon as the charged lepton Yukawa interaction rate (associated with Y;_ ¢, HFEg,
where Epr, represents the right-handed charged singlet leptons) becomes non-negligible

*The CP asymmetry produced from the scattering processes can be safely neglected as the amount will be
much less compared to the CP asymmetry produced from the decay of V.
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compared to that of N; — ¢; H interactions.[102] In that case, as the temperature falls be-
low T = 5 x 101 (= 10%) GeV (we will derive these temperatures in the later part), 7 (1)
Yukawa interactions become dominant as they come into the thermal equilibrium. Dur-
ing the period 5 x 101 < T < 10° GeV, if RHN decays while staying out-of-equilibrium
to produce lepton asymmetry, the produced lepton (anti lepton) doublet states ¢; (¢1) can
not keep their quantum coherence due to the non-negligible interactions of right handed
tau-leptons before they get reabsorbed again for inverse decay. As a result, Universe gets
populated with an incoherent mixture of mutually orthogonal states ¢, and ¢,, where ¢, is
the tau eigenstate, and ¢, is a coherent superposition of muon and electron eigenstate. Con-
sequently, not only does the produced lepton asymmetry get distributed unevenly to these
two flavor states, but the produced asymmetry along individual flavor directions also di-
lutes differently[103-107]. Below T' < 10 GeV, the quantum coherence of ¢; states breaks
down completely. In that case, one needs to look for the evolution of the individual lepton
flavor asymmetries by constructing BEs for lepton asymmetries along individual flavors.

1.6.2.1 Evaluation of equilibration temperature of charged lepton Yukawa

In order to learn whether charged lepton Yukawa interactions of a specific flavor « are fast
enough or, more specifically, in thermal equilibrium, one needs to compare the associated
interaction rate with the expansion rate of the Universe. In the standard scenario, assuming
all these phenomena are occurring in the RD Universe, one can calculate the thermally aver-
aged interaction rate associated with the charged lepton Yukawa interactions (more specifi-
cally decay rates of Higgs decaying to left-handed lepton doublets and right-handed charged
lepton singlets of « flavor) as[108-110]:

o dy & B " o ta
(o) = / G / S / e () -k IMPLL (187)

where p is the 4-momentum of parent particle (Higgs) while k and £’ are the 4-momentum
of lepton doublet and singlet charged lepton respectively. The thermal distribution function
of Higgs fr and number density ny can be denoted as:

1
o= BT 1 (1.88)
ng = C(3)2T3 . (189)

s

Assuming final state particles have negligible mass, squared Feynmann amplitude | M|? for

these decays would be:
IMP=2Y kK =Y2Mp, a=eprT (1.90)

Finally, evaluation of integral in Eq. (1.87) for T >> My leads to[108]:

Yfiﬂ 2
(Ta) 7Mu(T)". (1.91)

= 192¢(3)
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Figure 1.4: Variation of (I'y) /H w.r.t. T in RD phase. The horizontal dashed line denotes (I',) /H = 1, while
the vertical dashed lines indicate the ETs of three charged Yukawa interactions.

where My (T') is the thermal mass of Higgs and can be estimated as:

T
My (T) = Z\/ng + g2 + 4y + 8) (1.92)

where y; and X are the top Yukawa couplings and the Higgs quartic couplings, respectively.
With proper numerical values of the relevant couplings, the thermally averaged decay rate
of the decay process becomes[111]:

(To) =5 x 1073Y2T. (1.93)

Comparison between these obtained decay rates with Hubble constant (H = 1.66 g

T2/ Myp)
will lead to the (ET) of the charged lepton Yukawa interactions. Fig.1.4 shows the vari-
ation of (I'y)/H w.r.t. temperature T' for different lepton flavors a = e, u,7. As can be
seen from the figure, 7 Yukawa interaction becomes sizable around 77, ~ 5 X 101! Gev
when (I';)/H = 1, while yr and e come to thermal equilibrium at 7| g(u) ~ 10% GeV and
Ty ~ 5 % 10* GeV® respectively. As a result, if the lightest RHN N; decays while staying
in out of equilibrium in between 5 x 10! > T > 10% GeV, quantum coherence of ¢; breaks
down and lepton asymmetry along 7 lepton direction becomes distinguishable. On the other
hand, if leptogenesis occurs at T' < 10 GeV, lepton asymmetry along 7, 1 and e directions

become distinctive.

1.6.2.2 Formation of Boltzmann equation

To construct the appropriate set of BEs, which can accommodate the evolution of lepton
asymmetry along individual flavor directions, one needs to rely on the density operator
approach. In that case, to start with, a density matrix g is defined as the difference between
the density matrices for the leptons and the antileptons, whose diagonal entries indicate the

Thermal field theory can be used to provide a more accurate estimate of ETs. For example, see [112] for the
latest calculation on ET of er.
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asymmetry along each lepton flavor direction, i.e., oo < Y7, Whereas off-diagonal entries
0ap With a # [ represent quantum correlations between different lepton flavors. In a most
general scenario, one needs to look for the evolution of every element of g to evaluate the
final lepton asymmetry further. However, due to some unique properties of the density
matrix, the calculation can be simplified. One such feature of ¢ is that whenever charged
lepton Yukawa interactions of a specific flavor are strongly in thermal equilibrium, the off-
diagonal terms related to that flavor disappear®. Consequently, only the diagonal entry of
o representing lepton flavor with non-negligible Yukawa interactions survives and evolves
with time. Secondly, if the population of lepton flavors that are not in thermal equilibrium
is assumed to be negligibly small, using the inequality |005|>< 0aa0ss, One can also neglect
the effect of g, for those lepton states. Due to these characteristics, the general equation
for p can be reduced to a subset of equations for the diagonal entries of ¢ matrix. Taking all
these informations into account, one can write down the BEs for lepton flavor asymmetries
or, more specifically, BEs along individual A, = B/3 — L, number direction (as sphaleron
conserves A, ) as[103, 104]:

d o Yn 0 1 Y] H Yn

cl! 1 Ya
x (ngﬂ YH + Z/B/YHt) + (2 Cgcﬂ + Cg) (’YHt + 27Hs> :| Yeg }7 (194)
£

where ¢, is the CP asymmetry produced along individual lepton flavor from N; decay and
expressed by Eq. (1.79), while K represents the ratio between the tree level total decay
width of N; to the individual lepton flavor o and the total tree level decay width of N,
(expressed in Eq (1.78)). Matrices C* and C relate the asymetry in the lepton and Higgs
doublets with the asymmetry in A, number according to[104]:

Ya Ya
Yo, = —Zc(gﬁﬁeg, YH = —ch?eg, (195)
B 1 B 1

where y, is defined as: v, = (n, —nz)/ny, withz = ¢;_, H. The structure of the C* and C¥
matrices can be determined by knowing the constraint equations coming from the chemical
equilibration conditions provided by the SM interactions, which are in thermal equilibrium
at the relevant temperature regime when the leptogenesis mechanism is active. Few further
simplifications were made while constructing the Eq. (1.94):

e Subdominant AL = 2 offshell scattering processes and scattering involving gauge
bosons have been neglected.

e CP violation in AL = 1 scattering processes is ignored, and finite temperature masses
and couplings were not included.

®However, when a charged lepton Yukawa interaction approaches to the thermal equilibrium, the off-
diagonal entries of the ¢ matrix will have finite values. So, during this type of transition period, one needs
to solve the whole density matrix to estimate the lepton asymmetry more accurately.
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Finally, solving Eq. (1.83) and Eq. (1.94) simultaneously will provide the final lepton asym-
metry along individual flavor directions, which is then converted to the baryon asymmetry

by sphaleron transition as (assuming sphaleron decouples above SSB):
28
Yp = g YB/3-La- (1.96)

1.6.2.3 Different temperature regimes and flavor structure of Boltzmann equation

Let us now discuss the impact of different SM interactions which are in thermal equilibrium
on determining the structure of C* and C matrices and, subsequently the flavor structure
of the BEs at various relevant temperature ranges.

At very high temperatures (T > 10'° GeV), all SM interactions were out of equilibrium.
As temperature decreased, interactions with larger coupling achieved kinetic equilibrium
tirst, followed by chemical equilibrium. As a result of such chemical equilibration, the chem-
ical potential of various particles involved in the reactions became dependent of each other.
Since the chemical potential of a particle X is related to the number density asymmetry as:

gxT? | ux/T  fermions,
6 2ux /T bosons,

nxy —Ng = 1.97
X

where 1 x represents the chemical potential of X species while gx is the number of degrees
of freedom of X, these chemical equilibration constraints provide a relationship among dif-
ferent particle number asymmetries for particles participating in fast interactions. The con-
straints on chemical potentials, which are relevant for lepton asymmetry generation are the
followings:

1. Since above SSB, the chemical potential of gauge bosons follow iy = py: = up = 0,
the chemical potential of different quark colors as well as two members of SU(2)y,
doublets attain equilibrium. This leads to: pg = pu, = pa,, e = fe, = v, and
MHH = K+ = HHO-

2. Irrespective of any temperature, Hypercharge neutrality condition provides:

> (nq, +2uu, — 1o, — e, — pE,) + 2um =0, (1.98)

(2

where py,, pp,, pE, represent the chemical potential of SU(2);, singlet fermions of
i-th generation.
3. When QCD instanton and electroweak sphaleron interactions reach chemical equilib-

rium, they enforce the following constraints:

> 2uq, —pu, —pp, =0, > 3ug, + e, =0. (1.99)

2 7
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4. Yukawa interactions, when reach thermal equilibrium, provide the following constraints:

pu;, = pQ, + pm, for Up-type quarks, (1.100)
wp, = pQ, — pkH, for Down-type quarks, (1.101)
LE, = e, — itE, for charged leptons. (1.102)

One can identify four distinctive temperature regimes when different fast reactions along
with the charged lepton Yukawa interactions influence the lepton asymmetry production.
Those are listed as follows:

e T > 5 x 10! GeV: In this temperature range top and bottom Yukawa interactions are
in equilibrium. Interactions related to the EW sphalerons are also expected to be in
equilibrium at 7' ~ 10'2 GeV. However, as no charged lepton Yukawa interaction has
become fast enough, one can safely use the BE in Eq. (1.84) along with Eq. (1.83) to
evaluate the lepton asymmetry of the Universe.

e 5x10M > T > 10° GeV: Within this temperature window, the lepton doublet states lose

their quantum coherence since tau Yukawa interactions come to thermal equilibrium.
Consequently, one can define the new lepton flavor basis states as (¢, ¢, {;) where ¢,
and /, are the states made up of different linear combination of /. and /, states. For
simplicity one can define ¢, state such a way that ¢; is orthogonal to ¢, i.e. | {£1]{)|*= 0.
As aresult of which, one finds Y7, = gp, = 0. This ensures that the off diagonal entries
0ab and gy, also vanish. Hence, Eq. (1.94) reduces to only two relevant equations for
asymmetry along lepton flavor a and 7 directions.
On the other hand, the equilibration of tau, bottom and top Yukawa interaction leads
to the constraints ji; = pg, + pw , o = po; — pr and pr = py. — pg. Incorporating
these conditions along with the one from Eq. (1.99) for EW sphalerons and Eq. (1.98),
following value of C* and C'* matrices can be constructed[103, 104]:

, 1 [196 —24

1
Ccf= — , CH=_— <41 56) . (1.103)
460 | o o6 230

e 5x 10° > T > 10° GeV: In this epoch, second generation Yukawa interactions, most
importantly, ;1 charge lepton Yukawa interactions become dominant by entering into
the thermal equilibrium. As a result, the quantum coherence of lepton doublet states
is completely broken. Consequently, the lepton asymmetries along all the flavor direc-
tions become distinguishable. In that case, Eq. (1.94) will be a set of three equations
representing evolution of Ya_, YA o and Ya ..

To construct the C* and C¥ matrices, one needs to now impose the constraint condi-
tions for third and second generation Yukawa interactions presented in Eq. (1.100),(1.101)
and (1.102) in addition to the condition from Eq. (1.99) for EW sphalerons and Eq. (1.98).
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Combining all these conditions yields:

906 —120 —120

1
75 688 —28 | CH=358<37 52 52)- (1.104)

e 1
2148
—75 —28 688

o T < 10° GeV: In this case, till electroweak symmetry breaking, all the SM interactions
are in thermal equilibrium. As a result, all SM particles will gain chemical poten-
tial and all the chemical potential conditions presented in Eq. (1.98)-(1.102) for every
generation of fermions will be effective. The structure of C* and C* in this regime

therefore read:

221 —16 —16
8
~16 221 —16| CH=79<1 1 1)- (1.105)

—-16 —-16 221

e 1
711

1.7 Objective and outline of the thesis

The main objective of this thesis is to check the influence of different BSM scenarios, moti-
vated to resolve some of the problems in particle physics and cosmology, which can impact
the prediction of leptogenesis, in particular on flavor leptogenesis. As discussed above, fla-
vor leptogenesis is a framework where effects of the individual charge lepton flavors on lep-
ton asymmetry production is analyzed. When a charged lepton Yukawa interaction becomes
comparable to the expansion rate of the Universe, the relevant Yukawa interaction may oc-
cur rapidly in the Universe. If the out-of-equilibrium decay of any heavy state producing
lepton asymmetry happens to be in the era where this charged lepton Yukawa interactions
(of one or more flavor) are important enough, the lepton asymmetry along that particular
lepton flavor direction (with dominant interactions) gets enhanced or diluted differently
compared to the other flavor directions having negligible interaction. This affects the total
lepton asymmetry production.

To study the influence of different BSM scenarios on this flavor leptogenesis, we focus
our attention on those which address possible resolution to the origin of neutrino mass, dark
matter. Although there exists a vast literature that handles these problems independently,
in this thesis, we aim to investigate whether some of these can also affect the lepton asym-
metry generation process. For example, in chapter 2, we will check if the RHNSs responsible
for neutrino mass generation become degenerate due to some large scale flavor symmetry,
how will it impact the neutrino mass and mixing as well as flavor leptogenesis process. In
chapter 3, we will address the DM problem and show that the early Universe evolution of
DM can not not only be connected with the lepton asymmetry generation, the same DM
may also influence the production of lepton asymmetry directly. In chapter 4, we venture

into a new paradigm where in the early Universe, just after inflation, a prolonged reheating

TH-3115 176121017



38 Chapter 1. Introduction

process occurred, and subsequently it impacts the charged lepton Yukawa equilibration and

eventually the flavor leptogenesis process. Finally, in chapter 5, we conclude.
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Chapter

Flavor Origin of Flavor Leptogenesis

2.1 Introduction

Over the last couple of decades, we have witnessed remarkable success in neutrino exper-
iments [35, 113-120] indicating that neutrinos are indeed massive. Furthermore, mixing
parameters have been measured with great precision. In fact, two of the three mixing an-
gles namely solar (#;2) and atmospheric (f23) ones are found to be large while the other
one, reactor (¢;3) mixing angle, is relatively small. Such a finding clearly shows the distinc-
tive feature associated to the lepton sector in contrast to the quark one where all the three
mixing angles are measured to be small. To have a deeper understanding of it, one needs to
investigate the origin of the neutrino mass by looking at the neutrino mass matrix as well as
the charged lepton sector from a symmetry perspective.

As discussed in Section 1.3, to address the tiny neutrino mass issue, various seesaw mech-
anisms [40, 43-45, 48, 53, 121, 122] have been proposed by extending the Standard Model
(SM) with heavy fermions/scalars. Among these, the type-I seesaw mechanism provides
perhaps the simplest explanation of tiny neutrino mass where the SM is extended by three
singlet RHNs [40, 43, 44]. Involvement of flavor symmetries within this simple setup is off
course an interesting possibility in order to explain the typical mixing pattern in the lepton
sector. Non-abelian discrete groups (like S3, A4, Sy, A5, A(27) etc.) in this regard have been
extensively used (see reviews [123-130] and references therein).

Among the various discrete groups, A4 turns out to be the most economical onel. Tt
is a group of even permutations of four objects having three inequivalent one-dimensional
representations (1, 1’ and 1”) as well as one three-dimensional representation (3). Interest-
ingly, the three generations (or flavors) of right-handed charged lepton singlets can natu-
rally fit into these three inequivalent one-dimensional representations of A4 while the three
SM lepton doublets can be accommodated into the triplet representation of A, [133-135].
Works along this direction [133, 134, 136, 137] showed that type-I seesaw model with A4
flavor symmetry in general leads to a typical tri-bimaximal (TBM) lepton mixing (sin? 612 =
1/3, sin?fp3 = 1/2 and 613 = 0) pattern [138, 139] in presence of SM singlet (though
charged under A,) flavon fields. Though such TBM pattern received a great deal of at-

' A4 group was initially proposed as an underlying family symmetry for quark sector by [131, 132].
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tention due to its close proximity with experimental observation prior to 2012, it fails to ac-
commodate the recent observation of small, but non-zero 6,3 [119, 140, 141]. Subsequently,
modifications over models based on A4 (and other discrete groups) are suggested to accom-
modate non-zero 613 either by considering additional flavon fields or including corrections
to vaccuum alignments of the flavons [142, 143] or considering contributions to additional
mixing from the charged lepton sector [144].

In this work (based on [145]), we particularly focus on a framework where a non-trivial
contribution to lepton mixing is originated from charged lepton sector. We do not con-
sider any additional flavon field apart from those ones incorporated in the original Altarelli-
Feruglio (AF) model [133]. While the RHN mass matrix turns out to be diagonal as a result
of the flavor symmetry imposed, the structure of the charged lepton mass matrix becomes
such that it can be diagonalized by a complex ‘magic’ matrix [134]. Interestingly, an anti-
symmetric contribution to the Dirac neutrino mass matrix, originated from the product of
two Ay triplets, plays a crucial role in generating non-zero 6,3 [ 146-149] in our model which
was overlooked in an earlier attempt [150]. In doing the analysis, we find the atmospheric
mixing angle 63 < 45° i.e. to lie in lower octant (LO). We also note that only normal hierar-
chy (NH) of light neutrino masses are allowed in this model. This turns out to be another
salient feature of our construction. These predictions can be tested in ongoing and future
neutrino experiments as ambiguities are still present in determining octant for 03 as well as
hierarchies of light neutrino masses.

Finally, we discuss the aspects of leptogenesis [95, 96,99, 151, 152] from the CP-violating
decays of RHNs in this A4 based type-I seesaw scenario in line with observations [ 153-160].
In doing so, since the involvement of the neutrino Yukawa matrix in the charged-lepton
mass diagonal basis is necessary, the specific flavor symmetric construction of it is expected
to play an important role. In fact, due to this symmetry, exactly degenerate heavy RHNs
result at tree level, thereby indicating the breaking of the perturbative field theory involved
in CP asymmetry generation [97]. Following [150], we are able to show that running of the
parameters involved in the neutrino sector from the flavor symmetry breaking scale to the
RHN mass scale actually eliminates such exact degeneracies and as a result, leptogenesis
can indeed be possible. The present study of matter-antimatter asymmetry generation via
leptogenesis taking into account the effect of running however differs from that of [150] by
two aspects. Firstly, we use less number of flavon fields and secondly, we present a detailed
analysis of flavored leptogenesis by solving the relevant Boltzmann equations.

The rest of this chapter is organized as follows. In Section 2.2 we present detail structure
of the model including the analysis of the mixing matrices involved. Section 2.3 deals with
phenomenology of neutrino mixing. Constrains and predictions on neutrino parameters
(including neutrinoless double beta decay) involved are presented here. In Section 2.4 we
perform a detailed study on leptogenesis solving flavored Boltzmann equations. Finally in
Section 2.5 we summarize the results and make final conclusion.
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2.2  Structure of The Model

To realize the canonical type-I seesaw mechanism, we first consider an extension of the SM
by including three singlet RHN fields (/Ng). Additionally, three flavon fields namely ®, ¥,
¢ and a discrete symmetry A4 x Zy x Z3 are also incorporated to probe the typical flavor
structure involved in the lepton sector. Note that same fields content was also present in
the original AF [123] construction. Here N and the flavon fields ®, ¥ transform as triplet,
whereas ¢ transforms as a singlet under A4. A judicious choice of additional Z» x Z3 sym-
metry assists the leptonic mass matrices to take specific forms and hence forbid several un-
wanted contributions. In Table 2.1, we present transformation properties of all the relevant
SM fields, N and flavons involved in the analysis.

Fields lr eRr UR TR Ngr H %) d v
SM (2,1/2) | (1,1) | (1,1) | (1,1) | (1,0) || (2,—1/2) | (1,0) | (1,0) | (1,0)
Ay 3 1 1 1 3 1 1 3 3
Zs 1 1 1 1 -1 1 -1 1 -1
73 w 1 1 1 1 1 w w w

Table 2.1: Representations of the fields under SU(2)r x U(1)y X A4 X Za X Z3 symmetry

The relevant effective Lagrangian involving charged leptons and neutrinos can be written
as

( ) H6R+A(€L(I))1//HIMR+A(€L¢) HTR
_ _ _ _ -~ 1
yX (7, NR)s W), H + yf (7, Nr)a W], H + %3 (£ Ni), ¢ H + M (NENg) + hie.
(2.1)

where %@1,2,3 are the respective coupling constants, M is the mass parameter of RHNs and
A is the cut-off scale of the theory. In the first line of Eq. (2.1), terms in the first parentheses
represent products of two Ay triplets forming a one-dimensional representation which fur-
ther contract with 1, 1" and 1” of A4, corresponding to er, ur and 7 respectively, to make
a true singlet under A4. On the other hand, in the second line of Eq. (2.1), the subscripts
s, a correspond to symmetric and anti-symmetric parts of triplet products in the S diagonal
basis of A4. The essential multiplication rules of the A4 group elements are elaborated in
appendix A.1.

From Table 2.1 it is evident that the tree level contribution to charged lepton Yukawa
interaction, ¢;, HEg,, (with a = e, i1, 7), gets forbidden. Instead, such interactions are effec-
tively generated once the flavon ® gets a vacuum expectation value (vev) via the dimension-
5 operators (present in first line of Eq. (2.1)). Similarly in the neutrino sector, the renormal-
izable Dirac Yukawa coupling is forbidden as the lepton doublet ¢;, is charged under Z3
whereas both Ny and H transform trivially under it. However such effective Yukawa cou-
pling is generated from dimension-5 operators involving flavons ¥ and ¢, after they obtain
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vevs. Presence of Z, symmetry is important in identifying ® from ¥ (both being A, triplet)
so that they contribute to the charged lepton and Dirac neutrino Yukawa couplings differ-

ently.
The flavon fields break the flavor symmetry A4 x Z3 x Z» when they acquire vevs along”

<90> = Vyp <<I)> = Vo (17171) ) <\Ij> = Uy (07170)7 (22)

as a result of which the part of the Lagrangian contributing to the charged lepton sector can

be written as

l 0 0
Ve , -~ — — Ve , - — — VP , - - -
L= le‘D(fLBMLM +0p,)H eR+yQT‘D(£Le+w£LH+w2£LT>H uR+y?’T‘I’<£Le+w2£LH +wlp, )H .

