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Abstract

After the discovery of the Higgs boson at the Large Hadron Collider (LHC), the Standard
Model (SM) of particle physics has been established as the most successful theory explaining
the fundamental particles and their interaction except gravity. However, there are several
observed phenomena and theoretical questions, that the SM fails to explain. Among the
observed phenomena, the existence of matter-antimatter asymmetry or baryon asymmetry
of the universe (BAU), as suggested by the observed light nuclei abundance as well as cos-
mic microwave background (CMB) anisotropies, has been a longstanding puzzle. While
this demands a dynamical origin, the necessary criteria for the same as laid out by Andrei
Sakharov, can not be realised in required amount in the SM. Therefore, new physics beyond
the SM is required to successfully generate the observed baryon asymmetry. While there
have been several such proposals in the literature, in this thesis we study the framework
of leptogenesis where a non-zero lepton asymmetry is generated initially and gets converted
later into baryon asymmetry by electroweak sphaleron transitions. It is also motivating from
the fact that typical leptogenesis models can also explain the origin of light neutrino masses,
another observed fact which the SM fails to address. Apart from the BAU, the origin of
non-luminous, non-baryonic matter, popularly known as dark matter (DM) giving rise to
almost 26% of present universe’s energy density has been another mystery. Although the
first indication of DM appeared in 1930s, it was the observations made by V. C. Rubin
and her collaborators in the 1980s after which it became an accepted fact that most of the
mass holding the galaxies is non-luminous. Similar conclusions can be reached for galaxy
clusters as well. Despite multiple astrophysical and cosmological evidences for the presence
of DM, there has not been any observation of DM particle in particle physics experiments.
The nature of DM particles and their non-gravitational interactions with the SM particles
or among themselves are unknown to us. Similar to the BAU, the SM also fails to explain
the origin of DM, leading to several interesting proposals for particle DM candidates. De-
pending upon DM interactions with the SM, the DM particles can be either thermally or
non-thermally produced in the early universe. This has also led to two broad class of particle
DM scenarios, known as weakly interacting massive particle (WIMP) and Feebly interacting
massive particle (FIMP).

In this thesis, we aim to study a few leptogenesis scenarios which can also shed light on
dark matter. A common framework for explaining both the BAU and DM is motivating due
to its minimal and predictive nature. We consider a few realistic particle physics models
where there exist new particles and symmetries beyond those in the SM. While canonical
neutrino mass models, also known as seesaw models, predict high scale leptogenesis (M >
O(10°GeV)), we focus on leptogenesis and DM scenarios where scale of leptogenesis can
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be brought down to TeV corner such that these scenarios can be tested at near future
experiments. Accordingly, the thesis is divided into five different chapters. In chapter 1, we
first introduce the observational evidences for the baryon asymmetry of the universe as well
as dark matter followed by discussion of the popular production mechanisms for both. In
chapter 2, we propose a fermion singlet dark matter scenario within the minimal scotogenic
model where neutrinos get mass at one-loop level with dark sector particles going inside
the loop. The lepton asymmetry is generated due to the decay of next to lightest singlet
fermion. We then discuss the interplay of light neutrino mass hierarchy on leptogenesis as
well as production mechanism of fermion singlet DM. In chapter 3 we propose a concrete
model for three-body decay leptogenesis together with DM. In this first of its kind proposal,
leptogenesis can occur from the interference of multiple 1 — 3 diagrams with some of the
final state particles playing the role of dark matter at the same time. A two-component
dark matter scenario naturally appears in the model due to the chosen charge assignments
of different particles under the chosen symmetries. Due to phase space suppression and
presence of additional free parameters not affecting light neutrino masses directly, the scale
of leptogenesis can be much lower in this setup compared to the minimal scotogenic model
discussed earlier. In chapter 4, we consider a different scenario where light neutrinos are of
Dirac nature unlike in the models discussed earlier. While canonical seesaw models including
the minimal scotogenic model predict Majorana nature of light neutrinos due to in-built
lepton number violation by two units, there have not been any lepton number violating
signatures at experiments. The model we propose is based on a B — L gauge extension of
the standard model where the particle content is chosen in such a way that light neutrinos
remain Dirac fermions. Leptogenesis occurs from the decay of additional Majorana fermions
which do not induce Majorana masses to light neutrinos. The right chiral neutrinos being
light and charged under the B — L gauge symmetry also contribute to the effective number of
relativistic degrees of freedom in the universe (Neg), offering a complementary cosmological
probe at CMB experiments. Also, the anomaly cancellation demands the addition of new
chiral fermions states, which play the role of DM. A TeV scale B — L model of this type
not only provides a solution to the BAU and DM, but also remain verifiable at collider,
cosmology as well as DM direct search experiments. In chapter 5, we study the impact
of some non-standard cosmological histories on leptogenesis and dark matter. We mainly
consider two modified cosmological histories; firstly when the universe expands faster than
the radiation and another one when the universe is dominated by a matter field prior to
the Big Bang Nucleosynthesis (BBN) era. To study the effect of such modified cosmologies
we consider two kinds of leptogenesis scenarios. First, we consider the leptogenesis from
decay of heavy fermions in the minimal scotogenic model and then a WIMPy leptogenesis
scenario where the lepton asymmetry is generated from the annihilation of WIMP type dark
matter. We show the non-trivial effects of modified cosmological stories in shifting the scale
of leptogenesis as well as DM towards either side. Finally, we summarise our key results in
chapter 6.
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CHAPTER 1

Introduction

It is observed that the present universe is populated with only matter. Outside of particle
accelerators, antimatter has hardly been seen on earth. While the survival of planetary
probes indicate the solar system to be dominated by matter only, composition of cosmic rays
observed on earth provides another evidence suggesting the dominance of matter at galactic
and extra-galactic levels. The amount of antiprotons in cosmic rays stands at approximately
10~* of the same for protons. Such a tiny amount of antiprotons in cosmic rays seems to
validate hypothesis that the antiprotons are secondary products of cosmic ray collisions with
the interstellar medium, and not necessarily a signature of antimatter in the galaxy. The
abundance of anti- *He is about 107 compared to the abundance of “He. Thus, cosmic
rays provide a very good evidence for matter-antimatter asymmetry at galactic scales. The
evidence of asymmetry on larger scales is weaker. X-ray emissions from the clusters of
galaxies indicate the existence of some intercluster gas within them. If, galaxies made out of
matter and antimatter would have existed in the same cluster there would have been strong -
ray emission from the annihilation of nucleons and antinucleons. The non-observation of such
v-ray flux is the evidence that the nearby clusters of galaxies (like Virgo) are fully composed
of either baryons or of antibaryons. This asymmetry between matter and antimatter is
commonly known as the matter-antimatter asymmetry or baryon asymmetry of the universe
(BAU).
The asymmetry is often quantified in two ways [1-3],

DB Bl (6.21+0.16) x 10710, (1.1)
0

B =

Ty

Yy = BBl (8.75+£0.23) x 1071, (1.2)

0

S

Here ng, and ng are the number densities of baryons and antibaryons while n, and s represent
the number density of photons and entropy density of the universe respectively. The subscript
0 implies that the quantities are evaluated at the present epoch. The quantity ng is known as
the baryon to photon ratio and the Yp is known as the comoving number density of baryons.
The two ratios are related by Yz = (n4,/s0)ns =~ np/7.04. Another way of representing
the BAU is in terms of the ratio of baryon energy density to the critical energy density
of the universe Qp = pp/pait- The baryon to photon ratio can be expressed in terms of
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Qp as ng = 2.74 x 107%Qgh®.  Here h is the reduced Hubble parameter given by h =
H /100 kms™'Mpc ™! with H = 67.440.5 kms~'Mpc ™! being the Hubble parameter at present
epoch [3]. The critical energy density of the present universe is given by pey = 3H?/87G
where G is the constant of gravitation. The recently measured value of Qgh? by the Planck
satellite [3] is Qph? = 0.0224 4 0.0001. While the asymmetry in the visible matter has been
an unsolved puzzle to particle physicists for a long time, another feature of the overall matter
component of the present universe adds more to it. It is found that only approximately 20%
of the total matter density of the present universe consists of visible matter while the rest
is composed of some non-luminous, non-baryonic form of matter, popularly known as dark
matter (DM). Both astrophysical and cosmological observations have shown strong evidence
for the existence of DM [3-6]. Like the baryon asymmetry, DM abundance is also expressed
by the DM fraction of total critical energy density Qpy = ppwm/pcris- The recently measured
value of it is Qpyh? = 0.120 £ 0.001 at a 68% confidence level (CL) [3].

While no particle from the standard model (SM) particle content can be a viable DM
candidate, the SM also fails to explain the origin of BAU. This has led to several beyond
the standard model (BSM) proposals in the literature. Interestingly, it is also important
to note that Qpy ~ 5Qg. Though this could be a mere coincidence, it is interesting to
look for solutions where the origin of BAU and DM could be explained simultaneously. In
this thesis, we look for some minimal and well-motivated BSM frameworks where the origin
of both BAU and DM can be connected. As we will see, these frameworks can also solve
another longstanding problem in particle physics namely, the origin of light neutrino mass,
as confirmed by the discovery of neutrino oscillations [2]. Below we discuss the details related
to the observational evidence of BAU and DM along with some widely studied production
mechanisms.

1.1 Evidences of baryon asymmetry

There have been different sources of evidence which establish the fact that the present
universe is dominated by matter over antimatter. However, the quantitative evidence of the
BAU is inferred primarily from two different observations, as we summarise below.

1.1.1 Light element abundance predicted by BBN

The first quantitative evidence of the BAU comes from the observation of the light element
abundance in the universe [7-9]. A successful Big Bang Nucleosynthesis (BBN) predicts the
abundance of the light elements D, 3He, *He, and "Li in the universe. The abundances of
these elements are sensitive to . Particularly, D and *He abundances are very sensitive
to ng. The abundances of D and 3He are crucial in the synthesis of “He via the two-body
reactions p +D —3 He +~ and D +3 He —* He + p. The rate of these processes increases
with the increase in number densities of the incoming nuclei. The number densities of D and
3He depend on 7 as n(D) o np and n(*He) o< n3 as D and *He are produced by the reactions
p+n — D+ and p+ D —3 He + « respectively. Therefore for larger ng, the reaction
rates of these processes will be large and the “*He producing reactions will stop (the reaction
rate become smaller than the expansion rate of the universe) later. This results in smaller
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freeze-out abundances for D and He. A larger value of g means that the relative number
of photons, especially photons which have energies higher than the binding energies of nuclei
is smaller. Hence the abundances of D, *H and *He build up earlier. As a consequence,
the synthesis of *He also starts earlier which results in a larger abundance of “He. On the
other hand, the dependence of "Li abundance on np is much more complicated, as Li’ can be
produced in two ways which have opposite dependencies with ng. In Fig.1.1 the variation in
abundances of these light elements with the baryon to photon ratio is shown. The different
coloured bands show the abundances of different elements as predicted by successful BBN (at
95 % confidence level). The yellow patches represent the observed light element abundances.
The range of ng, consistent with the abundances of *He + D provide strong support for the
hot big bang cosmology model. At 95% CL the range is given by [2],
baryon density parameter Qph?

102
T

e
o
3

e
o
=

e
1

\

4He mass fraction
=
[
-
1

m N

Flé

baryon-to-photon ratio n = n/n.,

Figure 1.1: The primordial abundances of the light elements *He, D, 3He, and "Li against np
predicted by successful Big-Bang nucleosynthesis. The bands for each element show the 95%
CL range [10]. The yellow patches represent the light element abundances which are being
observed. The narrow vertical indicated by the blue colour band indicates the estimate of ng
based on cosmic microwave background (CMB) measurements, while the magenta coloured
wider band indicates BBN prediction for 7. The figure is taken from [2].

58 x 1071 <np <6.5x 10717 0.021 < Qph? < 0.024 (1.3)
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1.1.2 CMB anisotropies

The other measurement of {25 comes from the observation of the anisotropies in the cosmic
microwave background (CMB) radiation [11,12]. The CMB spectrum matches a perfect
blackbody spectrum with nearly a constant temperature up to an excellent approximation.
However, there are small fluctuations in the CMB temperature as discovered by WMAP
and Planck satellites. The basic observable in the CMB spectrum is the fluctuation of
temperature defined as ©(n) = AT/T, where n specifies the direction in the sky. The
crucial epoch for the CMB in the history of the universe is that of recombination. At the
epoch of recombination, the temperature of the universe becomes low enough such that
protons and electrons could combine to form neutral hydrogen atoms. The recombination
happened at a redshift z ~ 1000. Prior to this, the cosmological plasma can be assumed to
be a fluid of photons and baryons. Therefore the CMB temperature fluctuation should follow
the dynamical equations in fluid mechanics. Neglecting the dynamical effect of gravity and
the baryons, the equation of motion for the temperature fluctuation is given by

0%+ 2k*0 = 0, (1.4)

where ¢s = \/p/p = /1/3 is the speed of sound in the baryon-free fluid (p and p are
the energy density and pressure of the photons). The modification due to gravity and the
baryonic interactions can be explained by adding their effects to the right-hand side of
Eq.(1.4)

02+ 32k*0=F . (1.5)

Here F' represents the force term due to gravity. In presence of baryons, cs gets modified
as cs = 1/4/3(1+ 3ps/p), where pg and p, are the energy densities of the baryons and
photons respectively. The presence of the baryons provides additional gravity enhancing
the compression into the potential wells. This enhances the compressional phases which
translate into an increase in the heights of the odd peaks in the CMB power spectrum.
Therefore, the measurement of the difference between the heights of odd and even peaks
put a constraint on the baryon energy density. The temperature fluctuation is conveniently
analyzed by decomposing it into spherical harmonics

% - Z aleim (97 (b) ) (16)
Lym

where # and ¢ are the polar angles. Here, ay, are the expansion coefficients for different
spherical harmonics. The CMB power spectrum is defined as

Cl == <| A |2> . (17)

It is conventional to plot Cjl(l + 1) against {. From Fig.1.2 the change of the peaks can be
seen with the change in baryon density €25. The fit with the most recent observation of the
CMB spectrum by the Planck satellite [3] predicts (at 68%CL)
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Figure 1.2: CMB power spectrum against the multiple moments, [. The figure is taken
from [13] .

0.0223 < Qph? < 0.0225. (1.8)

In Fig.1.1 the blue coloured narrow vertical band indicates the CMB estimate of 1z and
the wider band indicates the estimate by BBN predictions for D +* He agreement range.
It can be observed that these two predictions based on different experimental observations
are in excellent agreement with each other. Therefore any framework which can explain the
origin of BAU dynamically, known as the mechanism of baryogenesis, should reproduce this
number for the Qgh?. However, from Fig.1.1 it can be seen that the observed abundance of
"Li is significantly less than the standard BBN prediction for the preferred range of ng also
singled out by CMB data. This inconsistency is commonly known as the cosmic Li problem,
review of which may be found in [2,7,9].

1.2 Necessary criteria for baryogenesis

In principle, the universe may start with a baryon asymmetric condition. However, any such
initial asymmetry is expected to be diluted away by the exponential expansion of the universe
during the inflationary phase [14]. Hence the asymmetry has to be dynamically generated
after the inflationary phase ends. The necessary conditions to dynamically generate such an
asymmetry were first realized by Sakharov several decades ago [15]. They are as follows.

1. Violation of baryon number: Some baryon number (B) violating interactions are nec-
essary to generate a baryon asymmetry from a baryon symmetric state of the universe.

2. Violation of C and CP: Violation of baryon number alone is not sufficient to generate
a baryon asymmetry. If such baryon number-violating interactions conserve C and CP
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then the process involving antibaryons would occur exactly at the same rate as the
process involving baryons. This will not lead to any net asymmetry generation.

3. Departure from equilibrium: In chemical equilibrium, the chemical potentials asso-
ciated with all the non-conserved quantum numbers vanish. Therefore in chemi-
cal equilibrium, no baryon asymmetry can be generated. Besides CPT invariance
guarantees that the masses of baryons and antibaryons are the same. On the other
hand, in thermal equilibrium, the phase space density of baryons and antibaryons
([1 4 exp((p? + m2)/T)]") would be the same which implies ng = ng.

We elaborate on the necessity of each of these requirements below.

1.2.1  Violation of baryon number

To get baryon asymmetric phase of the universe starting with a baryon symmetric phase,
one must have some baryon number violating interactions. These interactions can be decay
or scattering. The conservation of the baryon number is an accidental symmetry within
the standard model. In some other theories such as the grand unified theories (GUT), the
quarks and the leptons appear as members of the same isospin multiplets and therefore
provide a generic explanation for baryon number violation. The gauge bosons mediated
interactions can transform quarks into leptons or antiquarks, thereby violating B. In GUT,
simple dimensional analysis results for the lifetime of the proton to be 7, ~ oza%TM 4m; 5
M being the mass of the gauge boson in the GUT. The non-observation of the proton decay
demands 7, 2 10%' — 10®* years. This signifies that such additional gauge boson has to be
very heavy M 2> 10'* GeV or so. In addition to that, there is the possibility of the existence
of Higgs bosons with baryon number-violating interaction. The typically weaker coupling of
Higgs boson allows them to have mass somewhat less than the gauge boson, perhaps as low
as 10'° GeV. In both cases, the large mass of the intermediate bosons is responsible for the
non-observation of baryon number-violating interaction today. Apart from GUT there are
other ways of baryon number violation. We discuss some of these possibilities in the section
1.3 some of which (like low scale leptogenesis) may be testable directly at ongoing or near
future experiments.

1.2.2 Violation of C and CP

To explain why C and CP violations are necessary to generate a net baryon asymmetry, let us
consider a particle P, having baryon number violating interactions. Let the particle decays
to quark/lepton final state gg(B = 2/3) and ¢l (B=-1/3). Since the two final states have
different baryon numbers, the decay of P and P violates the baryon number. Considering
C and CP to be violated, the branching ratio (BR) for P — gq will not be the same with
P — §q. Let the BR for P — ¢q be z and that of P — g be 7 such that = # #. Since
CPT invariance demands that the decay rates for P and P be the same the BRs and final
state baryon numbers for all the decay channels of P and P can be determined as shown in
table 1.1.
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decay channel | branching ratio | final state B number
P — qq x 2/3
P—ql 1—x -1/3
P—qq T -2/3
P —ql 1—7 1/3

Table 1.1: Final states and branching ratios of P and P.

Let us imagine the universe to start with a symmetric initial condition, i.e., an equal
number of P and P particles. Following the details given in table 1.1, the mean net baryon
number produced by the decay of P is Bp = x(2/3) + (1 —x)(—1/3) and that produced from
the decay of P is Bp = z(—2/3) + (1 — z)(1/3). Therefore the mean net baryon number
generated from the decay of a pair of P, P particle is € = Bp + Bp = x — Z. The net baryon
number will be zero if there is no C and CP violation (z = z). On the other hand, if C
and CP are violated, in absence of other baryon number-violating reactions, a net baryon
number will survive after the decay of all the P and P particles. To explicitly see how the
C and CP violations enter, let us consider two superheavy bosons P and ) with baryon
number violating decays. The generalization of CP asymmetry parameter defined above is

To_st — Tp_z
e = b P—“FP P—f (1.9)
f

Tost—Ig_
Q@ = 3 b Q—’fPQ @t (1.10)
f

where the sum runs over all possible final states fermions. b¢ is the baryon number of the
fermion f and I'p(I'q) is the decay width of P(Q). Following the notations of [14], we briefly
outline the basics of CP asymmetry calculation starting with a generic Lagrangian. For
simplicity, we assume two final states for the P and () boson decay, and the relevant part of
the Lagrangian is given by

—L D gPfifi+ @Pflfs+Qf fs + .Qfi fa+ hec. (1.11)

Here f1, f2, f3 and f; are the final state fermions (quarks and leptons) and g;s are the coupling
strengths which can be complex in general. The Lagrangian leads to the following decay
processes: P — fi + fo, fs + f1 and Q — f1 + fs, fo + f1. The tree level decays can
not contribute to the CP asymmetry, as I'p__ 5, = |911*Zp = I's__i,5, = |97|°Zp, where the
kinematic factor Zp = Zp arises from the phase space integrals. The non-zero CP asymmetry
arises from the interference of tree level and one-loop diagrams shown in Fig.1.3 and Fig.1.4
respectively. These interference terms are given by

Ce i, = 9195939:Zpq + (9195939:Zpq)" (1.12)
Fpﬁiﬁg = 9?929§94IPQ+(9T929§94IPQ)*7 (1-13)
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Figure 1.3: Lowest-order Feynman graphs for the P and Q decay.

where the phase space factors Zyy (I, J = P, Q) also include the kinematic factors appearing
from the loop integration. If the intermediate particles (fi, f2, f3, f4) in the loops can be
on-shell, then Z;; will be complex. The difference between the decay widths of P — fi f5
and p — flfg 18

Ui, — Dpsne, = 2iZpqlm[g195939;] + 2iZpglmlgi g29394],
= Alm[Zpq|Im[g; g29594]. (1.14)
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Figure 1.4: Vertex correction diagrams in P and Q decay up to one-loop.
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Similar calculation for the other decay mode leads to

4 ..
ep = F—PIH]IPQIID[919293Q4] [(br, — bgy) — (be, — by,)] - (1.15)

Repeating the same calculation for ) decay one can show that

4 / %
‘@ = EImIPQIm [9192959a] [(br, — be,) — (bey — by )] - (1.16)

From Egs.(1.15) and (1.16) it can be understood that to have the net asymmetry € =
ep + €q non-zero, we must have the following conditions satisfied

e There must be two particles having baryon numbers violating decays. The mass of
each of them needs to be heavier than the total mass of the fermions in the internal
loops.

e At least one of the couplings has to be complex.

e The decaying particles P and ) must have different masses. Otherwise ep = —¢g
leading to vanishing net asymmetry.

1.2.3 Departure from equilibrium

The departure from the equilibrium condition can be realised if the expansion rate of the
universe is faster than the interaction rates of the relevant particles. In an expanding uni-
verse, initially, the particles P and P can be in thermal equilibrium with the SM plasma.
In fact, for 7' > mp, their number densities follow np = np = n,. When the temperature
falls T < mp then np = np = (mpT)*?exp (—mp/T) < n,. The P, P bosons will be
in equilibrium if the interactions creating or destroying P, P are occurring rapidly enough
such that the rate of interactions satisfy I' 2 H. The scattering processes are self-quenching
since I'p o« np. The decay processes are the most important for maintaining the equilibrium
number for the P, P bosons.

The necessary condition for the departure from equilibrium can be quantified in terms of
the reaction rates for the P and P bosons. The decay rate of P (I'p), the inverse decay rate
of P (I'p) and the 2 <— 2 B violating scattering processes mediated by the P, P boson
exchange (I's), and the expansion rate of the universe (H) are given by

mp/T T Zm
I'py ~ amp {1 »/ T z P , (1.17)
5 ~ mp
1 T >
'y ~ Tp » ~ e (1.18)
(mp/T)**exp(—mp/T) T < mp
T2
Iy ~ Ta?—"— 1.19
S (T? +m})? (1.19)
H ~ ¢Y/2T?/Mp,. (1.20)
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Log[z=mj;/T]

Figure 1.5: Interaction rates for P, P along with the expansion rate H (schematic diagram
redrawn from [14]).

Here « represents the coupling strength of the P and Mp; is the Planck mass. The decay
rate of P is small at high temperatures due to the time dilation factor, and the Boltzmann
suppression factor at low temperatures keep the inverse decays inefficient. The scattering
cross-section at high temperature is ¢ ~ o?/T? and at low temperatures o ~ o*T?/mp. A
schematic comparison of the relevant rates is shown in Fig.1.5. It is important to note that
all the reaction rates are dependent on mp while H is independent of mp.

As the decay and inverse decay mainly regulate the number density of P, the decay and
inverse decay rates become the most important rates for baryogenesis. Let us define an
important parameter known as the decay parameter,

= L = % (1.21)
2H;_,.. 3.39*/ mp

The decay parameter K determines the effectiveness of decays when P starts becoming non-
relativistic (T' ~ mp). For T' < mp, K determines the effectiveness of inverse decays and 2—2
scatterings. When the decaying particle become non-relativistic, the inverse decay rate is
I'ip/H ~ (mp/T)*?exp(—mp/T)K and the scattering rate is given by I's/H ~ o(T /mp)° K.
If K <1, then at T' ~ mp the decay rate I'p is less than the expansion rate of the universe
H. As aresult, P, P do not decrease in number. Equilibrium will not be maintained and the
P, P boson will be overabundant near 7' ~ mp. In this case, the P, P drift away from their
thermal equilibrium abundance and eventually decay at later times. In the limit of pure
drift, it is easy to calculate the baryon asymmetry. When the P, P finally decay, they are
very much overabundant np = np ~ n, i.e. no suppression to their number densities. Since
a net baryon number € is produced from each decay, the final baryon asymmetry produced
will be ng ~ enp ~ en,. For K < 1, both the inverse decays and the B violating 2 — 2
scatterings are of negligible rates when the decays finally occur and therefore can be safely
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ignored. On the other hand, when K >> 1 the abundances of P, P bosons track equilibrium
abundance as I'p > H for T' ~ mp. If the equilibrium abundance is tracked precisely
enough, no departure from equilibrium can occur. As a result, a net baryon asymmetry can
not be generated. When K is in the intermediate regime, i.e K is not too large from 1, the
scenario becomes more interesting. In such scenario, the asymmetry generation from decay
and the washouts from inverse decay as well as the scattering play significant roles.

1.3 Popular mechanisms for baryogenesis

All the necessary ingredients mentioned in the last section can, in principle, be realised in
a gauge theory like the SM with an expanding universe. While B number conservation is
an accidental symmetry in the SM, Gerard t'Hooft first realised that it is possible to violate
(B + L) with L being the lepton number, while conserving (B — L) within the SM by non-
perturbative instanton effects [16]. In such a case, the necessary out-of-equilibrium condition
is provided by the first order phase transition (FOPT) [17] of the Higgs potential. In SM,
for the electroweak phase transition to be first first order, the required Higgs mass should
be my < 72 GeV [18,19]. After the discovery of Higgs Boson at the LHC with a mass of
around 125 GeV [20,21], this possibility is now ruled out. Coming to the C and CP violation,
C is maximally violated in the electroweak interactions. Weak interaction also violates CP
via the Kobayashi-Maskawa mechanism [22]. The CP violation is usually parametrized in
terms of the Jarlskog invariant [23]. The Jarlskog invariant, upon appropriate normalization
is of order 1072° in the SM. With such a small CP violation and in absence of any dynamic
enhancement it is not possible to generate the observed baryon asymmetry (ng ~ 10710),
even if the electroweak phase transition were of first order. Therefore, new sources of CP
violation are required beyond the Kobayashi-Maskawa phase of the SM. This demands the
need for BSM physics. There have been different BSM proposals for baryogenesis out of
which we briefly comment upon the most widely studied ones below.

GUT baryogenesis: In GUT scenarios, baryon number is naturally violated as the
quarks and leptons appear as components of the same isospin multiplets. In such theories a
net baryon asymmetry is generated from the out-of-equilibrium decay of heavy gauge bosons
[24-31]. The authors of [32] have discussed the details of relevant Boltzmann equations in
such theories. Although GUT theories provide an elegant explanation for the cosmic baryon
asymmetry they face difficulties from the non-observation of the proton decay. It puts a
lower limit on the mass of the new gauge bosons in GUT theories. This also demands a
very high reheat temperature after the end of inflation. Simple inflationary scenarios do not
lead to such high reheat temperatures. Furthermore, typical GUT models violate B + L but
not B — L. Consequently, the B + L violating SM sphaleron, which is in equilibrium at a
temperature 7' < 102GeV, will destroy this asymmetry.

Electroweak baryogenesis: In this class of baryogenesis scenarios, known as elec-
troweak baryogenesis [33-35], the departure from equilibrium is provided by a first order
electroweak phase transition (EWPT). However, as mentioned before, the electroweak phase
transition is not strongly first order [18,19,36] in SM. Besides, the CP violation within the
SM is too small [37,38] to generate the observed asymmetry. Thus, any new model of elec-
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troweak baryogenesis modifies the scalar potential such that the phase transition becomes
strongly first order with new sources of CP violations. One such simple extension is the two
Higgs doublet model (2HDM) [39]. Here, due to the presence of another Higgs doublet, the
Higgs potential has more parameters. Therefore achieving the FOPT is possible by tuning
the parameters appropriately. Also, unlike the SM Higgs potential it can violate CP pro-
vided due to the presence of complex couplings. Another popular example is the minimal
supersymmetric SM (MSSM) [40, 41] where FOPT can be achieved. While it is possible
in principle, to realise electroweak baryogenesis in such simple BSM frameworks, they also
face tight experimental constraints from colliders as well as neutron electric dipole moment,
which we do not elaborate further.

The Affleck-Dine mechanism: In this scenario, [42,43] the asymmetry first arises in a
classical scalar field. Such a scalar field carries a net B number and the scalar potential breaks
B explicitly. The cosmological evolution of the scalar field then lead to a net generation of
B asymmetry. The scalar field later decays to particles converting the asymmetry. This
mechanism is capable of generating asymmetry in any combination of B and L.

Leptogenesis: The idea of leptogeneis was proposed by Fukugita and Yanagida in [44].
It provides an elegant explanation of the cosmic baryon asymmetry with potential connection
with the lepton sector physics including theo origin of light neutrino masses. In the simplest
models of leptogenesis, new gauge singlet fermions are introduced which are of Majorana
type. After the electroweak symmetry breaking, light neutrinos acquire sub-eV masses via
the type-I seesaw mechanism [45-48]. The Yukawa couplings of the singlet neutrinos can be
complex and hence they provide the necessary sources of CP violation as well. Therefore,
when these Majorana singlet fermions decay they can generate an asymmetry in the lepton
sector. The Yukawa couplings of the singlet fermions can be chosen appropriately such that
their interaction rate remains slow enough (I' < H) to result in the required departure from
thermal equilibrium. The non-perturbative sphaleron processes then convert this lepton
asymmetry into a baryon asymmetry [35].

1.4 The basics of vanilla leptogenesis

The existence of non-zero neutrino mass, suggested by different neutrino oscillation exper-
iments has shown strong evidence for physics beyond SM. Leptogenesis can be a common
solution for the existence of neutrino mass as well as the BAU. In the most minimal leptoge-
nesis model, new gauge singlet right handed neutrinos are incorporated which also generate
light neutrino masses via the type-I seesaw mechanism [45-50] mentioned earlier. The Ma-
jorana nature of the neutrinos provides the necessary condition of lepton number violation.
To summarise the basic idea of leptogenesis, we consider the type-I seesaw model with heavy
singlet right handed neutrinos. The Lagrangian is given by,

_ _ _ o~ 1—
L = LSM + NﬂaNz - yajLaHle - hajLaHVRj — §V]%(MR)UVRJ- + h.c. (122)

where Lo = (vg,,1;.)7 is the left-handed lepton doublet and H = iooH*, H = (Ht, H)T
being the SM Higgs doublet and o5 is the Pauli matrix. y,; and h,; are the Yukawa couplings
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Figure 1.6: Tree level and one-loop corrected Feynman diagrams contributing to a net CP
asymmetry from decays of heavy Majorana neutrinos.

of the charged leptons and the neutrinos respectively. As the right handed neutrinos (RHN)
are singlet under the SM gauge group, the Majorana mass term for the right handed neutrinos
is allowed breaking lepton number by two units. Without the loss of any generality the
Majorana mass matrix (Mg);; can be chosen to real and diagonal. When the electroweak
symmetry gets broken, the SM Higgs doublet gets a vacuum expectation value (VEV) (H) =
v/4/2 and both the charged leptons and neutrinos acquire masses. The Dirac masses for the
charged leptons and the neutrinos are given, respectively, by

_

m_7
V)

The neutrino mass matrix is therefore given by

mp = (1.23)

hu
ok

Now, the block diagonalisation of the above mass matrix in the limit mp < Mg leads to
the light neutrino mass matrix

L (1.24)

m, >~ —mp——m .
D MR D

which can be diagonalised by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix
U, in the diagonal charged lepton basis. The decays of the right handed neutrino, N; — o, H
and N; — [, H, can produce a lepton asymmetry. The necessary CP violation arises from
the interference of the tree level and one-loop diagrams shown in Fig.1.6.

1.4.1 CP asymmetry in heavy neutrino decay

In vanilla leptogenesis, the required CP asymmetry arises from the decay of the right handed
neutrinos (N; — [H). As discussed earlier, at the tree level there can not be any net CP
violation. In Fig.1.6 the tree level and one-loop corrected diagrams are shown from the
interference of which a net CP asymmetry is generated. To have a non-zero CP asymmetry,
the conditions mentioned in section 1.2.2 have to be satisfied. The neutrino Yukawa couplings
can be complex to introduce new sources of CP violation. The CP asymmetry considering
the interference of only the tree and vertex diagram leads to [44,51]
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62}0‘ N FN;‘—)ZH + FNz—ﬂ_HT (125)
1 *
= 8r(hth)s ;Im [(h*)ai(h)ag(hTR)y] F(MZ /M), (1.26)

where the function f(M3/M}) is given by

£(2) :\/E<1—(1+z)1n<1+z>). (1.27)

z

The contribution coming from the self-energy diagram is calculated in [52,53]. Later, it
is shown that this contribution can be dominant in cases when the right handed neutrinos
become degenerate in mass [54]. This contribution is given by

€o = 871_(;”0”ZMz%nglm{(h*)ai(h)aj [(h'h);iM; + (RTh)i;M;1 Y. (1.28)
® g '

It can be seen that €;, diverges in the limit M; = M;. In such a case, one needs to take the
finite decay widths of the right handed neutrinos in their propagators. This regulates €}, in
the limit M; = M;. In the limit, |M; — M;| ~ T';; the CP asymmetry €}, gets resonantly
enhanced. In this thesis, we have not studied such a resonant leptogenesis scenario which
demands a fine-tuning condition between the right handed neutrino masses. Coming back
to the CP asymmetry, in a leading order calculation, the total CP asymmetry parameter is
then given by

€ia = €T €y
= g ot [y (hTA)] FO/AR)
" g

+Im [(h%)ai(h)ag (hTR)5;] G(MG [ME)}, (1.29)

where the loop functions are given by

F(z) = \/E{1+1T12+(1+z)1n(1j2)], (1.30)

Gz) = — (1.31)

1—2z

When lepton flavours are summed up, the unflavoured CP asymmetry simply becomes

€ = E €ia

a

- 87r(l;h)ii D> T [(RTh)5] F (M /MF). (1.32)
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In principle, the asymmetry in each lepton flavour should be tracked independently as
each lepton flavour has different interaction rates with the bath [55-58]. In type-I seesaw
leptogenesis, such lepton flavour effects are important when the scale of leptogenesis is M <
102 GeV. In the regime of such flavoured leptogenesis, the CP asymmetry formula given in
Eq.(1.29) is used for individual lepton flavours instead of summing them up.

1.5 Boltzmann equations for leptogenesis

Here, we show the derivation of the Boltzmann equations to track the B — L asymmetry
in the case of simple "vanilla” leptogenesis. We assume the right handed neutrinos to be
hierarchical, which implies that the asymmetry generated from the lightest right handed
neutrino (V) is only relevant. Any asymmetry generated from the decay of heavier right
handed neutrinos (/N3 3) will be washed out by the inverse decays of N;. Furthermore, we will
consider only one flavour of lepton since the Boltzmann equations for other lepton flavours
are expected to take similar forms. The most general Boltzmann equation for any species
can be written as

L[f] = C[f), (1.33)

where L is the Liouville operator, C' is the total collision operator and f is the distribution
function for the species. In a homogeneous and isotropic universe, the Liouville operator is
given by

0 0

N I
L= Eo —Hppl’7 . (1.34)

Here, E and p are the energy and three momenta of the species respectively and H is the
Hubble parameter. Replacing the Liouville operator in Eq.(1.33) the Boltzmann equation
for N; can be written as

Ifx,

- |p | ale
ot N1

8’PN1‘

= OD [fNJ + CS [le] ) (135)

where fy, is the phase space distribution function of N; and py, is the N; momentum. The
right hand side of the Eq.(1.35) consists of the collision terms. Cp [fx,] represents the Ny
decays to lepton and Higgs while the term Cf [fx,] represent the scattering processes which
can change the number of N;. These collision operators are related to the one in Eq.(1.33)
as C' = ECp + ECk.

The Boltzmann equations of leptons and antileptons with phase space distribution f; and
fr have a similar form to Eq.(1.35). Since we wish to track the evolution of the difference
between lepton and antilepton number densities, it is useful to define

JaL = fi — fi (1.36)

Then the Boltzmann equation for fay becomes
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OfaL
ot

OfaL
a|19z‘

where the collision terms are Cp g [faL] = Cps [fi] — Cps[f7]. The number density of lepton
asymmetry can be found out by doing the phase space integration of far,,

—|p/H = Cp[faL] + Cs[farl, (1.37)

_ g1 3
=———[d . 1.38
nAL = / pufan (1.38)
The lepton asymmetry per comoving photon is defined as

NAL
= — 1.39
nAL PR ( )

5
where n$® = ({(3)/n%)g,T* is the equilibrium number density of photon with g, = 2 being
the internal degrees of freedom of photon.

It is convenient to write the Eqgs.(1.35) and (1.37) in terms of the dimensionless variables
z=M;/T and = = |py,|/T, where M; is the mass of N;. Using the relation d7'/dt = —HT,
the differential operator d; — |py, |[HO|py, | becomes :HO,. Therefore Eqs.(1.35) and (1.37)
become

8fN1(Z,l‘) i
T = W(CD [fN1<Z7x)] +CS [le(Z,I>]), (140)
—ang(ZZ, .CL') = —H(jwl) (CD [fAL(Z, ZE)] + CS [fAL(Z’ {L‘)]) : (1'41)

Here H(M) is the Hubble expansion rate evaluated at T = M; and Mp is the Planck mass.
Given the particle physics interactions of Ny and the leptons Eqgs.(1.40) and (1.41) track the
evolution of N; and the lepton asymmetry.

To calculate the collision terms we first consider the simplest case where N; does not
have any number-changing interaction except the decay and inverse decay. For this simplest
case Cs = 0. In such case, the collision integral takes the following form

(27)*6*(pn, — p1 — PH)

1 d3 d?
CD [le] / DL Pu

2EN1 2El(271')3 2EH(27T)3
fuafil = fx)) (IMm—n ) + (M, %)
— (= )+ fu) (Ml + My, —mil?)], (1.42)

X

where E; and p; are the energy and 4—momenta of the species i. Here the matrix element
for any process A is represented by M. At the tree level, the matrix element squared for
the decay of N; is given by

T
mym
My, | = Q(DU—QD)HPZPNU (1.43)
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where v is the VEV of SM Higgs boson, and myp is the Dirac mass matrix for the neutrinos.
The Eq.(1.42) is reducible to a one dimensional form [59],

M Ty, (Eny+pN,)/2
Co [fx] = / dpn [fufil = f) = Feal= )L+ )l (144)
Ex,pN, (Exy —pN,)/2
Here
my M?
I'n, = B2 (1.45)

is the total decay width of Ny, with m; = (mf)mD)n /M being the effective neutrino mass
[60]. For the leptons, the corresponding collision integral is given by

1 [ B e
Colfl = 35 / QEZ?ZJZ;)?’ 2EH£;)3 (2m)"8" (e, <1 = p0)
x [fa (=) + fu) | My, —m |* —

fah@ = fx) | Ma—n, 7). (1.46)

A similar expression for the antileptons can be derived by replacing f; — f7, My, — g —
My, girand My n, — Mpip_n,. From CPT-invariance we can write some impor-
tant relations between these matrix elements

My, m|* = |MHTI_*>N1’2 = |[Mo*(1 + e1), (1.47)
Mpy gl = [Mm—n, [P = Mo (1 — &). (1.48)

Where | M |? is the tree level matrix elements given in Eq.(1.43). CPT-invariance guarantees
that if N; decays prefer the production of L then its inverse decays prefer the destruction of
L. Therefore a net lepton asymmetry can be generated even if IV is in thermal equilibrium.
It seems to contradict Sakharov’s condition. This trouble can be corrected by subtracting the
real intermediate state (RIS) contribution from the scattering process [H — [H' [32,61]. To
explicitly break the scattering process into RIS and the remainder one needs to calculate the
process including the one-loop and vertex corrections in the resonance region. Implementing
this procedure proposed in [62], we add the following term in the collision integral of Eq.(1.39)

Jufi(1 = )Mo, 2 — fufi(1 = f) M e - (1.49)

Where Mg n, |2, and | Mg, n, |24, are the RIS contribution subtracted matrix elements
and are given by

|MHI_*>N1|§ub = |M|2AL:2_€1|M0‘27 (1-50)
Mi—n 2, = [IM[Arzs + e[ Mol (1.51)
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We now derive the conventional integrated Boltzmann equations by integrating the Boltz-
mann Eqgs.(1.40) and (1.41) over momentum. Finding a closed form of the integrated Boltz-
mann equations is not possible if certain approximations are not considered. First, the effects
of quantum statistics are neglected. Maxwell-Boltzmann distribution function is considered
for each particle. Besides, it is assumed that all the SM particles are in thermal equilibrium
sharing the same temperature due to their strong gauge interactions. Also, kinetic equi-
librium is considered among the RHNs. With these simplifying assumptions and using the
conservation of energy, we get

fufy = e ETET — o= Eny/T = G (1.52)
Then the collision integral in Eq.(1.44) becomes

Cp [le] =

MiTy, [ENite)/2 .
L /( dpa [£52 — fr] (1.53)

Ex,pn, En, —pN,)/2

Completing the integration over py and replacing Cp [fx,] in Eq.(1.40) yields

6le R ZPN1 M1
9z _ H(M)) Ex,
The kinetic equilibrium for the RHNs allows us to write fx,/fx. = nn,/ny,, where ny, is

the number density of N;. Now, integrating Eq.(1.54) over the RHN phase space it is easy
to obtain

(f5) — fa) - (1.54)

Cin < M > (nx, —nd), (1.55)

where K; = FN1/H(M1>’ and <FN1> =TIy, <M1/EN1> =i (PN1/nle\Iq1) f dgpN1/(27T)3fISI?(M1/EN1)
is the thermal average decay rate [32]. The dilation factor coming due to the thermal av-
erage is given by the ratio of the modified Bessel functions of the second kind and second
order, (M, /En,) = k1(2)/k2(z). Dividing Eq.(1.55) by equilibrium photon density, the usual
Boltzmann equation can be obtained for the comoving number density Yy, = nx, /1,

IYn, .
Y (v, - ). (1.56)
where
Dl = ZKl <M1/EN1> (157)
o <FN1>
= (1.58)

The equilibrium comoving number density for /V; is given by

3
YNl = §z2/<a2(z). (1.59)

In order to get the most realistic results, Fermi-Dirac distribution is considered for the
right handed neutrinos while calculating Y, which results in ng! = [3¢(3)gn, TM?/(87%)] ko (2).
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Here the internal degrees of freedom of the RHN gn, = 2 and £(3) ~ 1.202. This consider-
ation leads to an extra prefactor (3/4)£(3) in the definition of Y\ compared to the strictly
Maxwell-Boltzmann case.

Similarly from Eqgs.(1.40), (1.46) and (1.48) the BE for the fay, is given by,

af AL 22 K 1 o IN
=— drN, ——— -2 — i 1.60
P2 = [, e gy Unfon — 20— A0, (1.60)
1
Here we define :B%l = 22;;1%2 . Using energy conservation and the kinetic equilibrium condition

for the right handed neutrinos, the Eq.(1.60) can be integrated out to be,

2?2 + 4a?

OfaL 22Ky p nN _”eNOl
92 =N 21‘12 € 433[ e’ — 261 % . (161)

an
Further, considering both chemical and kinetic equilibrium for the SM leptons we can write,

0 = e~ (Bi—)/T _ —~(Bi+n)/T 2(u/T)e‘El/T,
naL ~ 2(p/T)ng", (1.62)

nar .,

~ 1

fAL — eqe )
Yy

where 1 < 1 is the chemical potential of the leptons and n;* is the equilibrium number

density of the leptons. Finally, integrating the Eq.(1.61) over the lepton phase space the BE
for the lepton asymmetry becomes

8nAL Z3K1T3 neq nN —neq
0z 2n? K1(2) %_261 1 eq =1 (1.63)

g Ny
Now, dividing the Eq.(1.63) by n, it is straight forward to show that

OYAL

az = €1D1(YN1 - Yﬁ?) — WIDYAL; (164)
where
1 3
Wip = ZLKIZ k1(2). (1.65)

The first term on the right-hand side of Eq.(1.64) signifies the asymmetry generated by the
CP violating out of equilibrium decay of RHN and the second term represents the washout
of the lepton asymmetry due to the inverse decay. In addition to the inverse decay, there
can be scattering processes which can contribute to the washout of the asymmetry. Some of
the main washout scattering processes in minimal type-I seesaw-based models are

1. AL =1 process: N1l — tq,
2. AL =2 process: |H — [H', Il — H'H' Il — HH.
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Such scattering processes will add to the Boltzmann equation for the lepton asymmetry as
washout leading to

OYAL
0z

where AW = (I's)/Hz corresponds to the washout due to all such scattering processes. Here
(T's) is the thermal average rate of the scattering processes.

=Dy (}/N1 — Yl\??) — (WID -+ AW)YAL, (166)

1.5.1 Converting L asymmetry into B asymmetry

Finally, the lepton asymmetry needs to be converted into baryon asymmetry. This is done
by the electroweak sphaleron processes [17]. The electroweak B 4+ L anomaly implies the
processes which create a wupdpdrv; state out of the vacuum. These vacuum transitions
are referred to as the sphaleron processes. The amount of lepton asymmetry which gets
converted into baryon asymmetry is known as the sphaleron conversion factor which can be
derived following the standard approach outlined in [63].

Any particle asymmetry is often conveniently expressed in terms of its chemical poten-
tial. The important relation between the particle anti-particle asymmetry and the chemical
potentials is given below,

gT° 1p
Ny —no = o= [T] (for Bosons), (1.67)
TS
ng—n_ = g? [%] (for Fermions), (1.68)
(1.69)

where n, and n_ are the equilibrium number densities of particles and antiparticles re-
spectively. ¢ is the internal degrees of freedom of the species. The quantum numbers, for
instance, the lepton (L) number is defined as L = (n; — nj)/s, where s is the entropy density
of the universe. Therefore to find the sphaleron conversion factor we have to consider differ-
ent constraints appearing among the chemical potentials of different particles due to various
processes.

To calculate the sphaleron conversion factor, consider a particle physics model model
with Ny generations of quarks, leptons and m Higgs doublets in addition to the SM gauge
fields. The Ny generations of fermions imply N, generations of left-handed quark doublets
(uir, d;r)", Ny generations of left-handed lepton doublets (v;1,, €;1)", Ny generations of right-
handed up type quark singlets (u;r), Ny generations of right-handed down type quark singlets
(d;r) and N generations of right-handed charged lepton singlets (e;z). The gluons as well
as other neutral gauge fields have zero chemical potentials. We now assign the chemical
potentials to different fields having non-zero chemical potentials as follows: py for W=, pg
or all m neutral components of the doublets H°, u_ for all the charged components of the
doublets H™, pu,, for all the left-handed up type quark, puyy, for all the left-handed down type
quark, p,g for all right-handed up type quarks, ugqgr for all right-handed down type quarks,
w; for all left-handed neutrinos, p; for all left-handed charged leptons and p;z for right-
handed charged leptons. Here we assume that the mixing coming from the Cabibbo angles
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should be able to maintain the equality of different up and down quark states and the mixing
between multiple Higgs doublet should maintain the equality among themselves. Some rapid
electroweak processes enforcing the equilibrium relations among different chemical potentials
are given below

pw = p-+po (W™ — H™ +H), (
Har, = Mol T BUw (W™ — ay +dyp), (1.71
Wi = i+ pw (W™ — v +ei1), (
fur = fo+ pur  (H® — g + ug), (

po = ftar — par  (H° — dp +dg),

= ftlar = —po + Hur + i, (1.74)
po = pir —pir  (H® — eip + éir),
= Mir = Hi + Hw — Ho- (1.75)

By applying these relations one can write all the chemical potentials in terms of py, o, fhur,
and p;. In addition, the electroweak sphaleron process imposes the following condition

Ny (ptur + 2par) + Z p; = 0,
3N¢ptur, + 2Nppw + 4 = 0. (1.76)

Here we have written ), p; = p for convenience. The B, L, charge, and the third component
of weak isospin number densities can be expressed in terms of our chosen 3 + N; chemical
potential as follows

B = Nf(MuL + MuR) + Nf (/J“dL + MdR)

—  ANjr + 2N, (1.77)
L = Z(Hz + pir, + (ir),
= 3p+2Ngpuw — Nypo, (1.78)

Q = 2Ng(ptur + pur) — N¢(ptaz + tar) — Z(Mz‘L + 1ir)

1

—Hw — 2m,u—>
= 2Njpur — 20 — (ANy + 2m + 4) gy + ANy + 2m) o, (1.79)
1.80)
3N 1
Qs = Tf(,uuL — ftar,) + 5 Z(,uz — pir,) — 4wy — m(po + po),
— —(2Nj+m+ 4w (1.81)
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Above the critical temperature T (the temperature at which the electroweak symmetry
gets broken) both @ and Q)3 must vanish. Therefore, from Eq.(1.81), uw = 0. Also from the
Eq.(1.79), we get o = (it — N¢pour,)/2Ng + m. Putting these values in the Egs.(1.81) and
(1.78) one can arrive at the following relations,

B~ N, (152
14N?2 + 9N;m
f f
- _ wul- 1.83
2Nf+m ML ( )

A straightforward calculation leads to the following important relations between the B and
L numbers,

8Nf+4m

B = —(B-L 1.84
22Nf+13m( )’ ( )
14N¢ + 9m
L = ——— (B-L 1.
22Ny + 13m( )7 ( 85)
14Nf—|—9m
B+L = ——————(B—L). 1.
i 22Nf+13m( ) ( 86)

For the SM (Ny=3, m = 1), the sphaleron conversion factor from B — L asymmetry to
B asymmetry is the well-known result

28
B=(B~1L). (1.87)

1.5.2 Lower bound on leptogenesis scale

As discussed earlier, leptogenesis provides an elegant explanation for the BAU in connec-
tion with the neutrino masses and mixing. The Yukawa couplings involved in the lepton
number violating decay also generate the Dirac masses for the light neutrinos. Therefore,
the results of leptogenesis are strictly constrained by neutrino masses as well as mixings.
In the context of type-I seesaw models, there is a strict lower bound on the mass of the
decaying right handed neutrino required for successful leptogenesis. This bound was first
pointed out in [64]. To see how the lower bound on the right handed neutrino mass appears,
let us start with the CP asymmetry generated from the decay of right handed neutrino N;
given in Eq.(1.32). Assuming the right handed neutrinos are hierarchical in mass the lepton
asymmetry is essentially generated from the decay of the lightest right handed neutrino and
the relevant CP asymmetry becomes

2 M, M, T
€ = _%ﬁ ZIm{(hTh)Ij} (M) = —%Fﬁlm{(hmlh )yt (1.88)

11

The Dirac Yukawa coupling h can be parameterised by the Casas-Ibarra (CI) parametrisation
introduced in [65]. Following the CI parametrisation we can write
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1
h = ;DmRDﬁUT. (1.89)

Here D 4 = v/ D is for any matrix A. Dy = diag{ M, Ma, M3} is the diagonal mass matrix
for the right handed neutrinos and D,, = diag{m;, ms, m3} is the diagonal light neutrino
mass matrix and R is any complex orthogonal matrix. Substituting Eq.(1.89) in Eq.(1.88),

3 MK i)
8m w2 Y myl Ryl

(1.90)

€6 =
Now, using the orthogonality condition for the R matrix ) i Rfj = 1, it is easy to show that

3 M,
el S ——(ms —my). 1.91
1] S ==t (mg — 1) (1.91)
It is important to note that the CP asymmetry goes to zero if the light neutrinos degenerate
in mass. For hierarchical right handed neutrino masses, the left-handed neutrinos are also

hierarchical. Therefore one can assume mg > m,, hence

M1m3

V2

o] 5 2008, (1.92)
8T

From Egs.(1.91) and (1.92) it can be seen that the CP asymmetry crucially depends on
the right handed neutrino mass and also on the light neutrino masses. In thermal leptogenesis
the CP asymmetry required to generate the observed baryon to photon ratio is ¢; > 107°.
To generate this amount of CP asymmetry for the experimentally measured values of light
neutrino mass, one needs a right handed neutrino mass to be M; > 4 x 10° GeV, known as
the Davidson-Ibarra bound [64]. While we have discussed this lower bound for the type-I
seesaw model, similar bounds exist for leptogenesis in other canonical seesaw models like
type-1I [48, 50, 66-69] and type-IIL [70]. This bound can however, be relaxed in resonant
leptogenesis regime [71] where even for TeV scale M;, one can generate correct light neutrino
mass and required lepton asymmetry via resonantly enhanced CP asymmetry.