(2.3)
Using the above Lagrangian one obtains the charged lepton mass matrix after the elec-

troweak symmetry breaking as
L
Yo=o' |t wif wrff | =yl withi=1,23, (2.4)
Wiy whs

where v/ = v/1/2 = 174 GeV stands for the vev of the SM Higgs.
In a similar way, the Lagrangian for neutrino sector after breaking of the flavor symme-

tries can be written as

v _ _ _ . v _ -
L, =230, (¢, Nir+ {1, Nor + 0, Nar) H+ (yf — y3) 00, Nog H 05
o N - o c .
+ (W 4+ 95) —Lr. Nig H + M (N° g Nig + NesgNog + Ne3gpNag) + h.c.

A

This yields the corresponding Dirac and Majorana mass matrices as

V£ S U S
YV — 0 féj 0 , (2.6)

M 0 0
Mr=10 M 0] (2.7)
0 0 M

with ¥ = Bey¥ i =1,2,3,

2Such vev alignments of the flavons is widely used and can be realised in a natural way by minimising the
scalar potential following the approach of [123, 146, 150, 161-164].
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Let us now discuss the diagonalization of the charged lepton and neutrino mass matrices
so as to obtain the lepton mixing matrix. First we note that the charged lepton mass matrix

given in Eq. (2.4) can be diagonalized by a bi-unitary transformation
Yo = Vdglzx3 with d° = V30" diag (f1, f3, f3), (2.8)

where I3.3 is a 3 x 3 identity matrix and

1 1 1
V:L 1 w W?|> (2.9)
V3
1 Ww? w

where w (= ¢%7/3) is the cube root of unity. From Eq. (2.7), it is evident that the right-
handed Majorana neutrino mass matrix Mp, is diagonal having degenerate mass eigenvalues
(M) to start with.

On the other hand, f{ and f4 appearing in Eq. (2.6) are the symmetric and antisymmet-
ric contributions to the Dirac neutrino Yukawa respectively, originated as products of two
Ay triplets {1, and Ny which further contract with ® (see the product rules Eq. (A.5) and
(A.6)). This antisymmetric part plays an instrumental role’ in realizing correct neutrino
oscillation data.

Here it is worth mentioning that in the vanishing limit of f§ — 0, (keeping the structure
of the charged lepton and Majorana mass matrix intact) one can reproduce the TBM mixing
as discussed in [150].

The effective light neutrino mass* matrix can be obtained within the type-I seesaw frame-
work as

m, = —mDM]glmlT), (2.10)

where the structure of Mp, is given in Eq. (2.7). Now, from Eq. (2.6) and (2.8), in the basis
where the charged leptons are diagonal, the Dirac neutrino mass matrix in that basis can be

written as,
mp = vV, =v'),. (2.11)

Therefore, substituting Eq. (2.11) in the type-I seesaw formula given by Eq. (2.10) one

*Earlier the role of such antisymmetric contributions was analyzed in the context of Dirac neutrinos [ 146~
149].

“With the symmetries mentioned in Table 2.1 in principle, there will be a contribution to the effective light
neutrino mass via a dim-6 operator given by yj\fo (¢ HLr H®). However, in the limit ve > M, this additional
contribution can be neglected compared to the dominant type-I contribution considered here.

TH-3115 176121017



44 Chapter 2. Flavor Origin of Flavor Leptogenesis

obtains the light neutrino mass matrix as
m, = — VY, MY, TVr (2.12)

1
= —MVT ("2, Y, 1)V, (2.13)

Clearly, to get the mass eigenvalues of light neutrinos we need to diagonalize Y, V,”

where

(fY =2+ 1 0 217 f¥
v, v, = 0 e 0 . (2.14)
211 f¥ 0 (fr+m2+ 1y

Though Y is in general a complex matrix, Y”Y*” being a complex symmetric matrix can

be diagonalized by an orthogonal transformation (in the (1, 3) plane) through the relation
Uls(Y,Y,")Urs = d, = diag(A1, A2, A3), (2.15)
where the rotation matrix U3 (parametrised by angle § and phase v) is given by
cos 0 0 e ®sing

Uiz = 0 1 0 : (2.16)

—e¥sinf 0 cos

The complex eigenvalues are given by

M=LC I I =201+ 1), (2.17)

Ao = Y7 (2.18)

No= U4 1 1 2 1R ). (2.19)

Now substituting Eq. (2.15) in Eq. (2.13), we get

v’2d2
myz_ynhg< D)Ugvt (2.20)
M
= VU3 (d,) UV, (2.21)

where d, = v"2d% /M is a diagonal matrix having diagonal elements v"?\;/M (i = 1,2,3),
representative of three complex light neutrino mass eigenvalues.

In order to extract the real and positive light neutrino mass eigenvalues, we choose the
following representations of the parameters f'5 3(= [f{53/€'?> and ¢123 are the three
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phases associated) as

7 — 7y 67‘ = Xle 5 (2.22)
EAERViS

féj | féj | i(p2—¢3) 2

=T e = X2e"", (2.23)
fg L

where x1 = |f{/f{l, x2 = |f5/f5] and (p1 — ¢3) = 71, (P2 — ¢3) = 72 are the redefined
parameters used for the rest of our analysis.

Now we are in a position to define the rotation angle 6 and phase 1 of U;3 matrix (see
Eq. (2.16)) as:

2x1
21 X2 COS Y2 COS Y — [X% siny1 + x3sin(2y2 — y1) — sin 'yl] sin’
—2x1x28in 72
cos Y1 + X3 cos(272 — Y1) + X3 cos

tan 20 =

(2.24)

tany = (2.25)

Similarly, the real and positive light neutrino masses can also be expressed in terms of x; 2
and 7 2 after we extract the phases from the complex eigenvalues. To proceed, note that Eq.
(2.21) can be rewritten as

m,, = Udiag(my, ma, m3)U7, (2.26)
with
U =VUj3e2U,. (2.27)

Here U, stands for a diagonal phase matrix given by U, = diag(1, e’?21/2, ¢¥%31/2), and the
real positive light neutrino masses are given by:

2
my = | 2% |2/ o2 + o2 (2.28)
M 3 T 17
v/2 2
my =" B, (229)
2
mg = v | 27 \/n2 + n2 (2.30)
M 3 T 17

where 0, 0;,n, and n; can be written in terms of the associated parameters (x1, x2,7: and

v2) in our model as

0r = X3 c08271 + X308 2ys + 1 — 24y cosy; + 2Bx1 sinyy, (2.31)
0; = X3sin2y; + x3sin 2y, — 2Ax siny; — 2Bx1 cos 1, (2.32)
Ny = X3 cos 271 + X3 c08 272 + 1 4+ 2Ax1 cosy; — 2By sin i, (2.33)
n; = x38in2v; + x3sin 279 + 2Ax siny; 4+ 2Bx1 cos 1., (2.34)
\/1 + X3 cos 272 + /1 + x5 + 2x3 cos 272 2 sin 27
V2 2A
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parameters | best fit value 30 range
sin? 019 0.304 0.269 — 0.343
sin? 03 0.573 0.415 — 0.616
sin” 013 0.02219 | 0.02032 — 0.02410
dcp/° 197 120 — 369
Ama 7.42 6.82 — 8.04
o 42517 | 42435 — +2.598

Table 2.2: neutrino oscillation data obtained from NuFIT[165] for NH scenario of light neutrino mass.

The phases (351 (31) involved in U, are given by,

By = —tan ™ ﬁ, B31 = tan™! i tant 2 (2.36)

O Ny or
Therefore using Egs. (2.9), (2.16) and (2.27), the final form of the mixing matrix U which
diagonalises the effective light neutrino mass matrix (in the charged lepton diagonal basis)

can now be written as

cos H—e™¥ sin @ 1 cos 0+e~ " sin
V3 V3 V3
U = cos §—we'? sin @ w?  wcosf+e Wsinh em/ZUp‘ (237)
V3 V3 V3
cosf—w?e¥sinf w  w?cosf+e W sinh
V3 V3 V3

U is therefore the lepton mixing matrix, called the PMNS matrix (Upyns), the standard
form of which is presented in Eq. (1.49). Comparing above two matrices given in Eq. (2.37)
and (1.49) we get the correlation between the neutrino mixing angles (and Dirac CP phase)
appearing in Upysns and the model parameters as [146]

1 4 sin 260 cos ¥ sin 6 sin ¢
2
= tand = 2.38
| 513 | 3 ol cosf + sinf cos 1)’ (2.38)
1 1—2]s13 |
879 =——————.  tan26s3cosd = . 2.39
12 3(1— [ s13 ?) | s13 | /2 — 3| s13 |2 ( )

Additionally, the two Majorana phases a2; and «3; are identified as cip; = (21, and a1 = (831
(ignoring the irrelevant common phase). These correlations given in Eq. (2.38)-(2.39) are

the keys to the subsequent analysis of neutrino phenomenology.
2.3 Neutrino phenomenology

2.3.1 Constraining the parameter space

As seen from Eqgs. (2.38) and (2.39) in conjugation with Egs. (2.24) and (2.25), all the
mixing angles (613, 012, f23) and the Dirac CP phase (9) involved in the lepton mixing matrix
Upm s are finally determined by the model parameters x1, x2, y1 and y2. Hence, using the
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3o allowed ranges of the three mixing angles (63, 612, #23) from neutrino oscillation data®
presented in Table 2.2, we can restrict parameter space for xi 2 and ;2. This parameter
space of the current set-up can be further constrained using the 30 allowed ranges of the
mass-squared differences (see Table 2.2). For that purpose, we introduce a dimensionless
quantity r, defined as 2the ratio of solar to atmospheric mass squared difference for normal
A
neutrino mass eigenvalues given in Eq. (2.28)-(2.30), we are able to rewrite it as

hierarchy, i.e., 7 = with Am3, = m3 —m? and Am%; = m3 — m3. Using the three light

2 2 _ 2
_Amg 1—o0;—o0;

. (2.40)

i

Am%,  nZ+n?-o2-o

Substituting o, ;, n,; from Eq. (2.31)-(2.34) into Eq. (2.40), we note that » now becomes
function of x1, x2,71 and y2. Apart from the satisfaction of r value obtained from the ratio
of the best fit values of mass-squared differences, we must satisfy both the individual mass-
squared differences, Am3; and Am3,, independently within their 30 allowed ranges using
Egs. (2.28)-(2.30). There also exists a cosmological upper bound on sum of the light neu-
trinos masses as ), m; < 0.11 €V [59, 167] which will also constrain the parameter space.
Note that in order to evaluate 3°, m;, we need to get an estimate of the pre-factor | f¥°[v2/ M
(see Egs. (2.28)-(2.30)) which can be obtained by using the relation

502/ =\ Am3, /(1 - 02 — ), (241)

with the known value of Am3; from current global analysis [165].
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N
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Figure 2.1: Allowed parameter spaces of x1-x2 (left panel) and ~;1-v- (right panel) using 3¢ ranges of neutrino
oscillation parameters [165]. The light blue dots in both the panels correspond to 30 allowed values for the
mixing angles while the darker patches in each panel further satisfy constraints coming from the mass-squared
differences, their ratio and sum of absolute masses. %, A, W, ¢ marks of the right panel are indicative of four
benchmark points (BP) used in Section 2.4.

Equipped with all these, we provide a range of the allowed parameter space of our model
in Fig. 2.1. In the left panel, we first indicate the correlation between two of the parameters
X1 — X2 while the same for v; — ~; is shown in the right panel, indicated by the light blue

°The Majorana phases are insensitive to neutrino oscillation experiments. However, they may play an impor-
tant role in neutrinoless double beta decay [166].
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48 Chapter 2. Flavor Origin of Flavor Leptogenesis

points. The corresponding values of the parameters (light blue points) satisfy the 3o al-
lowed ranges of the lepton mixing angles, 613, 012, 623. In obtaining these points, we varied
parameters within a large range. For example, x 2 are varied from 0 to 2 while 7, » are con-
sidered within their full range: 0-360°. Once we also incorporate the constraints following
from the mass-squared differences as well as the one on the sum of the light neutrino masses,
the entire allowed parameter space is reduced to a smaller region indicated by the dark blue
patch on the left panel (in x; — x2 plane) and four cornered patches (red, magenta, brown
and purple) on the right panel (in vy; — 2 plane).

From Fig. 2.1, we find 0.584 < x1 < 1.462 whereas the ratio of the magnitudes of the
antisymmetric contribution to the diagonal one (in view of Eq. (2.6)) fallsinarange: 0.470 2>
X2 2 0.145. Turning into the right panel, we find that 7, and 72 both are pushed toward four
cornered regions represented by red, magenta, brown and purple patches respectively. Here
we find that for 0° < ; < 69° the allowed regions for v, are (57° — 152°) and (200° — 282°).
Whereas for 291° < v; < 360°, the allowed regions for ~, are limited within (78° — 161°)
and (206° — 287°). Here we also note that, in the right panel of Fig. 2.1, %, A,l and ¢
represent four unique benchmark points in the parameter space {x1, x2,71,72} given by
BP1 = (1.37,0.399, 21.53°, 135.59°), BP2 = (0.978, 0.235, 301.81°, 119.1°), BP3 = (1.417, 0.372,
341.6°,260.83°) and BP4 = (0.707,0.209, 68.62°, 231.15°). It is important to note that so far
the analysis presented here is applicable only for normal hierarchy of light neutrino mass.
In the present setup, due to the special flavor structure of the model an inverted hierarchy
of light neutrino mass spectrum however can not be accommodated. This is an interesting

prediction that will undergo tests in several ongoing and near-future experiments.

2.3.2 Implications for light neutrino masses and low energy phase

From the previous part of the analysis, we have an understanding on the allowed regions for
the x1, x2,71 and -2 which satisfy all the constrains in the form of mass square differences,
mixing angles and sum of the light neutrino masses. Hence, we are now in a position to study
the implications of this allowed parameter space toward the predictions involving sum of
the light neutrino masses, and phases. We already have correlation between the Dirac CP
phase ¢ and the atmospheric mixing angle 23 as seen from Eqs. (2.38) and (2.39), both of
which are functions of 1 2,71 2 as evident from Eqs. (2.24), (2.25). In left panel of Fig. 2.2,

350 ‘
[— 0.12

300 Excluded by PLANCK 2018 &
-
250 -] ~——0.10F
- >
2 200 &
o 150} g 008
N
100 T
/
50 0.067
042 043 044 045 046 047 048  5-x10-0.001 0.005 0.010 0.050
Sin2023 my [eV]

Figure 2.2: Correlations within § — 623 (left panel) and ), m; — ma (right panel) are presented while allowed
ranges for x1, x2, 71 and 2 are used from Fig. 2.1.

TH-3115 176121017



2.3. Neutrino phenomenology

we have plotted this correlation in § — 623 plane where only the allowed set of points for
X1, X2,71 and 72 are employed (as in Fig. 2.1). The model seems to predict ¢ to be in the
range 33°(213°) < < 80°(260°) and 100°(280°) < 6 < 147°(327°) which correspond to the
atmospheric mixing angle 23 in the lower octant. Similarly, in the right panel of Fig. 2.2,
we use Eqgs. (2.28), (2.29), (2.30) along with Eq. (2.41) to indicate the predictions related
to the sum of the light neutrino masses against m;, the lightest neutrino mass, indicated
by the blue patch. The region between the black dotted lines represents 30 allowed range
for 3, m; and the blue patch within it represents the predicted region in our framework.
The red shaded region with >, m; < 0.11 eV is disallowed by cosmological observation
mentioned earlier. This plot shows that the lightest neutrino mass is O(1073) eV whereas
the sum of the light neutrino masses is around (0(0.06) eV. On top of this, the present set up
excludes the possibility of having maximum CP violation (§ = 90°/270°) and at the same
time favors 623 to be below maximal mixing, i.e. 23 < 45°. These are the salient features of
our proposal.

2.3.3 Neutrinoless Double beta decay

1
Excluded by KamLAND—-Zen+GERDA
0.100¢ _
% _____ LEGEND—-1kReach __________________ .§, .
= 0.010p______ WEXQReach _____________ i
Q <
0.001} =
10~* , ‘ __
1073 1074 0.001 0.010 0.100

m [eV]

Figure 2.3: Correlation between mgg and lightest neutrino mass m, (for NH) with allowed ranges for x1, x2, 71
and 72 obtained from Fig. 2.1. Here the light blue shaded region represents the combined upper limit of GERDA
and KamLAND-Zen experiments whereas the brown and blue dashed lines stand for future sensitivities of the
LEGEND and nEXO experiments respectively.

It is pertinent to also shed light on the effective neutrino mass parameter, mgg, involved
in the half life of neutrinoless double beta decay in our set-up, which is given by [168]

2 2 2 2 2 i(as1—28
mgg = |MmiciaCls + Masipcige’? + m3513e’(a31 )]. (2.42)

Note that for the normal hierarchy of light neutrino masses, one can write my = \/m ,
and m3 = +/(m? + Am2,). Recall also that we have already elaborated on our finding for
lightest neutrino masses m; (see right panel of Fig. 2.2), and § (see left panel of Fig. 2.2)
in the last subsections corresponding to the allowed parameter space of {x1, x2, 71,72} from

Fig. 2.1. Using the same, we could also estimate the respective allowed ranges of Majo-
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50 Chapter 2. Flavor Origin of Flavor Leptogenesis

rana phases ag; and ag; via Eq. (2.36) (as a1 = (21 and a3; = f31) and in turn we can
evaluate mgg as function of m; (substituting mo and m3 in Eq. (2.42)). With the allowed
ranges for x1, x2, 71 and 7, satisfying all the neutrino data inclusive of the cosmological mass
bounds (i.e. corresponding to the dark blue patch of left panel, and four cornered patches
of right panel of Fig. 2.1), we therefore plot mgg as a function of lightest neutrino masses
my for normal hierarchy as presented in Fig. 2.3 by the red patch. The background light
red patch indicates the allowed region in general when mixing angles, mass squared differ-
ences along with ¢ are allowed to vary within their 30 range. Hence from this mgg vs m;
plot (red patch), we notice that for m; within the range (0.001-0.027) eV (allowed in our
set-up as per Fig. 2.2), the effective mass parameter is predicted to be: 0.002 < mgg < 0.021
eV. This prediction lies well within the limits on mgg by combined analysis of GERDA and
KamLAND-Zen experiments denoted by the light blue shade. The horizontal brown and
blue dashed lines stand for future sensitivity by the LEGEND and nEXO experiments.

2.34 Lepton flavor violation

Due to the existence of active-sterile neutrino mixing, the possibility of rare lepton flavor
violating processes should arise in our framework. Out of all the processes, contribution to
p — e is the most important one as it is significantly constrained. In the weak basis, i.e.
where charged and RHN mass matrix is diagonal, the branching ratio of the same process
can be written as [169, 170]:

B(j — e) Z ViV F ( M ) : (2.43)

where o = €2 /4 is the fine structure constant, My stands for W+ mass, V =mpM R s the
mixing matrix representing active-sterile mixing, M; is the mass of RHN mass eigenstates
N; and F(z) = $(1_6x+3;(21t2x‘§i_6x2 n2) with z = M, /My . The current upper bound on the
branching ratio of the ;1 — e is found to be BR(u — e7) < 4.2 x 10713 (at 90% C.L.)[168].

In our analysis, with the allowed ranges for x1, x2, 71 and 2 (obtained from Fig. 2.1) and

M; in the TeV scale, the contribution towards the branching ratio for u — e turns out to be
insignificant (O(1073%)) compared to the experimental limit.

2.4 Leptogenesis

The presence of RHNSs in the seesaw realization of light neutrino mass provides an opportu-
nity to study leptogenesis from the CP-violating out-of-equilibrium decay of RHNs into lep-
ton and Higgs doublets in the early universe[95, 152, 171]. The lepton asymmetry created is
expected to be converted to a baryon asymmetry via the sphaleron process[172, 173]. In the
previous part of our analysis, we have found that the phenomenology of the neutrino sector
is mainly dictated by four parameters i.e x1, x2, 71, and vz which in turn determine most of
the observables in the neutrino sector. However we also notice the presence of the prefactor
| f5 ’ |v"2 /M associated to the light neutrino mass eigenvalues as given in Eq. (2.28)-(2.30).

Using Eq. (2.41), though this prefactor can be evaluated, we can’t have specific estimate for
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2.4. Leptogenesis

the degenerate mass of the RHNs (M) as f{ remains undetermined. To have a more con-
crete picture, we provide a plot for | f%°[v"2/M against one of the parameters, 1, in Fig. 2.4
obtained using the correlation with other parameters fixed by neutrino oscillation and cos-
mological data. Hence barring the ambiguity in determining f3 apart from a conservative
limit | f4]< O(1), M is seen to be anywhere from a very large value (say 1014715 GeV) to a
low one (say TeV). Furthermore, the RHNs are exactly degenerate in our framework. Hence
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S0.015
0.010

[eV]

|f:;’v |2 vvz

0.005
0.000

0.6 0.8 1.0 1.2 14
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Figure 2.4: Correlation between (| f¥|*v"?)/M and 1 for NH.

unless we break this exact degeneracy, no CP asymmetry can be generated [97] . Below we
proceed to discuss leptogenesis mechanism in the present framework keeping in mind that
we need to remove the exact degeneracy of RHN masses and study of flavored leptogenesis
becomes essential (as M can be below 10'2 GeV).

2.4.1 Generation of mass splitting and CP asymmetry

As discussed in subsection 1.6, the CP asymmetry parameter generated as a result of the
interference between the tree and one loop level decay amplitudes of RHN N; decaying into
a lepton doublet with specific flavor /7, and Higgs (H) is defined by :

o

F(NZ' — KLQH) — F(NZ' — ZLQFI)
€E; = = — .
! F(NZ‘—>£LQH)—|—F(NZ‘—>£LQH)

(2.44)

Considering the exact mass degeneracy is lifted by some mechanism (will be discussed

soon), the general expression for such asymmetry can be written as [174, 175] :

T (1 — )
’qu ImHl] yiioz yl/ aj fmz + m 5
&rHZ [ P)ia Do) £ () T~ J}
(1 — i)
Im Jl y )ia(yv)ozj] (2.45)
87TH“ ; |:(1 o xi]) + 64 :|
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52 Chapter 2. Flavor Origin of Flavor Leptogenesis

where ), (= V1Y, in our case, see Eq. (2.11)) is the neutrino Yukawa matrix in charge lepton
diagonal basis, H and the loop factor f(x;;) are given by

H =YY, = Y[V, (2.46)
14 25
f(xz]) = \/.%Tj[l — (1 + xij) In <_;I|3_ijj> j|, (247)

2
with z;; = ﬁg where M, are the masses of the RHNs after the degeneracy is removed. This
is applicable for both hierarchical as well as qua31 degenerate mass spectrum of RHNs [174].