1.6 Observational evidence of dark matter

1.6.1 Dark matter evidence in galaxies and galaxy clusters

The strongest and most well-known evidence for the existence of DM comes from the obser-
vation of spiral galaxies. The arms of a spiral galaxy consist of stars, intergalactic gas, and
dust. These objects move around the centre of the galaxy due to the gravitational interac-
tion with the galactic centre. By using Newtonian gravity, the circular velocity ve for these
objects is found to be
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Figure 1.7: Circular velocity plotted against radial distance from the centre of galaxies,
observed by Rubin et al [4]. Figure is taken from [14].

ve(r) = (%) - : (1.93)

r

where G is the gravitational constant and M (r) is the total mass within a galactic disk of
radius r. Using Gauss’ law in Eq.(1.93), it can be seen clearly that the ve should increase
with the increase in radius at least up to some radius ry,., (order of few kpcs) within which
most of the visible matter is contained. Beyond this radius, one would expect the vo to
fall as 1/4/r. However, it is observed that after rising r beyond 7.y, vo remains constant,
implying that M(r) oc r. This indicates that apart from the visible matter, there exists
an additional kind of matter whose mass linearly increases with radial distance r. Fig.1.7
shows the rotation curves of 21 Sc spiral galaxies observed by Rubin et al [4]. It shows that
the circular velocity becomes almost flat at a large radial distance from the galactic centre.
After this discovery, there have been multiple studies and shreds of evidence supporting the
same conclusion [72-75].

There is similar evidence of the existence of DM on the galaxy cluster scales. General
relativity tells us that, the gravitational field of any massive object bends the path of light
passing near it. This phenomenon is known as gravitational lensing. This lensing completely
relies on gravitational interaction and includes both luminous as well as non-luminous mat-
ter. Due to this gravitational lensing, we could in principle, observe multiple images, arcs,
or even rings, known as Einstein rings. This type of gravitational lensing is known as strong
gravitational lensing. Unfortunately, in many practical cases, the lensing is much weaker.
In these cases, instead of observing multiple images and arcs, one can still get to observe a
weakly distorted image of the source, appearing more elliptical. By observing a large ensem-
ble of such sources, this noise can be averaged out to obtain information on the intermediate
matter distribution. By using this weak lensing method people have impressively mapped
the distribution of masses in a collision of two galaxy clusters, ”Bullet Cluster (1E0657-
558)” [76,77]. It is one of the most convincing signatures supporting the existence of DM
within galaxy clusters. It is a collision of two giant galaxies which occurred at about 4 billion
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Figure 1.8: Representation of two galaxy clusters collision. The red patches are visible matter
observed by Chandra X-ray observatory. The Blue patches are the DM region mapped by
the gravitational lensing. The left panel figure is taken from [80] and the right panel figure
is taken from [6].

light years from our solar system. The visible matter from the collision is mapped by the
Chandra X-ray observatory. In Fig.1.8 the representation of the collision is shown. The red
patches are visible matter observed by the Chandra X-ray observatory while the blue patches
represent the region where the non-luminous matter is situated mapped by the weak lensing.
It can be seen that due to strong electromagnetic interaction, the visible matter is held up
near the centre whereas the non-luminous part has passed straight through. This event not
only provides support for the existence of DM but also suggests the weakly interacting nature
of DM. Observations of galaxy clusters like MACS J0025.4-1222 [78], and Abel cluster [79]
have also reported similar results.

1.6.2 Dark matter in ACDM cosmology

The ACDM model of cosmology is the most successful cosmological model so far. There
are six independent parameters in the ACDM cosmology, which are baryon density (Qgh?),
the DM density (Qpyh?), scalar spectrum index (n), age of the universe (ty), curvature
fluctuation amplitude (A?) and the reionization optical depth (7). Other parameters are
derivable from these six parameters. The CMB anisotropy measurements [3] are in excellent
agreement with the ACDM model. The universe is observed to be spatially isotropic and
homogeneous. Such a universe is described by the Friedmann-Lemaitre-Robertson-Walker
(FLRW) metric which is given by

dr?
1 — kr?

where, r, 0, ¢, t are comoving coordinates, a(t) is the cosmic scale factor. Here, k determines
the spatial curvature of the universe. It takes values +1, —1, 0 representing positive, negative
and flat spatial curvature of the universe respectively.

The dynamical equation of motion known as the Friedmann equation is derived by using
the FLRW metric in the Einstein field equation

ds* = dt* — a*(t) ( + 7% (df” + sin® 9d¢2)) : (1.94)
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1
R — §Rg,ﬂ, =81GT ), + Agpu. (1.95)

Here R, R and T}, are the Ricci tensor, Ricci scalar and stress-energy tensor respectively
and A is the cosmological constant. For a universe composed of a perfect fluid, the energy
momentum is given by

T/u/ = —P9uw + (p + p)uuuuu (196)

where p and p are the pressure and energy density of the perfect fluid respectively. w,,,
are the velocity vector in comoving coordinates. The pressure and the energy density is
related by the equation of state p = wp. The equation of state parameter w takes different
values depending on the dominant component of the universe’s energy density. Finally, the
dynamic Friedmann equations for the scale factor can be derived to be

a? 8tGp kA

a? 3 a2 3’

a A 4AnG

My 3 1.98
where H is the Hubble expansion rate. From the above two equations, one can find an

important equation indicating the evolution of the energy density of the universe,

(1.97)

p=—-3H({p+p). (1.99)

We now define the energy densities for each component of the universe. For radiation
Qrad = Prad/Pait, Mmatter Uy = pm/peic and dark energies as Qp = A/peris, where peg is
critical density of the universe. In terms of these energy densities, Eq.(1.97) can be written
as

k
a?H?
The Planck satellite has precisely measured all the above-mentioned parameters. These
estimates are also supported by estimates from large-scale structure (LSS), supernovae and
BBN measurements. Fig.1.9 shows an excellent agreement between these observations.

= Qaa + O + Q4 — 1. (1.100)

1.7 Properties of dark matter particle

The multiple pieces of evidence discussed above establish the existence of DM in the universe.
However, the particle nature of DM is yet to be understood. For a new particle to be a DM
candidate, must have certain properties. Firstly, DM candidates should be stable, at least
they should be stable over the cosmological time scale to be present in sizeable abundance
at present time. Also, the particle should be electrically neutral since DM do not have
electromagnetic interaction. The Bullet Cluster observation indicates that if DM has any
interaction except gravity it must be very weak, at least it should be weaker than that of
baryonic matter. Also, the cosmic N-body simulations on the large-scale structures of the
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Figure 1.9: Figure showing incredible agreement between the measurements from LSS, su-
pernova, BBN, and CMB. It also suggests that our universe is almost spatially flat. The
figure is taken from [81].

universe suggest that the DM must be cold to form such structures. Interestingly, none of
the SM particles can satisfy all the above-mentioned properties. None of the SM particles
satisfies the properties of a DM particle. The SM neutrinos satisfy some of the properties
as they are electrically neutral, weakly interacting and also stable. However, the neutrinos
are extremely light and therefore have extremely high free-streaming lengths. The formation
of cosmic structure would not have been possible with such light DM particles. In addition
to that the neutrinos can only contribute to a very small fraction of the total observed DM
abundance.

The absence of a DM candidate in the SM is one of the most compelling pieces of
evidence for the existence of new physics beyond the SM. In the next chapter, we discuss
the production mechanism in two widely studied classes of particle DM.

1.7.1 Thermal production of dark matter

In literature, thermal DM is the most widely studied particle DM candidate. Thermal DM
can be a new elementary particle having sizable interactions with the SM bath such that it can
be produced thermally in the early universe. The well known freeze-out mechanism [82,83]
determines the relic abundance of such thermal DM. Interestingly, to satisfy the observed DM
relic, such DM particles should have interaction strength of the order of weak interaction for
DM masses around the electroweak scale. This co-incidence is commonly known as WIMP
(weakly interacting massive particle) miracle. A recent review of such WIMP type models
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can be found in [84]. The typical masses of WIMPs can range between a few GeV to hundreds
of TeV. Therefore they could become non-relativistic in the very early epochs of the universe
and thereby they satisfy the cold DM behaviour.

The time evolution of DM number density can be obtained by operating the DM distri-
bution function by the Liouville operator along with the collision terms. Like in the case of
leptogenesis, we can start by writing the most general Boltzmann equation for DM as

L[f] = Cowmlf], (1.101)

where L is the Liouville operator and Cpy is the collision operator. For a homogeneous
and isotropic universe f(z#,p*) = f(t, F) and the Liouville operator takes the form given in
Eq.(1.34). Integrating Eq.(1.101) over the phase space we have,

gom [ LIf] 4 Y /CDM[f] 3
(27?)3/ 5 d’p = 2n)? 5 d°p. (1.102)
It can be shown that
gpM i/[f] B dnpm

The collision term encodes all the microphysical descriptions of particle interaction for the
DM particles. In principle, it incorporates all the number-changing processes for the DM.
Here, we consider the simplest case where a pair of SM particles (X,Y) annihilate into a
pair of DM particles (labelled as 1,2) or vice versa.

In such case of annihilation the right hand side of Eq.(1.102) becomes

(92?:)43 / CDg[f lgp = - / dlxdITy dITydIT,(27) '8 (px + py — p1 — p2)
[ Mia—xy P fifo(L £ )1 £ fy)— | Mxy—i2 [P fxfy(LE f1)(1 £ fo)]
— [ dlydlyd e (2n)5(ox + v — 01 - 1)
“ My xy [ fifo= | Mxy s [? foY] : (1.104)
Where dII; is the space space corresponding to each particle defined as

9 d’p;
(27’(')3 2Ez .

dIl; = (1.105)

The terms (1 & f;) account for the viable phase space of the produced particles, taking into
account of the fact that whether they are fermions (—) or bosons (4). Assuming no CP
violation in the annihilation, one can write | Ms . xy |[*=| Mxy_12 [*=| M |2. From the
conservation of energy we can write Ex + Fy = E; + E,. Therefore we can write
Ex + Ey By + By
Ixfy =K~ =e T =e T = fi'fa" (1.106)
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Here, in the first equality it is assumed that the SM particles are in thermal equilibrium.
Therefore the Eq.(1.104) becomes

gpm CDM[f]
(2m)3 / E

here (ov) is the thermally averaged annihilation cross-section defined as

d’p = —(ow) (npy — (nPh)?), (1.107)

1 e e
(ov) = CRBE / dILxdy dIL dy(27)* 5 (px + py — p1 — p2) | M |2 f{0f54 (1.108)

pm

The thermally averaged annihilation cross-section is similar to a cross-section, but one needs
to consider the fact that all the initial particles do not have fixed definite energies. Therefore
one has to integrate all possible energies that the particles can have in a thermal bath. This
explains why the extra integrals over the phase space of initial particles with a distribution
function f7?f59 are appearing. Finally, we are left with the following form of the Boltzmann
equation,

dnpm
dt

Again, for convenience, the Boltzmann equation is written in terms of the comoving
number density Ypy = npu/s (s being the entropy density of the universe) instead of the
number density npy, as it nullifies the decrease of DM number density due to the expansion
of the universe. Also, it is convenient to express the Boltzmann equation in terms of the
dimensionless variable z = mpy /T instead of time (7).

From the definition of comoving number density Ypy = npm/s

Do _ 1 (o) _ & (Y14 000 1 (g, )
S

+ 3Hnpy = —(ov)(ndy — (nph)?)- (1.109)

dt  dt \ s T dt \a3s )  ads dt

Here it is assumed that during the expansion of the universe, the entropy remains constant

a®s = constant. This allows us to re-write Eq.(1.109) as follows

dYpm
dt

Since the scale factor and entropy density follow the relation a oc 7~ and s oc 7° it is easy
to show that

= —s(ov) (Yu — Youm)?) - (1.111)

dz
— = Hz. 1.112
5 — H? (1.112)
This allows us to write,
dYDM . dYDM dz . dYDM
dt  dz dt  dz
Using the Eq.(1.113) in Eq.(1.111) we get

Hz. (1.113)
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Figure 1.10:  The comoving number density of DM (Ypyr) is shown against z = mpy /T
for three different interaction strengths of DM. The black solid line represents the comoving
equilibrium number density of DM.

Y1
DM - 22 (ow) (¥ — (T, (1114)
Eq.(1.114) is the guiding equation to track the number density of DM given its anni-
hilation cross-section. The typical evolution of a WIMP DM is shown in Fig.1.10. It can
be seen that with the increase in interaction strength WIMP abundance freezes out at low
temperatures leading to a decrease in final abundance. Once we know the frozen number

density of DM, it is straightforward to calculate its relic density as

2 s (DM .
Qpuh? = 2.755 x 10 (Ge\/> Yout(z = 00). (1.115)

Direct search for thermal dark matter

After discussing the production mechanism of thermal dark matter and the calculation of its
relic abundance in the previous section, we discuss the detection mechanism of such thermal
dark matter in this section. The detection of an unknown fundamental particle is not an
easy task. However, the WIMP paradigm for thermal DM provides some elegant ways for
the possible detection of thermal DM particles. If we are really surrounded by DM halos and
the DM particles have interaction of the order of weak interaction with the DM particles
then the DM particles should show some collisions with the nucleons in the laboratories. If
somehow the recoil energies of the nucleus can be measured due to such collisions, one could
possibly reveal the properties of DM particles. The idea of measuring the nucleon recoil due
to such collision was first discussed by Goodman and Witten in 1985 [85]. There can be
two different types of DM-nucleus interaction. First, DM can interact coherently with the
nucleus. In such cases, the DM-nucleus cross-section can be given as
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~ 2
oxN ~ oxnA”.

Here A is the mass number of the nucleus and oy, is the DM-nucleon cross-section. This
type of coherent DM-nucleus scattering cross-section is known as the spin-independent direct
detection cross-section. On the other hand, if the DM particle couples to the spin of the
nucleon and as spin add incoherently inside a nucleus, the DM-nucleus cross-section become

OXN ~ OXn-

This type of DM-nucleus scattering cross-section is known as spin-dependent direct detection
cross-section. It is important to have an estimate of the recoil energy generated by such DM-
nucleus collision to see whether the WIMP DM are at all detectable or not. This can be
done by using some simple kinematics. The expression for the recoil energy is given by

2
Er = EX002 (1 — cosh), (1.116)
mr

where mp and px, are the mass of the target nucleus and the reduced mass of the DM-target
nucleus system respectively. € is the scattering angle in the centre of the mass frame, and
vx is the velocity of the DM particles. Now, the rate of any such process depends on the
number of target nuclei (Nr), the average flux of the incident particles (¢x) as well as on
the differential cross-section of the process. Therefore for the rate of such a process, we can
write

dR dO'XN

— =N 1.117
TR L2 (L.117)
From Eqs.(1.116) and (1.117) we can write
dR pxmr Base f(’U) dO'XN 3
=N d’v. 1.118
dER "m XWxy Jop v dcosf o ( )

Here the DM flux ¢ is replaced in terms of the velocity distribution function f(v) of DM
particles inside the DM halo [86]. The particle physics details of DM have appeared only
through the differential cross-section dox y/dcosf. The recoil rate can be roughly estimated
by considering some realistic value of the differential cross-section. If the mass of the DM
particles is in GeV range and the detector has a threshold energy of a few keV the event
rate per day per kg of detector mass is calculated to be [86],

0.06 100 OXN PX v
R— v _ 1.119
kg day ( A ) (10—380m2) (0.3GeV/cm3> (200km/s) ( )

If the cross-section has a value of the type of weak interaction i.e oxy ~ 1073¥cm?, then
the rate become sizable enough to be detected. Few dedicated experiments like LUX [87],
XENON100 [88], XENONIT [89,90], PANDA [91, 92| are looking for events triggered by
such thermal DM. Since none of these experiments has found any positive signal for such
DM, the negative results from these experiments have put upper bounds on the DM-nucleus
scattering cross-section. Recently, the LZ experiment has given the most stringent upper
limit on spin-independent DM-nucleon scattering cross-section [93].
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Indirect searches for dark matter

Apart from the direct search method discussed above, there exists another type of DM search
known as the indirect search for DM. In this type of DM search, instead of detecting the DM
itself, one searches for particles that could be products of the annihilation of a pair of DM or
decay of DM. Although the probability of DM particles annihilating themselves is very less
after its thermal freeze-out, it can still be observable in highly DM-dense regions inside the
galaxies. Depending on DM models, it can directly annihilate into a pair of photons or by
some other intermediate SM particles, which can further give rise to photons as secondary
products. Apart from photons, the indirect search experiments are also looking for other
particles as possible products of DM annihilations. These products can be charged particles
such as protons, anti-protons, and electrons. Satellite-borne experiments like PAMELA [94],
AMS [95] are looking for such signals. On the other hand, they can also be neutrinos.
Experiments like ICECUBE [96], and ANTARES [97] have the potential to detect such
neutrinos. DM can also produce diffuse or monochromatic photon lines which ground-based
experiments like H.E.S.S [98], VARITUS [99] as well as space-based experiments like FERMI-
LAT [100] could in principle be able to detect. Similar to direct detection experiments, there
have been no convincing signatures of DM annihilation or decay at these experiments so far.

Dark matter at particle colliders

Apart from the direct and indirect signatures of DM discussed above, one can also have
the possibility of detecting it in particle colliders. Here, it is important to ask whether it
is possible for a WIMP-like DM particle to be detected in the same way we detect the SM
particles. With the current luminosity of the LHC it is impossible to produce a large number
of DM particles to detect them directly. Even if we detect some signal at a collider, it will be
unclear whether it is a galactic DM or not. Also, it would be difficult to know whether it is
stable over the age of the universe with the right cosmic abundance. With the weak strength
of DM interaction (if they interact at all except gravity) with the SM particles, it is difficult
to get some visible signatures. Therefore, the transverse momentum conservation is the only
way by which production of DM particles at colliders could be inferred. There have been
dedicated DM searches at the LHC based on simplified particle physics models [101-105] as
well as effective field theory (EFT) based setups. Since we do not study collider prospects
of DM in this thesis, we do not elaborate upon these collider aspects further.

1.7.2 Non-thermal production of dark matter

As discussed in the previous sections, many experiments have been looking for thermal or
WIMP kind of DM for a few decades. However, the null results from such experiments
motivate people to look for other possibilities to produce DM beyond the WIMP paradigm.
If the DM particles have a much weaker interaction with the SM bath, such DM particles
could never be produced thermally in the early universe. Rather, they can be non-thermally
produced from the decay or annihilation of other particles. Due to the very feeble coupling
with the SM bath, these types of DM particles are commonly known as Feebly Interact-
ing Massive Particles (FIMP) [106, 107]. Unlike WIMPs, FIMPs have vanishing or almost
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vanishing abundance in the very early universe. Later they slowly freeze in as the universe
evolves. One particular behaviour of the thermal freeze-out mechanism is that the decou-
pling temperature is usually a factor of 20 — 30 below the mass of DM. This is independent
of any thermal history of the early universe and possible new interactions at higher scales.
However, the final DM abundance is highly sensitive to its interaction strength as shown in
Fig.1.10. For a freeze-in DM case, the exact opposite of that happens.

Let us now consider a bunch of particles in equilibrium sharing the same temperature
among themselves and suppose we have a feebly interacting particle y. If the particle xy has
very feeble interaction with the bath particles then their interaction rate (I'y) will always be
smaller than the expansion rate of the universe (H),

I (T)

ﬁ <1 VT. (1.120)
Then the y particle can only get produced from the decay or collision of bath particles. First,
let us consider that x is produced from the decay of a heavier particle A (A — xx) present
in the bath. Here, it is important to point out that if both decay and annihilation can
produce y involving the same couplings, then decay will always dominate over annihilation.
However, in case the decaying particle is itself not in equilibrium then the calculation will
be more involved [108] as one has to calculate the distribution function of both the mother
particle as well as DM. Following the [106,107], the Boltzmann equation for y produced from
a decaying particle A in bath can be written as

dny k1(ma/T)
dt Ko(ma/T)

where my, and ny! are the mass and the equilibrium number density of the decaying particle
A. Ty is the decay width for A — yx. Similar to Eq.(1.114) for freeze-out, it is convenient
to write the equation in terms of comoving number density Y; = n;/s(T") (s(T") being the
entropy density of the universe) and dimensionless variable z = m, /T. After some algebraic
simplifications, the Boltzmann equation takes the form

+ 3Hn, =2 IOV (1.121)

dYX . K,l(mA/T) FA eq

" QHg(mA/T) HzYA . (1.122)
A typical solution of this equation is shown in Fig.1.11. Here, one can notice the opposite
behaviour of DM abundance with increasing interaction strength of DM. Final abundance
of DM increases for larger decay width of A and hence larger interaction strength of DM
with bath particles. If the bath particles are assumed to follow the Maxwell-Boltzmann
distribution, one can find an approximate analytical solution to Eq.(1.122) such that the
final relic abundance of FIMP DM candidate y is given as

O h2 = 4.48 x 10892 (mX>MPIPA
=4,

Gesp/9= \GeV/  m3
Here g, is the internal degrees of freedom of the decaying particle A, m, is the mass of the

FIMP y. The relativistic degrees of freedom in energy and entropy densities are denoted by
Jx, Gxs Tespectively. It can be seen that the final DM relic is proportional to the decay width

(1.123)
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of the decaying particle, and thus the final relic increases with the increase in interaction
strength of DM. This is quite opposite compared to WIMP whose final relic decreases with
increase in interaction rate with the SM bath. However, the interaction strength of FIMP can
not be increased arbitrarily as, beyond a particular point these interactions would thermalise
the FIMP changing their nature to WIMP.

or— —

—— ‘
Ia<Ta< — T

—1‘—0.5‘0‘0.5‘1‘1.5‘2
log,oz

Figure 1.11: Evolution plot for the co-moving number density of FIMP x and the equilibrium

density of the decaying particle A. The black solid line represents the equilibrium comoving

number density of the decaying particle while the dashed lines represent the comoving number
density of the FIMP y for three different values of I'4.

While FIMP provides an alternative to WIMP paradigm which is facing stringent direct
detection constraints, it is difficult to probe it directly. Depending upon the specific model
implementation, some indirect FIMP signatures can be obtained, as discussed in some recent
works [109-111]. Since we do not study detection prospects of FIMP in this thesis, we do
not discuss it further here.

Although the origin of BAU and DM can be unrelated to each other, there are scenarios
where their origin can be addressed within a common framework. In this thesis, we study
a few minimal extensions of the SM, which can explain the observed baryon asymmetry
through leptogenesis and also generate the observed amount of DM relic simultaneously. The
vanilla leptogenesis scenario widely studied in the context of canonical seesaw mechanisms of
neutrino mass requires the scale of leptogenesis to be very high, set by the Davidson-Ibarra
(DI) bound [64], out of any direct experimental reach. In this thesis, within the context of
a common framework of leptogenesis and dark matter, we explore the possibility of lowering
the scale of leptogenesis either by (a) going beyond the canonical seesaw framework e.g.,
radiative seesaw model, (b) decoupling the origin of light neutrino mass from the origin of
lepton asymmetry and (c¢) incorporating non-standard cosmological histories. We show that
some of these possibilities or a combination of them can indeed lower the scale of leptogenesis
to as low as a TeV with interesting implications for neutrino mass hierarchy as well as
dark matter. Apart from providing a minimal and combined framework to explain multiple
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observed phenomena in the universe like baryon asymmetry, dark matter and neutrino mass,
the possibility of new physics at a low scale significantly enhances the detection prospects of
these scenarios in near future experiments compared to vanilla leptogenesis scenarios widely
studied in the literature.
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CHAPTER 2

Fermion dark matter with N, leptogenesis in minimal
scotogenic model

In this chapter, we study the possibility of singlet fermion DM and successful leptogenesis in
the minimal scotogenic model [112] which also provides a radiative origin of light neutrino
masses. In the minimal scotogenic model, the SM is extended by three gauge singlet fermions
and one additional scalar doublet, all odd under an in-built Z5 symmetry. In a few earlier
works like [113], the possibility of creating lepton asymmetry from the decay of the lightest
Zs-0dd singlet fermion (N;) was studied. It was shown that the scale of leptogenesis can be
as low as M; ~ 10 TeV even with hierarchical Z; odd singlet fermion masses. To allow the
decay of the lightest singlet fermion, the neutral component of the Z,-odd scalar doublet
had to be the DM candidate in these scenarios. Here we consider another possibility where
the lightest singlet fermion is also the lightest Z; odd particle, and hence the DM candidate.
In this case, the heavier singlet fermion Ny decay is primarily responsible for generating the
required lepton asymmetry. The relevant Yukawa couplings for the RHNs are found out by
the usual Casas-Ibarra (CI) parametrisation [65,114]. The CI parametrisation links the new
Yukawa couplings to the lightest active neutrino mass mijghtest and As, an important quartic
coupling of the scotogenic model affecting light neutrino masses. We solve the relevant
Boltzmann equations to get the final lepton asymmetry from Ny decay. We also point out
the importance of new washout terms, which are sub-dominant in the usual N; dominated
leptogenesis while highlighting the difference in results for normal and inverted ordering of
light neutrino masses. We also study the possibility of both thermal as well as non-thermal
fermion singlet DM and discuss the consequences for leptogenesis.