For the hierarchical RHNs, one neglects

G 47T2 compared to (1 — x;;)? while the entire expres-

sion of Eq. (2.45) can be used for quasi-degenerate case inclusive of resonance situation for
2

which (1 — z;;)? ~ 61252 [175, 176]. Below we discuss the mass splittings induced by the

running of the heavy RHNSs.

2.4.1.1 Lifting the mass degeneracy

The exact mass degeneracy of heavy Majorana neutrinos is the result of the flavor symmetry
imposed in our construction. To remove this degeneracy, here we adopt the renormalization
group effects into consideration [177, 178]. Considering the discrete A4 x Z3 X Z3 symme-
try breaking scale close to the GUT scale ~ A (the cut-off scale introduced in Eq. (2.1)),
we determine the running of the RHN mass matrix Mz and Dirac neutrino Yukawa matrix
Y, from GUT scale to seesaw scale M (assuming M < A). Using renormalisation group
equations, the evolution of the RHN mass matrix M (= diag(M;, Ms, M3)) and Dirac neu-
trino Yukawa matrix ), (in charged lepton Y, diagonal basis) at one-loop can be written
as [177-179]

dM;
= 2M; Hy, (2.48)
Ay 3 9 3
o= (T = 9 = o3 — (YWT - yyyl)} Yo+ VR, (2.49)
with
T = 3Te(Y,Y,) + 3Te(YaY,)) + Tr(Y2Y,) + Tr(V,V)), (2.50)

where Y, 4 are the up-quark and down-quark Yukawa matrices respectively, and I3 is the
identity matrix of order 3 x 3. Here the matrix R is anti-hermitian defined by [178]

R11 = Rgg = R33 = 0, Rji = - R;‘kj (Z ?’éj)a
2+ 6
ij

Rij = Re (Hy;) +i Im (H;), (2.51)

?
2 + 04

(3r)-

Now as the RHNs are exactly degenerate at scale A, the right hand side (first term) of Eq.

0ij = ?\/Z — 1 is the degeneracy parameter for the RHN masses and ¢’ = 161 3

(2.51) becomes singular unless we impose Re(H;;) = 0. Note that, in our construction, H»

and Hy3 are already zero due to the flavor symmetry imposed. Hence the above condition
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Figure 2.5: Variation of mass splitting 5} w.r.t. scale M for the benchmark points BP1, BP2, BP3 and BP4
respectively.

should be exercised only to realize Re(H;3) = 0 in our case which can be materialized if we
choose to use ), obtained by performing an orthogonal rotation (by a matrix O say) on
Dirac Yukawa matrix ), as,

cos® 0 sin®
j}y = yan with O = 0 1 0 5 (252)

—sin® 0 cos©®

having the rotation angle © determined by the relation

2Re (Hi3) —cosYy

tan 20 = = )
Hzz —Hii  x2cos(y1 —72)

(2.53)

In obtaining the rightmost expression above, we employ Egs. (2.6), (2.22), (2.23) in Eq.
(2.46). This flexibility in using V., prevails due the following reason. Note that, if we rotate
the ), in this manner, the neutrino Yukawa Lagrangian gets modified to:

(1Y, HNg = (1,Y,0T HNp. (2.54)

We can now redefine Ny by: Np = OTNg , i.e. if we rotate RHN fields by O, RHN mass
term will not change as NigM rNR = NgM 1N due to the orthogonal property of O matrix.

The Egs. (2.48) and (2.49) can now be rewritten in terms of H=0THO and ), by using
the above relations. The form of H can be obtained by

Hll - A 0 iIm (H13)
ﬁ = yijjy = OTHO = 0 Hoo 0 ) (255)

—iIm (ng) 0 H33 +A

where A = tan © Re (H;3). As seen from the Eq. (2.48) (with right hand side written in
terms of H now), we find that a mass splitting generated at a scale (M) as

s = 2(H,;; — Hy)t', (2.56)

thanks to the effect of running. Using Eq. (2.49), we also get a off-diagonal contribution

TH-3115 176121017



54 Chapter 2. Flavor Origin of Flavor Leptogenesis

(HE,i # j) to H[178],

HY = H; + HE; HE ~ 302 (00)5(D)si s (i #5) (2.57)

while I:If‘;[ = ﬁ” As mentioned earlier, the seesaw scale M remains undetermined even after
applying neutrino mass and mixing constraints, we have shown in Fig. 2.5 how such splitting
6} varies with the degenerate RHN mass M due to running corresponding to benchmark
points: BP1, BP2, BP3 and BP4 allowed by the neutrino data. We find that below M ~ 1012
GeV, 6% become smaller than O(10~%) implying that the masses of the three RHN fall in the
quasi-degenerate category [174]. Such a a small splitting, although crucial for generation
of CP asymmetry, won't alter our findings of the neutrino section. Note that the estimated
splitting does not correspond to the requirement of resonant leptogenesis. We are now in a

position to evaluate the CP asymmetry generated at scale M, as discussed below.

2.4.1.2 Estimating CP asymmetry

6
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6" x107¢

6" x107°

06 08 10 12 1.4
X1—

Figure 2.6: Variation of individual components of CP asymmetry w.r.t. model parameter x; for three different
scales M = 10" GeV (top most plot), M = 10" GeV (plots from second row) and M = 10® GeV (plots from
third row).

Starting with exact degeneracy of RHN masses, we have shown that the running of in-
volved parameters from a typical high scale to the scale of the heavy neutrino masses leads
to a quasi-degenerate spectrum of RHNs. Hence we can now estimate the CP asymmetry
created at a scale M by using Eq. (2.45) while replacing H by HM and §; j by 511‘]4 in view of our
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2.4. Leptogenesis

discussion above. Furthermore, it can be shown that maximum contribution to CP asym-
metry comes from self energy diagram [99, 180, 181]. Therefore, the asymmetry expression
of Eq. (2.45) gets modified to

1
€ ~ E
167er‘14 fiM
137 e ()

5 ([ ()i (Po)as) + (A (D)) ai (P )as] |-

(2.58)

Now, using Eqs. (2.55) to (2.57) and employing them in Eq. (2.58), we estimate for the
cp asymmetry parameter for the heavy RHNs decaying into various flavors which will be
useful to evaluate the final lepton asymmetry taking the flavor effects into account. Since
all the entities of Eq. (2.58) are function of set of parameters {x1, x2,71,72} and M, we can
make use of the allowed parameter space from neutrino phenomenology (refer to Fig. 2.1)
and finally calculate the CP asymmetries produced from all three RHN decays (i = 1,2, 3)
to different flavors of lepton doublets and Higgs.

For representation purpose, in Fig. 2.6, we depict the variation of individual flavor com-
ponents of CP asymmetry w.r.t. x; at three different RHN mass scales: M = 10'? (top
panel), 10! (middle panel), 108 (bottom panel) GeV respectively. Since the flavor effects
are known not to be important beyond 7' ~ M ~ 10'? GeV, we estimate asymmetries pro-
duced by individual RHNs only for top panel. It is found that maximum asymmetry falls in
the ballpark of |€;—1 3|max~ 6 x 10~7 whereas (|€2|)max remains subdominant. At T = 5x 10!
GeV, tau Yukawa comes to equilibrium, so effectively the scenario with M = 10! GeV be-
comes a two flavor scenario (7 and another orthogonal direction, say a) and the correspond-
ing CP asymmetries are marked by: {¢7, #=#"°}. At this scale, |¢]" 5.3lmaz~ 2x107° (middle
panel of Fig. 2.6) and |e]"|max becomes relatively small. We also estimate CP asymmetry at
M = 108 GeV (bottom panel of Fig. 2.6). At this temperature (or scale), all Yukawa couplings
except e are in equilibrium and hence contributions to CP asymmetries from all the three fla-

vors, {€, €', €] }, become important. We find |e]_, 3]max~ 3 x 1075 and |€] |;paz< |e§:273|mam.

PRI ’L ) Z
An analogous pattern is observed for €/'. CP asymmetry along electron flavor is shown in
the third plot of the bottom panel of Fig. 2.6 and is found to be [(ef_5 3)max|~ 1.5 % 107,
|(€9)maz|~ 5 x 10~7. With these various flavor dependent CP asymmetries, we can now pro-
ceed for evaluation of baryon asymmetry by solving the Boltzmann equations as illustrated

below.

2.4.2 Solution of Boltzmann equation

It is worth mentioning that while estimating the final lepton asymmetry, one needs to take
care of decays and inverse decays of heavy RHNs as well as various scattering processes.
As stated earlier, we consider the contributions of all three RHNs having M; < 1012 GeV.
Hence flavor effects have to be considered [105] as discussed in subsection 1.6.2 of previous
chapter.

In our analysis, therefore, we include these flavor effects into consideration while con-

structing the Boltzmann equations. We work in a most general setup for leptogenesis, where

TH-3115 176121017



56 Chapter 2. Flavor Origin of Flavor Leptogenesis

all three RHN’s are contributing to the asymmetry due to their quasi degenerate spectrum
of masses. As standard, the produced lepton doublets from the RHN decay needs to be ap-
propriately projected to flavor states in the three previously mentioned temperature regimes
differently. Below we write down the relevant Boltzmann equations to study the time evo-
lution of the lepton-number asymmetries (for a system of three RHNs) as [100, 104, 182]

dYy, Y, Yy, YN, (1) 2)
sHz—— = — e — 1| (Yo, + 2vm; + 4vpi) + sayer — | vy, )
2= (S 52 (G5 ot o

(2.59)
dYAa YNZ « L
sHe—" :_{Z:(Yﬁ? —1)€i’YDi+ngﬁ: Z ( (C 5+Cﬁ)
Y, Cg 1
+ <Y§? ) <C§57H5i T H (2066 +Cp ) <7HZ + 27H§>
o (o} g YA
n Z ( CLy+2Ck ) (v&, +%,) + Z (wa + Cﬁﬁ) T, vea } )
2y

(2.60)

where z = M /T and i = 1,2, 3 for all three RHNs. Note that these equations are more
general compared to Eq. (1.83) and (1.94) due to the following reasons:

e Firstofall, Eq. (2.59) now represents BE for all the three RHN's contrary to the Eq. (1.83),
where only lightest RHN was considered. As a result, one now needs to incorporate
the coannihilation channels of RHNs: vj(v)aﬂ = [N;+N; < €a+l75], ’y](\i)Nj = [N;+Nj &
H + H], which can change the number density of RHNSs (last two terms of Eq. (2.59)).

e Secondly, since now all the RHNss are contributing to CP asymmetry generation and
eventually to lepton asymmetry production, a sum over the generation of RHN is in-
troduced in Eq. (2.60).

e Coannihilation channel fy](\,)aﬁ = K" 71(\} )N can have finite impact on lepton asymmetry
generation. Hence, it is also 1ncorp0rated in the last term of Eq. (2.60).

e Finally, AL = 2 processes were neglected in eq. (1.94), which we have now introduced
in the second last term of Eq. (2.60)°.

With all the ingredients at hand, we first substitute the evaluated CP asymmetry (from
Eq. (2.58)) in Eq. (2.60) and proceed for solving the coupled Boltzmann equations in or-
der to find out the final lepton asymmetry as well as final baryon asymmetry. In doing so,
we divide the temperature range into three zones so as to take care of the flavor effects as
discussed before while taking into account the AL = 1 interactions and coannihilation pro-
cesses (and ignoring AL = 2 processes). We have considered different benchmark values
for RHN degenerate mass M (splittings are automatically taken cared by running in terms of
other parameters): M = 10%,105,10° GeV so that the effects of flavor can be visible. These

%The relevent interaction rate densities can be found in [151, 183].
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for BP1(x) and M =10° GeV for BP2(a) and M =10° GeV
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Figure 2.7: Variation of Y, Yg—r, YA,, Ya,, Ya- (denoted by solid magenta, dotted red, dashed blue, dashed

pink and dashed green lines respectively) presented as function of z = M/T. Here we have considered one
benchmark point from each of the four patches of 72 vs y1 plot for the light neutrino parameters of the model

(from Fig. 2.1).
benchmark values of M are so chosen that they can produce requisite amount of baryon
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Figure 2.8: Variation of final Yz w.r.t. M (neglecting AL = 2 processes) for four benchmark point BP1, BP2,
BP3, BP4, from each of the four patches of 2 vs 1 plot for the light neutrino parameters of the model (from Fig.
2.1). Here the horizontal patch (light greenish-blue) indicates the observed value of baryon asymmetry [59].

In Fig. 2.7, we present our findings in terms of estimate of the evolution of the B — L
asymmetry (denoted by red dotted line) as well as B asymmetry (denoted by Magenta solid
line) for specific choices of the parameters {x1, x2, 71,72} which correctly produce neutrino

data as discussed in Section 2.3. Upper left, Upper right, lower left and lower right panel
of Fig. 2.7 represent the benchmark points BP1, BP2, BP3, and BP4 respectively from the
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58 Chapter 2. Flavor Origin of Flavor Leptogenesis

allowed cornered patches of 7, and 72 plot of Fig. 2.1. Asymmetries of individual flavors
are also drawn in these figures.

While solving the Boltzmann equations, we have assumed that initially there were no
RHNSs in the bath. Then due to annihilation of bath particles it gets produced and comes
to equilibrium. Around 2% ~ 1, the production rate and decay rate of the RHN become
almost equal and afterward the decay rate dominates over the production rate and hence it’s
abundance starts to fall. The correct baryon asymmetry can be produced with M ~ 105 GeV
for BP1, M ~ 10° GeV for BP2 and BP4, M ~ 10 GeV for BP3 region respectively. For these
individual sets of parameters, we have checked the variation of final baryon asymmetry,
Yp, w.r.t. mass of M as shown in Fig. 2.8. From this Fig. 2.8, we also see that final Y3 is
increasing with the decreasing of M. There seems to be two discontinuities for each such
plot. For example, with blue-dotted line, these are observed at or around M ~ 10 GeV and
at M ~ 10° GeV. These are indicative of the eras where different flavors of lepton doublets
enter in (or exit from) equilibrium and the Boltzmann equations get modified.

2.5 Summary

In this analysis, we present an economical, predictive flavor symmetric setup based on A4 x
Z3 X Zo discrete group to explain neutrino masses, mixing via type-I seesaw mechanism
while matter-antimatter asymmetry is also addressed via leptogenesis. In the original AF
model, TBM mixing scheme was realized introducing three flavon fields. With similar fields
content, here we show that correct neutrino mixing and mass-squared differences are origi-
nated from non-trivial structure of the neutrino Dirac Yukawa coupling and diagonal RHN
mass matrix, thanks to the contribution from the charged lepton sector too. In particular,
the antisymmetric contribution in the Dirac Yukawa coupling plays an instrumental role in
generating the non-zero ¢;3. Using the current experimental observation on neutrino oscil-
lation and other cosmological limits, we find the allowed parameter space for parameters
X1, X2, 71, ¥2 Which in turn not only restricts some of the observables associated to neutrinos
like Dirac CP phase, neutrino-less double beta decay, lepton flavor violating decays, esti-
mation of Majorana phases etc. but also are helpful in determining the matter-antimatter
asymmetry of the universe. More specifically, we find that this model is highly predictive in
nature. Only normal mass hierarchies are found to be allowed in the current setup. Interest-
ingly the atmospheric mixing angle 3 lies in the lower octant while the leptonic Dirac CP
phase falls within the range 33°(213°) < § < 80°(260°) and 100°(280°) < § S 147°(327°).
Apart from these predictions for absolute neutrino mass and effective mass parameter ap-
pearing the neutrino-less double beta decay have also been made. The model also predicts
an interesting correlation between the atmospheric mixing angle 623 and the Dirac CP phase
which is a feature of the specific flavor symmetry considered here. At high scale, owing to
the symmetry of the model, the heavy RHNs are found to be exactly degenerate apparently
forbidding the generation of baryon asymmetry via leptogenesis. However, this is accom-
plished here elegantly by considering the renormalization group effects into the picture. A
tiny mass splitting produced as a result of running from a high scale (GUT scale) to the scale
of RHN mass opens the room for leptogenesis. We have incorporated the flavor effects in
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2.5. Summary

leptogenesis as our working regime of RHN mass falls near or below 10° GeV. Finally, we
figure out that the parameter space allowed by the neutrino data in fact is good enough to

generate sufficient amount of baryon asymmetry of the universe with RHN mass as low as
10° GeV.
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Chapter

Connecting Dark Matter with Flavor
Leptogenesis

3.1 Introduction

The previous chapter discusses a scenario where high scale flavor symmetry breaking in-
fluences the lepton asymmetry production. More precisely, it provides one way to explain
the special features of neutrino mixing angles and mass differences by supplying a uniqure
structure of neutrino, charged lepton Yukawa and RHN mass matrices which eventually
constraint the lepton asymmetry production. However, in modern particle physics and cos-
mology, another pressing issue which requires BSM explanations is the nature of DM. In
this chapter, we provide two separate frameworks, where existance of DM can be connected
to the problems associated to the neutrino mass and baryon asymmetry of the Universe. In
order to achive this goal, we divide the chapter into two sections. In the section 3.2, we pro-
vide the most minimal model within the framework of the type-I seesaw mechanism where
from a single structure of neutrino Yukawa matrix existence of DM and matter-antimatter
asymmetry can be explained. In the section 3.3, we explore the type-II seesaw framework
and find a direct influence of a different kind of DM on the production of CP asymmetry
which eventually affects the flavor leptogenesis mechanism.

3.2 Imprint of Seesaw on FIMP Dark Matter and Flavor Leptogenesis

Among the various unresolved issues of present day particle physics and cosmology, per-
haps the most pressing ones are the origin of tiny neutrino mass[33, 34, 116], nature of DM
[15,16] and observed matter-antimatter asymmetry of the universe [59]. In order to address
these issues one has to anyway go beyond the SM of particle physics, hence it would be very
pertinent to search for a single minimal framework that can accommodate all these three
problems together. To start with, one notices that the type-I seesaw mechanism[40, 43—46]
of neutrino mass generation provides a very promising platform for this. As discussed ear-
lier, in this mechanism, three additional heavy SM singlet RHNs are added to the SM particle
content. A handful of attempts has been made in identifying one of them as DM without

including any further beyond the SM fields and symmetries. For example in the original
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3.2. Imprint of Seesaw on FIMP Dark Matter and Flavor Leptogenesis

vMSM model[ 184, 185], the lightest RHN (say V; ) is shown to be the DM having mass ~ O
(keV). While the production of DM proceeds via Dodelson-Widrow (DW) mechanism[186]
incorporating the effective active-sterile neutrino mixing ¢,, the ARS mechanism[187] takes
care of the observed baryon asymmetry via coherent oscillations of heavy RHNSs. It turns
out that the DW mechanism cannot make up the entire DM relic density taking into account
the existing recent constraints on #; [188-194]. However, a variant of this incorporating a
resonant production of DM via Shi-Fuller mechanism[195] can still be operative [195, 196].
Though it bypasses the constraint on the mixing angle 6;, the mechanism suffers from an
un-natural level of degeneracy required between the two heavy RHNs N3 3. Most of the
other constructions with aim of identifying the RHN sector serving as the origin of DM and
baryon asymmetry require additional fields and/or enhanced symmetry[197, 198].

In this section (based on [152]), we stick to the most minimal construction of type-I see-
saw while identifying N; as the feebly interactive massive particle (FIMP)[73, 75] type of
DM and rest of RHNSs are mainly responsible for generating light neutrino mass and matter-
antimatter asymmetry. Interestingly we find that a sufficient production of Ny can be ob-
tained from the decays of W, Z and SM Higgs h which are intricately related to the specific
entries of neutrino Yukawa matrix, ¥, and in turn depend on the lightest active neutrino
mass (m1). These entries, being involved in generating the respective active-sterile mixing
¢ associated to Nj, also control possible decays of V. It turns out that an interplay be-
tween the production and decays of N; (such that it remains stable over the cosmological
time scale) fixes the allowed range of DM mass (M) consistent with the stringent limits on
0.

The importance of this work lies in the fact that it provides perhaps the most minimal
platform in the literature to address neutrino mass, DM and matter-antimatter asymmetry
where the small coupling usually required for a FIMP realization is connected to the small-
ness of the lightest active neutrino mass m;. Such a connection is presented here for the first
time to the best of our knowledge. It indicates an upper limit on m; as m; < O(10712) eV.
Interestingly, we find the DM relic turns out to be effectively independent of the DM mass
within its allowed range. This opens up the possibility that the scenario can be tested if the
recent and future experiments can measure m;. As masses of No 3 (M3 3) are unconstrained
at this stage, we find that imposing an additional constraint on Y}, as Tr[Yl,T Y, ] < O(1) (jus-
tified later) restricts the production of Ny from the decays of N» 3. This ambiguity of fixing
M3 3 is resolved once we incorporate flavor leptogenesis[104-107].

3.21 Setup

We start with the conventional type-I seesaw Lagrangian (in charged lepton diagonal basis)
involving SM lepton (/1) and Higgs (H ) doublets by

o 1
—Lint = (Yu)ailLaHNi + §M2NZCNZ + h.c., (3.1)

with i = 1,2,3 and o = e, pu, 7. We assume the RHN mass matrix M as diagonal with
hierarchical masses. As a result of the electroweak (EW) symmetry breaking, the light

neutrino mass matrix is given by the seesaw formula, m, = —mpM _1m£ which is diag-
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62 Chapter 3. Connecting Dark Matter with Flavor Leptogenesis

onalized by UTm,U* =diag (m1,mg, m3)= D,,, where U is the PMNS matrix [165] and
(mp);; = (Y,,)ijv/\/i, where v = 246 GeV.