2.1 Scotogenic Model

As pointed out earlier, we consider the minimal model belonging to the scotogenic framework
in our study. It is an extension of the SM by three copies of SM-singlet fermions N; (with
i = 1,2,3) and one SU(2)-doublet scalar field 7 (also called inert doublet), all being odd
under an in-built and unbroken Z, symmetry, while the SM fields remain Zs-even, i.e. under
the Zs-symmetry, we have

Ni — —=N;, n——-n, & —= &, Yoy — Yay, (2-1)
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where ®; is the SM Higgs doublet and Wgy;’s stand for the SM fermions. This Zs symmetry,
though ad hoc in this minimal setup, could be realised naturally as a subgroup of a continuous
gauge symmetry like U(1)p_; with non-minimal field content [115,116].

The relevant Yukawa Lagrangian involving the lepton sector is

1 _
—L D §(MN)’LJNZN] + (Y;J LzﬁN] + hC) . (22)

The Z, symmetry also prevents the usual Dirac Yukawa term L®; N involving the SM Higgs,
and hence, the Dirac mass term in the seesaw mechanism. This eventually forbids the
generation of light neutrino masses at tree level through the conventional type-I seesaw
mechanism [45-47,49,50, 117].

The scalar sector of the model is the same as the inert Higgs doublet model (IHDM) [118],
a minimal extension of the SM by a Z; odd scalar doublet in order to accommodate a DM
candidate [112,115,119-131]. The scalar potential of the model involving the SM Higgs
doublet ®; and the inert doublet n can be written as

A A
V(@un) = ml @l + 3l + 1@l + il + Aal@a
A
+ M| ®In)? + [5(@{7))2 + h.c.] . (2.3)

As mentioned earlier, in order to ensure that none of the neutral components of the inert
Higgs doublet 7 acquire a nonzero VEV, u2 > 0 is assumed.
After the EWSB, these two scalar doublets can be written in the following form in the

unitary gauge:
0 H*
¢, = (m): n = <H0+iAO> ) (2.4)
V2 V2

where h is the SM-like Higgs boson, H° and A° are the CP-even and CP-odd scalars, and
H* are the charged scalars from the inert doublet. The masses of the physical scalars at
tree level can be written as

m; = Ao
mys = s+ %)\3?12,
mie = s+ %()\3 + M+ )02 = mia + % (Ag + A5) 0%,
mi, = i+ %(Ag =)o = mle 4+ % (Mt — Ag) 02 (2.5)

Without any loss of generality, we consider A5 > 0 so that the CP-odd scalar is lighter
than the CP-even one. Since the lightest component of the inert doublet is not the DM
candidate in our scenario, we can have any mass ordering among its components. This will
not change the analysis we are going to do in upcoming sections, however, these possibilities
can be distinguished by their signatures at collider experiments like the large hadron collider

(LHC).
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Light neutrino masses which arise at one-loop level can be evaluated as [112,132]

(Mu)ij = Z Y;kY;kMk ( mi]o lnmilo — mio lanAO>

3202 \mip, — ME " M7 w3, - ME M
YirYji M,
= > o [Lalmi) = Li(m%o)] | (2.6)
k

where M, is the mass eigenvalue of the mass eigenstate N, in the internal line and the
indices 7,7 = 1,2,3 run over the three neutrino generations as well as three copies of N;.
The function Lj(m?) is defined as

m? m?

Lk(mQ) = ——1

il 2.7
m? — MZ " M? (27)

From the expressions for physical scalar masses given in Eq.(2.5), we can write m2,, —m?, =
Asv2. Therefore, in the limit A5 — 0, the neutral components of inert doublet 1 become mass
degenerate. Also, a vanishing A5 implies vanishing light neutrino masses which is expected as
the As-term in the scalar potential (2.3) breaks lepton number by two units, when considered
together with the SM-singlet fermions Lagrangian (2.2). Since setting A5 — 0 allows us to
recover the lepton number global symmetry, the smallness of A5 is technically natural in
the 't Hooft sense [133]. We will see later that such small A5 is indeed required for certain
scenarios in order to achieve the desired phenomenology.

As we will see in the upcoming sections, the requirement of correct DM phenomenology
for N; DM significantly constrains the Yukawa couplings. In particular, the requirement of
FIMP DM tightly constrains the Yukawa couplings involving N; very small < 107® while
for WIMP DM the same Yukawa couplings should be of order one O(1). Accordingly,
the parameter \; has to be tuned in order to generate the correct light neutrino masses.
It is important to ensure that the choice of Yukawa couplings as well as other parameters
involved in light neutrino mass are consistent with the cosmological upper bound on the sum
of neutrino masses, »_.m; < 0.11 eV [3], as well as the neutrino oscillation data [134,135].
In order to incorporate these constraints on model parameters, it is often useful to rewrite
the neutrino mass formula given in Eq.(2.6) in a form resembling the type-1 seesaw formula:

M, = YAT'YT, (2.8)
where we have introduced the diagonal matrix A with elements
21 2M;
Ai = 5 & - ) 2.9
G (29)
M; 2 2 o
and Cl - (8(771?{0 — mio) [Lz<mHO) - Lz(mAO)}) . (210)

The light neutrino mass matrix (2.8) which is complex symmetric, can be diagonalised by
the usual Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix U !, written in terms

1Usually, the leptonic mixing matrix is given in terms of the charged lepton diagonalising matrix (U;)
and light neutrino diagonalising matrix U, as U = UlT U, . In the simple case where the charged lepton mass
matrix is diagonal which is true in our model, we can have U; = 1. Therefore we can write U = U,,.
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of neutrino oscillation data (up to the Majorana phases) as

—id

C12C13 S$12€13 S13€
_ i 19
U= —812C23 — C12523513¢€" C12C23 — S12823513€" 523C13 UMaj (2-11)
” "
S128923 — C12C23513€" —C12823 — S12C23513€" C23C13
where ¢;; = cost;, s;; = sinf;; and ¢ is the leptonic Dirac CP phase. The diagonal

matrix Uyg,j = diag(1, ', e!¢+9) contains the undetermined Majorana CP phases a, (. The
diagonal light neutrino mass matrix is, therefore,

D, = U'M,U* = diag(my,ma, ms), (2.12)

where the light neutrino masses can follow either normal ordering (NO) or inverted ordering
(I0). Since the inputs from neutrino data are only in terms of the mass-squared differences
and mixing angles, it would be useful for our purpose to express the Yukawa couplings in
terms of light neutrino parameters. This is possible through the Casas-Ibarra parametrisation
[65] extended to radiative seesaw model [114] which allows us to write the Yukawa coupling
matrix satisfying the neutrino data as

Y = UDY?R'AY2, (2.13)

where R is an arbitrary complex orthogonal matrix satisfying RRT = 1.

2.2 Fermion Dark matter in Scotogenic Model

As pointed out earlier, the DM candidate in our model is the lightest Z5 odd singlet fermion
Ni. Being gauge singlet, the production mechanism of N; DM crucially depends upon its
Yukawa couplings with the SM leptons and inert doublet 1. Depending upon the size of
these Yukawa couplings, one can either realise WIMP or FIMP-type DM in our model.

For WIMP type DM which is produced thermally in the early universe, its thermal relic
abundance can be obtained by solving the Boltzmann equation for the evolution of the DM
number density n:

dn 2 eq)2
E+3Hn = —(ov) [n —(n )}, (2.14)

where np); is the equilibrium number density of DM and (ov) is the thermally averaged
annihilation cross section, given by [136]

1

4 2 (MmbpM
8miy k3 (22

{ov) =

) / o(s — 4m3y)V's K1 <$) ds, (2.15)
4m]23M

where k;(z)’s are modified Bessel functions of order i. In the presence of coannihilation, one

follows the recipe given by [137] to calculate the relic abundance. For a recent study on such

coannihilation effects on fermion DM in this model, please see [138]. As we will show later,
the requirement of successful N, leptogenesis pushes the masses of Ny 3 to higher values,
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making their coannihilations with N; highly inefficient. However, the mass of n can remain
very close to that of N; enhancing the coannihilation effects.

On the other hand, if the Yukawa couplings of N; with SM leptons are very small, the
FIMP possibility will arise. In such a case, as mentioned earlier, /N; never reaches thermal
equilibrium with the standard bath and has to be generated from the decay or scattering of
particles in the thermal bath. If the same couplings are involved in both scattering and decay,
then decay contributions dominate [106]. In our model, the most dominant decay-producing
Ny is the two-body decay of n — [Ny given by

m,Y? M2\?
Ly & = (——1> (2.16)

where Y is the effective Yukawa coupling (up to the flavour indices), M is the mass of FIMP
type DM particle N; and m,, is the mass of the mother particle. By virtue of its gauge
interactions, 1 can be thermally produced in the early universe. Therefore, the coupled
Boltzmann equations for comoving number densities of N; and 7 can be written as

dy, A Mpimy £/ g+(2) c
P TR Y > (oW (Ve - 059 (2.17)
p=SM particles
Mp, = «(2
o= J ( )Fn—>N1lY;7a (218)

~ 1.66 mZ gs(2)

d¥n, b MPli 9+(2)
dz 1.66 m? gs(2)

Lyt Y, (2.19)

m
where z = — is a dimensionless variable and Mp) is the Planck mass. g,(z) is the number

of effective relativistic degrees of freedom associated with the entropy density of the universe
at some z, and the g.(z) is defined by

9.(2) = % <1 = %(ﬂgl—ggf)> . (2.20)

Here, g,(x) denotes the effective number of degrees of freedom related to the energy density
of the universe at z.

2.3 N, Leptogenesis in Scotogenic Model

As mentioned earlier, a net lepton asymmetry can be generated in this model via out-of-
equilibrium decay of the N; [113,121,139-143]. Similar to the Davidson-Ibarra bound in
type-I seesaw leptogenesis mentioned earlier, here also one can derive a comparable lower
bound with only two Z, odd singlet fermions in the strong washout regime. With three
singlet fermions in the scotogenic model, this bound can be lowered down to around 10
TeV [113,143] without any need of resonance enhancement [54,144]. Here we consider the
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heavier singlet fermion Ny decay to be responsible for leptogenesis. It should be noted that
N5 decay dominating leptogenesis in usual type-I seesaw mechanism was discussed in several
earlier works [145-157]. In these scenarios, the right handed neutrino spectrum is hierarchical
and Nj is too light to generate a sizeable asymmetry (lighter than the Davidson-Ibarra upper
bound [64]). The next to lightest right handed neutrino Ny can be heavy enough and can
produce the correct asymmetry for some parameter space of the models. This vanilla N,
leptogenesis scenario is however, different from ours as in our case /V; is perfectly stable and
can not decay. Since we consider the leptogenesis to be generated from Ny decay effectively,
by considering N; to be the lightest Z; odd particle which can not decay, our scenario is
more constrained compared to the ones discussed in [113,143]. Although N3 decay can also
generate lepton asymmetry, in principle, we consider the asymmetry generated by N3 decay
or any pre-existing asymmetry to be negligible due to strong washout effects mediated either
by Ny or N3 themselves. We also neglect AL = 1 scattering processes and flavour effects.
The CP asymmetry parameter is defined as

3 T(N; = lan) — D(N; — 1,7)

= ol 2.21
‘ Za F(Nl — lan) + F<Nz — laﬁ) ( )
The CP asymmetry parameter for N; — l,1, [,7 is given by
1 M? m? i} M? m2\ > i}
wamﬁTZPGﬁwgm%mMmkmtm(‘ﬁ)mwm%@
i i 7 J v ®
(2.22)

where, the function f(r;;, ;) is coming from the interference of the tree-level and one-loop
diagrams and has the form
(1 —2m + 1)

2
Frsm) = v |1+ i) (2.23)

with rj; = M7 /M} and n; = m? /M7?. The self energy contribution Hj; is given by

M ]
Hy; = (YY), MJ + (YTY)y,. (2.24)

)

Now, the CP asymmetry parameter, neglecting the flavour effects (summing over final state

flavours «) is
= G o O Y T F ) (2:29

i 7
where the function F'(rj;,n) is defined as

Vi

F(rji,m) = /i [f(?"ﬁ,m) - ——= m:)* | - (2.26)
It
Let us define the decay parameter as
Iy
Ky =——2 2.27
" H(=1) (227)
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where I's is the Ny decay width, H is the Hubble parameter and z = M, /T with T being the
temperature of the thermal bath. Leptogenesis occurs far above the electroweak scale where
the universe was radiation dominated. In this era the Hubble parameter can be expressed
in terms of the temperature 1" as follows

8m3g, T? 1
H= —=H(z=1)— 2.28

where g, is the effective number of relativistic degrees of freedom and Mp; ~ 1.22 x 10
GeV is the Planck mass. The decay width I's can be calculated as

Dy = —=(YTY)ge(1 — m)% (2.29)
8w
The frequently appearing Y'Y is calculated using Casas-Ibarra parametrisation and it is
given as
(YTY)y; = \/AA;(RD, R, (2.30)
D, = diag(mq,mq, m3) is the diagonal active neutrino mass matrix. One important

point here is to note down that the important quantity Y'Y for leptogenesis is independent
of the lepton mixing PMNS matrix, whereas it is dependent on the complex angles of the
CI parametrisation. Thus the CP violating phases relevant for leptogenesis are independent
of the CP violating phases in the PMNS matrix. The dependence of the CP asymmetry on
M; and )5 is evident through A;.

The basic equations to track the dynamics of leptogenesis are the Boltzmann equations

given by [62]
an e
dz2 = —Dsy(ny, — n]\%), (2.31)
dnp_ o ota
de TH— —e3Dsy(ny, — nj\%) — whetalp (2.32)
where ny,, ng_r, are the comoving number density of Ny and B — L asymmetry respectively.
ny, = Sha(2) is the equilibrium comoving number density of Ny (with #;(z) being the
modified Bessel function of i-th kind). The quantity on the right hand side of the above
equations
I's k1(z
Dy, = -2 — K 2.33
2 Hz NQZ,%Q(Z) (2.33)

measures the total decay rate of Ny with respect to the Hubble expansion rate, and simi-
larly, WTetal = II;—VZ measures the total washout rate. The washout term is the sum of two
contributions, i.e. W% = W, + W, where the washout due to the inverse decays /7,

{n* — N, is given by

1
W1 = WID = ZKszgﬁl(Z). (234)
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The other contribution to washout Wa, originates from scatterings which violate lepton
number by AL = 1,2. The contribution from AL = 2 scatterings ¢n <> ¢n*, 00 < n*n* is
given by [113]

18+/10 Mpy <27T2
War=2 =~

/g2t \ s

where we have assumed 7, < 1 for simplicity, g, stands for the internal degrees of freedom
for the SM leptons, and m is the effective neutrino mass parameter, defined as

2
) MymZ (2.35)

mg =~ AGmi + Gmi, + (my, (2.36)
with my, mp, n, are being the lightest and heavier neutrino mass eigenvalues, (; defined in
Eq. (2.10) and L;(m?) defined in Eq. (2.7). It should be noted that Eq. (2.35) is similar

2
to the AL = 2 washout term in vanilla leptogenesis, except for the (%) factor. In

N, leptogenesis, which we discuss here, there can be other scattering diagrams which can
significantly contribute to the washout processes. We include all of them in our work. One
possible AL = 2 washout relevant at 7' = Ms is from the processes ¢/ —> N;N; which can

be written as
zS

n
Wat—s = m”?(a V) e—s Ny Ny (2.37)
where s is the entropy density in radiation dominated universe. The other two relevant
AL = 2 washout contributions can be written as

WialL—s = m(nfﬂ(av)nlﬁn*g + n?\(/ll <UU>N12<—>N12) (2.38)

eq
where r; = Leq. The contribution from AL = 1 washout processes can be estimated as
n
l

28 .
War—1 = )neq(rwi <U'U>gwﬂ:<_>]vmi + TZ<0'U>€Z<—>N17,0) (239)

H(z =1
After obtaining the numerical solutions of the above Boltzmann Egs.(2.31) and (2.32),

we convert the final B — L asymmetry nfB_L just before electroweak sphaleron freeze-out into

the observed baryon to photon ratio by the standard formula

39, f

- Z_lg_asphngi ~ 92x107%nd |, (2.40)

where agpn = % is the sphaleron conversion factor (taking into account two Higgs dou-
blets). We take the effective relativistic degrees of freedom to be g, = 110.75, slightly higher
than that of the SM at such temperatures as we are including the contribution of the inert
doublet too. In the WIMP DM scenario it will be enhanced by approximately 1 as N re-
mains in thermal equilibrium. The heavier singlet fermions N3 do not contribute as they
have already decoupled from the bath by this epoch. In the above expression g° = % is the

effective relativistic degrees of freedom at the recombination epoch.
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2.4 Results and discussion

We first consider normal ordering of light neutrino masses and solve the Boltzmann equations
for lepton asymmetry mentioned in the previous section. In order to achieve FIMP type DM
so that the Yukawa coupling of N; comes out to be tiny, we consider the complex matrix R
to have the following form

1 0 0
R= |0 cos(zgr+izr) sin(zg+izr)
0 —sin(zg +izr) cos(zg +izp)

with zr = 0.42 and z; = —0.4232. The justification behind such choice of R and other
possibilities of R matrix are mentioned in Appendix A.1. We further choose the relevant
parameters as m, = 201 GeV, M; = 200 GeV, m; = 1073 eV, X5 = 0.5, My = 10'° GeV
and M3/M,y = 102 and plot the evolution of comoving number densities of Ny and np_;, as
a function of z in Fig.2.1. As the temperature cools or z increases, the number density of
N5 decreases due to its decay while lepton asymmetry increases. For the chosen benchmark
parameters, the washout effects are significant, giving rise to a dilution of the asymmetry
before saturation.

-16. -3.
= -18. =12. =
g £
‘s £
-20. -21.
=22, -30.
-2 -1 0 1 2 3 4

Figure 2.1: Evolution of ny,, ng_1, (Comoving number densities of Ny, B— L) with z for NO.
The set of parameters used are My = 10'° GeV, Mz/M, = 10?2, M; = 200 GeV, m, = 201
GeV, \s =0.5,m; = 1073 eV.

We then show the significance of different parameters on the evolution of ng_r, in Fig.2.2.
In the upper left panel plot, it can be seen that the washout effects are stronger for larger
values of the m;. However, the variation of the ng_p, is small with m;, because, this variation
is due to AL = 1 scatterings IW*(Z) — Nin. As we increase m; the Yukawa couplings
for V; increase leading to an increase in the washout. On the other hand on the upper right
panel plot of Fig.2.2 it can be seen that with the increase in A5 the final ng_r, increases. In N,
leptogenesis scenario, we are necessarily in a strong washout region with NO of light neutrino
mass. This can be understood from the structure of the Yukawa matrix in Eq.(2.41). It can
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be easily seen that one does not have much freedom on the Yukawa couplings of N, from
the light neutrino sector in the case of NO. The Yukawa couplings are large enough for the
inverse decays to have strong washout effects. On the other hand following the Casas-Ibarra
parametrisation one can see that the Yukawa couplings can be decreased by increasing As.
Therefore with the increase in A5 the inverse decay decreases leading to an increase in the
final asymmetry. In the lower left panel plot of Fig.2.2, it can be seen that there is a small
variation of ng_j, with the change in M;. Although this variation is very small, it can be
understood from the fact that with the increase in M; the Yukawa couplings corresponding
to N also increase leading to an increase in washout coming from the scattering processes.
In the lower right panel plot of Fig.2.2 one can see that with the increase in M, ng_1, also
increases. This can be understood as follows, with the increase in M, the decay rate for Ny
increases while the inverse decays get suppressed. This results in an increase in asymmetry
generation and a decrease in washouts and thereby an increase in B — L asymmetry.

1076 : : ‘ e B v
TN Mp =100 GeV, M3/ M, =102, My =200GeV, Mp =100 GeV,
(\ As = 0.0005, My =200 GeV, 1075} MyIMy =102, my = 10~ %6V, |
-7 NG mp =201 GeV | mp; =201 GeV
LU v — i — N _____ [ [ -
‘ \ ng_"®9 (PLANCK 2018) 10-7| np_. "9 (PLANCK 2018) 1
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1076 : , : : ‘
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my =10""3eV, A5 =0.0005 M/ Mp = 10%, m;, = 201 GeV
107, ] 1004 my=10""3ev
np_, "9 (PLANCK 2018)
S < 1075 ]
4 1078 d np-1 " (PLANCK 2018)
S (3 N T I/t et N N e A —
1078}
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Figure 2.2: Evolution of ng_r, (Comoving number density of B — L) with z for NO with
different benchmark values of m; (upper left panel), A5 (upper right panel), M; (lower left
panel) and M, (lower right panel). The horizontal black dashed line in all the plots indicate
the required value of B — L asymmetry to produce the observed baryon asymmetry after
sphaleron transitions.

We then evaluate baryon to photon ratio np from the lepton asymmetry using the formula
given in Eq.(2.40). We show the variation of ng with M, for different benchmark values of
relevant parameters like A5 and M; in Fig.2.3 keeping the other parameters fixed. In all
these plots, we can see that the correct baryon asymmetry (shown as the horizontal dashed
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black line) can be obtained for different values of these model parameters.

We finally scan the parameter space in M, — A5 plane by fixing Ms/M, = 10* and
choosing different combinations of m,,, My, m;. The resulting parameter spaces that satisfies
the correct baryon asymmetry are shown in Fig.2.4 and Fig.2.5 for m; = 1073 eV and
my1 = 10713 eV respectively. Different coloured bands correspond to different combinations
of m,,, M, as indicated. As can be seen from these plots, the scale of leptogenesis M, gets
pushed up as we decrease A\5. Smaller values of A5 result in larger Yukawa couplings from the
requirements of light neutrino masses through Casas-Ibarra parametrisation. However, for
a fixed lightest neutrino mass and m,,, M;, such increase in Yukawa couplings will not only
enhance the production of asymmetry but also increase the strength of washout scatterings,
of which the latter dominates. For smaller m;, due to the smallness of Yukawa couplings
responsible for washout scatterings, the scale of leptogenesis can be slightly lower, as seen by
comparing Fig.2.4 with Fig.2.5. In both the cases, we notice that the scale of leptogenesis is
around 10'° GeV, below which successful leptogenesis is not possible.

1078 : , 10
My =200 GeV, mp = 201 GeV,
. M/ Mp =102, my =103 ev 8- A5=05, my=10""3eV, M3/ M = 102
107%;
""" PLANCK2018 =TT Al 2. T P, T
10 PLANCK 2018
10710} e
3 <
<
10-11| S 4r
—— M;=100 GeV, m,,R=101 GeV
R — 25=0.0005
10777 ¢ — A§=005 — My=500 GeV, m ;=501 GeV
25=0.5 M;=1000 GeV, m,-=1001 GeV
10—13 L L L 2 L L L
108 10° 10'° 10" 102 4x10" 6x1010 8x10  1x10"
M, (GeV) M, (GeV)

Figure 2.3: Variation of baryon to photon ratio with M, for different benchmark values of
As (Upper panel plots) and M; (Lower panel plots) in case of NO. The horizontal dashed
line represents the observed 7 in all the plots.

We then study the possibility of N; dark matter in the normal ordering scenario of light
neutrino masses. To study the FIMP possibility we first choose a benchmark of model
parameters which show the possibility of realising tiny Yukawa couplings of N; required for
their non-thermal nature. We fix M; = 200 GeV, M, = 10'° GeV, M3 = 10°M,, m,, = 201
GeV, and A5 = 0.1 and vanishingly small lightest neutrino mass m;. The Dirac Yukawa

structure for this choice of benchmark is given, according to Casas-Ibarra parametrisation,
by

3.856 x 10719 4+ 0.4 —0.0008 — 0.0058; —0.03210 + 0.02044
Y = | —1.3328 x 10719+ 2.5186 x 10~  0.0159 + 0.0076;  —0.1599 — 0.05661
2.2080 x 10710 +2.1432 x 1074 0.0016 + 0.0086i  0.1822 — 0.0068i

In general, the analytical form of Yukawa matrix, followed from the Casas-Ibarra parametri-
sation discussed before and for the choice of R matrix mentioned before, can be written
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Figure 2.4: Scan plot for My vs X5 for my = 1073 eV, and M3/M, = 10? for which the
observed baryon asymmetry is generated in case of NO of the light neutrinos.
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2.41

where C(z) = cos z, S(z) = sinz and U;; are the elements of PMNS mixing matrix. Clearly,
the Yukawa couplings of N; to SM leptons and n are decided by m;, which is the lightest
active neutrino mass in NO. So in case of NO, we can have arbitrarily small Yukawa couplings
of Nj required for FIMP dark matter by taking m; very small. We can also make the Yukawa
couplings sizeable by taking m; similar to the scale of mass squared differences or in the
quasi-degenerate light neutrino mass regime, if we want to realise the WIMP scenario for
Ni. On the contrary, we can not choose m; to be arbitrarily low for IO of active neutrino
mass, thereby restricting our Yukawa couplings to be higher than certain values. However,
as we comment in Appendix A.1, choosing a different or more general R matrix can make
it possible to have FIMP type Yukawa for N; in IO which however does not affect the
results related to leptogenesis significantly. We will discuss about it later when we go to the
discussion of 10 part.

To show the FIMP abundance, we choose benchmark values of Yukawa couplings Y =
Yii = Yo = Y3 = 107191072 for simplicity and show N; abundance as a function of
2z =m,/T in Fig.2.6 for different benchmark values of parameters. As can be seen from these
plots, the initial abundance of FIMP is negligible followed by its rise at two distinct epochs:
first when the mother particle is in equilibrium and later when the mother particle freezes-
out and then decays. Depending upon the Yukawa couplings the equilibrium contribution
varies, for example, when the Yukawa coupling is larger the equilibrium contribution to
FIMP abundance is also larger. For larger Yukawa, the final abundance of FIMP remains
higher, as can be seen by comparing the left and right panel plots of Fig.2.6.
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Figure 2.5: Scan plot showing the viable parameter space in M vs A5 for m; = 10712 eV,
and Mz/M, = 102 in case of NO of the light neutrinos.
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Figure 2.6: Dark Matter (N;) relic versus z = m,,/T (upper panel) taking both equilibrium
and out-of-equlibrium contribution and the comoving number density of the mother particle n
as a function of z = m,, /T (Lower panel). The set of parameters used are A3+Xs+ X5 = 0.001,
As = 0.1 and Y;; = 1072 (Upper left panel), Y;; = 1071 (Upper right panel). The set of
parameters used for the lower panel plot are As + Ay + A5 = 0.001, A\s = 0.1,Y;; = 107°.
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The difference due to the choices of (m,, mpy) is coming as these parameters affect the
decay width of n into N;. As FIMP mass becomes closer to the mother particle’s mass, the
decay width decreases and hence the yield of DM also decreases slightly. In order to compare
the evolution of FIMP abundance with that of the mother particle’s abundance we also show
the variation of 7 abundance as a function of z in the lower panel plot of Fig.2.6. As can
be seen there, the mother particle was in thermal equilibrium in early epochs followed by
its thermal freeze-out and then subsequent fall in its abundance at lower temperatures (or
higher z) due to its decay into FIMP. We have used micrOMEGAs package [158] to calculate
the freeze-out details of 1 in our work.
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Figure 2.7: WIMP Dark matter relic vs Dark matter mass for different benchmark parame-
ters in case of NO. The chosen benchmark is A5 = 5 x 10~* and m; = 1073 eV.
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Figure 2.8: Evolution of ny,, ng_1, with z for IO. The set of parameters used are M,y = 10°

GeV, M3/My = 10%, My = 200 GeV, m,, = 201 GeV, A5 =5 x 107*,mg3 = 1073 eV.

We also check the possibility of N7 being WIMP DM with NO of neutrino mass. However,
for WIMP DM we need much larger Yukawa couplings than the ones mentioned above for
FIMP. Such larger couplings are required in order to produce N; thermally in the early
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universe which later undergoes thermal freeze-out leaving the right relic abundance. We
generate such large Yukawa couplings by increasing the lightest active neutrino mass to
mi = 1072 eV from m; = 10713 eV before. Such increase in lightest active neutrino mass
does not affect the leptogenesis results significantly for NO. The relic abundance for WIMP
DM as a function of its mass is shown in Fig.2.7 for different benchmark parameters. As can
be seen from this plot, the mass splitting between 7 and N; plays a crucial role in generating
the correct abundance. For smaller mass splittings the coannihilation between 1 and N; gets
enhanced, bringing down the relic abundance within the observed limits. Here also we have
implemented the model in micrOMEGAs to calculate the relic abundance of Nj.
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Figure 2.9: Evolution ng_y, with z for 10 with different benchmark values of mg (Upper
left panel), A5 (Upper right panel), M; (Lower left panel) and M, (Lower right panel). The
horizontal black dashed line in all the plots indicates the required value of B — L asymmetry
to produce the observed baryon asymmetry after sphaleron transitions.

We now move on to discussing the results for 10 of light neutrino masses. We choose the
following R matrix in order to generate the desired Yukawa structure:

1 0 0
R=1|0 cos(zg+iz;) sin(zgr+izr)
0 —sin(zg +iz;) cos(zg +izr)

with zzr = 1.5707 and z; = —0.0008. Once again, the justification behind such choice of R
and other possibilities of R matrix are mentioned in Appendix A.1. The following Yukawa
structure is obtained for Nj leptogenesis with the benchmark parameter as M; = 200 GeV,
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My =10° GeV, M3/My = 102, m,, = 201 GeV, A5 =5 x 10~* and vanishingly small lightest
neutrino mass ms.

0.0003 + 0.2 2.9995 x 1078 — 2.4960 x 1078  —0.0023 — 1.7669 x 10~}
Y= [ —0.0001 4+ 0.2459 x 107%  1.3062 x 10~7 — 9.4011 x 108 —0.0094 — 0.00052
0.0002 + 0.2093 x 107%  —1.1472 x 10~7 4+ 1.0759 x 1077 0.0094 — 0.0004¢

Clearly, the Yukawa coupling of the lightest right handed neutrino do not become arbitrarily
small, unlike in NO case mentioned earlier.

In Fig.2.8, we show the evolution of comoving number densities for Ny and B — L asym-
metry for chosen benchmark parameters M, = 105 GeV, M3/M, = 10%, M; = 200 GeV,
m, = 201 GeV, A5 =5 x 107%,m3 = 107'3 eV. Clearly, the number density of N, decreases
due to its decay while the B — L asymmetry increases as N, abundance decreases. Once
again, the final value of ng_;, satisfies the criteria of producing correct baryon asymmetry
after sphaleron transitions and the washout effects are minimal for the chosen parameters.
We then show the evolution of ng_;, with z for different benchmark model parameters in
Fig.2.9 for IO of light neutrino mass. In the upper left panel plot of Fig.2.9, it is seen that
with the increase in ms the np_;, decreases. This is because with the increase in ms the
Yukawa couplings for Ny increase for 10. Therefore, with the increase of m3 we start falling
into strong washout region. This effect is clearly visible in the plot. In the upper right
panel plot of Fig.2.9, it is seen that with the increase in A5 the asymmetry decreases. This
is because we have chosen ms = 1072 eV for the upper right panel plot and for such small
values of mg the Ny Yukawas are very small and we are in a weak washout region. With
the increase in A5 the Ny Yukawas become further small giving rise to smaller values of C'P
asymmetry parameter resulting in a decrease of ng_r,. This behaviour is opposite to what is
observed for NO. In the lower left panel plot of Fig.2.9 it can be seen that with the increase
in M, the np_;, decreases. This is similar to what is observed in the case of NO. With the
increase in M; the N; Yukawa couplings increase leading to an enhancement in the washout
coming from the scattering processes. On the bottom right panel plot the variation of ng_y,
with the change of My is shown. One can see the expected behaviour of ng_p, with the
increase of My, as explained in the case of NO.
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Figure 2.10: Variation of np with M, for different benchmark values of A5 (left panel plot)
and for different benchmark combination of M; and m,, (right panel plot) in case of 10. The
horizontal gray dashed line represents the observed np from Planck 2018 data [3].
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We then show the variation of baryon to photon ratio (ng) with mass of N, for different
benchmark parameters in Fig.2.10 and compare it with the observed baryon asymmetry.
Clearly, the observed baryon asymmetry can be produced by appropriate choices of bench-
mark parameters. Interestingly, the scale of leptogenesis can be as low as few tens of TeV,
unlike in case of NO where the scale of leptogenesis was several order of magnitudes above
TeV scale. This is particularly possible when both A5 and lightest neutrino mass mg are
chosen small and we are in a weak washout regime. We finally show the parameter space
in terms of M and A5 which leads to the observed baryon asymmetry for different choices
of my, My, m3 and show them in Fig.2.11 and Fig.2.12 for mz = 107% ¢V and mz = 107
eV respectively. It can be seen that for ms = 1072 eV the scale of leptogenesis is pushed
to higher values, while for ms = 107!3 eV the scale of leptogenesis can be few TeV. Sharp
contrast can be noticed for the scale of leptogenesis with A5 between both the plots. In
Fig.2.11 it is seen that the scale of leptogenesis is pushed to higher values as we decrease
As. This is due to the similar reason we mentioned in the discussion of NO results, for
ms = 1073 eV, the washout effects start dominating over the production processes as we
lower A5 further leading to corresponding rise in Yukawa couplings. On the other hand, in
Fig.2.12, it can be seen that the scale of leptogenesis decreases as we decrease \5. For very
small value of the lightest neutrino mass ms = 10712 eV, we are in weak washout region and
therefore the asymmetry can be increased by decreasing As. It is also observed that beyond
a certain small value of A5 the M, required to satisfy the correct asymmetry increases for
IO with mg = 10713 eV. It is due to the increase in the washout with the decrease in \s.
Even though decreasing A5 helps in increasing the asymmetry for IO with vanishingly small
mg Beyond a certain small value of A5 the washouts become very dominant. From Fig.2.12
it can be seen that the scale of leptogenesis can be as low as O(50TeV) for M; = 200 GeV
and m, = 201 GeV.
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Figure 2.11: Parameter space in M, vs A5 plane for ms = 1073 eV with the parameter choice
M3/M; = 10? for which the observed baryon asymmetry is generated for IO.
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Figure 2.12: Parameter space in My vs A5 plane for ms = 107!3 eV with the parameter
choice Ms/M, = 102 for which the observed baryon asymmetry is generated for IO.
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Figure 2.13: Variation of Yukawa coupling with respect to DM mass for 10. The chosen
benchmark is A5 = 1075.

As mentioned earlier, we can not have FIMP type Yukawa coupling of DM in IO case due

to the structure of Yukawa matrix in terms of light neutrino parameters, for the particular
R matrix chosen. We first show the variation of Yukawa couplings of N; with its mass in
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Fig.2.13. It can be seen that the couplings can not be made as small as the ones for FIMP
dark matter, even though we use the lightest active neutrino mass very small ms = 10713
eV. We therefore, pursue the WIMP possibility here and show that for small mass splitting
between N; and 7 it is possible to produce the observed relic abundance. The relic abundance
of WIMP DM in IO scenario is very similar to the WIMP results obtained in case of NO
and hence we do not show the corresponding plot here.

2.5 Results of N, Leptogenesis with Flavour Effects

Finally, we check the role of lepton flavour effects on our results of leptogenesis. In our earlier
discussion, we ignored such flavour effects and hence summed over all flavours leading to the
CP asymmetry parameter given in Eq.(2.25). As pointed out in several earlier works [55-58],
flavour effects can significantly alter the leptogenesis predictions. For a recent review on
flavour effects in leptogenesis, please see [159]. Here, we adopt the prescription given in [58]
and calculate the final baryon asymmetry considering a three flavour regime.

The Boltzmann equations for such three flavoured leptogenesis can be written as

dTlN
d,22 = —DQ(TLN2 — n?VqQ) (242)
d’l‘LAa
ke —€2a Do (N, —nY ) — Paa W3 Pna, — Paa AWAL—11a0— Praniaa Z Pag(AWAL=2)ap-
6267%7
(2.43)
10
8 My =200GeV, m, =201GeV,
h 6| my =103 eV, Mg/ M, =102
— A
S 4
o
v—o B
X
S 2
0.2 04 0.6 0.8

As

Figure 2.14: Scan plot for flavoured leptogenesis with NO of neutrino mass in Ms — A5 plane.
The benchmark parameters taken for this scan are m; = 10713 eV and Ms/M, = 102

Here, there are three equations corresponding to o = e, pu, 7. np, and na, are the
comoving number densities of Ny and the B/3 — L, (for each flavor of leptons). P, are the

projectors defined by
F2oz

Py, = =2, 2.44
o = T (2.44)
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Where I'; is the total decay width of Ny while I'y, is the corresponding partial decay
width to a particular lepton flavour denoted by «. The washout terms AWar—1, AWar—o
are same as the ones discussed earlier. The flavoured CP asymmetry parameter €, is given in
Eq.(2.22). We choose the same R matrix as before and find the parameter space for flavoured
leptogenesis that can give rise to the correct final baryon asymmetry. The resulting parameter
space for NO and IO are shown in Figs. 2.14 and 2.15 respectively. As can be seen from these
plot, the scale of leptogenesis can be lower compared to the unflavoured leptogenesis. To be
more specific, in case of 10, the leptogenesis scale can be lower significantly with successful
leptogenesis occurring at My as low as 30 TeV. On the other hand even after taking the
flavour effects the scale of leptogenesis can not be less than O(10'°) GeV in the case of NO.

1000
500" .
Y
()
e
< 100
50" M, =200 GeV, m,=201GeV,
m;=10"3eV, M/ M, =102

0.001 0.002 0.003 0.004 0.005
As

Figure 2.15: Scan plot for flavoured leptogenesis with 1O of neutrino mass in M, — A5 plane.
The benchmark parameters taken for this scan are mz = 10712 eV and M;/M, = 102
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CHAPTER 3

Dark Sector Assisted Low Scale Leptogenesis from
Three-Body Decay

In this chapter, we study the possibility of realising leptogenesis from three-body decay along
with dark matter and neutrino mass in a minimal framework. We propose a first of its kind
model to implement the idea of leptogenesis from three-body decay where CP asymmetry
arises from interference of multiple 1 — 3 diagrams with some of the final state particles
playing the role of DM simultaneously. While leptogenesis from three-body decay was covered
in earlier works [160-163], a different way of achieving the same was also discussed in different
contexts by the authors of [164-168]. These works either considered soft leptogenesis in a
supersymmetric framework or leptogenesis due to CP asymmetry arising from interference
of from multiple 2 — 2 or 1 — n(n > 3) diagrams with resummed propagators. While a
concrete model to realise leptogenesis from such 2 — 2 processes along with dark matter
was proposed in [164], there has been no concrete model yet, to realise leptogenesis from
three-body decay where non-zero CP asymmetry arises due to interference of multiple 1 — 3
decay diagrams with resummed propagators together with dark matter. Here we try to
implement this idea in a minimal extension of the scotogenic model discussed in chapter 2.
Such an extension is required as in the minimal scotogenic model we can not have non-zero
CP asymmetry from three-body decay of right handed neutrinos. We show that successful
leptogenesis can be achieved at a scale as low as 2 TeV in this scenario, which gets lowered to
even below 1 TeV after including the lepton flavour effects. While, the usual two-body decay
of right handed neutrinos in scotogenic model can also contribute to lepton asymmetry,
we show that the contribution from three-body decay dominates in the low mass regime.
While building such a setup, we also find that the model naturally predicts a two component
dark matter scenario. We discuss interplay of different couplings involved in leptogenesis as
well dark matter and show the consistency between the possibility of low scale leptogenesis
and correct DM relic density in agreement with all experimental constraints including light
neutrino masses and mixing.

3.1 The Model

We briefly discuss our model in this section. We stick to a minimal setup required to
obtain the desired phenomenology. The SM particle content is extended by three singlet

TH-3117_176121007



84

Particles | SU(3). x SU2), x U(l)y | Zy | Z}
Qr, (3,2, é) 1|1
up (3,1,%) 1|1
dr (3,1,—3) 1|1
(r (1,2,—3) 1|1
(R (1,1, -1) 1|1
Ny (1, 1, 0) 1)1
) (1, 1, 0) -1 -1
H (1,2,3) 1|1
n (1,2,1) 1)1
S (1,1,0) 1| -1

Table 3.1: Particle content of the model.

chiral fermions N; 9,7 and two scalar fields 7, S which transform non-trivially under the
additional Zy x Z§ symmetry of the model. This additional discrete symmetry is chosen to
remove the unwanted terms so that the desired leptogenesis and dark matter phenomenology
can be ensured. UV completion of our model can explain the origin of such discrete gauge
symmetries from spontaneous breaking of gauge symmetries at high energy scale, for example
see [169-174] and references therein. As we discuss in details below, with the addition of
one extra field compared to the minimal scotogenic model [112], we can achieve much richer
phenomenology with a new way of generating lepton asymmetry at a scale, lower compared
to the one obtained in minimal scotogenic model [113,143,175-177].

The particle content of the model is shown in Table 3.1 along with their transformations
under the symmetries of the model. The Yukawa Lagrangian can be written as

o~ L _all — 1 __ 1 I
L=-Y,QrHur —Y4QrHdr — Yl Hlg — hia(€r)iNnNo — §MaN§Na — Yo NaS — 5”%@%
(3.1)
The scalar potential is given by

1 A A 1
Vo= i HUH + ' + 5m?S® + 51(HTH)2 n 32(77*77>2 + 5AsSt + Aa(HH) (')
A6

X(H ) H) + () () + (g H) VD] + 52 (DS 4+ ('n)s”. (32

After the electroweak symmetry breaking (EWSB), the two scalar doublets of the model can
be written in the following form in the unitary gauge:

0 n*
H = (v—l—h)» n = (T]R+i771>7 (33)
V2 V2

where h is the SM-like Higgs boson, ng, n; are the CP-even and CP-odd neutral scalars
respectively, while n* are the charged scalars from the additional scalar doublet n. The
vacuum expectation value (VEV) of the SM Higgs is denoted by v while the other two scalars
do not acquire any VEVs so that the Zy x Z), symmetry of the model remains unbroken.
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The masses of the physical scalars at tree level can be written as

2

v 1
mi = )\1'1)2’ m% = m2 -+ )\6?7 m727:l: = /1/727 + 5)\31)2
1 1
m, = a4 SQat M A = mis 4+ (A ds)0?,
1 1
m7271 = M?] + §<)‘3 + )\4 - )\5)1)2 = m%i + 5 ()\4 - )\5) 1)2 . (34)

Without any loss of generality, we consider A5 < 0 so that the CP-even scalar is lighter than
the CP-odd one. Thus 7ng is the lightest component of the scalar doublet 1 and also lighter
than the singlet fermions N;o. Similarly the singlet scalar S is chosen to be lighter than
¥. This ensures ng, S to be the lightest Z;-odd and Z}-odd particles respectively and hence
viable dark matter candidates of the model.

As can be seen from the Yukawa Lagrangian in Eq.(3.1), there is no tree level contribution
to light neutrino masses, simply because they couple to the heavy neutrinos N; only via the
second scalar doublet  which does not acquire any VEV. However, light neutrino masses can
arise at radiative level as originally proposed in the context of minimal scotogenic model [112].
In our setup, the additional scalar doublet 7 and the singlet fermions N; o will go inside the
loop which generates the light neutrino masses, the expression for which can be evaluated

as [112,132]
g i My, m; m; m; m;
Mu i = J R 1 R nr 1 nr
(M) = 3 3972 (ng M2 M2 m2 —MZ M
_ Rl My, 5 4
= Z W [Lk(mnR) - Lk(mnl-)} ) (35)

where M}, is the mass eigenvalue of the mass eigenstate Ny in the internal line and the indices
1,7 = 1,2,3 run over the three neutrino generations and k£ = 1,2 takes into account of two
N,. The loop function Ly(m?) is defined as

m? m?
Ly(m?) = —————In—. 3.6
W) = Ta MM 3)
From the expressions for physical scalar masses given in Eqs.(C.6), we can write mfm —mfn =

Asv2. Therefore, in the limit A5 — 0, the neutral components of inert doublet 1 become mass
degenerate. Also, a vanishing A5 implies vanishing light neutrino masses which is expected as
the As-term in the scalar potential (3.2) breaks lepton number by two units, when considered
together with the fermion Yukawa Lagrangian (3.1). As we will see later, this parameter also
plays crucial role in both leptogenesis and DM phenomenology. It should also be noted that
the Yukawa coupling h;; is a 3 X 2 matrix in flavour basis due to the existence of only two
right handed neutrinos appearing in light neutrino mass. This predicts a vanishing lightest
neutrino mass.

In order to ensure that the choice of Yukawa couplings as well as other parameters
involved in light neutrino mass formula discussed above are consistent with the cosmological
upper bound on the sum of neutrino masses, ) .m; < 0.11 eV [3], as well as the neutrino
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oscillation data [134,135], it is often useful to rewrite the neutrino mass formula given in
Eq.(3.5) in a form similar to the well known the type-I seesaw formula:

M, = hAT'AT, (3.7)

where we have introduced the diagonal matrix A with elements

22 2M,
Ao = A_5€a7’ (3.8)
Mc% 2 2 o
and COZ - (W [La(mnR)—La(mm)]) . (39)

The light neutrino mass matrix (3.7) which is complex symmetric by virtue of Majorana
nature, can be diagonalised by the usual Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing
matrix U (in the diagonal charged lepton basis), written in terms of neutrino oscillation data
(up to the Majorana phases) as

0

C12C13 $12€13 S13€
_ i6 is
U= | —si2c23 — 12523513  Ci2C23 — S12523513€ 523C13 | Umaj (3.10)
is i6
512523 — C12€23513€ —C12523 — S512€23513€ C23C13
where ¢;; = cosb;;, s;; = sinf;; and ¢ is the leptonic Dirac CP phase. The diagonal

matrix Uyg,j = diag(1, €', e!¢+9) contains the undetermined Majorana CP phases a, (. The
diagonal light neutrino mass matrix is therefore,

D, = U'M,U* = diag(my, ma, ms). (3.11)

where the light neutrino masses can follow either normal ordering (NO) or inverted ordering
(I0). As mentioned earlier, the model predicts a vanishing lightest neutrino mass implying
my = 0 (NO) and m3 = 0 (I0). Since the inputs from neutrino oscillation data are only in
terms of the two mass squared differences and three mixing angles, it would be useful for
our purpose to express the Yukawa couplings (h) in terms of light neutrino parameters. This
is possible through the Casas-Ibarra (CI) parametrisation [65] extended to radiative seesaw
model [114] which allows us to write the Yukawa coupling matrix satisfying the neutrino
data as

hia = (UDY?RIAYV?). (3.12)

(10%
where R is an arbitrary complex orthogonal matrix satisfying RRT = 1. It is worth men-
tioning that, since we have only two right handed neutrinos N, » taking part in generating
radiative light neutrino masses, the lightest neutrino mass is vanishing. Also, in case of
only two right handed neutrinos, the R matrix is a function of only one complex rotation
parameter z = zp + iz, zg € [0, 27|, z; € R [178] which can affect the results of leptogenesis
as we discuss below.
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3.1.1 Constraints on Model Parameters

Precision measurements at LEP experiment forbids additional decay channels of the SM
gauge bosons. For example, it strongly constrains the decay channel Z — ngn; requir-
ing my, + m,, > myz. Additionally, LEP precision data also rule out the region m,, <
80 GeV,m,, < 100 GeV,m,, —m,, > 8GeV [179]. We take the lower bound on charged
scalar mass m,+ > 90 GeV. If m,,,, < m;/2, the large hadron collider (LHC) bound on
invisible Higgs decay comes into play. The constraint on the Higgs invisible decay branching
fraction from the ATLAS experiment at LHC is [180]

['(h — Invisible)
<2 1
(h = SM) +T'(h — Invisible) — 6% (3.13)

B(h — Invisible) = T

while the recent ATLAS announcement [181] puts a more stringent constraint at 13%. This
can constrain the SM Higgs coupling with ng,n;, S namely A3 + Ay = A5, Ag respectively to
be smaller than around 1072 in the regime m,,,, m,,, ms < my/2 which however remains
weaker than DM direct detection bounds in this mass regime (see for example, [182]).

Additionally, the LHC experiment can also put bounds on the scalar masses in the model,
specially the components of scalar doublet 7 as they can be pair produced copiously in proton
proton collisions leading to different final states which are being searched for. Depending
upon the mass spectrum of its components, the heavier ones can decay into the lighter ones
and a gauge boson, which finally decays into a pair of leptons or quarks. Therefore, we can
have either pure leptonic final states plus missing transverse energy (MET), hadronic final
states plus MET or a mixture of both. The MET corresponds to DM or light neutrinos.
In several earlier works [127,183, 184], the possibility of opposite sign dileptons plus MET
was discussed. In [185], the possibility of dijet plus MET was investigated with the finding
that inert scalar masses up to 400 GeV can be probed at high luminosity LHC. In another
work [186], tri-lepton plus MET final states was also discussed whereas mono-jet signatures
have been studied by the authors of [187,188]. The enhancement in dilepton plus MET
signal in the presence of additional vector like singlet charged leptons was also discussed
in [189]. Exotic signatures like displaced vertex and disappearing or long-lived charged track
for compressed mass spectrum of inert scalars and singlet fermion DM was studied recently
by the authors of [138].

In addition to the collider or direct search constraints, there exists theoretical constraints
also. For instance, the scalar potential of the model should be bounded from below in any
field direction. This criteria leads to the following co-positivity conditions [190-192]:

AMa2s >0, A3+ vV Aide >0,
A3+ A — A3l + VA A2 >0, Ag+ 2/ M As >0,

A
VAdeds + 20V As + VA + 5V )
1 1 1
+ 4\/5()\3 + 5V AA2) (A6 + VA1 As) (A7 + 5V A2Ag) > 0. (3.14)

The coupling constants appeared in above expressions are evaluated at the electroweak scale,
v. Also, in order to avoid perturbative breakdown, all dimensionless couplings like quartic
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couplings (\;, Ag), Yukawa couplings (Y;;, hia, ¥:), gauge couplings (g;) should obey the per-
turbativity conditions:

|)\1,273,4,5,6,7| < 4, ’)\S| < 4m, ’Yu,d,e,hij,ym\ < V4, ‘9s>9>9/| < Vdm (3.15)

Figure 3.1: Three-body decay of singlet fermion ).