3.2.2 Production of DM

To begin with, we consider mass of the DM to be lighter than the W boson mass (my) so that
possibility of its production from decays of the SM gauge bosons (via active-sterile neutrino
mixing) and Higgs (via neutrino Yukawa interaction) remains plausible. On the other hand,
masses of the remaining RHNs are assumed to be above the EW scale. Considering the fact
that decay of IV can even proceed via the relevant active-sterile neutrino mixing mp;, /M; =
Vi1, we propose the following structure of neutrino Yukawa matrix at the leading order

0 Ye2  Ye3
YI/ — 0 y“2 y‘u3 (3.2)
0 Y2 Yr3

As a result of the vanishing left block (Lg), N; remains completely decoupled and hence
absolutely stable while NV, 3 along with the right block (Rp) entries of Y, generate light neu-
trino mass via seesaw. This also ensures that the lightest active neutrino mass m; becomes
zero and a vanishing V;; results. The entries of Y, can be written using the Casas-Ibarra (CI)

parametrization [199]:
mp = —i UD mRTD sz, (3.3)

where U is the PMNS [200] mixing matrix, Dy, (D = M) is the diagonal active neutrino
(RHN) mass matrix and R is a complex orthogonal matrix chosen to be of the form,

1 0 0
R=1 0 cosfr sinfp |, (3.4)

0 —sinfr cosbpr

where 0p is a complex angle in general. We employ the best fitted values [201] of mixing
angles, CP phase as well as mass-square differences to define the U and D .

Under such a situation, V1 being completely segregated cannot be produced by any inter-
action (except gravitational one perhaps). This problem can be circumvented by perturbing
mp, i.e. introducing small but nonzero entries in Lg = (€1, €2, e3)” with €i=1,2,3 < 1. The
order of smallness will be determined from the relic satisfaction of DM as well as from the
stability of Ni. Note that origin of these ¢; can be associated' to a tiny m; or an additional an-
gle of rotation (say ¢) over R or including both. In this work, without any loss of generality,
we would like to pursue our analysis with small m; as the same result can be obtained from

the use of ¢. In this case, following Eq.(3.3), it is seen that ¢; turns out to be proportional to

! Alternatively, a tiny m1 can be considered as an artifact of very small ¢;.

TH-3115 176121017



3.2. Imprint of Seesaw on FIMP Dark Matter and Flavor Leptogenesis

v'm1M;. The DM phenomenology is almost independent to Rp of Y.

With such a scenario in mind, the active neutrinos and N 3 remain in thermal equilib-
rium with other SM fields while NV, is expected to be in out-of-equilibrium (due to its small
coupling proportional to ¢;) in the early universe having negligible abundance. Later, once
the temperature goes down, the DM is expected to be produced non-thermally from de-
cay of some massive particle or via annihilations. In this simplest seesaw set-up, we find
subsequent to the EW symmetry breaking, the DM N; can be produced from the following
dominant decays:

W —>N1€, Z—)lei,h%Nll/i; Nwﬂ—)Nlh(Z)

The relevant parts of the Lagrangian responsible for the above decays via the active sterile
mixing V' = mpM ! are followed from the gauge interactions

3

g e .
~LgC W, [Nz' (VT)W“PL@] Z, Z [ (UTV)ij7" PN
V2 ij=1 i1
+ NiC(VTV)iﬂ/HPLNﬂ + h.c., (3.5)

and Yukawa interactions

Ly C —h Z [ (UTV) 3 M;N; + NE(VIU ) gm06 +NC(VTV)U~M]-N]-] the, (3.6)
t,j=1

where v; are active neutrino mass eigenstates. Origin of the most relevant mixing V;; =
mp;1/ M (= €——— \f ) is traced back to ¢; entries of Y,,.

We then employ the coupled set of Boltzmann equations involving /Ny and N, 3 sepa-
rately to study the evolution of their abundance (Y;) till the present time, as

dYy, 2Myz gv/? .
dzl :16617)71% ,;s |:Z <YNZ Z <FN1*>N13;‘>) + Z Y;cq<]-—‘x~>Nll/>+Y‘;/q<Pwi*>ngi> ,

[E———

1=2,3 r=Z,W x=2Z,h
(37)
Y, 2M,2 g;/z[ . .
P Yy, — YEO)(T'n) + Y. Tn } _93 38
dz 16677’&}% Js ( N; Nl)< N1>+ N; thZ< Nz—>N1Z‘> ) (Z ) )7 ( )

with 2 = my,/T. Here Iy, = S, T(N; = IoH) + D(N; — I, H) = M (mlmp); and
(I 4, BC) represents the thermally averaged decay width[74]. All relevant decay widths are
obtained from Egs. (3.5)-(3.6). Note that the annihilations producing N; are very much
suppressed (~ €}) compared to decay (~ ¢?) and hence are not included. At this stage, we
presume NN; to be stable over the cosmological time scale which will be justified in a while.
Back reactions involving N; are not included as /Ny number density is vanishingly small to

start with and for the same reason, terms proportional to Yy, are also dropped. Substituting

TH-3115 176121017



64 Chapter 3. Connecting Dark Matter with Flavor Leptogenesis

M; =0.1MeV, my =1.1x10"2eV
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Figure 3.1: Abundance plot of NV; with individual contributions (explained in inset) from different decays; final
abundance (solid blue line) corresponds to the correct DM relic.

the abundance Yy, (2 ) after freeze-in, the relic density is obtained from,

Qn,h? = 2,755 x 105<1\]/}4e§/>YN1(z00). (3.9)

The variation of the DM abundance Yy, as function of z is shown in Fig.3.1 where Yy,
(combined contribution as denoted by the solid blue line) reaches an asymptotic value,
Y, (200), 50 as to obtain the correct relic, Qx,h% = 0.12 [17] via Eq. (3.9). Note that, we
have parameters m;, M; 23 and 0g. In generating this plot, we have fixed M; at 0.1 MeV
while Mys) are kept at 3.5 (75) x10? GeV as deemed fit for generating correct baryon asym-
metry via leptogenesis (discussed later). With such a choice of Mj, mj ~ 1.1 x 10712 eV is
found to satisfy the relic implying |e;|~ 10715, We find that the production of N; is domi-
nated by the decay of gauge bosons, in particular by W= decay?, as emphasized in Fig.3.1.
The reason is the following. The production of N; from gauge and Higgs bosons depends
on ¢; elements of Y, only (via V') whereas V; production3 from decay of N» 3 involves a
product of ¢; of L and elements of Rp (via V1) as seen from Egs. (3.5)-(3.6). While en-
tries of Lp are generated from m;, elements of Rp are controlled by the magnitude of 6,
mostly by Im[6r]. We find that any value of Im[fr]| < 5 keeps Rp entries (or more precisely
Tr[Y,]Y,]) below O(1). We also notice that with larger Im[0z], entries of R would increase
significantly. Such a large Y, would be problematic not only from perturbativity but also
due to the fact that EW vacuum becomes unstable [204]. Since DM production except from
N3 3 decays are anyway independent to entries of R, we refrain from quoting specific value
for Re[fr] at this moment and reserve the related discussion for the leptogenesis part.
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m=1.1x10"12 eV
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Figure 3.2: Relic satisfaction contour (solid purple line) in 67 — M; plane. Constraint on 67 from X-ray observa-
tion due to N1 — v decay excludes the blue shaded region.

3.2.3 Decay of dark matter

As the DM N; mixes with the SM fields via the active-sterile mixing angle V;;, we need to
look for the all possible decay channels of it. There are following decay channels:

(a) [via off shell W/Z]: N; — lfl;ylz, Ni = 1=q1Go, N1 — U7 UTy, Ny = yl'l', N = vqq,
N1 = yyypop, N1 — vy,

(b) [via off-shell Higgs]: N1 — vl¢,

(c) [radiative decay of N;]: N1 — yv.

Keeping in mind that the expected lifetime of /N1 must be greater than the age of the universe,
it turns out that the most stringent constraint is obtained from (c), which can be translated

on the active-sterile neutrino mixing V;; as [205-207],

MeV 5
02 = Vil?< 2.8 x 10718 —= 3.10
1 1_1223‘ 1| = X Ml ) ( )

Below in Fig.3.2, we generate the relic contour plot in the §7 — M; plane drawn as the
solid purple line, while the region in light blue is excluded from the above constraint. So
at this point, we find Ny as a successful FIMP type DM having mass below MeV. It is also
interesting to note that the final DM relic density is independent to the mass of N;. This
observation stems from the fact that (a) the crucial parameter responsible for generating
the DM abundance is €;  v/m1 M and (b) the dominant production of N; is from W and Z
decays. The corresponding decay width (and hence Yy, also) turns out to be proportional
tomy/M; (see Eq. (3.5)). Then the final relic density Qy;, h? being related to M; Yy, the M;
dependence is cancelled out and m; is uniquely fixed to satisfy the relic. This leads to an
interesting prediction for lightest active neutrino mass ~ (1.07—1.12) x 10712 eV (considering
the 30 range of DM relic density) so that the model remains falsifiable in nature. Off course

’In [74, 202], contributions of W* in Ny production are estimated in the context of different extensions
(gauge and/or fields) of the minimal set-up with SM and three RHNs.

*In a recent study [203], it is shown that production of N; having mass in 1-80 keV range from N» 3 can
satisfy the relic.
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66 Chapter 3. Connecting Dark Matter with Flavor Leptogenesis

if one incorporates effect of both m; and the extra rotation ¢, this value of m; serves as the
upper limit of lightest neutrino mass.

We have verified that the non-thermality condition I'/H < 1 at 7' ~ m is satisfied where
I corresponds to the relevant decay width for a particular production channel of N; and
m is mass of the decaying particle. Hence the DM particles produced (having mass range 1
keV -1 MeV) cannot have sufficient energy to be associated with large free streaming length,
thereby treated as cold DM, in contrary to the DW mechanism associated to warm DM (~ 2-
10keV). The lower limit on M; is considered as 1 keV to be in consistent with Tremaine-Gunn
bound [208] on sterile neutrino mass. A detailed study on the nature of DM in this range
is beyond the scope of the letter. Finally, considering all these constraints, the range of DM
mass turns out to be restricted within 1 keV-1 MeV.

3.2.4 Lepton asymmetry generation

We now proceed to discuss the role of two other heavier RHNs, N3 3 and their cosmolog-
ical evolution. While they help in realizing the correct order of light neutrino mass and
mixing, we find their contribution to DM production is almost negligible. That being said,
their masses can be anywhere between a few hundred GeV to a very large scale. However,
considering the fact that their decay can explain baryon asymmetry of the universe via lep-
togenesis, we can now have a complete picture including neutrino mass, DM and lepton
asymmetry which will also tell us about these otherwise unspecified mass scales.

Being heavier than the Higgs mass, V3 3 are expected to decay into lepton doublet and
Higgs via the Yukawa interaction of Eq.(3.1). This out of equilibrium decay along with the
CP violation present in Y, will be crucial in leptogenesis. Note that Im[fr] serving as the
source of CP violation via Eq. (3.3), apart for a subdominant contribution from Dirac CP
phase in U, is the same one which mostly restricts the production of DM from the decay of
N3 3 while in tension with the EW vacuum stability.

It is preferable to keep the heavy neutrino masses as low as possible in view of natural-
ness of hierarchy within RHNs, and hence we opt for flavor leptogenesis here. As My < Ms,
the CP asymmetry €5 is effectively generated from the decay of N> to a specific flavor /.
Using the standard expression presented in Eq. 1.79, we evaluate € first and then proceed
for estimating the final lepton asymmetry employing the set of Boltzmann equations similar
to Eq. (1.83) and Eq. (1.94)*:

dy; Y]
SHZ,WJYQ _ { (Y]‘Zé — 1) (7D + 2vm2 +47th)}, (3.11)
No
dYa, Y. 1 Y
sHZ A { <Yec21 - 1) e5vp, + K? Z 5(05%3 + Cgl)’yDQ T (Ye(21 B 1)
N2 B N2
CH 1 YA
X (C£57H3 + QBVHt?) + (2C£46 + Cé{) (71{3 + 27H52> Yeg1 (3:12)

where K0° = % is the same flavor projector presented below Eq. (1.94), how-
v Iv)22

*However, now all the relevant interactions will be associated with Ns.
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M,=3.5x10° GeV, M;=7.5x10'" GeV, 65 = 0.20 —0.45 i

Figure 3.3: Evolution of individual flavor asymmetries as well as baryon asymmetry w.r.t. 2/ = M>/T. Black
dashed lines: range of observed baryon asymmetry of the universe.

ever now represents for N decay processes. The final baryon asymmetry is obtained as
Y5 = (28/79) %, Ya,.

Fig.3.3 depicts the variation of individual components of lepton asymmetry Y, as well
as the total baryon asymmetry Y w.r.t. 2/ = M /T. It turns out that the observed baryon
asymmetry results for the lowest possible value of My = 3.5(5) x 10° GeV with Re[0g] =
0.2(0) and Im[6r] = -0.45 (-0.4). The corresponding value of M3 is found to be 7.5 (15)
%1010 GeV. At this temperature range ~ M5 value, muon and tau Yukawa interactions come
to equilibrium and hence lepton asymmetries along all the flavor directions become relevant
(see Fig.3.3). We also infer from Fig.3.3 that the abundance of Yy, with such a large M5 is
falling sharply as temperature decreases and hence is expected to be vanishingly small in
the EW broken phase where N; production is mainly taking place from the decay of the
SM gauge bosons. This along with the fact that production of N; from N; decay is also
suppressed (via VTV as stated earlier) eventually indicate that Ny contributes effectively
nothing to IV} production as seen from the right hand side of Eq. 3.7 (first term). The same
conclusion holds for N3 as well.

3.2.5 Summary

In summary, we have shown that the conventional type-I seesaw scenario itself has the po-
tential to offer a FIMP type of DM in the form of lightest RHN, the relic density of which
is mainly governed by decay of the SM gauge bosons in the electroweak symmetry bro-
ken phase. With the hypothesis that in the limit of zero lightest active neutrino mass the
DM is absolutely stable, implies that production and stability of the DM both are effectively
controlled by the tiny active neutrino mass. The proposal predicts an upper bound on this
lightest neutrino mass as m; < O(107!2) eV which makes it falsifiable if ongoing (or fu-
ture) experiments such as KATRIN [209] and PROJECT-8 collaboration [210] succeed to
probe it. In this way, the smallness of couplings involved in a generic FIMP type model,
related to DM production, can now be connected with the lightness of active neutrino mass
mi. While we find the DM mass ~ 1 keV- 1 MeV satisfies the correct relic density as well

as the stringent limits from X-ray observation, the DM phenomenology does not restrict the
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mass scales of two other heavy RHNs. Then we incorporate the flavor leptogenesis scenario
to show that they can be ~ 109719 GeV to explain the baryon asymmetry of the universe. So
the minimal set-up of type-I seesaw can simultaneously address the origin of neutrino mass,
non-thermal production of DM and matter-antimatter asymmetry without any additional
fields.The presence of active-sterile neutrino mixing in the set-up is suggestive of the rare
lepton flavor violating decays. The most relevant branching ratio in this context is related to
i — ey which turns out to be function of active-sterile neutrino mixing V" as well as RHN
masses M;. Employing values of M; (used in producing Fig.3.1 or Fig. 3.3) and correspond-
ing V' elements, the branching ratio of i — e is found to be negligibly small compared to
the present experimental limit [211]. We also evaluate the effective neutrino mass parame-
ter involved in the half-life of neutrinoless double beta decay (function of m;, lepton mixing
angles and phases) and find it to be insignificant.

3.3 Scalar triplet flavor leptogenesis with dark matter

As discussed above and earlier chapters, in case of type-I seesaw framework, [40, 43-45]
presence of SM singlet RHNs not only helps in generating tiny neutrino mass but they can
also be responsible for explaining the observed matter-antimatter asymmetry via leptogen-
esis [77, 95,171, 212-220]. A variant of it, namely the type-II seesaw construction [46-50]
also provides an equally lucrative resolution by introducing a SU(2), scalar triplet to the SM
tield content whose tiny vev takes care of the small neutrino mass. However, to generate the
baryon asymmetry of the Universe via leptogenesis, this minimal type-II framework needs
to be extended either with another triplet [221-224] or by a singlet right-handed neutrino
[225-230]. In the latter possibility, the role of the single RHN is to contribute to CP asymme-
try generation via the vertex correction (in the triplet decay) provided it carries a Yukawa
interaction with the SM Higgs and lepton doublets.

Additionally, several astrophysical and cosmological observations indicate that energy
budget of our Universe requires around 26% of non-baryonic matter, known as the DM [ 14—
16, 231]. To explain such DM, an extension of the SM is required as otherwise it fails to
accommodate any such candidate from its own particle content. Since all these unresolved
issues (tiny neutrino mass, matter-antimatter asymmetry and nature of DM) point out to-
ward extension(s) of the SM, it is intriguing to establish a common platform for them. With
this goal in mind, we focus on the SM extended with a scalar triplet and a fermion singlet
(like one RHN). While this can explain the neutrino mass and matter-antimatter asymme-
try as stated above, accommodating a DM in it is not that obvious. One simplest possibility
emerges if that singlet fermion (the RHN) can be considered as the DM candidate. How-
ever, as pointed out above, this fermion taking part in the CP asymmetry generation has to
carry an Yukawa interaction (of sizable strength) and hence can’t be stable provided its mass
remains above the electroweak (EW) scale. On the other hand, if it happens to be lighter
than the SM Higgs (or gauge bosons), it might be a freeze in type of DM [152]. In this case
also, the small Yukawa coupling, as required by the freeze-in generation of DM relic, makes
the CP asymmetry negligible and therefore such a possibility needs to be left out.

We thereby plan to extend this framework by including an inert Higgs doublet (IHD)
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[232-248] such that its lightest neutral component results in DM while the IHD too con-
tributes to CP asymmetry generation via its Yukawa interaction involving the SM lepton
doublet and the sole RHN. Involvement of the DM in generating the CP asymmetry required
for explaining the matter-antimatter asymmetry of the Universe is an important aspect of
our work. Note that the inert doublet DM phenomenology is mostly governed by the gauge
interactions and the mass-splitting among the inert Higgs doublet components, but not on
the Yukawa interaction [242] (contrary to the case of freeze-in RHN as DM) and hence it
is not expected to be in conflict with sufficient production of CP asymmetry. Furthermore,
search for doubly and singly charged particles involved in the triplet can be quite interesting
from collider aspects. Keeping that in mind, we plan to keep the mass of the triplet not very
heavy. It is further supported by the finding that the mass splitting among the IHD com-
ponents (for DM relic satisfaction) along with the neutrino mass generation dominantly by
the type-Il mechanism keeps the triplet mass below 10'? GeV. Note that it becomes essential
to incorporate the flavor effects in leptogenesis [104-107, 145, 152, 228] which come in to
effect below the mass equivalent temperature ~ 10'2 GeV. This observation, importance of
including flavor effects in triplet leptogenesis, is another salient feature of our analysis.
This section is organized in the following manner. We introduce the structure of the
model in subsection 3.3.1 where the particle content with their respective charges under dif-
ferent symmetry group have been discussed. In subsection 3.3.2, we discuss the mechanism
to generate the neutrino mass and how to get a complex structure of the Yukawa coupling
matrix responsible for generating the matter-antimatter asymmetry. In subsection 3.3.3, we
briefly summarize the inert doublet DM phenomenology and move on to discuss gener-
ation of matter-antimatter asymmetry in the Universe via flavor leptogenesis in subection

3.3.4. Finally in subection 3.3.5, we conclude.

3.3.1 The Model

The SM is extended with a SU(2), scalar triplet A, a scalar doublet ® and a fermionic SM
singlet field Ng. The corresponding charge assignments of the relevant fields are provided
in Table 3.1. The Lagrangian involving the new fields is then given by

_ o~ 1 _
~Lew = Yol ® Ng + Yaaslt, CitaAlrs + 3 MNNENR + hec., (3.13)

where a, § correspond to three flavor indices. Note that Ny and ¢ are odd under an ad-
ditional discrete symmetry Z, thereby making ® as inert. This also forbids the Yukawa
coupling of the SM Higgs with the RHN, however allows similar interaction with the inert
Higgs doublet ®. The lightest neutral component of this ® field plays the role of the DM
while decay of the triplet into lepton doublets generates the lepton asymmetry which will
further be converted into baryon asymmetry by the sphaleron process. Here both the inert
Higgs doublet and the RHN take part in producing the CP asymmetry.
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0, | eg | HI| Np | A|®
2 2

SU2),| 2 | 1 1 ]3
Ul)y |[-3|-1|3] 0 |1]3
Zo |+ |+ |+ ] = |+ |-

Table 3.1: Particles and their charges under different symmetries.

The scalar sector of our model consists of the interaction involving the inert Higgs dou-
blet ®, Higgs triplet A and the SM Higgs H. The most general scalar potential for the present
scenario can be written as:

V(H,A, @) =Vy + Va + Vo + Vint, (3.14)
where
Vg = p2(HTH)+NHTH)?, (3.15a)
Va = METr(ATA) + A1 Tr(ATA)? + Ao [Tr(ATA))?, (3.15b)
Vo = pd(0T®) + \p(0T0)?, (3.15¢)
Vie = —p(HTimATH + h.c) + MH HTe(ATA) + Mo HIAATH + \3HIATAH
+ M(HTH)(®'®) + \s(HT®)(®TH) + [A‘i (H'®)? + h.c] — pz(®TimAT® 4 h.c)
+ MOTOTr(ATA) + N PTAATD + NgBTATAD. (3.15d)

Here we consider all the parameters appearing in the scalar potential to be real. We also
consider p? < 0 as that would be crucial for electroweak symmetry breaking (EWSB). On
the other hand, remaining mass parameters such as 3, M3 are taken as positive. Denoting
the vev of H and A by v (=246 GeV) and va respectively, the multiplets after the EWSB can
be expressed as

o+ 0 At A+

o= JH = A= | V2 : (3.16)
Hop+iA v+h 0 _ At
e 2 va+At =05

where h is the SM physical Higgs boson with mass 125.09 GeV [249] and the induced vev
of the triplet is found to be related by [225]

-~ v’
T 2M3%

vA (3.17)
considering Ma >> v. Interestingly, the constraint on p-parameter (p = 1.00038 4 0.00020)
[250] restricts va < 4.8 GeV. Note that va needs to be small enough to accommodate the tiny
neutrino mass via A¢1¢;, coupling and hence we fix it at 1 eV. Then depending on the mass
of the A particle, 111 can be obtained by the use of Eq. (3.17). On the contrary, the analogous
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3.3. Scalar triplet flavor leptogenesis with dark matter

coupling p12 remains unrestricted and hence can have a sizable value. This therefore will be
treated as independent parameter for generating sufficient CP asymmetry as we see in the
leptogenesis section.

The masses of the different physical scalars of IHD are given (unaffected by the presence
of the triplet scalar) as

2

v
méi = Mé + /\157
2 2 v
my, = Mg+ A+ A5+ )\6)5,
2
mi, = He+ M+ As— Ao) (3.18)

with A\p, = W > 0. Without any loss of generality, we consider A\ < 0, A5 + X < 0
so that the CP even scalar (Hy) is the lightest Z, odd particle and hence the stable DM
candidate. Due to the presence of the term proportional to 1;, there will be a mixing between
the SM Higgs and the triplet. However, the mixing being of order va (taken to be ~ 1 eV,
responsible to generate light neutrino mass), this can safely be ignored. We set A1, A2, A3 =0
for simplicity and then find masses of the physical triplet components as Ma++ ~ Ma+ ~
Mao ~ M. One should note that LHC puts a strong constraint on mass of A** as Ma++ >
820 GeV (870 GeV) at 95% C.L. from CMS [89] (ATLAS [88]) for va < 10~* GeV. LHC also
set a constraints on M+ > 350 GeV.