3.2 Leptogenesis

In this section, we discuss the details of a new way of generating lepton asymmetry at low
scale in our model. Note that, similar to the minimal scotogenic model, here also there
are two different ways of generating lepton asymmetry: out of equilibrium decay of the
N; [113,123,139-143,175-177] or annihilation/scattering of dark sector particles [193,194].
In [123,141], the authors considered a hierarchical right handed neutrino spectrum to show
that successful leptogenesis from two-body decay can occur at a scale as low as a few tens
of TeV. Leptogenesis with quasi-degenerate right handed neutrinos in scotogenic model was
discussed in [139,140]. In more recent works [113,143], successful leptogenesis was shown to
be possible at a scale as low as 10 TeV even with hierarchical right handed neutrinos while
requiring to be in a weak washout regime predicting a vanishingly small lightest neutrino
mass. If leptogenesis occurs only from two heavy neutrinos, then the scale of leptogenesis
is pushed above the TeV scale by a few order of magnitudes [175]. This will correspond to
our scenario if we do not have ¢, S in our model. To summarise, it has been shown in the
above mentioned works that the scale of leptogenesis in scotogenic model can be as low as
a few TeV without requiring any resonance enhancement arising due to tiny mass splitting
of right handed neutrinos. This significant improvement over the usual Davidson-Ibarra
bound on the scale of leptogenesis My > 10° GeV for vanilla leptogenesis in type-I seesaw
framework [64] makes the scotogenic model a very attractive and testable framework for
leptogenesis. We also note that high scale leptogenesis in scotogenic model was also studied
recently by the authors of [195].

In addition to the usual 1 — 2 decay or 2 — 2 annihilations as sources of lepton asym-
metry, we can also have 1 — 3 decay in our model. Such three-body decay as a source
of lepton asymmetry was discussed earlier by several authors [160-163] in the different con-
texts like radiative seesaw models, R parity violating supersymmetry and so on. Our present
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work is motivated two features namely, (i) dark matter particles assist in such three-body
decay processes and (ii) non-zero lepton asymmetry can be generated due to interference
of three-body decay diagrams with two different resummed propagators. We show that for
our chosen regime of parameter space, such three-body decay leptogenesis can be dominant
over other possible sources of leptogenesis and the scale of leptogenesis can be lower than
what was found by considering two-body decay or annihilation processes discussed in earlier
works.

In our model, we consider the three-body decay of singlet fermion v as the origin of CP
asymmetry through the process shown in Fig.3.1'. To prevent the two-body decay of v into
N;, S we impose the kinematical constraint my, < M, + mg. The relevant decay processes
that can generate Lepton asymmetry are v» — Sin and Ny — nl. Although N, decay can
also generate lepton asymmetry in principle, we consider the asymmetry generated by No
decay or any pre-existing asymmetry to be negligible due to strong washout effects mediated
either by N; or N, themselves, to be discussed below. The corresponding CP asymmetry
parameters are defined as

y Fw—>Slm - F¢—>Sl_m* . I_‘]\71—%7] B FN14>Z_2'77* 3.16
y €(N1); — r +T b ( ) )
N1—>li77 Nl—)li’ﬂ*

YT Ty stn + Dystr
The details of these CP asymmetry parameters are given in appendix B.1 and B.2 respec-
tively. Appendix B.1.1 contains the details of one-loop calculation for resummed propagator
in such three-body decay, together with the usual tree plus one-loop level interference, giving
rise to the same results. In the unflavoured regime, we sum over lepton flavours ¢ to obtain
the net CP symmetries €, ey, which will be used in the Boltzmann equations. Since we are
considering sum over all lepton flavours, we are not going to show the flavour index explicitly
in the following discussions.

Along with these two decay processes contributing to the creation of lepton asymmetry,
there are washout processes too which tend to destroy the asymmetry created. The relevant
washout processes in our model can be categorised as

e Inverse decays: {n — Ni,nS — ¥
o AL = 1 scatterings: S¢ — ), In — S, Yl — Sy, bn — N (W=, 7).

o AL = 2 scatterings: ¢/ — NNy, ll — nn, nl — n*L.

The Boltzmann equations relevant for leptogenesis in this model can be summarised as

dnw o .
- = —Dy(ny — 1) + Dny—ps(nn, —n%,) = Winy, _,sn
i €q,e eq__e
~ H()z e ) (O0)un s+ [nuns = ny sl (ov)us—u) (3.17)

Tn the absence of this process, the source of leptogenesis will be from decay of Nj o only and it was
shown earlier that in such two right handed neutrino limit of scotogenic model, the scale of leptogenesis is
pushed towards higher side [175].
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dny o o S .
7 = D —ny,) = Dy —nyy) = H(z)z[(n%“ — (%)) {ov) Ny vy —su
+ [nny sy — gy o v) i —s v (w2,
(3.18)
dnp-1 = —eypDy(ny —ny) —eny Dy (nny, — nyt ) — (W, + Wy )n
dz P\ b Ny &N TNy N; Ny ) 1"B-L
s
— H(=)- Csi—spn + Dip—sps + Tu—spy + Tu—sniny + Liyp—sviw=,2) + Fnl—m*l_]anL-
(3.19)
In the above equations z = ™% and njcq = %/ig(Z) is the equilibrium number density of

f = Ny,¢ (with k;(2) being the modified Bessel function of i-th kind). ny,, ny and ng_y, are
the comoving number density of Ny, ny, and B — L asymmetry respectively. The quantity
Dy on the right hand side of above equations is

WA
Dy = Kd,zZ;—Ez%, Divy—ps = Knysps2 (%) M (3.20)
my

Here, the decay parameters are defined as

- L'nvy—sin .3 Ly—ssin L I'ni—sys

' H(my)’ H(my) H(my)
with I'f is the partial decay width of particle f for the specified decay process, H is the
Hubble parameter. Since leptogenesis is a high scale phenomena and occurs in the radiation
dominated phase of the universe, the Hubble parameter can be expressed in terms of the
temperature T as follows

(3.21)

8ndg, T2 1
H= — =H(z=1
50 My =1
where g, is the effective number of relativistic degrees of freedom and Mp; ~ 1.22 x 10
GeV is the Planck mass. The washout terms are given as

(3.22)

22

1 . /M M, 1
W = 2 () B [ W= G K )
K1 [2— eq
1 m n
WN1—>1ZJS = ZLZ—Mw KNl—npS nljo} s
K9 |:Z—1:| v
My

(3.23)
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The decay process Ny — 1S does not contribute to the CP asymmetry but can affect
the abundance of ¢, N; as can be seen from the Boltzmann equations written above. The
decay width for the decay N7 — .S is given by

1
Fs = (o
— 2Relyflm, My}

\/M{L +miy, +m§ — 2MEm3, — 2mEm3{ (M} + m3, — m3) i |? (3.24)

As mentioned earlier, we use the Casas-Ibarra parametrisation to rewrite the Yukawa cou-
pling h;; in terms of light neutrino parameters. Also, in the case of two right handed neutrinos
taking part in generating light neutrino masses in our model, the complex orthogonal matrix
R is a function of only one rotation parameter z = zr + iz7, zg € [0,27],2; € R [65,178].
Our choice of R matrix is

(0 cos(zgp+iz;) sin(zg +iz)
Y 4 (0 —sin (2p +127) cos(zgr + i21) (3.25)

Then the Yukawa matrix for normal ordering of light neutrino masses can then be ex-
plicitly written as

\/m_g\/A_1COS(Z)U12 + \/m_g,\/A_lsin(z)Ulg —\/m_Q\/A_QSin(Z)Ulz + \/m_?,\/A_QCOS(Z)Ulg
h = | /maV/A1cos(2)Uz + /mzy/Agsin(z2)Uss  —+/may/Agsin(2)Uss + /mzy/As cos(z)Uss
\/m_g\/A_lcos(z)Ugg + \/m_3\/A_181H(Z)U33 —\/Wg\/A_2 sin(z)Usy + \/ﬂTg\/A_gcos((z)Ug;;.
3.26
with U;; being the elements of the PMNS mixing matrix mentioned earlier. The other
Yukawa coupling which affects lepton asymmetry namely, y; is not related to the origin of
light neutrino mass and hence we keep it as a free parameter. The choice of this Yukawa
coupling affect both leptogenesis and dark matter as we discuss in upcoming sections.
After obtaining the numerical solutions of the above Boltzmann Egs.(3.17), (3.18) and
(3.19), we convert the final B — L asymmetry né_L just before electroweak sphaleron freeze-
out into the observed baryon to photon ratio by the standard formula
390 f

where agpn = 28—3 is the sphaleron conversion factor (taking into account two Higgs doublets).
We take the effective relativistic degrees of freedom to be g, = 111.75, slightly higher than
that of the SM at such temperatures as we are including the contribution of the inert doublet
as well as the scalar singlet too. The heavy singlet fermions N; 2,1 do not contribute as they
have already decoupled from the bath by this epoch. In the above expression g° = % is the
effective relativistic degrees of freedom at the recombination epoch.

3.3 Dark Matter

As mentioned earlier, our model has two DM candidates both of which are stable due to the
unbroken Zy x Z symmetry. Although a two component DM was not part of the original
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motivation, it emerged naturally due to the chosen charge assignments of different particles
namely, 7, 5,9, N; under Z5 x Z} symmetry. In fact, the introduction of the second Z,
symmetry, necessary to forbid direct coupling of ¢ with SM leptons, has given rise to the
second DM component in the model. A very recent study on such two component DM with
scalar doublet and scalar singlet can be found in [196]. For some earlier works on multi-
component dark matter, please refer to [173,174,182,194,197-213,213-228] and references
therein.

Relic abundance of two component DM in our model 7g, .S can be found by numerically
solving the corresponding Boltzmann equations. Let n; = n,, and n, = ng are the total
number densities of two dark matter candidates respectively. The two coupled Boltzmann
equations in terms of ny and n, are given below [173],

dny 2 eq)2 o (n1")?

— +3nH = —(0V, ., xx) (nl = (ny") ) —{OVnrnr—ss) | 11 — Teqygna2 | 5(3:28)

dt (ng?)

dn . nit)?

d_tQ +3noH = —(ovgs.xx) (n3 — (15Y)?) + (0Vyunp—ss) <n% — Enéq;ng) , (3.29)
2

where, n;? is the equilibrium number density of dark matter species ¢ and H denotes the
Hubble parameter, defined earlier. In the annihilation processes, X denotes all particles
where DM can annihilate into. In the above equations, (ov) is the thermally averaged
annihilation cross section, given by [136]

| r N
— — 4m; ~ ) ds, 3.30
(0V) DMDM- XX Smi T2 (m?M)42/ o(s M) Vs K < T> S ( )
Mpm

where k;(z)’s are modified Bessel functions of order ¢ mentioned before. The annihilation
processes of scalar singlet scalar doublet are shown in Fig.3.2 and 3.3 respectively. While
for scalar singlet DM alone, there is no coannihilation processes, scalar doublet dark matter
in scotogenic model can have several coannihilation processes, either with the heavier com-
ponents of the doublet or fermions as shown in Fig.3.3. Such coannihilation effects within
the framework of inert doublet model as well as scotogenic model have already been studied
in details by several authors [115,118-131,229]. In the presence of coannihilations, one fol-
lows the recipe given by [137] to calculate the relic abundance. Since scalar singlet DM has
just one component, there is no such coannihilations present. Similar to the inert doublet
dark matter model, scalar singlet dark matter has also been studied extensively by several
authors [230-234].

The second terms on the right hand side of the above Boltzmann equations specifically
consider the conversions between two DM candidates ng, S while assuming the former to
be the heavier DM component. Such a conversion can occur either directly due to the
A¢ coupling of the scalar potential given in Eq.(3.2) or via SM Higgs portal interactions.
These conversion processes are shown in Fig.3.4. There can be another conversion process
due to the interactions shown in the Feynman diagram of Fig.3.1. This can occur due to
coannihilation processes, not shown in above Boltzmann equations. In our model, however,
singlet scalar DM can, in principle, coannihilate with other particles involved in the same
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Figure 3.2: Feynman diagrams for relevant annihilation processes for singlet scalar DM.

Feynman diagram of Fig.3.1. Since the two DM candidates are stabilised by two separate
Zy symmetries, their coannihilation can only led to v which is odd under both the Z
symmetries. Alternatively, one of the DM can also coannihilate with ) and convert into the
other DM. These processes are shown in Fig.3.4. Since we consider ¢ to be heavier than
both the DM candidates, we do not show it in the final states.

In order to cover all the features of annihilations, coannihilations as well as conversions,
we use micrOMEGAs [235] to calculate the relic abundance of two component DM in our model.
The model information has been supplied to micrOMEGAs using FeynRules [236] while all
the relevant annihilation and coannihilation cross sections of dark matter number changing
processes required to solve the coupled equations are calculated using CalLCHEP [237]. While
singlet scalar DM annihilates either through four point scalar interactions or SM Higgs
mediated processes, the scalar doublet DM can annihilate (coannihilate) via Higgs as well
as electroweak gauge boson portals apart from the four point interactions with Higgs as well
as gauge bosons. Additionally, the conversion coupling A\g as well as Yukawa coupling y; can
play significant role in individual as well as total DM relic densities.

Just like the SM Higgs boson mediates DM annihilation into SM particles, similarly, it can
also mediate spin independent DM-nucleon scatterings. Different ongoing experiments like
XenonlT [89,90], LUX [87], PandaX-II [91,92] are trying to detect the DM in the lab-based
experiments and give a strong upper bound on the spin-independent (SI) direct detection
(DD) cross-section as a function of DM mass. We have extracted the SI elastic scattering
cross-section for both the DM candidates from micrOMEGAs. DD analysis for two-component
DM is slightly different from the single component scenario. To compare the result of our
model with XenonlT bound, we have multiplied the elastic scattering cross-section by the
relative number density of each DM candidate and used the following conditions

n
eff 1 ST
g1 = 01 < OXenonlT
111 + 19
n
eff 2 SI
Oy = —— 0y < OXenonlT (331)
n; + ny

Further details related to the direct detection of multi component DM can be found
in [238,239].
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Figure 3.3: Feynman diagrams of all the relevant processes for scalar doublet dark matter
in scotogenic model. Here DM is chosen to be the real scalar component of the doublet.
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Figure 3.4: Feynman diagrams of all the relevant processes determining the DM relic density
which emerged due to the extension of the scotogenic model.

3.4 Results and Discussion

In this section, we discuss our numerical results for leptogenesis as well as dark matter
separately.

3.4.1 Leptogenesis

To calculate the lepton asymmetry, we first solve the coupled Boltzmann Eqs.(3.17), (3.18)
and (3.19) numerically to estimate the final B-L asymmetry. We considered two possible
ranges for Ny mass M;.

In the first case we have chosen a benchmark as M; = 2 x 10° GeV and in the other
case we choose M; = 2 x 107 GeV while keeping M, = 10M; and other parameters fixed for
both the cases. Using the first choice of benchmark values for M; and M, in Fig.3.5, the

m
evolution of the comoving number densities of ¢, N; and B — L are shown with z = Tw for
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different values of A5 and y; 2. Similarly in Fig.3.6, the second benchmark for RHN masses
is chosen and the evolution of the comoving number densities of ), N; and B — L are shown

m
with z = ?1/1 for different values of A5 and y;2. The parameter \; decides the strength

of Dirac Yukawa coupling of neutrinos via Casas-Ibarra parametrisation as (3.12) discussed

earlier.
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Figure 3.5: Evolution of comoving number densities of ¢ and N; (left panel) and B — L (right
panel) with z = % for different values of A5 (upper panel), Yukawa couplings y; o (lower

panel). The other parameters are set at benchmark values: M; = 2 x 105 GeV, My = 2 x 10°

GeV, m, = 100 GeV, mg = 500 GeV, my, =5 TeV and y; = yo = 5 x 107° (upper panel)
and A5 = 107% (lower panel).

In the three-body decay width I'y_s,, apart from Dirac Yukawa couplings of active
neutrinos, we also have other Yukawa couplings y; o which can affect leptogenesis, without
affecting neutrino mass. In this section we discuss the effect of these two types of Yukawa
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couplings on the asymmetry. In the upper left panel of Fig.3.5 we show the evolution of the
comoving number densities of ¢ (solid lines) and N; (dashed lines) for different benchmark
values of \5. In the upper right panel of Fig.3.5, we show the evolution of B — L for
different A5. We have taken both 1) and N; to be in equilibrium at very high temperatures
and numerically solved the coupled Boltzmann equations up to a temperature when the
asymmetry gets saturated.

From the evolution of the comoving number densities of » and N; we can see that initially
both the particles follow their equilibrium number densities but soon after the 1) abundance
deviates from its equilibrium abundance while the N; abundance remains very close to its
equilibrium number density and therefore vanishes shortly after it becomes non-relativistic.
It is mainly because N; has very strong two-body decays (N; — Inp and N; — 9S)
and corresponding inverse decays and therefore its abundance remains very close to its
equilibrium abundance. On the other hand, ¢ has relatively feeble three-body decay v —
Snl and a strong inverse decay ©¥S — N;. Because of the strong two-body inverse decay
of 1 the abundance of 1 decreases sharply. This inverse decay stops when the temperature
drops to a value such that the process VS — N; becomes kinematically forbidden. After
this point the ¥ abundance gets saturated and goes out of equilibrium before finally decaying
through the three-body decay at a low temperature. The effect of this strong inverse decay
(S — Njp) can also be seen in the asymmetry evolution shown on the right panel plot.
The solid lines represent the asymmetry generated from the v decay and the dashed line
represents the asymmetry generated from the two-body decay of N;. From asymmetry plots
on right panel of Fig.3.5, it can be seen that asymmetry generated from the N; decay is
very less compared to the one generated from the three-body decay of ¢, which is expected
as N; remains very close to its equilibrium abundance. Another important point is the
asymmetry generated from N; gets saturated at a very high temperature as N; abundance
vanishes when it becomes non-relativistic. However, the asymmetry generated from the v
decay keep evolving up to a very low temperature because of the small decay width of .
Because of the small decay parameter for the decay v — Snl, the inverse decay rate is also
very small and we are always in a weak washout regime (K, < 1). However, the asymmetry
generation from the two-body decay of IV; is always is in strong washout regime as we have
only two RHNs (for two RHNs scenarios, Ky, > 1) [113,176]. Because of this, the resultant
asymmetry is mainly determined by the three-body decay.

In the upper panel plot of Fig.3.5 it is observed that abundance of 1) become less than
its equilibrium abundance because of the inverse decay ¥ — N1.S (while N; has strong
two-body decays into both S and 7l final states) and therefore the asymmetry generated
from the 1 decay remains suppressed initially. However, when the inverse decay stops, the
1 abundance saturates and finally the asymmetry becomes overabundant before its decay is
complete. When the ¢ becomes more compared to its equilibrium abundance then the B — L
asymmetry starts rising steadily, as can be seen by comparing left and right panel plots of
Fig.3.5. In upper left panel plot of Fig.3.5 we can see that the decay of 1) happens earlier
for smaller value of A5, which is expected as smaller value of A5 led to larger Dirac Yukawa
couplings. For the same reason the saturation of asymmetry happens earlier for smaller
value values of A5, as seen from upper right panel plot. The asymmetry generated up to the
sphaleron epoch (Tiphaleron =~ 131 GeV, shown by vertical dashed line) is important as the
asymmetry generated after the sphaleron freeze-out temperature can not be converted into
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a baryon asymmetry. It can be seen from upper right panel plot of Fig.3.5 that for smaller
A5 the asymmetry generated up to sphaleron temperature is more compared to the ones for
larger As. In the lower left panel plot of Fig.3.5 we observe that for larger values of the
Yukawa couplings y; 2, the effect of the inverse decay ¢S — N is more. For larger Yukawa
coupling y; o the 1 abundance decreases sharply because of the very strong inverse decay
S — Np and at later epochs also when its abundance is more compared to equilibrium
abundance, smaller Yukawa leads to larger abundance as expected. For the same reason,
the B — L asymmetry also increases more sharply for larger Yukawa couplings leading to
larger asymmetry at the epoch of sphaleron freeze-out, as seen from the lower right panel
plot of Fig.3.5. It should be noted that, we are showing only the absolute value of B — L
asymmetry on the right panel plots; in reality, the points towards the left of the dip in
solid lines correspond to negative asymmetry. Clearly, for large Yukawa y, 2, the asymmetry
remains negative even at the sphaleron epoch, as seen from lower right panel plot. Therefore,
we can not make Yukawa coupling y; o arbitrarily large to get more asymmetry at the epoch
of shpaleron decoupling.

Similarly, in Fig.3.6 we have shown the evolution ¢, N; and B — L number densities with
z = my,/T for different values of A5 (upper panel) and y; o (lower panel) but with heavier
mediator masses namely, M; = 2x 107 GeV and M, = 10M;, keeping other parameters fixed
as in Fig.3.5. It can be seen that for the same value of my, A5, m,, mg and y; o the effect of
the inverse decay ¥S — N; is much less in this case. This is expected as for larger value of
N; will make the inverse decay 1S — Nj inefficient even at very high temperatures. The
variation of the B — L asymmetry with A5 and y; » can be understood in a way similar to
the Fig.3.5 discussed earlier. Also, comparing Fig.3.5 and Fig.3.6 we can see that for the
same set of parameters the decay of 1) and generation of asymmetry occur slowly making the
asymmetry less in Fig.3.6 than in 3.5 at the epoch of sphaleron decoupling. This is expected
as larger N;, masses make the three-body decay width of i) smaller due to propagator
suppression.

Finally, we perform a numerical scan to find the relevant parameter space in my, — As
plane that can give rise to the observed baryon asymmetry for both M; = 2 x 10°> GeV and
M, = 2 x 10" GeV. While varying these parameters, we keep the masses of other relevant
particles to be fixed at mg = 500 GeV, m, = 100 GeV. The parameter space in my, — As
plane for benchmark choices of y; 5 is shown in Fig.3.7 for M; = My/10 = 2 x 10° GeV
(left panel) and for M; = M,/10 = 2 x 107 GeV (right panel). In Fig.3.7 we can see
that for a benchmark value of y; » the mass required of 1 become large for larger values of
A5, which is expected as larger values of A5 make the Dirac Yukawa couplings h;, smaller
making the three-body decay width of ¢) smaller. For similar reason, for a particular value
of A5, the required mass of ¢ for a small Yukawa coupling y; o is more compared to that
for larger Yukawa coupling. However, as mentioned earlier we can not take arbitrarily large
values of the new Yukawa couplings y; 2 to lower the scale of leptogenesis. As discussed
earlier, beyond a certain value of y; o the inverse decay 1S — N; will become so dominant
that the asymmetry become negative at the time of sphaleron. We found that for a TeV
scale leptogenesis with moderately high M, , it is safe to take y; o < 10~° such that the
asymmetry become positive at the sphaleron freeze-out temperature. From Fig.3.7 we can
conclude that successful TeV scale leptogenesis is possible dominantly from the three-body
decay for appropriate choice of the model parameters. Also we can see that the scale of
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leptogenesis is slightly higher in the right panel plot of 3.7 compared to the left plot of
Fig.3.7. This is because with the increases in M; o the three-body decay width encounters

propagator suppression as discussed earlier.
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Figure 3.6: Evolution of comoving number densities of ¢ and N; (left panel) and B — L (right
panel) with z = % for different values of A5 (upper panel), Yukawa couplings y; o (lower

panel). The other parameters are set at benchmark values: M; = 2 x 107 GeV, M, = 2 x 10®
GeV, m, = 100 GeV, mg = 500 GeV, my = 5 TeV and y; = yo = 5 x 107% (upper panel)

and A5 = 107°® (lower panel).

3.4.2 Flavour effects on leptogenesis

It should be noted that while discussing leptogenesis in the above sections, we did not
consider the effects of lepton flavours. Since we are considering leptogenesis at low scale,
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Figure 3.7: The variation of m, with A5, required to satisfy the observed asymmetry. For
the left panel the M; = 2 x 10° GeV, My = 2 x 105 GeV and for the right panel M; = 2 x 107
GeV, My =2 x 10® GeV. The other parameters are set at m, = 10 GeV, mg = 500 GeV.

lepton flavour effects may play non-trivial roles as pointed out by several earlier works on
flavoured leptogenesis [55-58], also summarised in a recent review article [159]. Adopting
the notations of [58], the Boltzmann equations for flavoured leptogenesis can be written as

dm/, e A
E = _DW(nw - nz/)q) + DN1—>¢S<an - nl\?1> — WIDNl——n/;Snw
S e
A H(2): [(mw%, — nqunnq) <UU>1/J77—>SZ + (nd}ns _ nzqngq) <UU>wS—>ln
(ny — nzq)”zeq@m)wl—ms], (3.32)
dTLN P
dz1 — —DN1 (nN1 . ni?l) ™ DN1—>wS(nN1 — nilql) — —H(z)z [(’I’L%h — (nequ)2)<UU>N1N1—>ll
+ [annSM - nle\%nes(%w] <O—U>7]l—>N1(Wi,Z)]7 (333)
dnp 3—L; o .
—d/z = —€1ZJ¢D1/J(nw - n¢q) - ENliDNl (an — nl\?l) — (WNl P + W%Pl/li)n(B—L)i
S
_ —H(Z)Z [PwiFSliﬁﬂlm + PI[)iFlm*H/JS + Pwi Z ijFlile,m -+ Pwi Z Pl/)jrlileNlNl"i_
J j
Pyiliin—viw,2) + Pyi Z Lot e + Pyilyt,—ssn)nB/s—1,, (3.34)

J

where the projectors Py,; and Py; are defined, respectively, as

Ly—sni;
Py = v (3.35)
v Zj F¢—>57ﬂj
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Py— Ml (3.36)
Zj I, —lyn

In the projectors, the denominator indicates the total decay width of 1, Ny whereas the
numerators correspond to partial decay width into a particular lepton flavour. The washout
terms remain same as before. We fix the benchmarks same as the ones used in scanning
the parameter space of unflavoured leptogenesis. The resulting parameter space in my — As
plane for both the cases are shown in Fig.3.8. Comparing with scan plots for unflavoured
leptogenesis shown in Fig.3.7 | it is seen that the scale of leptogenesis can be be lowered after
inclusion of lepton flavour effects, as expected. Thus, successful leptogenesis can occur at a

scale just above 1 TeV for M; = 2 x 105 GeV and can be as low as approximately 5 TeV for
case M; =2 x 107 GeV.
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Figure 3.8: The variation of m, with A5, required to satisfy the observed asymmetry using
lepton flavour effects. For the left panel, M; = 2 x 10° GeV and M, = 2 x 10° GeV and for
the right panel, M; = 2 x 107 GeV and M, = 2 x 10° GeV. The other parameters are set at
m, = 10 GeV, mg = 500 GeV.

3.4.3 Dark Matter

We briefly discuss our dark matter results in this subsection. As mentioned earlier, a two
component scalar singlet and scalar doublet DM has been recently discussed in details within
a type-I seesaw model [196]. Instead of showing the details in general, here we focus on pos-
sible differences due to new couplings of these two DM candidates in relation to leptogenesis
and neutrino mass as discussed above. We first discuss the behaviour of DM relic den-
sity with its mass for various possible combinations of relevant benchmark parameters. In
Fig.3.9, we show the variation in individual and total DM relic densities for different mass
relations between two DM candidates. While the overall features agree with the known re-
sults of scalar singlet and scalar doublet DM, there are some interesting differences due to
inter-conversions and coannihilations here which we highlight.
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Figure 3.9: Relic abundance versus DM mass for various mass relations between two DM
candidates. The other parameters are fixed at the following benchmark values A\;, = 1074,
>\6 = 10_3, )\7 = O, Y12 = 10_4, Amm =2 GeV and Amni =2 GeV.

In top left panel of Fig.3.9, the two DM candidates are assumed to have equal masses.
The Higgs portal interactions of both the DM candidates are open due to the chosen non-
zero couplings A\, A\, = A3 + Ay + A5. Although the Higgs portal coupling of doublet DM is
relatively smaller, the coannihilation channels are very efficient due to tiny mass splittings
Amy, = my, — My, Am,z = my+ — my,, keeping its relic abundance suppressed compared
to the singlet DM. In the top right panel plot of Fig.3.9, a noticeable change in doublet DM
relic abundance is observed. While all relevant couplings have the same value as those on the
top left panel plot, the doublet DM relic increases as singlet DM mass is twice the mass of
doublet DM and hence there can be efficient conversions from singlet to doublet DM through
Higgs portal interactions. Note that in both of these plots, the direct conversion coupling
A7 is switched off and hence all possible DM conversions can occur only via Higgs portal
interactions. To show the effect of DM conversion more clearly, we keep the mass of doublet
DM fixed in the bottom left panel plot of Fig.3.9. As the singlet DM mass approaches the
doublet DM mass, there is a sharp fall in its relic while at the same time the doublet relic
increases due to relative conversions. In this plot, such conversions can occur via both Higgs
portal and direct coupling A;. Finally, on the bottom right panel of Fig.3.9, we show one
interesting feature where doublet DM relic density suddenly drops as its mass becomes close
to 1.5 TeV. This particular feature is not due to DM conversions via Higgs portal or direct
coupling A7 as that can happen at any mass, given the fact that doublet mass is twice that of
singlet mass all throughout. This happens due to doublet DM coannihilation with ¢ whose
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mass is fixed at 1.5 TeV. Due to this coannihilation ngry) — S¥, the singlet relic density also
increases, though it is not as prominent as the depletion of doublet relic density in the figure.

After discussing the general features of DM relic dependence on various relevant parame-
ters, in Fig.3.10, we specifically show the effects of direct conversion coupling A; and Yukawa
coupling y; 2 of 1) —.S — N; 5 vertices. Mass of doublet dark matter is assumed to be twice
of singlet dark matter mass. Comparing top panel plots of Fig.3.10 where y;o = 0, it is
seen that turning on the direct conversion coupling A7 leads to sharp fall in heavier DM relic
density. Same effect is visible while comparing the bottom panel plots also where the effect
of y12 # 0 is also shown leading to depletion of doublet DM relic as its mass approaches m..
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Figure 3.10: Relic abundance versus DM mass showing the effects of direct conversion cou-
pling A7 and Yukawa coupling y; o of 1) — S — Ny » vertices. The benchmark parameters fixed
for all the four plots are A\¢ = 1072 and A\, = 10~*. The conversion coupling and the new
Yukawa coupling are fixed at y; 5 = 0, Ay = 0 (upper left panel plot), y; 2 =0, A7 = 1 (upper
right panel plot), y1 0 = 1072, A; = 0 (lower left panel plot) y; 2 = 1072, A\; = 1 (lower right
panel plot).

To find the relevant parameter space of DM that gives rise to the observed relic density,
we perform a numerical scan of the relevant parameter space favoured from the requirement
of successful leptogenesis. For the first case (M; = 2 x 10° GeV), the parameter space in
terms of two DM masses is shown on left panel plot of Fig.3.11 . To be in agreement with the
parameter space chosen for leptogenesis, here we fix m,, < m, and vary other parameters
in the range 10GeV < mg,m, < 1000 GeV, 107% < X5 < 1071, 107* < X, A7 < 1072,
1077 < y12 < 1075, While singlet DM masses are evenly distributed across the range,

TH-3117_176121007



103

there seems to be an upper bound on doublet DM mass near 500 GeV. This is due to the
chosen mass splitting within doublet components. As earlier studies of inert scalar doublet
DM shows [115, 118-131,229], for such small mass splitting, the DM is overproduced in
the high mass regime. While the underproduction of one DM component in our model
can be compensated by the second DM component, overabundance of one is difficult to
reconcile with. Choosing a larger mass splitting within inert doublet components will allow
more region of parameter space in terms of doublet DM mass. The right panel plot of
Fig.3.11 shows the spin independent DM-nucleon scattering rate of both the DM components,
compared against the latest bound from XenonlT experiment [90]. Clearly, all the points
satisfy the direct detection bounds. This is due to the fact that, we have kept the Higgs
portal coupling of both the DM candidates fixed at small value. We varied 107% < \g < 1072
and fixed A\;, = 1073. Since tree level DM-nucleon scattering arises through Higgs portal
couplings only, the corresponding rates remain low enough to survive XenonlT bounds. The
colour code on left panel plot of Fig.3.11 shows the value of y = |y;| = |y3|. Similar scan
plot for case 2 is shown on the left panel of Fig.3.12. While we notice a similar upper bound
on doublet DM mass due to chosen mass splitting, the parameter space remains safe from
direct detection bounds.
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Figure 3.11: Scan plot showing the parameter space in mg — m,, plane allowed from total
DM relic abundance (left panel) and mpy — og; plot for all the points satisfying the total
relic (right panel). For this scan the RHN masses are set at M; = 2 x 105 GeV and
M, = 2 x 10% GeV. The other important parameters are randomly varied within the ranges
1077< XA <107, 1070 < A <1072, 1071 < Ay < 1072 and 1077 < g5 < 1075.
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Figure 3.12: Scan plot showing the parameter space in mg — m,, plane allowed from total
DM relic abundance (left panel) and mpy — og; plot for all the points satisfying the total
For this scan the RHN masses are set at M; = 2 x 10 GeV and
M,y = 2 x 10® GeV. The other important parameters are randomly varied within the ranges

relic (right panel).

10077 < XA <107, 107 < A <1072, 1071 < Ay <1072 and 1077 < g5 < 1075.
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CHAPTER 4

Low scale Dirac leptogenesis and dark matter with
observable N.g

In this chapter, we study the possibility of low scale leptogenesis and DM with light neutrinos
being of Dirac nature. It is worth mentioning that the typical seesaw models give rise to
Majorana light neutrinos as they violate lepton number by 2 units. However, the nature of
light neutrinos: Dirac or Majorana, is not yet known. While neutrino oscillation experiments
can not settle this issue, there are other experiments like the ones looking for neutrinoless
double beta decay (0v3/3) [240], a promising signature of Majorana neutrinos. However, there
have been no such observations yet which can confirm Majorana nature of light neutrinos.
While null result at Ov/35 does not necessarily rule out Majorana nature of light neutrinos,
it has led to growing interests in Dirac neutrino models in the last few years. For different
seesaw realisations to generate light Dirac neutrino masses, please see [174,241-281] and
references therein. While Dirac neutrinos may imply conservation of lepton number and
absence of a viable leptogenesis mechanism, there are interesting ways to circumvent this.
As proposed in [282,283], one can have successful leptogenesis even with light Dirac neutrino
scenarios where total lepton number or B — L is conserved just like in the SM. Popularly
known as Dirac leptogenesis scenario, it involves the creation of an equal and opposite
amount of lepton asymmetry in left handed and right handed neutrino sectors followed by
the conversion of left sector asymmetry into baryon asymmetry via electroweak sphalerons.
The lepton asymmetries left and right handed sectors are prevented from equilibration due
to the tiny effective Dirac Yukawa couplings. [260,284-295]. In few other works [296,297]
light Dirac neutrinos with B — L violation was considered in such a way that the latter
does not give any Majorana mass for light neutrinos. We find this interesting due to the
role B — L gauge symmetry or the corresponding gauge boson after spontaneous symmetry
breaking can play in phenomenology and other experimental signatures. It should be noted
that leptogenesis with light Dirac neutrinos have been referred to as Dirac leptogenesis, Dirac
neutrinogenesis among others in the above-mentioned works depending upon the particular
realisations. Here, we simply call it Dirac leptogenesis for simplicity.

Motivated by these, we consider a gauged B — L model with light Dirac neutrinos and
lepton number violating heavy chiral fermions whose out-of-equilibrium decay into leptons
lead to generation of lepton asymmetry. In contrast with earlier works [296, 297], here
lepton asymmetry is generated by decay processes similar to usual type-1 seesaw [45-50]
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leptogenesis except for the fact that there are no A(B — L) = 2 processes ensuring Dirac
nature of light neutrinos. The B — L gauge boson plays important role in leptogenesis,
specially in determining the abundance of the decaying particle and also in the wash-out
processes. The same B — L gauge interactions also lead to thermalisation of right handed
neutrinos contributing to relativistic degrees of freedom N.g which is tightly constrained
from Planck 2018 data. We also consider B — L portal fermion singlet DM whose relic
density depends crucially upon its annihilation channels mediated by B — L gauge bosons.
We consider a typical WIMP type DM which gets thermally produced in the early universe
from the standard bath by virtue of B — L gauge interaction followed by freeze-out leaving
a relic. Thus, the requirements of successful leptogenesis and correct dark matter relic
abundance without overproducing Ng tightly constrain the B — L gauge sector parameter
space, in addition to the constraints from collider experiments. While collider bounds rule
out some parts of the parameter space, the Planck 2018 bound on N rules out some
additional parameter space consistent with leptogenesis and dark matter requirements. We
show that future CMB experiments with much more sensitivity to N.g will be able to probe
the entire parameter space currently favoured from low scale leptogenesis and dark matter
requirements. We also show that the fermion singlet DM candidates with exotic B — L
charges keep the model anomaly free, adding another motivation to consider DM in this
setup. We find one minimal framework of this type where two Dirac fermion DM candidates
are sufficient to cancel the anomalies. This allowed parameter space consistent with DM,
leptogenesis and Ng criteria while satisfying collider bounds can still be probed at near
future CMB experiments, keeping the model very predictive and testable.

4.1 The Basic Framework

In this section, we consider a minimal setup based on gauge B — L extension of the SM
to highlight our key findings. Gauged B — L extension of the SM [298-303] has been a
popular framework studied in the context of neutrino mass, leptogenesis for a long time.
In addition to the SM fermion content with usual gauge charges, we consider three right
handed neutrinos vg having B — L charge -1 which form massive Dirac neutrinos with vy,
after electroweak symmetry breaking (EWSB). The scalar content is chosen in a way that
prevents vr from acquiring Majorana masses. To realise leptogenesis, we introduce two
heavy singlet fermions Ny having B — L charge n; # +1 so that generating Majorana mass
term of Ng (generated by singlet scalar ¢;) does not lead to Majorana mass of vg. Since
lepton doublet /;, and Ng have different B — L charges, we introduce another scalar doublet
n with appropriate non-zero B — L charge so that the required Yukawa coupling can be
realised. The neutral component of this new scalar doublet does not acquire any vacuum
expectation value (VEV), a requirement to ensure that light neutrinos do not receive any
Majorana mass contribution via type-I seesaw. Note that, this particle content will not lead
to an anomaly free gauged B — L model. We will later show how additional chiral fermions
with non-trivial B — L charges can lead to vanishing anomalies while playing the role of
dominant dark matter component of the universe at the same time.
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With the particle content mentioned above, the relevant Yukawa Lagrangian is
_'CY D) YDEﬁVR + YnEf]NR + YN¢1NRNR + h.c. (41)

Thus, light Dirac neutrino masses arise purely from the Yukawa coupling with the SM Higgs.

While it requires fine-tuned Yukawa coupling to generate sub-eV Dirac neutrino masses, we

do not pursue dynamical realisations of such small Yukawa couplings in the minimal models

discussed here. Details of such Dirac neutrino models can be found in [174,241,243-281,304].
The gauge invariant scalar interactions can be written as

T T
Lucuar = (D) (DuH) + (Do) (D) + (Doyr) (Darn) + iyl HF
— AglH* = (2 nl* + Aglnl*) = Xy (') (HTH) — Ny, (n" H) (H )
+ 12 61 = Aoy |01 |* = Nz (HTH) (01 61) — Ao, (01 (01001) (4.2)

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

/
Dy, H = (8M+z'gan§+ig—Bu)H,

2

/
Dn“n = (8M-I—z'gaaW;f-I—i%BM—i-igBLnnZBLu)n,

Dqﬁ# o1 = (8u +i9BL g, ZBL,u) o1 - (4.3)

Here gpy, is the new gauge coupling and n,, and ng, are the charges under U(1)p_y, for n and
¢ respectively. The kinetic term of the B — L gauge boson can be written as
Lin D —}lBgﬁB/aﬁ (44)

where B'Y® = 9°Z g ;—0°Z%, is the corresponding field strength tensor. The symmetry of the
model also allows kinetic mixing between U(1)y of SM and U(1)p_y, of the form eB*’ B/ ; /2
where BY = 90“Bf — 9° B* and e is the kinetic mixing parameter. We ignore such tree level
mixing in this work. The mixing at one loop can be approximated as € ~ ggrg'/(1672) [305].
As we will see while discussing our numerical results, our final allowed parameter space for
gpr will correspond to tiny one-loop kinetic mixing (smaller than O(107?)) and has very
little effect on the phenomenology discussed here. Therefore, we ignore such kinetic mixing
in our work.

After both B — L and electroweak symmetries get broken by the VEVs of H and ¢, the
doublet and all three singlets are given by

o+ nt
H=|hWtvtiz |, n=|metin], ¢ =

% % vaoo

The details of the scalar mass spectrum can be found in Appendix C.1.
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Figure 4.1: Processes creating lepton asymmetry.

4.1.1 Dirac leptogenesis

As can be seen from the Yukawa Lagrangian mentioned above, the out-of-equilibrium decay
of N to lepton doublet and additional scalar doublet 1 can generate lepton asymmetry in
our model. Compared to usual Dirac leptogenesis scenarios, here the generation of lepton
asymmetry is much simpler and only requires the steps followed in type-I seesaw leptogen-
esis known for decades. The Feynman diagrams for this decay process, including one-loop
corrections are shown in Fig.4.1.

The relevant Boltzmann equations can be written as

anl

e S e
= ~Dilaw —nx) = m[(n?\h — (P2 )(0V) g, N, —x ), (4.6)
dnB—L i D eq Total
dz = —€1 1(nN1 — an) - W np—r, (47)

where ny, denotes the comoving number density of Ng, (to be denoted as N; hereafter)
and niy, = %Kg(z) is its equilibrium number density (with K;(z) being the modified Bessel
function of i-th kind). The quantity on the right hand side of the above equations

Fl K K1(2>

D = — = NIZK2(2> (4.8)

Hz
measures the total decay rate of Ny with respect to the Hubble expansion rate, and similarly,
whetal = LW measures the total washout rate. Here, Ky, = I''/H(z = 1) is the decay
parameter. In the second term on right hand side of Eq.(4.6), we consider N; annihilations
into all SM fermions mediated by Zpg; along with N; annihilations to pair of Zz; as well
as 1. Similarly, ng_y, in Eq.(4.7) denotes the comoving number density of B — L generated
from CP violating out-of-equilibrium decay of N;. The CP asymmetry parameter on the

right hand side of Eq.(4.7) is defined as

3 LT(N; = lan) = T(N; — lo7])
L D(N; = L) + TN — 1af)

(4.9)

€

We consider a hierarchical limit of right handed neutrinos Ni and hence only the lightest
of them namely, Ny, = N; contribute dominantly to the generation of lepton asymmetry. In
the Boltzmann equation of N; above, we have considered two types of dilution terms on the
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right hand side: one due to its decay into leptons and the other due to its annihilation into
lighter particles. We consider the singlet scalar to be much heavier than the right handed
neutrinos and hence the corresponding processes involving singlet scalars are sub-dominant
compared to the ones mediated by B — L gauge bosons. Such additional dilution terms
for right handed neutrinos also appear in type-I seesaw leptogenesis with Majorana light
neutrinos and B — L gauge symmetry, see [306-309] for details. In the Boltzmann equation
for lepton asymmetry, in addition to the inverse decay, we consider the following scattering
processes responsible for washing out the generated lepton asymmetry:

1Zpr, — nNy, IWE(Z) <— nNy,nl <— N1Zpp,ln +— In*, IN; — IN}.

All the relevant cross sections and decay widths are given in Appendix C.2. Note that,
apart from the usual Yukawa or SM gauge coupling related processes, we also have washout
processes involving B — L gauge bosons. Since interactions involving B — L gauge bosons
can cause dilution of N; abundance as well as wash out the generated lepton asymmetry, one
can tightly constrain the B — L gauge sector couplings from the requirement of successful
leptogenesis at low scale. Also, the Yukawa couplings involved in CP asymmetry generation
are not related to light neutrino mass generation, unlike in vanilla leptogenesis scenario.
Therefore, we do not have any strict lower bound on the scale of leptogenesis like the Davidson
Ibarra bound of vanilla leptogenesis scenario [64].

We first show the CP asymmetry parameter €; and the decay parameter Ky, = I'y/H(z =
1) with heavy Majorana neutrino mass M; for different benchmark values Yukawa couplings.
We consider flavour universal Yukawa couplings of N; for simplicity. From the left panel plot
of Fig.4.2 we can see that with a fixed value of the Ny Yukawa coupling (Y;))a2 the decay
parameter Ky, increases with the increase in N; Yukawa coupling as expected whereas the
CP asymmetry parameter €; remains constant. The CP asymmetry parameter ¢; does not
change with the change in (Y},)a1 as (Y)))a2 decides the imaginary part of Yukawa coupling
products appearing in CP asymmetry €, as described the Appendix C.3. In the right panel
plot of Fig.4.2 one can see that with the increase in (Y},)a2 the CP asymmetry parameter ¢;
increases while K, remains same due to the fixed Yukawa coupling (Y;)a1. The increase
in CP asymmetry with the increase in (Y},)a.2 can be understood from the description of
Appendix C.3. The constancy of the decay parameter with respect to (Y},)a2 is trivially
understood as N; decay width depends on (Y},)a1 only. From this Fig.4.2 we can understand
that for a fixed value of (Y;))a1 one need relatively large value of the (V)42 to have enough
CP asymmetry €;. In both the plots, the decay parameter Ky, remains very large for some
part of the parameter space. Such large values will lead to wash-out of the B — L asymmetry
via inverse decay. We mark the points as stars which correspond to the combination of
Yukawa as well as M; that can give rise to correct final asymmetry. Clearly, both these
points correspond to small Ky, which can be ensured for smaller Yukawa coupling (Y},)a
and larger M;. The washout effects are also visible in the evolution plots 4.3, 4.4, 4.5.
It should be noted that in a strong washout region (Ky, > 1), the generated asymmetry
can be made large by choosing large enough (V)2 (within perturbative limit) such that it
gives the correct asymmetry after the washout process become negligible. Since both the
Yukawa couplings in our model are completely free from the light neutrino sector we can
tune them accordingly to give the observed asymmetry. This is in sharp contrast with type-I
seesaw leptogenesis where Yukawa couplings are constrained by light neutrino mass data for
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Figure 4.2: Variation of CP asymmetry parameter ¢; and the decay parameter Ky, with M,
for different values of the N7 Yukawa coupling (left panel) and for different values of the N
Yukawa coupling (Right panel). Ky, is shown by the solid lines and the ¢; is shown with the
dashed lines. We fix the (Y},)a2 = 107*(1.1 — %) for the left panel and (Y})a1 = 107°(1 + ¢)
for the right panel. The points marked as stars correspond to successful leptogenesis scale
and couplings.

a fixed scale of leptogenesis, leading to the Davidson Ibarra bound M; > 10° GeV [64]. Note
that increase in Yukawa coupling also increases the inverse decay, decreasing the asymmetry
generated, the details of which we discuss below.

In left panel plot of Fig.4.3, we show the evolution of lepton asymmetry for different values
of B — L gauge couplings while fixing other parameters at benchmark values. Note that, for
the numerical analysis we consider ny = —3/2. The right panel plot of the same figure shows
the corresponding evolution of Ng, number density ny,. The evolution of comoving number
densities of N; for different values of gg; do not show significant differences as they are
primarily governed by their decay. However, presence of additional gauge interactions can
lead to significant changes in N; number density as they tend to keep N; in equilibrium for
longer duration. We show these details in Appendix C.2. The effect of the N; annihilations
is visible in the evolution plots of the comoving number density of B — L asymmetry in
Fig.4.3 and Fig.4.4. With the increase in gp; and My,, the N; annihilation cross section
increases which brings the N; number density closer to its equilibrium number density and
therefore the B — L asymmetry decreases. We observe similar behavior of the asymmetry
with gpr and My,, because of the washout process [Zp;, — Nin. The details of the
relevant washout is shown in Appendix C.2. However, we noticed that in the determination
of the B — L asymmetry the N; annihilation plays more dominant role than the washout
[Zgy, — Nin. In the left panel plot of Fig.4.3, the horizontal line shows the required final
comoving lepton asymmetry at the epochs of sphaleron transition which gets converted into
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Figure 4.3: Comoving density of B-L. asymmetry (left panel) and comoving number density

of Npg, (right panel) with z = Tl for different gp;. The Yukawa couplings relevant for

Leptogenesis are taken to be (V;)a1 = 107°(1 + i) and (Y;)a2 = 107*(1.1 — ). The other
important parameters used are M; = 45 TeV, My = 450 TeV, m, = 5 TeV and My, =4
GeV. The horizontal line in left panel plot denotes the required B — L asymmetry to generate
for observed baryon asymmetry (Planck 2018) after sphaleron transition.

the observed baryon asymmetry. The final B — L asymmetry né_L just before electroweak
sphaleron freeze-out is converted into the observed baryon to photon ratio by the standard
formula

39, f

ng = Zg—asphné_L ~ 92x107%nl__, (4.10)

where agpn = 28—3 is the sphaleron conversion factor (taking into account two Higgs doublets).

The effective relativistic degrees of freedom is taken to be g, = 116, slightly higher than
that of the SM at such temperatures as we are including the contribution of the inert Higgs
doublet and vg’s too. In the above expression ¢? = % is the effective relativistic degrees of
freedom at the recombination epoch. Using observed np from Eq.(4.10), the required final
B — L asymmetry can be found as néfL ~ 7 x 107 corresponding to the horizontal line
labelled as Planck 2018 in Fig.4.3 (left panel).

In Fig.4.5 the evolution of comoving number density of B — L and N; are shown for
different values of (Y},)1 keeping the other parameters fixed. One can see a two-way behavior
of the asymmetry with (Y;)1 in the left panel plot of figure 4.5. With the decrease in the
Yukawa coupling (Y},),1 the asymmetry increases, it is mainly because with the decrease
in (Y,)a1 the scattering washouts as well as the inverse decay rate decrease significantly.
However, beyond a certain small value of (Y},),1 the asymmetry decreases with the decrease

in (Y,)a1. The is because even though the washout rates decrease with a decrease in the
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Figure 4.4: Comoving density of B-L. asymmetry (left panel) and comoving number density
M
of Ng, (right panel) with z = ?1 for different Myz,, . The Yukawa couplings relevant for

Leptogenesis are taken to be (V;)a1 = 107°(1 + i) and (Y;)a2 = 107*(1.1 — ). The other
important parameters used are M; = 45 TeV, My = 450 TeV, m,, = 5 TeV and g, = 107>,
The horizontal line in left panel plot denotes the required B — L asymmetry to generate for
observed baryon asymmetry (Planck 2018) after sphaleron transition.

Yukawa couplings, the generation of the asymmetry itself decreases because of the decrease in
the decay width of N;. Thus, the interplay of production and washout dictate the strength of
required Yukawa couplings for a given scale of leptogenesis. Unlike the negligible dependence
of N; number density on B — L sector parameters discussed above, variation in Yukawa
coupling leads to noticeable changes in /N; abundance, as can be seen from the right panel
plot of Fig.4.5. This is due to strong dependence of N; lifetime on the Yukawa coupling.
Larger the Yukawa coupling, quicker is the fall of N; abundance, as expected.

In Fig.4.6, we show the final baryon asymmetry against the scale of leptogenesis namely,
the mass of N;. As seen from this figure, scale of leptogenesis can be tens of TeV depending
upon the values of gp;, as well as My,,. We also check the evolution of lepton asymmetry
for superheavy Zp; (much above the scale of leptogenesis M;) and find that variation in
Mz, in such a case does not lead to any noticeable change in ng_j, evolution, as expected.