3.3.2 Neutrino Mass

We now proceed to discuss the neutrino mass generation in the present model. As men-
tioned before, the neutrino mass is expected to be generated via the triplet interaction with
the SM lepton doublets resulting the type-II contribution as

mll = 2Yava. (3.19)

With a choice of va as 1 €V, the coupling matrix YA can be accordingly adjusted to produce
the light neutrino matrix (m, ) consistent with the oscillation data. To make it more specific,

we consider,
my, =ml = UmlUT, (3.20)

with méd = diag(m1, mz2, m3) and U is the PMNS mixing matrix (in the charged lepton diag-
onal basis) of the form:

C12€13 C13512 e "’s13
_ 5 5 : ia1/2 ia2/2
U= —co3s12 — €Pcias13823  cracas — €9s12813523 13893 x diag(e )€ 1),
AT _ 10 _
512823 — €'°C12€23513 €"9C23512513 — €12523  €13C23

(3.21)
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AM= 1073 GeV
—10-2 he
0.100+ AM=10"“ GeV Be
o AM=1GeV

0.010p , AM=2GeV

> 0.001

108

My [GeV]

Figure 3.4: Allowed range of Y against Mx to keep mZ subdominant compared to ml.

parametrized by three mixing angles 612, 623, 013 (denoted by ¢;; = cos;;, s;; = sinb;;), the
Dirac CP phase § and Majorana CP phases (a1, a2).

For simplicity, we now consider Majorana phases and the lightest neutrino mass to be
zero. Thereby, using the best-fit values of the mixing angles and § [251] as in Table 2.2, we
obtain the following structure of the coupling matrix (using Eq. (3.19)) in case of normal
hierarchy (NH) of neutrinos,

1.8440.27¢  —-1.31 -0.75¢  —3.76 — 0.64¢

leV _
Ya = (_’UA ) x 1078 x | _1.31-0.75 15.94—0.08  10.90 + 0.0038i (3.22)

—3.76 — 0.64: 10.90 4+ 0.0038:  12.09 + 0.07%

We will make use of this Y in the rest of our analysis wherever appropriate.

Note that in our model, due to the presence of one RHN having Yukawa coupling Y,
a radiative contribution to the light neutrino mass [252] is expected to be present which is
given by

2 2 2 2
R _ Yo Y My M, 1 My Ma, 1 Ma

v)af = g my - My MY md, - ME o ME

(3.23)

(m
It is then understood that for a specific value of the DM mass, mp,, along with the mass
splitting AM = mg+ —mp, = ma, — mpy,, and mass of the RHN, there is a contribution® to
the light neutrino mass matrix which depends on the magnitude of Y,, coupling. Since we
plan to investigate the scenario where the light neutrino mass is mainly contributed by the
type-1I contribution, we determine here the limits on Y, for which m[ remains insignificant.

For this purpose, first we assume all Y, to be same given by Y. Secondly, we impose a
restriction that the contribution to ms (as ms is the second lightest eigenvalue of m,,) coming

>Using the fact that My is very heavy compared to all THD components, the radiative contribution can be

approximated by (m%).s ~ %WAM[I + ln(%)].
N
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3.3. Scalar triplet flavor leptogenesis with dark matter

R

fromm,,

remains below 10% contribution followed from type-1I seesaw estimate m! (hence-
forth called type-II dominance). Using this ansatz, we provide Y versus My plot in Fig. 3.4
indicating an upper limit on Y value corresponding to a specific RHN mass. In making this
plot, we consider DM mass mp, = 535 GeV with different AM indicated by different col-
ors. This limit on Y will be useful in estimating the CP asymmetry. As the lightest neutrino
is taken to be massless in type-II contribution, it is clear that with the appropriate Y value

(consistent with the Fig. 3.4 and leptogenesis), m will defer from zero value as it obtains a
R

v

tiny correction from m

3.3.3 Dark Matter Phenomenology

The present setup shelters two particles Nr and ® non-trivially charged under Z,. Hence,
being stable either of them can play the role of the DM. The phenomenology of a singlet
fermions like N as a WIMP DM candidate with renormalisable interactions remain unin-
teresting as it predicts overabundant relic density due to the lack of their annihilation chan-
nels. On the other hand, as is well known, the study of an IHD provides several interesting
prospects both in DM phenomenology as well as in collider searches and hence here we
primarily stick to the IHD as DM by considering My > mp,. An unbroken Z; symmetry
in the current scenario guarantees the stability of the scalar DM. Since it is a well studied
framework, in this section, we briefly focus on the parts of DM phenomenology relevant for
our analysis extended to leptogenesis section.

3.3.3.1 Relic Density

The inert Higgs doublet [232-241, 243-245] extension of the SM is one of the simplest ex-
tension where a scalar multiplet can accommodate a DM candidate. Before going into the
details of the DM phenomenology of IHD, we first briefly discuss the Boltzmann equation
required to study the evolution of the DM in the Universe. DM (H) being a partofa SU(2),
doublet always remains in thermal equilibrium in early Universe due to its gauge and quar-
tic interactions. The relic density of such a DM can be calculated by solving the Boltzmann
equation

dYp, 1 e
o — s lovnmxx) (Y, — (V)?) | (3.24)

where 2/ = mpy, /T and Yflg denotes equilibrium number density of Hy whereas (cvp, my—x x)
represents the thermally averaged annihilation cross-section [70] of the DM annihilating
into the SM particles denoted by X. The relic density of the inert scalar H is then expressed

as

Qg h? = 2.755 x 10° (Zf&) Y, (3.25)

with Ygo denoting the asymptotic abundance of the DM particle after freeze out. In order
to calculate the relic density and study the DM phenomenology of the IHD DM we use the
package micrOMEGAs4.3.5 [253].
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74 Chapter 3. Connecting Dark Matter with Flavor Leptogenesis

As stated before, the case of an IHD DM is well studied and hence, we only summarise
the results (in terms of relevant parameters) crucial for our analysis of baryon asymmetry
of the Universe in the setup. To facilitate our discussion on DM, we provide a variation of
the relic density of Hy (2g,h?) with the DM mass (my, ) for three different choices of mass
splitting in Fig. 3.5. Here, one notices that in the mass range My < mpg, < 500 GeV (pop-
ularly known as the intermediate region), a typical feature of the IHD is observed where
the relic abundance remains under-abundant. The DM being a part of SU(2) doublet, it
does annihilate and co-annihilate to the SM gauge bosons with a large effective annihilation
cross-section resulting this under-abundance in general. However, the correct relic density
can still be produced for my, > 535 GeV with an appropriate choice of mass splitting AM
and Higgs portal coupling (A7) as this leads to the cancellations among the s—channel,
t—channel and the contact interaction involved in the scattering amplitude of the DM anni-
hilating into the SM gauge bosons. In Fig. 3.5, one also notices that changing AM from 1 GeV

AL =0.01

— AM =102 GeV

— AM =1GeV

— AM =10GeV

50 100 500 1000
my, [GeV]

Figure 3.5: Variation of the DM relic density (Q2#,h?) with its mass (m,) for three different values of AM
while keeping Az = 0.01.

to 1073 GeV does not alter the relic result significantly. However, pushing AM to a relatively
larger value such as 10 GeV keeps the entire mass range of IHD as under-abundant (except
the Higgs resonance region). On the other hand, such a variation in AM carries significant
impact on the DM direct detection experiments as we see in the sub-section 3.3.3.2 below.
Aside such dependence, AM is also found to be restricted from the perturbativity point of
view. As shown in [254], for AM 2 20 GeV, the IHD-Higgs coupling along with the Higgs
quartic coupling become non-perturbative much before the Planck scale.

At this stage it is important to point out that the Yukawa interaction of the IHD with the
SM leptons and the singlet fermion Ny (see Eq. (3.13)) does not alter the DM phenomenol-
ogy of the IHD. Although it introduces an extra annihilation channel for IHD (¢—channels
mediated via Nr of SM leptons), its contribution remains suppressed due to the p-wave
suppression. Even though, if this additional annihilation channel has a sizeable contribu-
tion to DM abundance compared to other channels, it does not help generate new allowed
DM masses in the intermediate mass regime of the IHD and hence remains uninteresting

from the DM point of view.
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3.3. Scalar triplet flavor leptogenesis with dark matter

3.3.3.2 Direct and Indirect Detection

The null detection of the DM in direct search experiments like LUX [255], PandaX-II [256,
257] and XenonlT [258, 259] puts a severe constraints on the DM parameter space. There
exists two different possiblities for the DM to interact with nuclei at tree level in the scenario
under consideration: (a) elastic scattering mediated by SM Higgs boson and (b) inelastic
one mediated by electroweak gauge bosons. The spin independent elastic scattering cross
section mediated by SM Higgs is given as [260 ]

oSt _ At “§mZV (3.26)
dm mymi
where p, = mymu, /(ma+mu,) is the DM-nucleon reduced mass and Ay, is the quartic cou-
pling involved in DM-Higgs interaction. A recent estimate of the Higgs-nucleon coupling f
gives f = 0.32 [261]. On the other hand, the inelastic scattering cross-section mediated by a
gauge boson is expressed as [262],

G2 2
ofl = ¢ ng YN — (1 - 4s%)2)? (3.27)

with ¢ =1 for fermions and c = 4 for scalars. Here the hypercharge of the DM is 1/2. Finally,
N and Z represents the number of neutrons and protons respectively in the target nucleus
with mass mar. With AM > 100 keV [263], the inelastic scattering of DM with the nuclei is
kinematically forbidden as the corresponding cross-section becomes larger than the average
kinetic energy of the DM. While AM < 100 keV can rule out the entire sub-TeV mass regime
of the DM even though allowed by the relic density as o5 ~ 4.9 x 1078 pb which is much
larger than the constrained imposed by the XenonlT experiment in a sub-TeV mass regime
of the IHD DM.

Finally, one should also consider the indirect search experiments like Fermi-LAT [264],
MAGIC [265] etc., which also provide promising detection prospects of the WIMP type
DM. These experiments look for an excess of SM particles like photons and neutrinos in
the Universe which can be produced from the annihilation or the decay of the DM. The
present setup accommodates an IHD DM that can also produce such signals which can be
detected in the indirect search experiments. The null detection of such signals so far can also
constrain the DM parameter space. In a recent study [242], it has been shown that the IHD
mass regime below 400 GeV is strictly ruled out by Fermi-LAT.

3.3.4 Leptogenesis

In this section, we aim to study the leptogenesis scenario resulting from the CP violating
out of equilibrium decay of the triplet carrying lepton number of two units in the model.
As advocated, this will happen due to the presence of the sole RHN of the setup contribut-
ing to the one-loop vertex correction to the tree level triplet decay into leptons as shown in
Fig. 3.6. It is interesting to note that with one triplet, the generated CP asymmetry can’t be
of purely flavored one [228] in contrast to the presence of this possibility in standard triplet
leptogenesis involving two scalar triplets. We first discuss the generation of CP asymmetry
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from the triplet decay and then talk about the evolution of the lepton (B — L) asymmetry
using Boltzmann equations. In doing so, our plan is to keep the triplet mass as light as pos-
sible as that would be interesting from the point of view of collider search for triplet states.
In turn, this indicates that flavor effects of the charged lepton Yukawa couplings need to be
incorporated provided leptogenesis takes place below temperature ~ 1012 GeV.

lr, lr,
: —
o 7/
/
A A y Np
- - S —
\
d \\
de | ngf

Figure 3.6: The tree level and the vertex digram required for the generation of CP asymmetry.

3.3.4.1 CP asymmetry generation

The flavored CP asymmetry produced as a result of the interference between the tree level
and the loop level diagram shown in Fig. 3.6 can be defined and evaluated as [225, 226]

ZBF(A — ELQ +€LB) — F(A — ELQ -I—ELB)

¢
o =2 2
1 Tm [115Y;Y;(Ya)i; M2
— My ZJ? [M22 Y5 (Ya)ij) o (1 i é) ’ (3.29)
Am T Te(YAYA)ME + | 24| pa? My
where, I'}R! is the total decay width of A:
TR = T(A =0, 01,) +T(A — HH) +T(A - 0), (3.30)
a?/B
Ma t |1 [+ 2]
= — |Tr(YAY, — . 3.31

Similarly, the anti-triplet decay I"'Y" also contributes to the total decay width in the denomi-
nator. It would be useful to define the branching ratios By, By and Bg at this stage, repre-

sentative of the A triplet decay to lepton and scalar final states as:

B= ¥ Bu= Y Bu= Y gl

a=e,u,T OZ,BZE,N,T a7/8:6’.u'77-
BH:A7 Bq):%; By+Byp+Bs =1 (3.32)
STMAT R 8TMALR!

We notice now that among the various parameters involved in the expression of flavored
CP asymmetry EZAQ in Eq. (3.29), Y is obtained from Eq. (3.22) while z1; becomes function of
M via Eq. (3.17) with the choice va = 1 €V. Finally, to maximize the CP asymmetry, we fix Y’
to its largest allowed value corresponding to a specific choice of My (and AM) from Fig. 3.4
s0 as to restrict the radiative contribution negligible (keeping it below 10%) compared to the
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type-II one toward light neutrino mass. Although there is no direct correlation between CP
asymmetry and the mass splitting AM among IHD components, it can be noted that AM
being involved in restricting the maximum value of Y for the type-II dominance of neutrino
mass (see Fig. 3.4), plays an important role here. Hence, ega effectively remains function
of three independent parameters po, Ma and My. It is interesting to note that in this case,
there exists a coupling ji5 in the CP asymmetry expression which does not participate in the
neutrino mass generation unlike conventional type-(I+II) scenario where all the couplings
involved in CP asymmetry also take part in the neutrino mass [225, 226, 230]. As a result, in
the latter case (i.e. in type-(I+II)) with type-II dominance, the relevant parameter space is
restricted leading to Ma quite heavy. For example, it was shown in [230], in the context of
type-II-dominated left-right seesaw model, that Ma turns out to be 10'2 GeV or beyond. On
the other hand, involvement of otherwise free parameter ;.o may open up a relatively wider
parameter space in our case. Below we proceed to get some idea on the CP asymmetry
generation by scanning over the parameters for our work.

Fig. 3.7 shows the density contour plot for the absolute value of individual components
of CP asymmetry in the Ma — s plane while keeping My fixed at a specific value 5 x 10'°
GeV. In producing these plots, we also consider two specific choices of AM = 1073 GeV (top
panel) and AM = 1072 GeV (bottom panel). Benchmark Points (BP) [A] and [B] are used to
specify the values of Yukawa coupling Y for these mass splittings respectively (see Fig. 3.4).
For Ma below 10'2 GeV (though larger than 10° GeV), tau-Yukawa interaction comes to
equilibrium making the asymmetries along a (a coherent superposition of e and 1 lepton
flavors) and 7 flavor distinguishable. We elaborate on it latter. Hence in this region, we study
ei‘” separately in Fig. 3.7(a) and (b) respectively. In the plot, the red (blue) region indicates
the highest (lowest) absolute value of CP asymmetry while the green and the yellow regions
indicate intermediate values of it. Maximum CP asymmetry® (value of which is indicated
in the top bar) results around the central region. Comparing the top and bottom panels of
plots, we find that it is possible to generate relatively larger CP asymmetry once we lower
AM. However, we can not keep on lowering AM indefinitely (AM below 100 keV is not
feasible as we have discussed it in the DM section).

3.3.4.2 Evolution of B — L asymmetry

With the above estimates of the CP asymmetries in different flavor directions, we study here
the evolution of B — L asymmetry via Boltzmann equations. It naturally involves all possi-
ble interactions with the thermal bath in the early Universe. As we aim here to bring down
the leptogenesis scale (i.e. as low M as possible), as stated earlier in subsection 1.6.2.3 the
situation becomes more involved. Below the energy scale Ma < 10'? GeV, particularly in
the temperature regime 10° GeV < T < 10! GeV, along with bottom and charm quarks, tau
Yukawa related interactions come to thermal equilibrium because of which the quantum
coherence of lepton doublets is lost. As a result, in this regime, two orthogonal directions
denoted by a = a (coherent superposition of e and y lepton flavors) and 7 survive. On

the other hand, QCD instanton and EW sphaleron reactions also reach equilibrium at this

SFor the present analysis, it turns out B; >> Big.
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Figure 3.7: Density contour of individual CP asymmetry in us — Ma plane with My = 5 x 10'° GeV. Top panel:
AM =103 GeV (using BP [A] from Fig. 3.4) ; Bottom panel: AM = 10~ GeV (using BP [B] from Fig. 3.4).

temperature range making the baryon number as a non-conserved quantity, though it con-
serves the individual B/3 — L, charges. So, an appropriate study of the evolution of the
lepton asymmetry should be performed by knowing the evolution of the B/3 — L, charges
with @ = a and 7. Further below region of 10° GeV < T < 107 GeV, strange quark and
muon Yukawa interactions achieve thermal equilibrium indicating that the lepton doublets
completely lose their quantum coherence. Hence, lepton asymmetry becomes distinguish-
able along all three flavors e, and 7. Below T < 10° GeV, electron Yukawa reaches the
equilibrium.

In order to study the evolution of the B — L asymmetry, we need to employ a set of
coupled Boltzmann equations following the analysis of [228]. This set includes differential
equations for triplet density ¥ = A + A, triplet asymmetry Ax = A — A and B/3 — L,
asymmetries considering flavor effects as we have considered a specific hierarchy Ma < My

in our analysis. Assuming the triplet scalar was at thermal equilibrium with plasma in the
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early Universe, below are the specified interactions which have the potential to change its

number density as well as produce or washout the effective B — L charge asymmetry:

e Decay [A — (1, 0lr,, A - HH and A — ®®] and inverse decay: The total decay

rate density is then represented by: vp = 5 + v +~§, with vp = ﬁgzg nléq rhot

K(z), K2(z) are the modifed Bessel functions. Here ngq is the equilibrium number
desity of ¥ A and z is defined as Ma /T

e Gauge induced scatterings AA < f f, AA < XX (s-channel), AA < GG (triplet
mediated t,u-channel and four point vertex contrubutions), where f stands for SM
fermions, G are SM Gauge bosons, X = H,®. Altogether the reaction densities are
characterized by v4, where y4 = 67;;%4 Iojm dx+/x w ,x = s/ M3 (sisthe centre

of mass energy). Here 74 is the reduced cross section inclusive of all gauge induced

processes, where ¢ is related to the usual cross section o for a process [1+2 — 3+4+...]
by: & = 2[(p1.p2)? — mim3]o with p1,ps be the four momentum of initial particles
having mass m1, ma.

e Lepton number (AL = 2) and Lepton flavor violating s and ¢ channel scatterings
(mediated by the triplet/anti-triplet): XX « lr lr 5 Xl < Xy, having reaction
densities 7; ) and 7))?55 respectively.

e Lepton flavor violating triplet mediated s and t channel scattering: (¢r,,, 41, <> {1, lL,)s,

m

(lr,. 0L, < Lo L 5 )+ with reaction densities given by (’Yf;”é")s and (fyf;”é" )t-

Keeping in mind the above discussion, the following Boltzmann equations are constructed,

2
dYs Y5 Y5
sHz—> = — (EE - 1) D —2 (g) — 1|, (3.33)
dz ya y:a
2 b
dYa YA . 7\ Yx.
sHz dzA - A E ( E Bg C — By C Yé YD , (3.34)

st‘W’ZiLa__G:E ) 7D+22<YAA - Z )BZ o710
Y,
- {o e+ heto) (o 4 ) + (w i) )3

Yx,

Z ,ano < ’Yé;nein)s + (’Yﬁael; ) > W? (335)
l
B,m,n,o

where z = Ma /T and Ya , is defined as the ratio between particle and antiparticle number
densities difference to entropy: YA, = (nx — ng)/s, where nx(nx) is number density of a
particular species X (X).

Depending on the temperature range, the index ¢ in the RHS of Eq. (3.35) will run dif-
ferently, e.g. for 10° GeV < T < 10'2 GeV, @ = a,7 as done in Fig. 3.7, while for T < 10°
GeV, a = e, i1, 7 need to be included. The generated asymmetry in number densities involv-
ing lepton doublets of a specific flavor Y., as well as that of the Higgs (originated from
the inverse decay and subtraction of the on-shell contribution for AL = 2 processes) can be
related to the fundamental asymmetries Ax and B/3 — L, with the help of the equilibrium
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conditions applicable. The corresponding conversion factors’ are defined in terms of C* and
CH matrices as below (similar to type-I setup as presented in subsection 1.6.2.3) [104, 228]:

YAea = — Z Cio Yx, and YAy, =— Z Cf Yx,, (3.36)
o g

Bmno are given by:

where Y are the elements® of Yif = (YAA Vi3 L(,> and Cg 50 and Cﬁ

ng,Ba = nga + Cécr ’ Cﬁﬁmna = Cﬁza + Céa - Cﬁwa - Cfm' (337)

Then the final lepton asymmetry is converted to Baryon asymmetry via sphaleron processes
as given by :

12
Yap=3x o ; YB3 Las (3.38)

where the factor 3 is due to the degrees of freedoms associated to the SU(2), scalar triplet.
Here we also assumed that the sphalerons have decoupled below SSB.

3.3.4.3 Results
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Figure 3.8: Contour plots for final baryon asymmetry (Yz = (8.7 & 0.06) x 10~ ") in u2 — Ma plane. Left
panel: My =5 x 10'° GeV while AM = 10~? GeV (light blue) and AM = 10~% GeV (magenta), Right panel:
My =5 x 10'* GeV while AM = 1 GeV (light green) and AM = 2 GeV (blue).

In order to explore the parameter space of our model so as to produce the observed
baryon asymmetry Yz = (8.7 £ 0.06) x 10711 [17, 266], first we choose a specific value of
My =5 x 10! GeV. Then based on our previous discussion we infer that lepton asymmetry
with 10° GeV< Ma < My will be produced along two orthogonal directions, i.e. a and
7 while below 10? GeV, all three flavor directions have to be taken into account. With the
help of chemical equilibrium constraint equations (coming from relevant Yukawa and EW
Sphaleron related reactions that are in equilibrium) as well as other constraints such as hy-
percharge conservation (applicable in this energy range) lead to the following structure of

"We simplify the situation by considering the chemical potential of the & field to be zero and hence corre-
sponding C'* does not appear.

Here we take Ya, =Ya,, =Ya,, =Ya

A+ andYAH EYAHO :YAH+'
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Figure 3.9: Contour plots for final baryon asymmetry (Ysz = (8.7 & 0.06) x 10~'") in 2 — Ma plane for
AM = 10"* while My = 10'° GeV (blue), Mx = 5 x 10° GeV (green) and My = 10° GeV (red).

C* and CH matrices (for 10° GeV< Ma < My) [104, 228]:

1 [—12 307 -36 1
ot = R , CH = 39 (258 41 56) : (3.39)
78  —21 9234

For Ma below 10° GeV, C* and C'* become 3 x 4 and 1 x 4 matrices.

Using the input on the flavored CP asymmetries along a and 7 directions from Fig. 3.7,
obtained as a function of ;12 and M for a specific AM value, we employ the set of Boltzmann
equations Eq. (3.33-3.35) while ignoring the last two terms of Eq. (3.35) to draw a contour
plot for the correct final baryon asymmetry (via Eq. (3.38)) as shown in Fig. 3.8. The two
contour plots, one in magenta and other in light blue patches, correspond to AM = 102
GeV and 1072 GeV respectively. We therefore infer that the triplet can be as light as ~ 10°
GeV, contrary to the type-(I+1I) case, which can successfully generate the required amount
of baryon asymmetry, thanks to the flexibility involved due to the presence of parameter 5.

We also notice that with the increase in AM value, the baryon asymmetry satisfying
contour gets shifted toward heavier mass range of the triplet. This observation is interesting
as it is correlated to the DM phenomenology. We recall that even though a smaller AM
is not in conflict with the relic contribution to DM (in fact a relic satisfaction requires AM
below O(1) GeV), it is actually restricted from below by the inelastic scattering of DM direct
searches (AM 2 107* GeV). On the other hand, the upper bound on AM follows from the
relic density satisfaction by the DM as can be seen from the Fig. 3.5. We find that with AM =
1 GeV (light green), Ma can be as low as 5 x 10! GeV, while a further increase in AM such
as 2 GeV (blue)? pushes the lightest possible Ma value to 9 x 10! GeV (while maintaining
Ma < My) (see right panel of Fig. 3.8). As a result, we can work in the two flavor regime
of leptogenesis with such AM values. A further increase in AM will take us to unflavored
regime of leptogenesis. However, we refrain from considering a further larger values of
AM mainly because in that case, the relic density of the DM becomes under-abundant. In
Fig. 3.9, a similar contour plots are presented, but for fixed AM = 10~* GeV with different

*With such mass splitting, the DM having mass m o = 535 GeV can constitute ~ 83% of the observed relic
abundance.
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82 Chapter 3. Connecting Dark Matter with Flavor Leptogenesis

My values. As can be seen, the allowed mass of the triplet comes down to an even lower
mass close to 10% GeV. It is perhaps pertinent here to mention that our entire parameter
space corresponds to the Yukawa regime [227, 228 | where the Yukawa induced inverse decay
processes (characterised by By, ,vp) play important role and hence flavor effects become

crucial.
My=5x10" GeV, AM=10"2 GeV My=5x10" GeV, AM=10"3 GeV
0.001 0.001
5 | 5 %
10 == Yapop, 10 == Y31,
10,7 . lews—l_T B 10,7 L |~ leﬁ/s—l_T
§ — Y § — Y
>Il 10°° = Y| >|l 10-° |— Yo,
101 T wul o T
10713 7 s
//,
10-15 . Zal 10-15 . af
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Figure 3.10: Left panel depicts the evolution of the comoving number density of individual components of lepton
asymmetry together with the overall baryon asymmetry for Ma = 8.02 x 10° GeV and p2 = 1.14 x 107 GeV.
Right panel displays the same but for Ma = 2.01 x 10° GeV and p2 = 1.48 x 10° GeV. Evolution of comoving
number density of X, Aa are also shown on both the plots. The values of Ma and pu are obatined from the
lowest allowed points for left panel of Fig. 3.8 (indicating by %).

Hereafter, to show explicitly the various contributions of flavor in the evolution of Yz /3_1, ,
(a = a,7), we pick up the lowest possible values of Ma and corresponding 2 (for a fixed
value of AM = 1072 GeV and My = 5 x 101° GeV) from left panel of Fig. 3.8. Then in
Fig. 3.10(a), we show the evolution of number density to entropy ratio (Y = n/s) for in-
dividual component of lepton asymmetries as well as the total baryon asymmetry w.r.t.
z = Ma/T. While plotting, we have assumed that initially A(A) were in equilibrium so
A = 0 and there were no lepton asymmetry. While the dark blue curve shows the evolu-
tion of 3, abundances of B/3 — L, asymmetries along individual flavor directions are shown
in purple (a direction) and violet (7 direction) dashed lines. The orange line stands for the
evolution of the baryon asymmetry which asymptotically merges with the black dashed
horizontal line indicative of the correct baryon asymmetry of the Universe. In a recent work
[224], authors have shown the importance of incorporating density matrix formalism to
evaluate the baryon asymmetry for triplet leptogenesis, even beyond 7' > 1012 GeV. In this
formalism, diagonal entries of the density matrix indicate asymmetry along each lepton fla-
vor direction while off-diagonal entries represent quantum correlations between different
flavors. Though this is the most general approach, we have found that inclusion of the off-
diagonal entries can only change the final result by 20% or less (corresponding to the values
of parameters involved in producing the plots of Fig. 3.10) and hence neglected here. Note
that the dark blue curve starts to fall around z = 1 due to the out of equilibrium decay of
the triplet(anti-triplet) to different channels which in turn is reflected in the increase of lep-
ton asymmetry (purple and violet-dashed lines). Around z = 5, the number density of the
lepton asymmetry (in all directions) starts to saturate. The red curve shows the evolution
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of asymmetry generated in A and A particles. Next in Fig. 3.10(b), the similar evolution
of flavors (o = a,7) becomes prominent once we choose the lowest possible value of Ma
corresponding to AM = 1072 GeV from left panel of Fig. 3.8.

Finally, we elaborate on how the mass-splitting AM intervenes in different parts of the
present work. Obviously, AM has its most important role in DM phenomenology. As shown
in Fig. 3.5, a value of AM ~ O(1) GeV or less is appropriate for having DM relic satisfaction
having mass below TeV. Such a value therefore serves as the upper limit of AM while it is
bounded from below by ~ 10~% GeV from the constraint on inelastic scattering amplitude of
DM with detector nuclei. Turning into the neutrino part, we notice from Fig. 3.4 that in order
to maintain the type-II dominance toward the neutrino mass, the maximum allowed value of
neutrino Yukawa coupling Y has to be reduced with the increase of AM for a specific choice
of RHN mass M. On the other hand, a larger Y (and hence smaller AM) is favored from
the point of view of enhancing the CP asymmetry with a specific M. Therefore a judicious
choice has to be made for choosing A M which not only be responsible for type-II dominance
but also remains small enough so as to allow sufficient CP asymmetry. Such a choice has to
be further guided by its upper (~ O(1) GeV) and lower (10~ GeV) limits. With this entire
viable range of AM, masses of the RHNSs are found to be in the regime ~ 10(°~12) GeV.

3.3.5 Summary

In this work, we present a simple extension of the basic type-II seesaw (i.e. with one SU(2)r,
triplet in addition to SM) scenario including an additional RHN and one IHD, which can
accommodate neutrino mass, DM as well as capable of explaining the baryon asymmetry of
the Universe via leptogenesis mechanism. The interesting part of the study is the involve-
ment of the DM multiplet, along with the RHN, in the vertex correction of the triplet’s decay
to two leptons which can successfully produce the required amount of CP asymmetry in or-
der to address the baryon asymmetry of the Universe. Although the decay of RHN can
also produce lepton asymmetry in the present setup, we assume a specific mass hierarchy
Ma < Mpy and hence the asymmetry generated by the decay of the triplet is the effective
one. We incorporate the flavor effects in this triplet leptogenesis study as we aim to lower
the triplet mass as much as possible in view of its accessibility at the collider. We find it is
possible to generate sufficient lepton asymmetry with Ma as low as ~ 108 GeV.

Turning to the neutrino side, where the dominant contribution to the light neutrino mass
follows from the tiny vev of the triplet, there exists a radiative contribution too which we
restrict to be negligible by choosing the associated Yukawa to be small enough. This consid-
eration is related to the mass splitting involved in the IHD which plays a twofold role here.
Firstly, the IHD as a DM results with a specific range of this mass splitting (1074 — O(1)
GeV). Secondly, a smaller mass splitting (hence a larger neutrino Yukawa) turns out to be
preferable for generating sufficient CP asymmetry in this flavored leptogenesis framework.
Since the lower limit of AM is somewhat governed by the inelastic direct detection bound,
in a way it restricts the mass of the triplet within a certain range.

On the other hand, due to the involvement of particles like A*, A**, ®* and Np, the
present setup is also subjected to the constraints coming from the lepton flavor violating
decays like ;1 — e7y. Keeping this in our mind, we calculate the Br(; — ev) and found it to be
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many orders of magnitude smaller than that of the present upper bound on it (< 4.2 x 10713
at 90% C.L [267]).
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Chapter

Effect of Post-inflationary epoch in
Flavor Leptogenesis

4.1 Introduction

Till now, the discussion we had in the previous chapters, we mainly followed the standard
prescription of thermal leptogenesis, where it is considered that after the Universe enters in
the RD era (the beginning of which is marked by reheating temperature Try), the RHNs
can be created by thermal scattering more specifically via inverse decays and 2-2 scattering
mediated by SM fields. Subsequently, considering a hierarchical RHN masses, the lightest
among the three RHNs (say /Ny with mass M) starts to contribute to lepton asymmetry
production via its out-of-equilibrium decay to the SM lepton ({1, ) and Higgs (H) doublets
around a temperature 7" < M. The reheating temperature obviously satisfies the condi-
tion Tk > M;. The abundance of the RHNs (Y, ) and the produced lepton asymmetry
in a specific flavor direction (Ar,,) in this RD epoch are connected by the BE where apart
from production, one needs to incorporate all the lepton-number violating processes that
can potentially erase such asymmetry.

Provided that such decay happens at sufficiently high temperature (at or above 5 x 101!
GeV), where all the right-handed charged leptons of different flavors are in out of equilib-
rium, one can safely use the unflavored approximation [95-97]. This is because the rate
of charged lepton Yukawa interactions remains weaker compared to that of RHN Yukawa
interactions. On the other hand, if the leptogenesis happens at a temperature (7") below
5x 10" GeV, the right-handed tau leptons equilibrate with the thermal bath and flavor effects
[100, 102-107, 268] are inevitable. Once this tau lepton Yukawa interaction is equilibrated, it
tends to destroy the lepton asymmetry carried by the tau leptons generated from the decay
of RHNSs. For the muon and electron Yukawa interactions, this happens below 10° GeV and
5 x 10* GeV respectively.

There exists a lower limit on the mass of the RHNs as M; > 10? GeV (known as Davidson-
Ibarra bound [269]) in order to satisfy the correct baryon asymmetry of the Universe via
leptogenesis which in turn indicates that reheating temperature should be higher than this
value for standard thermal leptogenesis. Although it is feasible to have such a high TRy,
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86 Chapter 4. Effect of Post-inflationary epoch in Flavor Leptogenesis

there is no such concrete evidence in support of it too. On the contrary, it can be as low as
few MeV [270-273]. In this context, it is interesting to investigate the possibility of having
reheating temperature smaller than the mass of the RHNs in view of leptogenesis. While
one such possibility is to have non-thermal leptogenesis [77, 274-297], a different possibility
opens up where a non-instantaneous reheating period[270, 270, 298-302] (extended from
Tmax to TRya) can be brought into the picture. In that case, a maximum temperature Tijax
after inflation can be realized followed by the onset of RD era indicated by reheating tem-
perature TRy with Tiyiax > Tru. In this chapter, we will show that the process of such non-
instantaneous reheating during the post-inflationary period can have a sizable impact on
the charged lepton Yukawa ET in the early Universe. The perturbative variant of reheating
is intricately related with the coupling between the inflaton field and the decaying particles
which produce the radiation bath.

Keeping this in mind, in section 4.2, we will couple inflaton with only SM fermion fields.
As aresult of which, the decay of inflaton to SM fermions will produce a prolonged reheating
period. Then we will study its effect on the charged lepton Yukawa ET and, subsequently
on the flavor lepton asymmetry generation.

In section 4.3, we will focus on a more general picture by allowing an additional inter-
action between the inflaton and the RHN fields on top of the existing effective coupling
between the inflaton and SM fermion fields and observe its impact on flavor leptogenesis

mechanism.

4.2 Setup a: inflaton couples to SM fermions

As previously discussed, a thermal leptogenesis scenario with N1 mass M; < 5 x 101! GeV
experiences flavor effects since the charged lepton Yukawa interactions start to enter equi-
librium below this temperature. An estimate of such ETs for different flavors is provided in
Fig. 1.4. Note that the ETs of these Yukawa interactions (associated to different flavors of
right handed charged leptons) are calculated assuming that the Universe is already in a RD
era followed by an instantaneous reheating after inflation. Obviously, such consideration
leads to Tk > M indicating the presence of high reheating temperature. Now, it is also
known that the reheating might not be an instantaneous process [270, 298, 301, 302]. On top
of that, the reheating temperature can be low enough (though larger than a few MeV from
BBN limit [270-273]).

The era of reheating begins when after inflation, the inflaton field ¢ starts to decay.
Neglecting the possibility via preheating [303-305], as this field ¢ starts to decay to the
lighter SM degrees of freedoms, the thermalization of these light decay products helps the
Universe to attain a maximum temperature Tyax. Subsequently, the temperature of the
Universe falls at a rate much slower than the standard scaling 7' ~ a~! (a is the Fried-
mann-Robertson-Walker scale factor). This continues till a point (defining Try) where the
radiation component becomes the dominating one in the Universe. This nontrivial behavior
of the temperature as a function of scale factor a results due to the faster expansion rate com-
pared to the standard scenario (quantified by Hubble #) during the lifetime of the inflaton.

As a result of this modified 7/, a change in the behavior of (I',,) /H is also expected in the
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period in between Ty1a.x and TRy, compared to the standard scenario represented in subsec-
tion 1.6.2.1. This would be particularly prominent provided Try falls below the standard
right handed charged lepton ET 77, (for a specific flavor o) and Tvax maintains a rela-
tion Tiyax > 1, &a). In fact, as a result of such a delayed entry (due to the modified H for
Tmax > T > Tru) of the charged lepton Yukawa interactions into the equilibrium, a shift of
the flavor regime(s) of leptogenesis compared to the standard scenario is expected in this
case of extended reheating period. We begin the discussion on reheating below to estimate
the modified temperature regimes where the right-handed charged leptons enter equilib-
rium, first without introducing any RHNSs and later we incorporate RHNs so as to discuss
their influence on flavored leptogenesis.

4.2.1 Reheating Process

As the era of reheating starts following the inflationary epoch, the discussion of reheating
is somewhat connected to the form of inflaton potential near its minimum. Hence, to be
specific, following [301] we consider a generic power-law form of the inflaton potential near
the minimum, [301]:

(4.1)

where Mp is the reduced Planck mass. The magnitude of the coupling A can be estimated
from the CMB observables such as spectral index and tensor-to-scalar ratio and depends on
the order of the polynomial n. The origin of such choice of potential can be traced back to
T-attractor models in no-scale supergravity [306]. In such setups, the effective inflaton mass
my is a function of inflaton field. In the adiabatic approximation, it can be written as:

mé = 835V(¢) = An(n—1)¢" 2Mp™"
2(4—n) 5 n—=2

= nn—1)Mp " )\pr . (4.2)

where p, is the energy density of the inflaton field ¢. For simplicity, we confine ourselves to
an = 2 case resembling the Starobinsky type of inflationary potential [307-309] (in the large
field limit). As a result of which, from the Planck+BICEP2/Keck (PBK) constraints [310]
on spectral index and tensor-to-scalar ratio, the magnitude of the parameter ) is found to be
~ 2x 1071, This leads to the effective mass of the inflaton as mg = (833V(¢))1/2 ~1.5x10"
GeV. For a more detailed discussion, see [272, 273,301, 311].

Furthermore, we introduce an effective coupling between the inflaton and the SM fields
asYgrrof f which will initiate the decay of the inflaton to radiation (composed of SM fields)
having a width 'y, = yz’#md,. Then the energy densities of the inflaton field (p,) and radia-
tion (pr) satisfy the evolution equations:

d(pya’)
da

[y 9 d (pRa4) a’
= —— : d ———~ = —1 43
Ppa”; an da H oL ( )

where H? = (a/a)? = (py + pr)/3M3. At this moment, it is pertinent to define the temper-
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88 Chapter 4. Effect of Post-inflationary epoch in Flavor Leptogenesis

ature 7'(a) connected to the pp by the relation

1/4
-~ f;gﬂ] o4 (a). (44)

(@)= |
T can therefore be estimated as a solution to the coupled Egs. (4.3) whose variation with
the relative scale factor (ac,q is the scale factor at the end of inflation, considered as a mere
reference point and is set to unity) is presented in the top panel of Fig. 4.1. Note that during
the onset of reheating, H has the sole contribution from p4. However, as soon as the light de-
cay products of ¢ thermalizes', pr gets growing sharply and correspondingly a maximum
temperature Tiax is attained. After this, pr decreases slowly (as ¢ being decayed, py4 di-
minishes) and finally a stage is reached where pr eventually becomes equal to p,; and starts
dominating thereafter. This boundary is marked as the reheating temperature Try.

M;=10" GeV, y,p=10"*

1012 — e
10°} '

108} - : s
Tmax=7.04 x 102 GeV
Tru= 4.2 x 10" GeV

T [GeV]

1000

1050
1030

1010
10—]0 - Py
10—30 ST PR |

Px

10 10* 107 10 10 10'¢

A=a[acna

Figure 4.1: Top panel indicates 7" variation with the relative scale factor while the bottom panel illustrates evo-
lution of various components of total energy density (explained in inset).

4.2.2 Change in equilibration temperature of charged Yukawa interactions

We now infer that provided the reheating temperature is smaller 77 ,, the epoch in which

this equilibration (by equating (I',) with ) happens may actually experience the era be-
tween Tiyax and Try. The relatively fast expansion of the Universe in this era will obviously
affect the relation (I'y,) = H (with (I'y) ~ 5 x 10_3Y£?1T(a) as presented in Eq. (1.93)) where
the r.h.s needs to be replaced with #(7') that depends on both p; and pr. The modified
(I'n)/H is therefore plotted against 7" in Fig. 4.2 indicated by the dashed lines. As expected,
prior to entering into the RD phase, it depicts a non-standard behavior (slope is different
within Tiax and Try) as shown in Fig. 4.2, separately for three flavors of charged leptons.
This is a new observation in our work.

We note that Y7, comes to equilibrium around T ~ 7.5 x 101 GeV (compared to Ty =~
5 x 10* GeV in standard scenario) while pr and eg attain equilibriums at their standard
temperatures 77, and T3 respectively in this case. This is because with the choice of 14
coupling, Try is found to be 4.2 x 10'% GeV which falls below TS(T). Hence the non-standard

'We presume Higgs and left handed fermions (members of SU(2); doublets) are in equilibrium (also the
SM gauge bosons) immediately after production.
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Figure 4.2: Variation of (I's) /H w.r.t. T is plotted for standard (solid lines) and modified (dotted) scenarios.

effect on Y7, and Y, interactions do not appear in this particular example. With the change
of y4 ¢, this particular situation is going to be altered of course. For further smaller y4 ¢, TRH
may fall below T}

0(p)
for sufficiently large y4 s, the temperature regime between Tiia.x and TRy is getting shortened

and correspondingly we would get a modified Y, ET. On the other hand,

and hence such departure in evaluating the charged lepton ET, even if it is present, becomes
less prominent. At this stage, one may wonder what happens to the other SM interactions
like the top, bottom, charm Yukawa interactions, EW sphaleron interactions, etc. In this
regard, the point is to note that the source of the modified ET related to any interaction
is related to H and hence all these other interactions should also be affected similarly. So
overall a scaling effect w.r.t. the charged lepton ET should be observed. As the strength of
these interactions is more compared to Y7,_, it is natural to expect these interactions to be in

equilibrium by the time 77* has reached.

4.2.3 Lepton asymmetry generation

Equipped with this basic understanding behind such a non-standard situation in case of a
prolonged reheating period, we now turn our attention to the realm of flavor leptogenesis.
The lepton asymmetry being generated from the out-of-equilibrium decay of the lightest
RHN Nj, its mass M is at the center of interest. This is because, in standard thermal lep-
togenesis, IV; starts to decay at a temperature 7' ~ M; when the Universe is radiation dom-
inated and N is present in equilibrium within the thermal bath. Contrary to this, in case
of non-instantaneous reheating under study, in general there can be three possibilities: (a)
My < Try, (b) TRy < My < Twmax and (c) M1 > Tivax- While case (a) is a scenario close
to standard thermal leptogenesis (and we refrain from discussing it here), case (c) stands
for a situation where NN can not be thermally produced. Since in this case no inverse decay
is possible, no washout of produced lepton asymmetry would happen. Consequently, no
flavor effect would be expected in this case. So, in this work we focus on the case (b), where
production of N; from thermal bath seems to be a possibility and it will also decay within
the reheating epoch too.

To start, we need to introduce the energy density associated to N1 (pn, ) in the discus-
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M;=10" GeV

10 10* 107 10" 10 10'¢
A = alaenq

Figure 4.3: Evolution of various components of total energy density are displayed. The * corresponds to the
TRH.

sion as Tvax being greater than M;, Ny can be produced from the inverse decay”. For this
purpose, we incorporate the type-I Lagrangian (as presented in Eq. (1.50)) into the system.
The modified Hubble parameter is given by

_ Py T PR+ PN,

H2
M3

(4.5)
Alongside, the pr equation in Eq. 4.3 has an additional term %(F N (PN, — p?'\(,ll) on the
r.h.s., the presence of which is to represent the dilution of pr due to production of N; from
it (via inverse decays). The decay rate of N; is given by (I'y,) [212] and py, satisfies the

other equation

d(pn,a® I'n,)a? e
o) _ (M) ) (46)

Regarding initial conditions, in order to solve the coupled equations for p4, pr and py,,

we employ py, = pr = 0 whereas energy density at the end of inflation is taken to be
Pbeng = 3V (Pend)/2. The value of ¢.pq for the class of models under consideration is 0.78 M p
[301]. All the three components of the energy densities are now plotted against the relative
scale factor in Fig. 4.3. For this plot, we keep the parameter y,s; same as in Fig. 4.1 and
consider a specific M; = 10" GeV. We consider M3 as 100 times heavier than M, ) for
discussion and hence thermal generation of Ny3) is not possible. The neutrino Yukawa Y,
appearing in (I'y, ) is evaluated with the help of Casas-Ibarra formalism [199],

\/i T
Y, = —iYUD —RTD . 47
1= UD mRD 7 (47)

where U is the PMNS [165, 200, 210] mixing matrix diagonalizing m, = —Y, M 'Y,Tv?/2
(v =246 GeV is the EW vev), D,, (D)) is the diagonal active neutrino (RHN) mass matrix
and R is a complex orthogonal matrix of the form as in [312] parametrized by complex
mixing angle 6. The values of Re[0r], Im[fr] are so chosen as to produce correct baryon
asymmetry via leptogenesis and also to keep Y, entries perturbative. We incorporate the
best fit values of mixing angles and mass-squared differences [165] to define U and light

neutrino mass eigenvalues (with m; = 0).

?For simplicity, we do not consider production via scattering.
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Figure 4.4: Amount of Y in case of (a) non-instantaneous reheating (blue) and (b) standard RD phase (ma-
genta): variation with Im[fr] is displayed.

As can be seen from Fig. 4.3, N; gradually increases, however, always remain subdom-
inant compared to pr. This is because it also decays out of equilibrium within the same
period. As a result, the reheating temperature Try is essentially unchanged even in pres-
ence of this new component, py,. From Fig. 4.2, we recall that Y7, enters equilibrium below
T = 7.5 x 101° GeV in this modified scenario. Therefore, by the time N starts to decay
around 7' < M; (= 10" GeV), all the charged lepton Yukawa couplings are already out of
equilibrium and hence, it falls in the unflavored regime. Note that for the same M, value,
in standard thermal leptogenesis (Tj;,) = 5 x 10'! GeV), this belongs to the case of flavor
leptogenesis where lepton asymmetries are produced in two orthogonal directions: 7 and
k, k forming the subspace of a coherent superposition of e and y lepton flavors. The B — L
asymmetry in the unflavored regime can be studied by the following Boltzmann equation,

d(naa®) (Cny)a® | el cay , M
S — 4.8

with na = np_r, while in the flavored regime, the corresponding equation would be

d(na,a®) (Cny)a® | ef eq L. o ¢ H ny.
B ST Y- R/ A S WA It — K E —anA, | . 49

Here K0 = (Y)a1(Y)a1 /(Y Y; )11 is flavor projector [104] and C, CH matrices connect the
asymmetries in lepton and Higgs to asymmetries in A, = B/3— L, (intermsof nao_ and na,
here)[104]. The CP asymmetry ¢ (for unflavored case, e; = ) {') involved is obtained
from the decay of N; to a specific flavor /1, and estimated using standard expression [99,
104]. The final baryon asymmetry Y} is related to na, by [313]: Yz = 223" na, /s.

In Fig. 4.4, we compare the parameter space of Y against Im[fy], for the choices of
M, and y4 s discussed above, obtained in usual thermal leptogenesis (fall in two flavored
regimes, shown in magenta) with that in case of prolonged reheating (unflavored regime,
shown in blue). Here we scan over the range of 6y as: Re[fr] (0 - 27) and Im[fg] (0-3). We
observe a clear shift in the asymmetry generation in these two cases, implying the effect of
non-instantaneous reheating. Furthermore, in terms of the correct amount of baryon asym-

metry, the situation becomes more restrictive as seen due to the presence of less number of
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Figure 4.5: Important parameters related to temperature are plotted w.r.t. inflaton-SM coupling ye 5 . Upper
(lower) brown dashed line represents Tax(Tru ), while blue (green) dotted line illustrates the equilibration

temperature of tauon (muon) Yukawa interaction. The dark brown patch represents the allowed value of RHN
mass M; and coupling ys s s, which can produce the correct baryon asymmetry.

blue points over magenta ones across the correct Yp line (horizontal black dashed), when
the asymmetry is generated within the reheating period.

With this understanding, we now aim to identify the region of parameter space in be-
tween Th1ax and Try, in which the observed baryon asymmetry via leptogenesis can be ob-
tained from the decay of lightest RHN. However, in order to estimate the produced lepton
asymmetry in this case, one also again needs to take into account the effect of individual
lepton flavor interactions, which are non-negligible. As can be seen from the Fig. 4.5, both
T (blue dotted line) and 7} (green dotted line) increase initially with the increase in yy .
Thereafter, T’ ; saturates to a value TE)“(“) once it becomes comparable to Try. Contrary to
this, T increases monotonically with y4;r. Due to such nontrivial dependance of T4y ON
Yo s, the flavor regimes also modify according to y4rr. So, to see the effect of 147 on the
production of lepton asymmetry one needs to carefully take into account the change in the
flavor regimes for each value of y4;s. Dark brown patch of the Fig. 4.5 shows the region of
parameter space where the correct amount of lepton asymmetry can be generated while tak-
ing into account the modified flavor regime. On the contrary, the light brown shaded region
indicates the allowed parameter space when modification of flavor regimes has not been
taken into account. It can be seen directly from these two patches that this modified sce-
nario provides a more restrictive parameter space due to the modification of flavor regimes.
Looking at this plot we find that successful leptogenesis can be achieved with a minimum
value of T ~ M; = 1.3 x 10'° GeV and Ty = 1.1 x 1019 GeV.

4.2.4 summary

To summarize, we have shown that the effect of a prolonged reheating period, starting from
the maximum temperature of the Universe following inflation to the reheating, affects the
equilibration of the charged lepton Yukawa interactions significantly. Due to the faster ex-
pansion of the Universe in this reheating period, the charged lepton Yukawa interactions
enter equilibrium in a delayed fashion. This new observation depends on the effective cou-
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pling of the inflaton field with SM fields. With low reheating temperature (i.e. with a smaller
effective coupling of the inflaton field with SM fields), the era of reheating becomes longer
and hence the ET(s) can be significantly smaller. The effects of this observation should also
be applicable to wider SM interactions and open a possibility for further investigation in
different directions. As one such application, we proceed to study its effect on leptogenesis
where the lightest RHN belonging to the type-I seesaw is being created and decayed out of
equilibrium within Ty1ax and Try. As expected, we find that the delayed entry of the charged
lepton Yukawas in equilibrium can shift the flavor regimes of leptogenesis. Finally, taking
into account such modified flavor regimes, a more restrictive parameter space for successful

leptogenesis is observed.

4.3 Setup b: inflaton couples to lightest RHN and SM fermions

Motivated by the above result, in this work, we further consider an intriguing extension (in
the context of case (B) itself) where in addition to the inflaton-SM fermion effective coupling
(ygrr) there exists a direct coupling (ysnn) between the inflaton and N;s. Introduction of
such a coupling not only induces Nis in the system from the decay of the inflaton (in addition
to the thermally generated NN;), but also opens up the possibility of modifying the Hubble
further, hence affecting Try as well as the ET depending on its relative coupling strength
compared to inflaton-SM fermion coupling.

Hence, with a nonzero branching of the inflaton to N; in addition to the inflaton-SM
fermion one, we expect to have N; production from inflaton decay as well as thermal pro-
duction of it via inverse decay for a temperature range Tiviax > 1" 2 M;. These N; however
tfind themselves in out of equilibrium as the Hubble # at this temperature regime remains
large enough (¢ dominates). Therefore, N1 would decay and may contribute to lepton asym-
metry generation even at temperature above M, unless it has been washed out by inverse
decay. In case py, dominates over pg, the washout by inverse decay turns out to be weak
so as not to erase the asymmetry. This particular era of leptogenesis turns out to be some-
what different from a purely thermal or non-thermal one since the lepton asymmetry here
is generated from the decay of both the thermally produced Nis and those produced from
inflaton decays in this regime. We call it as ‘quasi’-thermal leptogenesis. Additionally for
temperature below 17" ~ M, leptogenesis proceeds in the usual way. However, with a sig-
nificantly dominant coupling of y4nn over y4s¢, N1s can even be produced beyond 7" = M;
point. In this case (1" < M), such non-thermally produced N; would instantaneously decay
and contribute to lepton asymmetry production similar to the usual non-thermal leptogenesis

scenario.

4.3.1 Setup and Boltzmann equation

Following the above discussion, we now construct the relevant Lagrangian (apart from the
SM one) as given by,

—L = yprrdf [+ ysnnONIN1L + V (9), (4.10)
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in addition to the Type-I seesaw Lagrangian of Eq. (1.50). Here, y,¢ is only an effective
coupling and f(f) are the SM fermions. For simplicity, we only keep the coupling of inflaton
with the lightest V.

After the end of the inflation, the inflaton starts to perform damped oscillations about the
minima of the potential and eventually decays to the SM fermion-antifermion pair as well as
to Ny following Eq. (4.10). Here we ignore any potential contribution that may come from
preheating [277, 305]. Consequently, the energy density of the inflaton field p4 satisfies the

equation:

dpy

5 T 3HPs = —(Lors + Tonn)pe, (4.11)

where 'y ¢y and 'y v v are the decay widths of inflaton to SM fermions and N; respectively
and expressed as

2
YeNN

2
Yorr
87‘(‘ m¢.

wa=‘§;m¢7]%NN=

(4.12)

The term proportional to H indicates the dilution of energy density due to the expansion of
the Universe while the term on the right hand side of the BE represents the dilution (hence
comes with a negative sign) of the energy density of the ¢ as a result of its decay to /Ny and
SM fermion/anti-fermions.

The produced fermion-antifermion pairs would interact quickly among themselves to
produce other SM particles and rapidly thermalizes producing the radiation energy den-
sity component pr. On the other hand, the ;s produced from the inflaton decay further
decays to the SM particles which will eventually contribute to pr too. Additionally, as per
our consideration in case (B), the thermal bath can also produce back N; particularly for
the temperature of the Universe Tiax > T 2, M;. The BEs for py, and pgr can therefore be

written as,

dpn,

dt + 3HPN1 = _(PN1 - p?\?l)<FN1> + I‘¢NNIO¢ ) (4-13)
PR | ya1e — eq ) r 4.14
g TAHer= (o3 = PN TN + Doprpge (4.14)

In all the BEs above, H represents the Hubble expansion rate to be written as

_ Pt PNt PR

H? ,
3032

(4.15)
since in this epoch Tax > T > TRy, the energy density of the Universe comprises of the
components py, pn, and pr. The piy is the equilibrium energy density of NV, as given by

eq M{L [Z%KQ(Z) + %Kl(z)]

o = = , (4.16)

where z = M;/T(a) and K, K> are the modified Bessel function. The presence of this
term in the above BEs is related to the existence of the inverse decay from radiation bath
to produce N;. Eq.(4.11), (4.13)-(4.14) therefore together represent the most general set of
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equations to study the scenario under consideration.

After discussing the N; production and the related BEs to study the respective compo-
nents of the energy densities of the Universe, we now turn our attention to construct the
BEs relevant for leptogenesis. As discussed earlier, being Majorana particle, the decay of the
lightest RHN N is a lepton number violating one and can produce CP asymmetry, which
will eventually generate lepton asymmetry of the Universe. In order to take care effects of
charged lepton Yukawa equilibration of different flavors, one needs to incorporate the BE
presented in Eq. (4.9). Apart from the flavored setup, a situation may arise where flavor ef-
fects are not that important in discussing leptogenesis. In that case, an unflavored scenario
exhibits where the evolution of the B — L asymmetry is governed by the single BE given by
Eq. (4.8).

Solving Eq. (4.11), (4.13), (4.14) and (4.9) or (4.8) simultaneously, will lead to the evo-
lution of energy density of relevant elements of the Universe and produced lepton asym-
metry from the time of the end of inflaton till today. However, while solving these BEs, it is

convenient to use new variables [270, 287] for which we use the following transformations:

E¢ = p¢a3 ) ENl = pN1a3 , R= pRa4 )
Np_p =np_ra®, Na, =na,a® (4.17)

Moreover, it is convenient to write the BEs as functions of the scale factor (a) rather than time
(t). More precisely, we use the ratio of the scale factor to its value at the end of inflation,

a

A=

. 4.18
Gend ( )

We consider the initial value acnq = 1 without loss of any generality. Using the newly intro-
duced dimensionless variables, BEs in Eq. (4.11), (4.13), (4.14), (1.84) and (1.83) will look

like:

dEy (Cprr +Tonn)Eg
B __ 2t | (4.19)
dR (TN, )Gena o LyrrEg
G _ DN bend gy peay y 261756 42
dAT o Bt (420
dExN F'ynnE 'y e

ity T <A7:L>(EN1 —EN), (4.21)
dNa, (U'ny) | Eeq eqy , 1.0 ¢ iy Yo

JA = — A?‘Z E(ENl - EN1) + EKa EB (Caﬁ + CB )Y-KeéNAﬂ ) (4.22)
ANp_;,  (Twny) | & Yo,

i = A?—; E(EM — Ey) + 2Y;1qNB—L . (4.23)

Finally, the produced lepton asymmetry can be converted to baryon asymmetry using the

relation:

28 1 28 1
Yp=——_Np;=—-—""S"Na. 4.24
B gsa3  BL 793A3; Aa (4.24)
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4.3.2 Results

We now employ the set of BEs Eq. (4.19)-(4.21) simultaneously in order to estimate the
individual components of energy densities such as py, pr and py, which are connected to
E4, Eg and Ey, respectively via Eq. (4.17). By knowing pr as a function of the scale factor
a or the rescaled one A, the temperature can be defined by Eq. (4.4). Then, using Eq. (4.15),
we estimate the shift of the ET if any from their standard estimate (see Fig. 1.4) by comparing
the interaction rate of charged lepton Yukawa interaction of individual flavor (I',) with .
Afterward, depending on the shift of ET of individual flavor, we proceed for evaluating the
flavored (unflavored) B — L asymmetries by solving Eq. (4.22) (Eq. (4.23)) where we also
feed the solutions of other Egs. (4.19)-(4.21).

In order to evaluate the BAU today following the above strategy, we notice that the mech-
anism is controlled by the following independent parameters (i) y4s [inflaton-SM fermion
effective coupling], (ii) ygnn [inflaton-RHN coupling], (iii) M; [the lightest RHN mass]
and (iv) {Re[0g], Im[fr|} [constituents of R matrix to estimate Y, |. We will maintain a
typical hierarchy of RHN masses as: M3 = 102M5 = 10*M;. Furthermore, the value
of A = 2 x 107! is determined such that the inflationary observables like spectral in-
dex and tensor-to-scalar ratio are found to be within 95% C.L. of the Planck+BICEP2/Keck
(PBK) constraints. Like the previous study [314], here also we confine ourselves by choos-
ing ysrr < O(107° — 1074) [301, 315] as above this value, non-perturbative production of
fermions from inflaton decay may start to dominate. As a result, perturbative prescription

for particle production would be invalid.

[In absence of inflaton-RHN coupling:] Note that the present scenario differs from the
previous one due to the inclusion of ysnyn coupling in this work. Hence, a choice of the
parameter y,nyny = 0 should reproduce the outcome of our previous work. We therefore
start studying the phenomenology by choosing ysnyny = 0 (case I) first and then turning
on y,nn gradually to a value comparable to y,rr. We choose yyrr = 4 x 107° so as to be
consistent with the perturbative limit on it. The Left plot of Fig. 4.6 shows the variation of
temperature (along y axis) with the parametrized scale factor A (along x axis) where we use
the solution for the radiation energy density of Eq. (4.20) (ignoring the first term in the right
hand side as y4nn = 0) coupled with Egs. (4.19) and putitbackin Eq. (4.4). After inflation,

Case | ygnn Tru (GeV) | T (GeV) Ys
I 0 1.67 x 1019 | 4.7 x 1010 | 8.72 x 10~ 11
I 1077 1.67 x 1019 | 4.7 x 1010 | 8.72 x 10~ 11

11 107° 1.72 x 1019 | 4.8 x 1010 | 3.52 x 1010

IV | 4x107° ] 237x10% | 5x 109 | 4.29 x 10710

Table 4.1: Values of Try, 7, and final baryon asymmetry Y for different choices of yo v . Here we have fixed
Yorr =4 x 107% and M; = 6 x 10'° GeV. Thax = 4.45 x 10'2 GeV is found to be constant for all four cases.
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M; =6 x 10" GeV, yonn =0, yors =4 x 107°
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Figure 4.6: Evolution of temperature 7" (left panel) and various energy densities (right panel) w.r.¢t. rescaled
scale factor for M7, = 6 x 10’ GeV and y,nn = 0. In the middle plot we show the dependence of (I's)/H on T'
for the same choice of M1 and y¢nn-.

the temperature of the Universe then attains a maximum value ~ Tyax = 4.45 X 10!2 GeV
and thereafter falls (having a different slope compared to the RD epoch) to a point where
ps = pr is reached which defined the end of reheating as Tryy = 1.67 x 1010 GeV.

Due to such faster expansion and nontrivial scale factor dependence of temperature dur-
ing this extended reheating period Tiax > 1T' > TrH, the charged lepton Yukawa interaction
(particularly for 7x in this case) will come to thermal equilibrium at a smaller temperature
than the standard radiation-dominated case. To provide a concrete evaluation of the same,
we include middle plot of Fig. 4.6 where (I',) /H evolution (o = e, 1, 7 with blue, green
and red lines respectively) are plotted against temperature 7" variation. This shift in 7z ET
is depicted clearly by the intersection point of the blue line and the horizontal dashed line
indicating (I';)/H = 1 in middle plot of Fig. 4.6. The relevant ET in this extended period of
reheating turn out to be T = 4.7 x 10'° GeV and is included in Table 4.1 along with values of
other parameters. The reheating temperature being bounded by ~ O(10'%) GeV, no change
in pug or 7 ET has been found as expected.

With such a shift in the ET of 75 in this particular case (first row of Table 4.1), flavor
leptogenesis would get affected. In order to have an impact of it on flavor leptogenesis, we
choose a value of N; mass M; = 6x101% GeV which falls intermediate between the associated
Twmax and Try. First we estimate the evolution of various energy densities py, pr, pn, in this
scenario against A by solving Egs. (4.19)-(4.21) simultaneously as shown in the rightmost
plot of Fig. 4.6 indicated by red, blue and green solid lines respectively. In evaluating Y,
we consider Re[fr] = 6.03, Im[fr] = 0.22 (the reason behind such a choice is to have
correct baryon asymmetry finally). Note that in absence of y, v coupling, Nis are thermally
generated during Tiyiax > 1T > M; from the thermal bath consisting of SM fields, thanks to
radiation production from inflaton decay via y,r¢. As the Universe expands, the radiation
energy density is being diluted non trivially till an equality with inflaton energy density
defining Try (intersection of blue and red lines). Standard RD follows only beyond this
point.

These Nis would effectively decay around 7' ~ M; and produce the lepton asymmetry
via leptogenesis. The N7 being thermally produced, this scenario is similar to the standard
flavored thermal leptogenesis scenario, though impacted by the shift in 7} as seen above.
We find M; > T7, all the charged lepton Yukawa interactions remain out of equilibrium in
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98 Chapter 4. Effect of Post-inflationary epoch in Flavor Leptogenesis

this phase. As a consequence, an unflavored leptogenesis prevails here in case of extended
period of reheating. This is the main difference we experience while comparing it with stan-
dard flavored thermal leptogenesis scenario in which with leptogenesis scale 7" ~ M, T
lepton Yukawa interaction occurs rapidly following which a two-flavor setup must be incor-
porated (compared to the unflavored one in present case). The corresponding evolution of
lepton asymmetry is shown by black line in bottom portion of Fig. 4.7 as a function of the
modified scale factor A which saturates to a lepton asymmetry value that eventually con-
verts to the observed baryon asymmetry value. To make the correspondence between py,
and the production of Yp_ 1, we also incorporate the py, evolution in the top portion of the
figure.
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Figure 4.7: Evolution of energy density of N1 (upper panel) and produced baryon asymmetry (lower panel)
w.r.t. rescaled scale factor for different values of ysnn for My = 6 x 10'° GeV and yg4s5 = 4 x 107°.

[In presence of inflaton-RHN coupling:| We now turn on inflaton-RHN coupling and
observe its impact on the charged lepton Yukawa equilibration and consequently on the
produced baryon asymmetry during reheating era. Let us begin with a sufficiently small
ysnn = 1077 (tabulated in Table 4.1 as case II) as compared to yss chosen. As shown in
the Fig. 4.8, switching on y4nn causes the inflaton to produce a large number of Nis (in-
dicated by green line) initially. This can be understood if we compare the py, evolution
(green line in Fig. 4.8) above temperature 7" = M; (indicated by the vertical black small
dashed line) in this case versus the case with solely thermally produced Nis (see Fig. 4.6).
However, as the temperature drops, the production of N; from inflaton decay does not keep
up with the Universe’s expansion rate due to its feeble coupling chosen. As a result, the en-
ergy density of these Nis (as decay products of inflaton) gets diluted and at some stage the
production of Nis from the inverse decay dominates over it. This is evident in the left plot
of Fig. 4.8 by the sudden change of slope of py, just before T' = M; which coincides with
the energy density of thermally produced V;s of Fig. 4.6. This continues till a point beyond
which N; decay starts to contribute to lepton asymmetry production.

We also notice that due to the dominant decay of ¢ into SM fermions, the p, and pr
(mainly contributed from y,s; coupling) do not alter by a noticeable amount and hence H
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Figure 4.8: Evolution of different energy densities w.r.t. rescaled scale factor for ysnn = 10~ (left panel) and
yonN = 107° (right panel). Here we set M; = 6 x 10'° GeV and ygs5 = 4 x 107°.

remains essentially unchanged compared to the previous case with y;nyn =0. As a result,
together with Tyax and TRy, the 7 ET T'F remains identical with the thermal case (see second
row of Table 4.1). Hence the present situation falls in the category of unflavored leptogene-
sis. The evolution of the B — L asymmetry for yonyn = 107 scenario is presented by the red
dash-dotted line in the bottom plot of Fig. 4.7 which overlaps with the y,nny = 0 case (solid
black line), thereby satisfying the observed baryon asymmetry of the Universe.

As we further increase the strength of the inflaton-/V; coupling, i.e. yynny = 107° (as
case III of Table 4.1 while keeping other parameters fixed at their previous values), a change
in pxn, becomes visible. The right plot of Fig. 4.8 shows the behavior of the energy densities
of different components of the Universe in this case. Note that contrary to cases I and 1II,
dominant contribution to px, here follows from the Nis being decay products of inflaton as it
supersedes the thermally produced ones from inverse decay. The radiation component (blue
line) however still remains dominant compared to py, (green line). Note that Ty1a.x remains
unaffected as it is mainly controlled by y4 ;s coupling (fixed for cases I-IV) responsible for
initial radiation production. However a small shift in the Try as compared to cases I and
II, is observed and indicated in Table 4.1. This happens as a result of higher y4yx coupling
which causes the inflaton to decay earlier than cases I and Il so that p, = pgr defining the Tk
is realized at a slightly higher temperature. Due to the dominance of pr (almost unchanged
compared case [ and II) over py,, the temperature evolution above M; remains close to the
two earlier cases. For the same reason, H is also almost unaffected and this is reflected in the
evaluation of T (only a slight change) as included in Table 4.1. As previously discussed,
here also, even though we have a slightly higher value of 7} than the previous cases, the
leptogenesis scale however remains larger w.r.t. T}. Hence, an unflavored prescription is
still adequate for estimating the lepton asymmetry.

The evolution of produced lepton asymmetry in this case III is shown by the blue dash-
dotted line in the bottom panel of Fig. 4.7. As seen in this plot, the lepton asymmetry starts
to being produced at a stage above temperature 7" ~ M;. This is related to the fact that /V;s
produced during this era of reheating find themselves in out of equilibrium (# is larger than
decay width of V1) and would decay. Additionally, px;, being comparable to pg, the inverse

TH-3115 176121017



100 Chapter 4. Effect of Post-inflationary epoch in Flavor Leptogenesis
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Figure 4.9: Variation of final baryon asymmetry Y5 w.r.t. yonn for My = 6 x 10'° GeV and yss7 = 4 x 107°.
The points indicated by “star” represent the case-II-IV from Table 4.1.

decay process (related with neutrino Yukawa coupling) remains subdominant compared to
the Ny decay. As a result, lepton asymmetry (still unflavored though) produced from such
decay of N; would not be washed out completely and a non-zero asymmetry survives. The
amount of asymmetry production increases till a point where py, ceases to exist. Beyond
it, Yp_, falls to some extent, before attaining its asymptotic value which is larger than the
value of the lepton asymmetry necessary for the production of observed baryon asymmetry,
as the produced asymmetry gets diluted due to the increase of entropy (/V; decay produces
a sizeable pr and hence, entropy) in the Universe. Note that this phase of leptogenesis is
different from thermal leptogenesis scenario as Nis are never in thermal equilibrium. On
the other hand, this is not purely the case of non-thermal leptogenesis which happens with
N, as the decay product of inflaton, finding itself in an environment with 7" <« M; (so,
thermal generation is ruled out). So here with case (B), we find a nonstandard generation of
lepton asymmetry as a consequence of extended reheating where the inflaton has a sizeable
coupling with the lightest RHN. As discussed in the beginning of section, we call it a ‘quasi’-
thermal leptogenesis as neither it is the case of a purely thermal nor that of non-thermal
leptogenesis. The value of Yp can be brought down to the correct baryon asymmetry by
decreasing Im[fr] = 0.031, while all other parameters/outcomes are unaffected.

Finally, the above discussed effect becomes prominent if we choose to increase the yn N
coupling further, say ysnn = Y4 rr as included in case IV of Table 4.1. In this case, we obtain
pN, = pr. Asradiation and Nis contribute equally to the energy density of the Universe dur-
ing the reheating period, the expansion rate of the Universe gets modified in this scenario,
affecting the TRy as well as T}. In this case, we get a larger TRy as inflaton decays earlier
than the previous case owing to the larger ysnn coupling. The related numerical estimates
for this case IV are listed in the fourth row of Table 4.1. In this case also, a larger baryon
asymmetry of the Universe is created which can be settled to the observed Yp value without
altering any other parameter/predicted values once we reduce the value to Im[fr]| = 0.02.

In Table 4.1, we have listed a few specific values of y;yn coupling to describe the impact
of reheating on leptogenesis. In Fig. 4.9, we provide the estimate of final baryon asymmetry
(via unflavored leptogenesis) once the Yukawa coupling y4n n is varied (ysnn < yorr). As
already found in cases I-I1I, with tiny y,nx coupling (y,nn < 107%), the final baryon asym-
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| Point | yonn | sy | T (GeV) | M1 (GeV) | T (GeV) | 72 Gev) | T3 Gevy | ve |

BP1 106 107 2.23 x 101! 5 x 109 4.2 x 108 2 x 107 7x 108 | 5.67 x 1079

BP2 | 5x1077 | 5x 1078 | 1.6 x 101! 5% 107 21x10% | 1.5x10° | 4 x 108 3.60 x 1077

BP3 1077 10-8 7.04 x 1010 5 x 109 4.2 x 107 6x10% | 1.3x10% | 7.28 x 10710

Table 4.2: We list three benchmark points (BP) where the leptogenesis scale falls in between Tyax and Txra.
While BP1 represents the case where M; is closer to Tru, BP2 represents an intermediate scenario and BP3
indicates a scenario where M; lies closer to Thax.

metry Yp almost remains independent of y4n . Thereafter, a rise in Yp can be seen due
to the fact that the production of RHN NV; from the inflaton decay also becomes significant.
This additional production channel causes a significant rise in the N;’s abundance py, which
further leads to a larger production of lepton asymmetry (also the baryon asymmetry). This
behavior is also clear from Fig. 4.7. A peak in Yp is observed when y,ny ~ 2 x 107° after
which Y3 is reduced once the y4n v is further increased. This fall can be understood by look-
ing at the third term of Eq. (4.23) where one notes that a larger production of asymmetry
also results in a larger washout of the asymmetry.

[With dominant inflaton-RHN coupling:] So far the discussion we have, we find that the
gradual increase of y4ny coupling not only affects the temperature behavior and expansion
rate of the Universe during reheating period but also impacts the lepton asymmetry pro-
duction in this quasi-thermal regime. However we have restricted ourselves with values of
couplings associated to the inflaton below O(1075 — 107*) so as to keep the analysis con-
sistent with perturbative reheating era [301, 315]. Alongside, we take y4s; at a borderline
value 4 x 107 and hence we are unable to make ysyy larger than y, s by order(s) of mag-
nitude and discuss the impact of such consideration. Also, with such choice of y4r, the
reheating temperature turns out to be high enough so as to keep M; accordingly large (to
realize scenario [B]).

With an aim to observe the consequence of ysnn > ¥4 While keeping things more flex-
ible such as lowering the scale of leptogenesis impacted by the extended period of reheating,
we now consider three specific situations: (i) M; is close to Try [BP1], (ii) M; is interme-
diate between Tiax and Try [BP2], and (iii) M is close to Tyax [BP3] where the mass of
the lightest RHN is fixed at M; = 5 x 10?2 GeV while yorr and ygnn are floated to realize
such considerations. We choose the values of Re[fr] = 2.83 and Im[fr] = 0.24 the result of
which is consistent with correct baryon asymmetry. In the standard thermal framework, this
choice of M; will lead to a two flavor leptongenesis scenario. The purpose of such a choice
is to compare the outcome of the extended period of reheating on final baryon asymmetry
generation with ygnn > ygrs-

Note that as inflaton-SM fermion coupling essentially define the Tiax While ysn N has
some role to play in determining TRy, we first make some appropriate choices of these two
parameters in defining the three benchmark cases BP-1,2,3. They are listed in Table 4.2. For
all these sets, y4n N remains one order of magnitude larger than y, ¢y coupling. In evaluating
the temperature evolution during the reheating, we solve Egs. (4.19)-(4.21) as a function of
the rescaled scale factor A simultaneously and using Eq. (4.4), temperature is evaluated.
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Bottom panels of all three plots of Fig. 4.10 represent the temperature variation with A and
upper panels depict the same for energy densities of different components.

As seen from the plots, immediately after the end of inflation, the temperature reaches a
maximum value Tiax. Then it starts to decrease in accordance with our previous discussion
due to faster expansion of the Universe during this period of extended reheating. However,
an interesting departure of 7" from this fall is observed around 7" ~ M;. This is related to
the emergence of a new production channel, producing radiation from /N; decay asa result
of y4nn dominance. An interplay between such additional injection of radiation in the bath
(which tries to increase pr) and the depletion of pr due to Hubble expansion, a plateau
like region is formed in T evolution plot. This period however does not last long as even-
tually Hubble expansion rate overtakes this radiation production rate from N; decay (pn,
decreases sharply beyond a point). Eventually, radiation dominates over matter beyond T
and temperature of the Universe drops as A~!. In the upper panels of Fig. 4.10, we note that
due to choice(s) of smaller coupling(s) 47 (y¢nn) in going from BP1 to BP3, inflaton takes
larger time to decay for BP3 (BP2)compared to BP1. As a result, matter radiation equality
shifts at a later epoch resulting in lower reheating temperature for BP3 (BP2) relative to BP1.

This nontrivial behavior of temperature along with the larger expansion rate of the Uni-
verse during reheating period affects the ETs of charged lepton Yukawa interactions as can
be seen from Fig. 4.11. For RHN mass M; = 5 x 10 GeV, though there is no shift in ET
for right-handed electron, ample amount of change can be seen for ET for pr and 7r com-
pared to the standard RD scenario for all three BPs. This change makes the charged Yukawa
interactions come to equilibrium at a much lower temperature which are included in Table
4.2.

As a consequence of considerably lower values of T} and T7, we expect the quantum
decoherence of the SM lepton doublet states to take place here at much lower temperatures
(same as charged lepton ET) compared to the standard RD scenario. Hence, for all three BPs,
lepton asymmetry generation process turns out to be not affected by individual charged
lepton doublets at leptogenesis scale M; = 5 x 10° GeV and an unflavored leptogenesis
prevails here. This is a new result as compared with earlier standard analysis presented in
subsection 1.6.2.1, where at this leptogenesis scale, 7z was already in equilibrium affecting
the lepton asymmetry generation along 7 direction distinctively. Accordingly, a two flavor
leptogenesis was incorporated for correct generation of lepton asymmetry. On the other
hand, in this present case incorporating the effect extended reheating (with inflaton-RHN
dominance), unflavor approach to evaluate the baryon asymmetry of the Universe would
be enough.

For all three BPs, a different rate of washout during the reheating period accounts for the
main difference in the produced final baryon asymmetry. Dashed purple line of Fig. 4.12
shows that as M; is closer to Tiax for BP3 as a result of which the produced asymmetry
suffers a larger amount of washout (due to Hubble expansion) contrary to BP1 and BP2.
Finally, even with a relatively low A in this quasi-thermal regime, an overproduction of
baryon asymmetry by one to two order(s) of magnitude is observed for these three BPs
relaxing the parameter space even further w.r.t. the modified thermal leptogenesis scenario
studied in section 4.3.2. For completeness purpose, we notice that such final Yz values can
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be brought down to correct level of baryon asymmetry by changing 6z without altering
other parameter values or the outcomes such as Try and 7};. For example, for BP1 (BP2),
one needs to set Im[fr] = 0.002 (0.005), while for BP3, I'm[fr] can be fixed at 0.02 so that
observed baryon asymmetry can be generated.

4.3.3 Summary

In this section, we have shown that an extended period of reheating resulting from inflaton-
decay into radiation together with the lightest RHN can significantly alter the ET of the
charged lepton Yukawa interactions. Consequently, flavored leptogenesis mechanism gets
affected. We start with a discussion on how the ET(s) of charged lepton Yukawa interac-
tion(s) can be estimated in a RD Universe and its impact on lepton asymmetry generation
known as flavored leptogenesis. In such a setup, the reheating process is generally assumed
to be instantaneous and happens to be higher than the mass of the decaying RHN whose
decay contributes to lepton asymmetry production. However, depending on the inflaton
coupling to SM particles, the reheating process may survive a longer period creating a pro-
longed era of reheating, from Tyax to Try. Motivated by our recent finding on the impact
of this extended era of reheating on charged lepton ET and flavored leptogenesis, here we
extend the setup by including additional inflaton-RHN coupling.

We find that with relatively large value of inflaton-RHN coupling compared to the inflaton-
SM fermion effective coupling, the reheating period gets further modified. While the inflaton-
SM fermion coupling mainly controls the maximum temperature of the Universe immedi-
ately after inflation, the inflaton-RHN coupling has the potential to impact the reheating
temperature. The production of RHN and SM bath from the inflaton decay during this pe-
riod of prolonged reheating helps the Universe to expand at a much faster rate (depending
on the inflaton-RHN coupling though) in comparison to the scenario where inflaton decays
directly to radiation solely. As a result of such faster expansion, along with the modified
temperature behavior, the charged Yukawa interactions enter into equilibrium in a delayed
fashion. We also observe that such a delayed equilibration of charged lepton Yukawa in-
teractions can significantly modify the lepton asymmetry generation compared to what is
observed in thermal leptogenesis. For example, a flavored leptogenesis scenario found to be
in two flavor regime in standard thermal leptogenesis may emerge as an unflavored one here.

Another interesting outcome of the present scenario is revealed with a dominant inflaton-
RHN coupling w.r.t. inflaton-SM fermion effective coupling. Here we encounter an unusual
situation where the lepton asymmetry starts to be produced at a temperature above the
mass of the lightest RHN without being completely washed out. In fact, the reheating era
produces an environment where the lightest RHN find itself in out-of-equilibrium in this
regime and its decay therefore contributes to lepton asymmetry production. In a way, this
helps to reduce the scale of leptogenesis since the inclusion of inflaton-RHN coupling may
inject a large amount of RHN into the system on top of thermally produced ones (whose
decay also contribute to produce lepton asymmetry) during reheating thereby resulting an
enhanced lepton asymmetry. The framework however can be extended beyond our present
consideration. In some of the low scale leptogenesis scenarios, the framework might alter

the prediction as well as allowing the leptogenesis scale to drop even further opening the
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possibility to explore leptogenesis in collider experiments. The related study is beyond the

scope of this paper and we plan for some more work in these directions in future.
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Chapter

Summary and conclusion

Various astrophysical and cosmological experiments continue to advocate a dynamical ori-
gin of the matter-antimatter asymmetry. Leptogenesis is an economical setup that can gener-
ate such baryon asymmetry dynamically. Due to its close relationship with the seesaw mech-
anism of neutrino mass generation, it is also arguably the most popular mechanism today.
Furthermore, individual lepton flavors can play a nontrivial role during lepton asymmetry
generation if their interaction strength becomes comparable to the decay rate of the heavy
particle state responsible for asymmetry generation. This leads to a much richer dynamics
involved in the production of lepton asymmetries. Keeping this in mind, the present thesis
focuses on analyzing different scenarios that can impact the flavor leptogenesis mechanism
or vice versa.

In chapter 1, we briefly introduce the SM of particle physics and standard big bang cos-
mology, together with the issues they fail to address. Next, we discuss in detail some of
these issues which are relevant to the present thesis. Since the thesis revolves around the
flavor leptogenesis mechanism, we provide an elaborate discussion on leptogenesis setup
and subsequently discuss the importance of lepton flavor on leptogenesis.

In chapter 2, we provide a flavor symmetric origin of the unique mixing pattern ob-
served in the lepton sector (compared to its quark-sector counterpart) as well as the matter-
antimatter asymmetry of the Universe. To realize this scenario, we incorporate A, flavor
symmetry and include three RHNs (for neutrino mass generation via type-I seesaw) and
three flavons that transform nontrivially under A4. The structure leads to a Dirac Yukawa
mass matrix with both symmetric and anti-symmetric off-diagonal contributions along with
anon-diagonal charged lepton mass matrix. The off-diagonal entries plays an important role
in generating nonzero 6¢;3. The setup not only excludes maximum CP asymmetry in the lep-
tonic sector but also favors mixing angle 63 below 45°. The presence of RHNs provides
an opportunity to study the generation of lepton asymmetry from their CP-violating decay.
However, the degenerate mass spectrum generated due to imposed symmetry prevents us
from going further, as the CP asymmetry generation mechanism fails at the exact degenerate
limit. So, we adopt the renormalization group effects into consideration to create sufficient
mass splitting among RHNs. We further aim to check what could be the lowest mass scale
of RHN so as to produce the baryon asymmetry correctly. Hence, we consider the flavor ef-
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fects in leptogenesis. Ultimately, we figure out that the parameter space satisfying neutrino
oscillation data is good enough to produce a sufficient amount of lepton asymmetry with
RHN having mass as low as 10° GeV.

Our goal in chapter 3 is to understand the interplay of dark matter and flavor leptoge-
nesis and simultaneously explain neutrino mass and mixing. This chapter is divided into
two parts. In the first part, we establish for the first time a novel connection between the
smallness of the FIMP-type DM coupling with matters and the lightness of active neutrino
mass within the context of the type-I seesaw mechanism. The SM is extended minimally by
including three RHNSs. The relic density of the non-thermal DM, in the form of the light-
est RHN, was dictated by the decay of the SM gauge bosons along with the Higgs (in the
electroweak symmetry broken phase) due to the presence of active-sterile mixing. Conse-
quently, we find that the lightest neutrino mass should be of order O(107!2) eV to satisfy
the correct relic density of DM. The same active-sterile mixing between the DM and SM
neutrino fields makes it decay. Hence from DM’s stability point of view over the age of the
Universe and other constraints, the range of DM mass turns out to be restricted within 1
keV- 1 MeV. The dark matter phenomenology does not restrict the mass scales of two other
heavy RHNs. Then we incorporate the flavor leptogenesis scenario to show that they can be
of order 109710 GeV to explain the baryon asymmetry of the Universe. In the second part,
we explore one of the alternative possibilities to the type-I seesaw framework, where dark
matter can directly influence the baryon asymmetry generation process as well as neutrino
mass generation. For that purpose, we start with a simple extension of the basic type-II
seesaw (i.e., with one SU(2)y, triplet in addition to SM) scenario, including one additional
RHN and one inert Higgs doublet. CP-even component of the IHD emerges as WIMP-type
DM having mass O(500) GeV with a specific range of the mass splitting (10~ — O(1) GeV)
in this scenario. The most exciting feature of this work is the involvement of the same DM
multiplet, along with the RHN, in the vertex correction diagram of the triplet’s decay to two
leptons for the successful production of CP asymmetry in order to address the baryon asym-
metry of the Universe. We incorporate the flavor effects in this triplet leptogenesis study as
we aim to lower the triplet mass as much as possible in view of its accessibility at the collider.
Type-1I dominance (compared to radiative correction) towards neutrino mass generation is
assumed. Hence, a smaller mass splitting turns out to be preferable for generating sufficient
CP asymmetry in this flavored leptogenesis framework if one tries to reduce the triplet mass.
Additional coupling of triplet and IHD helps to reduce the scale of successful leptogenesis
as low as Ma ~ 108 GeV.

In chapter 4, we show how an extended reheating period after the end of inflation in
the early Universe affects the equilibration temperature of the charged lepton Yukawa cou-
pling having impact on lepton asymmetry production as well. During this extended period,
the temperature of the Universe first reaches a maximum value (7}1.x) as then it decreases
nontrivially until an early matter-radiation equality reaches (characterized by reheating tem-
perature Try ). We construct two different setups to realize the extended reheating period.
In the first analysis, the inflaton field effectively couples to the SM fermions only. As a re-
sult, the decay of the inflaton field to SM fermions reheats the Universe by producing the
thermal bath. RHN is then produced from the thermal bath, and its decay generates the
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lepton asymmetry during the process of reheating. The second scenario consists of inflaton-
RHN coupling on top of the inflaton-SM fermion coupling. Depending on the effective cou-
pling(s) of the inflaton field, a relatively lower reheating temperature is estimated while the
reheating era can be extended enough. Consequently, a significantly smaller equilibration
temperature(s) for right-handed charged leptons results shifting the flavor regime(s) of lep-
togenesis compared to the standard radiation-dominated era. In the first setup, we find a
more restricted lower bound on RHN mass satisfying correct baryon asymmetry compared
to the standard thermal scenario, as entropy injection during reheating process dilutes some
amount of produced lepton asymmetry.However, due to the inflaton-RHN coupling in the
second setup, a significant number of nonthermal RHNSs can be produced from the infla-
ton decay, depending on the coupling value. As a result, one can easily evade the previous
bound on RHN mass established in the first setup.

To sum up, in this thesis, we have shown that beyond the SM solutions required to ex-
plain problems such as neutrino mass, dark matter, horizon problem can also impact the
result of flavor leptogenesis. To do that, firstly we have presented a scenario where degen-
erate RHNSs, resulted from high scale flavor symmetry, can impact the leptogenesis mecha-
nism. This led to some interesting results in the neutrino sector. Subsequently, a successful
low-scale leptogenesis scenario emerged evading the important DI bound. Next, the role of
early Universe evolution of DM on lepton asymmetry production was explored. In a mini-
mal type-I seesaw framework, we found that the heavy RHN fields responsible for neutrino
mass generation can explain DM abundance as well as baryon asymmetry of the Universe.
On the other hand, in an alternative type-II seesaw framework, a direct influence of DM
for the production of lepton asymmetry was observed. Then we moved on to construct the
leptogenesis scenarios during the reheating period which originates from the decay of infla-
ton field and found that the prolonged reheating just after inflation would impact the flavor
regimes of the leptogenesis framework by shifting the ET of the charged lepton Yukawa.
Eventually, a change in allowed parameter space for successful leptogenesis was observed.

We conclude this chapter by pointing out some future possibilities which can be worked
on as a continuation of this thesis. The effect of a prolonged reheating period should not
be restricted to only the high scale leptogenesis framework. With a low enough reheating
temperature, it can affect the low scale leptogenesis scenarios as well. In that case, it would
be interesting to explore the experimental signatures of such impacts in colliders or as a form
of gravitational wave detection. Investigating the production of DM during these modified
cosmological periods would also be interesting to work on.
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Appendix

Appendix related to chapter 2

A1 A, Multiplication Rules:

It has four irreducible representations: three one-dimensional and one three dimensional
which are denoted by 1,1’,1” and 3 respectively. The multiplication rules of the irreducible
representations are given by [123]

11=1,1"1=1"11"=1,1"21"=1,393=1+1+1"+3,+3s (A1)

where a and s in the subscript corresponds to anti-symmetric and symmetric parts respec-
tively. Now, if we have two triplets as A = (a1, az2,a3)” and B = (by, b, b3)T respectively,
their direct product can be decomposed into the direct sum mentioned above. The product

rule for this two triplets in the S diagonal basis' can be written as

(Ax B)1 v aiby + agbs + agbs, (A.2)
(Ax B)yr « aib + w?asbs 4+ waszbs, (A.3)
(Ax B)yr «  aiby +wagby + w?azbs, (A4)
(Ax B)s, « (agbs+ asba,asby + a1bs, aibs + agby), (A5)
(A x B)s, -« (agbs— asbe,asb; —ajbs,a1by — azby), (A.6)

227r/3)

here w (= is the cube root of unity.

'Here S is a 3 x 3 diagonal generator of Aj.
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