4.1.2 Relativistic degrees of freedom N4

The Dirac nature of light neutrinos introduces additional relativistic degrees of freedom
which can be thermalised in the early universe by virtue of B — L gauge interactions. Such
additional light degrees of freedom can be probed by precise measurements of the CMB
anisotropies. Recent 2018 data from the CMB measurement by the Planck satellite [3]
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Figure 4.5: Comoving density of B-L asymmetry (left panel) and comoving number density
M
of Ng, (right panel) with z = 71 for different (Y},)a1. The B — L gauge coupling relevant for

Leptogenesis are taken to be ggr, = 1072 and (Y;))a2 = 107 (1.1 — i). The other important
parameters used are M; = 45 TeV, M, = 450 TeV, m, = 5 TeV and Mz, , = 4 TeV.
The horizontal line in left panel plot denotes the required B — L asymmetry to generate for
observed baryon asymmetry (Planck 2018) after sphaleron transition.

suggests that the effective degrees of freedom for neutrinos as
Neg = 2.9970:34 (4.11)

at 20 or 95% CL including baryon acoustic oscillation (BAO) data. At 1o CL it becomes more

stringent to Neg = 2.99 £ 0.17. Both these bounds are consistent with the standard model

(SM) prediction NSM = 3.045 [310-312]. Upcoming CMB Stage IV (CMB-54) experiments

are expected to put much more stringent bounds than Planck due to their potential of

probing all the way down to AN.g = Neg — N5M = 0.06 [313]. For some recent studies on

light Dirac neutrinos and enhanced ANg in different contexts, please see [174,314-320].
Effective number of relativistic degrees of freedom is defined as

N8 (11)4/3 (prad —p»y)
off = o | — e
7\ 4 P~

where paq = py + p, is the net radiation content of the universe. As mentioned earlier, the
SM prediction is N5M = 3.045 [310-312]. In our model, AN.g can be estimated by finding
the decoupling temperature 7, of right handed neutrinos (vg) using

I(Tg ) = H(T},) (4.12)

where I'(T") is the interaction rate and H(T') is the expansion rate of the universe. It should
be noted that the decoupling is never instantaneous in reality and non-instantaneous decou-
pling can also lead to spectral distortions of neutrino distributions. However such spectral
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Figure 4.6: Baryon to photon ration with mass of N, for different benchmark values of
gpr, (left panel) and My, (right panel). The Yukawas taken are (Y,)a1 = 107°(1 + i) and
(Vy)az = 3 x 1071(1.1 —4).

distortions have been found to be very small 0.01% (see [317], for example). Also, the decou-
pling temperature calculated using instantaneous decoupling approximation above remains in
qualitative agreement with full treatment incorporating relevant Boltzmann equations [317].
Therefore, we stick to this simplistic approach in our work here.

We show the constraints on model parameters gg;, — My, from Planck 20 bound on A Neg
in Fig.4.7. The same plot also shows the LEP II limit My, /gpr, > 7 TeV [321,322]. The
LHC bound is implemented by considering the 13 TeV limit from the ATLAS experiment
(323, 324] and CMS experiment [325]. Clearly, the Planck 20 bound on AN remains
stronger than the LEP II as well as the LHC bounds for Zz; mass heavier than around
3 TeV. We finally show the parameter space giving rise to successful leptogenesis for two
different masses of N; while keeping N, mass ten times higher. Clearly, lower the scale of
leptogenesis, lower should be the gauge coupling gy, in order to keep the washout processes
suppressed. Additionally, for fixed gg; the scale of leptogenesis gets pushed up for larger
values of My, as heavier Zp;, leads to increase in [Zp;, — N;n washout process noted
earlier.

While it is possible to obtain successful leptogenesis at a scale as low as a TeV, the required
gauge coupling gg; for such scenarios will be insufficient to generate correct WIMP DM
phenomenology as we discuss below. Interestingly, the next generation CMB experiments
like CMB-S4 [326], SPT-3G [327] (whose sensitivities are shown as dashed and solid lines
respectively) will be able to probe the entire parameter space consistent with successful Dirac
leptogenesis.
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Figure 4.7: Allowed parameter space in gp;, — Myz,, plane. The red and brown coloured
bands correspond to regions of successful leptogenesis for two different scales. Bounds from
LEP, LHC and future sensitivities of CMB experiments are shown. The Yukawa couplings
chosen for this scan are (Y;)a1 = 1075(1 + ) and (V,))a2 = 3 x 1071(1.1 — i).

4.2 Anomaly Free B — L Model

After discussing the interesting features related to Dirac leptogenesis and observable AN.g
in previous section, we now move onto discussing the complete model, which is required to
be anomaly free. While the SM fermion content with gauged B-L symmetry leads to triangle
anomalies, including three right handed neutrinos make the model anomaly free. Therefore,
including additional heavy fermions for realising successful Dirac leptogenesis introduces new
anomalies as well. In this section, we briefly discuss one such possibility where the anomalies
introduced by heavy chiral fermions required for Dirac leptogenesis as well as dark matter
cancel among themselves leading to an anomaly free scenario.

Sticking to a minimal setup, we consider two heavy Majorana fermions Ng, sufficient
to produce non-vanishing CP asymmetry. Since we do not want to violate lepton number
by two units, therefore, we assign B — L charge —3/2 each to Ng, as earlier. This is just
a choice for numerical calculations, any other B — L gauge charge for N will not change
our results drastically, as long as we can ensure Dirac nature of light neutrinos. In order to
make it couple to usual leptons, we introduce another Higgs doublet n having B — L charge
—1/2 and its neutral component does not acquire any VEV. A singlet scalar ¢; having B— L
charge 3 is introduced in order to give mass to Ny after spontaneous gauged B — L symmetry
breaking. However, the introduction of these two heavy Majorana fermions again gives rise
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Particles | SU(3). x SU(2), x U(1)y x U(1)p—1
ur
qr = (dL) (3727%7%)
UR (3a17§17 %l)
dR (3>1a_§7§)
vp
EL - (eL) (17 2a 2 _1)
eRr (1,1,-1,-1)
VR (1,1,0,—1)
Ng (1,1,0,-3/2)
Npo (1,1,0,-3/2)
Xl (17 17()’ %)
XR (17 17()’ 11)5
wL (17 ) 7_17§)
wR ( 71707?)

Table 4.1: Fermion Content of the Model

to triangle anomalies as

A [U1)5_] = 54/8
Ay [(gravity)® x U(1)p_r] = 3. (4.13)

These anomalies can be cancelled after introducing four chiral fermions xr, xr, V1, Yr
having B — L charges 9/4,5/4,—15/8,17/8 respectively. This can be seen as

A UG L] = <§>3 9 (—2)3 + (—%)3 = (—%7)3 = —54/8
As [(gravity)® x U(1)p_1] = (Z) + (—Z) + (—%) + (—%7) =-3 (4.14)

While this solution is not unique, we stick to this minimal solution which leads to the desired
phenomenology without requiring arbitrarily large B— L charges or more chiral fermions than
the above-mentioned ones. One can also pursue non-minimal scenarios which can explain
tiny Dirac neutrino masses dynamically, as done in earlier works [174,241,243-281,304]. We,
however, stick to the minimal way of generating Dirac neutrino masses from SM Higgs at
the cost of fine-tuned Dirac Yukawa coupling.

The fermion and scalar content of the model are shown in table 4.1 and 4.2 respectively.
The necessity of the individual scalar fields will be discussed later.

The relevant Yukawa Lagrangian is

Ly D YpLHvg + Y,LiNg 4+ Yn¢1 NgNg + Yy X1 Xr0s + Yyrbrdh + h.c. (4.15)

Here also, Dirac leptogenesis may occur through out-of-equilibrium decay of Ng’s. There
are several DM candidates here in terms of x, ¢, n.
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Particles | SU(3). x SU((2), x U(1l)y x U(1)p_p,

H+

H - H0> (1a2a %70)
+

n= (/’7770) (1727%7_%)

¢1 (17170a3)

¢2 (17 17074)

¢3 (171707 1)

Table 4.2: Scalar content of the Minimal Model

The gauge invariant scalar interactions described by L..4r can be written as

f 3 i
Locatar = (DitH) (D" H) + (D) (Dyfn) + 3" (Ds,, 61) (Do) - { — | HP
—1

+ Al HI =+ (a2l + Mlnl*) + D (=pg, il + Aol dil*) + Arn(n'n) (HTH)
1=1,2,3
+ Ny (T H)(H') + > Mg (0loa) (HTH) + Y Nyo, (') (616)
1=1,2,3 1=1,2,3
+ A12(8101) (B502) + M3 (] 61) (Bhds) + Aas(dhda) (Blbs)
+ (M¢¢1¢£¢3 + h.c.) } (4.16)

Where Dy”, D,* and Dg" denote the covariant derivatives for the scalar doublets H, 7
and scalar singlets ¢; respectively and can be written as

/
Dy, H = (a +zgaawg+z’%BM)H,

/

2
D¢H ¢z = (8M+ZgBL n@ZBLu) sz (417)
where ggr, is the new gauge coupling and n, and ngy, are the charges under U(1)g_y, for n

and ¢; respectively. After both B — L and electroweak symmetries get broken by the VEVs
of H and ¢;s the doublet and all three singlets are given by

Dm" = (a —|—zgaaWa—|—Z B +ngLnnZBLu>77,

H* " s+ u; + Al

V2 V2

The details of the scalar mass spectrum can be found in Appendix C.1.
Since none of the scalar field acquiring non-zero VEV has B — L charge £2, there is no
possibility of generating Majorana light neutrino masses. However, out-of-equilibrium decay
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Ngi — Ln can give rise to non-zero CP asymmetry in a way similar to vanilla leptogenesis,
as seen from Fig.4.1. However, the corresponding Yukawa couplings do not play any role in
neutrino mass generation and hence are unconstrained. This allows the possibility of low
scale leptogenesis that too with Dirac neutrinos. Additionally, the model also offers several
dark matter candidates in terms of 7, x,%. Out of them, the scalar doublet can not give
rise to desired DM phenomenology due to large direct detection cross section mentioned
earlier. Therefore, we keep its mass fixed at benchmark values where its relic abundance is
sub-dominant.

Similar to the proposal in [296], one can also generate light Dirac neutrino mass by
a neutrinophillic Higgs doublet which gets induced VEV after EWSB. An additional Z,
symmetry was introduced in addition to U(1)p_, gauge symmetry. However, we stick to this
minimal field content at the cost of fine-tuned Yukawa couplings. The conclusions reached
here will not change significantly if we adopt such non-minimal scenarios. Additionally,
generation of lepton asymmetry in our proposal is different from earlier works on Dirac
leptogenesis. For example, in [296] the CP asymmetry was generated by scalar singlet decay
into right handed neutrinos vz through A(B — L) = 4 process. The lepton asymmetry in
vr then gets transferred to the left sector via Yukawa interactions with the neutrinophillic
Higgs doublet. This is in a way complementary to the proposal in [282,283] where an equal
and opposite amount of lepton asymmetry were generated in right and left sectors (vanishing
net lepton number violation) which were prevented from equilibration by virtue of tiny Dirac
Yukawa couplings. On the other hand, in our proposal, leptogenesis remains very similar to
vanilla leptogenesis except for the fact that the couplings involved do not play any role in
neutrino mass generation and we do not have A(B — L) = 2 processes. Additional advantage
is that the model also predicts stable dark matter candidates in terms of additional chiral
fermions added to cancel chiral anomalies.

Thermal dark matter in gauged B — L model has been discussed by several authors,
see [138,171,173,174,328-333] for example. If we consider SM singlet fermions with non-
trivial B— L charges to be DM candidates, the only interaction between DM and SM particles
is the B— L gauge interactions . In order to calculate thermal averaged cross sections as well
as relic abundance numerically, we use the package micrOMEGAs [235] where the necessary
model information have been provided using package FeynRules [236]. Since DM interacts
with the SM bath only via B — L gauge portal interactions, relic abundance is typically
satisfied only around the resonance regime 2mpy = Mz,, . Note that the scalar doublet 7
is also stable and hence its neutral component can, in principle, be DM candidate as well.
However, the neutral scalar and pseudoscalar components of 7 namely 77;%, n; are degenerate
and hence will lead to a large DM-nucleon scattering cross section (mediated by both Z
and Zp ) ruled out by direct detection experiments like XENONIT [89,90]. The situation is
similar to sneutrino DM in minimal supersymmetric standard model (MSSM) [334]. The only
way to keep our model consistent with direct detection data is to choose 1 mass and other
model parameters in such a way that leads to a sub-dominant contribution to DM. While
scalar doublet DM has a mass regime giving rise to under-abundant relic abundance [122,229],
we find that usual SM portal interactions are not sufficient to keep relic abundance of n sub-

!Singlet scalars can also mediate DM-SM interactions due to their mixing with the SM Higgs. However,
we neglect such scalar portal interactions in order to obtain maximum constraints on B — L gauge sector.
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dominant in required amount. Interestingly, it turns out that the under-abundance criteria
for n also restricts the B— L gauge sector parameters. In fact, n abundance decreases sharply,
once Ny — ZprZy;, — Zprff and nm — ZppZpr open up. Therefore, we keep 1 mass
above the required threshold (My,, /2) to allow at least one of these processes to contribute
significantly to its thermal relic.

While the details of leptogenesis remain same as before, we incorporate additional con-
straints from required DM phenomenology here for the anomaly free B — L model. The
relevant interactions of extra chiral fermions can be written as

Lon =i [\ D(QE)xr + XeD(QF)xr + Ve D(Q5)1 + YrD(QF)r+] —
(AXLXROs + fatbr ol + h.c.) (4.19)

We now rewrite the above Lagrangian in the basis & = x; + xr and & = ¥ + g,
identified as the two Dirac fermion DM candidates. In the basis of & and & , the above
Lagrangian can be written as

Lom = i&@& + Zfﬁ@ — gBL (Z) ngB—LPL§1 — gBL <_T15> gQZB—LPL§2

— 9BL <Z) &2 1Pré& — 981 (%7) &Zp 1 Pré — f1&1Préigs
— FEPL&L — F26oPr&adl — foboPréads. (4.20)

Since we have two stable DM candidates i.e. & and & in this model comprising the
dominant part of DM, the total relic abundance can be expressed as the sum of the individual
candidates, Qpyh? = Qg h? + Qg h% Note that we focus particularly on B — L gauge portal
interactions of DM and accordingly show the parameter space satisfying total DM relic
abundance in gg; — Mz,, plane of summary plot shown in Fig.4.8. We also found that the
DM parameter space shown in Fig.4.8 survives the direct detection bounds from XENONI1T
experiment. To be more quantitative, all the blue dots in Fig.4.8 corresponds to correct
total DM relic, dominantly from two fermion DM candidates and effective DM-nucleon cross
section below XENONIT upper bound. The same points also correspond to sub-dominant
n (at least four to five order of magnitudes suppressed compared to observed DM relic) and
hence an acceptable DM-nucleon scattering rate. Interestingly, even though n’s contribution
to DM relic is negligible, its direct detection rate still lies within two to three order of
magnitudes below XENONI1T upper limit and should be accessible at future direct search
experiments. For details of such multi-component Dirac fermion DM studies in gauge B — L
models, one may refer to [173,174,224]. Here we show only the final parameter space and
compare it with the ones required for other desired phenomenology like leptogenesis and
AN,g.

In order to generate the summary plot of Fig.4.8, we randomly vary My, , gpr, in range
0.5 TeV —10 TeV and 0.0001 — 10 respectively. Then we define m,, = Mz,, — AM, where we
randomly vary the mass splitting as 0.5 TeV < AM < 0.5My,, so that the minimum value
of 7 mass remains My, /2 in order to allow its annihilation into at at least one on-shell Zg,
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Figure 4.8: Summary plot showing allowed parameter space in gg;, — Mz, plane. In addition
to the parameter space shown already in Fig.4.7, the allowed points from DM phenomenology
are indicated by blue dots. The Yukawa couplings chosen for this scan are (Y;)1 = 107°(1+1)
and (Y;)a2 =3 X 1071(1.1 — i).

discussed earlier. Note that the scalar potential of the model still allows us to choose the
mass of charged component of 1 to be much heavier while keeping the neutral components
degenerate at m,,. Finally we select the points which satisfy the Planck 2018 relic bound for
the total DM relic with each DM component satisfying direct detection bounds. Similarly,
for the same variation of parameters, we check the parameter space giving rise to successful
leptogenesis for two different scale of leptogenesis.

In the summary plot of Fig.4.8, we show the parameter space for successful leptogenesis
with scale M; = 50 TeV, 80 TeV respectively. Also, for simplicity, we have considered
the singlet scalars to be much heavier than DM as well as Zg;, so that the scalar portal
interactions are sub-dominant. Including scalar portal interactions will widen up the DM
parameter space further due to less dependence on gauge portal annihilations. Thus, as
expected, one can achieve successful leptogenesis even with hierarchical heavy neutrinos as
light as a few tens of TeV. This is particularly due to the fact that the Yukawa couplings as
well as heavy fermion masses which dictate the dynamics of leptogenesis are decoupled from
light neutrino mass generation in our model. In fact, the scale of leptogenesis can be as low
as a TeV also, with smaller values of gg;,. However, this will not be sufficient to keep the
abundance of 1 sub-dominant in order to keep its direct detection rate within limits.

We also show the bounds from collider experiments as well as Planck bound on ANg
at 20 in the plot of Fig.4.8. Clearly, a large part of the parameter space satisfying correct
DM phenomenology and leptogenesis criteria is disfavoured by these bounds. In fact, for
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M; = 50 TeV, the common parameter space satisfying DM and leptogenesis criteria are ruled
out while a small part of the parameter space for M; = 80 TeV still remains allowed. On
the other hand, the currently allowed parameter space can be completely probed by future
measurements of AN.g at upcoming CMB experiments, keeping the model testable at the
near future.
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CHAPTER 5

TeV scale leptogenesis with dark matter in
non-standard cosmology

In this chapter, we study the consequence of some non-standard cosmological epochs in the
early universe on the generation of baryon asymmetry through leptogenesis as well as dark
matter abundance. One common feature of the BSM proposals for leptogenesis and DM
is that both are high scale phenomena. While the generation of lepton asymmetry must
occur before the electroweak scale T' ~ O(100 GeV), WIMP DM having mass Mpy; usually
freezes out at temperature corresponding to Mpy /T ~ O(20—30). Both these temperatures
correspond to radiation dominated era of standard ACDM cosmology. However, there is no
experimental evidence to suggest that the universe was radiation dominated prior to the BBN
era that is typically around 1 s after the big bang, corresponding to temperature of order
T ~ O(1MeV). Since the predictions of leptogenesis and DM freeze-out crucially depends
upon the rate of expansion of the universe, the standard predictions can change significantly
if the universe expands at a rate different from usual radiation dominated one. This can
happen in two different ways, one in which there was an early matter dominated (EMD) phase
and the other in which the universe is dominated by a component that redshifts faster than
radiation often dubbed as a fast expanding universe (FEU). There have been several works
considering the DM relic abundance calculation in such non-standard cosmologies [335-357].
Similarly, there have been some works studying leptogenesis with non-standard cosmologies.
In [358], authors studied high scale type-I seesaw leptogenesis in a fast expanding universe.
A relatively earlier work [359] considered the effects of non-standard cosmology (braneworld
scenario and non-thermal production of right handed neutrinos from inflaton decay) on
generation of lepton asymmetry in a TeV scale inverse seesaw model. Low scale leptogenesis
in scalar-tensor theories of gravity was studied in [360] while the implications of such non-
standard cosmology on DM relic were studied in several earlier works including [361-365].
Our work is different from both these two works due to the non- standard cosmological
scenarios considered, different way of generating neutrino mass as well as connection to dark
matter.

Our goal is to study popular scenarios of leptogenesis and dark matter and check if the
scale of leptogenesis can be further lowered due to the presence of non-standard cosmological
histories. This is motivating due to enhanced detection prospects for such low scale lepto-
genesis. We first study the impact of such non-standard cosmology on the parameter space
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of minimal scotogenic model discussed earlier from the requirement of successful N; decay
leptogenesis and scalar doublet DM. In the later half of this chapter, we consider a cogenesis
scenario, popularly known as WIMPy leptogenesis and check the impact of non-standard
cosmological histories.

5.1 A fast expanding universe

In this non-standard cosmological scenario, prior to the BBN era that is typically around
1 s after the big bang, the universe was dominated by some scalar field ¢ instead of usual
radiation such that the energy density red-shifts with the scale factor a as follows

py o< a” . (5.1)

In the above expression, n > 0. Such a possibility (coined as fast expanding universe) where
the energy density at early epochs redshifts faster than radiation leading to ¢ domination
at early universe but negligible at later epochs was first discussed in the context of WIMP
dark matter by the authors of [353]. This is also extended to non-thermal or freeze-in DM
models in [354]. In the above expression, n = 0 corresponds to a universe similar to the
usual radiation dominated universe.

The expansion rate of the universe, quantified by the Hubble parameter H, is controlled
by the total energy density through the Friedmann equations. In FEU scenario where two
different species populate the early universe, the total energy density in the very early epochs
can be written as

p(T) - prad(T) + p¢(T>, (52)
where the usual radiation energy density p.q can be written as
D (T) 1" (5.3)
Prad = 309* . .

If we consider the equation of state for the ¢ field to be py = wgpys then Friedmann equation
leads to py o< a=3(+ws) " Therefore, one can connect wg and n by the relation n = 3wy — 1.
Here, we always consider n > 0, which implies that the ¢ energy always dominates over
the radiation at early enough epochs. To express the energy density ps in terms of the
radiation temperature, we consider that this new field ¢ does not have any interactions with
SM particles and hence it only contribute to the energy density of the universe but not to
the entropy density of the universe. This leads to the conservation of entropy in a comoving
volume S = sa® =constant, where the entropy density reads the standard one,
272

s(T) = Eg*s(T)T?’, (5.4)

with g, being the effective relativistic degrees of freedom contributing to the entropy density.
Taking the BBN constraints into account we argue that the equality between the energy
density of ¢ and radiation must happen at a temperature 7, 2 Tgpn. From Eq.(5.4) and

scaling the Eq.(5.1) one can write py in terms of temperature as

pol(T) = p(T:) (jg)))()/ (;) (55)
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Then the full energy density at any temperature reads

4+ 9T (g*sm )<4+n>/3 ( T )

p(T) = prad<T) + be(T) = prad(T) g*(T) Gxs (Tr) T

(5.6)

Considering g.s(T') = g«(T") for most of the history of the universe the Hubble parameter

can be Calcula‘ed lO be
g*(jl) 71

5.2 Early matter dominated universe

1/2
mga*(T)T? /

H(T) ~ 22 /7
(T) 3v/10Mp;

(5.7)

In this scenario, we consider an epoch in the early universe (prior to the BBN era) to be
dominated by a matter component instead of a purely radiation dominated era of ACDM
cosmology. The total energy density of the universe in this epoch was dominated by a
scalar field ¢, which behaves like an ordinary pressure-less matter, known as early matter
dominated universe. In an EMD universe the energy density of the matter field p, falls
with the expansion of the universe at a slower rate compared to the radiation energy density
Prad as long as ¢ does not decay. In principle ¢ can decay to both SM radiation and dark
sector particles like DM. In the early universe the evolution of py, the SM entropy density
s, as well as the DM number density n are governed by the system of coupled Boltzmann
equations [347]

d
2 4 3(1+ w)Hp; = ~Tops, (5.8)
ds P¢p¢ E E
m + 3Hs = —7 (1 — bm_¢) + 2?<0vrel) (n® —na,) (5.9)
d b
d—? + 3Hnpy = m—¢F¢p¢ — (ovsa) (n® — ngq), (5.10)

where (ovy) is the total DM annihilation cross-section into SM particles and E? ~

m? + 3T? is the averaged energy per DM particle. Here, b is twice the branching ratio ¢

decaying into a couple of DM particles and thus b controls the proportion at which ¢ decays
E

to SM radiation and DM. (1 — b—) is the fraction of ¢ energy that goes into radiation.
M

The second term on the RHS of Eq.(5.9) is the entropy injection due to DM annihilations

which is subdominant compared to the first term and hence can be ignored. Also we assume

that the branching ratio of ¢ decaying to DM particles is very small so that effectively b = 0.

This simplifies the calculation of DM abundance very simple as it is governed by usual

annihilation and coannihilation processes, similar to the WIMP paradigm. It also keeps the
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model minimal. Eq.(5.9) plays an important role to track the temperature of the SM plasma
through the entropy density s

pr+pr 27 3
T) = = ws (1)1, 5.11
() = PP = 2, (T) (511)
The evolution of the SM radiation temperature is given by
dT T dg..\ '[ T Teps Eb\ 2FE(ovw), 5
— =1 —t—|1—-— ———(n* — . 5.12
da ( * 3Gss dT> [ a * 3Hsa Mg * 3 Hsa (0" = neq) (5.12)

In order not to alter the successful predictions of BBN in standard ACDM cosmology, the
temperature at the end of the p, dominated phase has to be T 2 4 MeV [366-368], where
Tena is given by the total decay width I'y as

, 90

= ———— M. 5.13
end 7_‘_29* (Tend) Pl ¢ ( )

Since we are not defining the specific interactions of ¢ with SM particles, its decay width
can be kept as a free parameter for a model independent analysis. Therefore, this type
Po

Prad a=ao
adopted by the authors of [347] for DM analysis. Before proceeding to analyse different
scenarios in the context of leptogenesis and DM in an EMD universe, we show the evolution
of radiation and ¢ energy densities as well as radiation temperature in Fig.5.1. Clearly,
the energy density of ¢ evolves like usual matter until ¢ decays completely into radiation
giving a sudden increase in radiation energy density. The effect of ¢ decay is also visible
in the evolution of temperature as radiation temperature increases suddenly due to entropy
injection from ¢ decay into radiation. The results also matches with the ones shown in [347].

of EMD universe can be characterised by two free parameters, T,,q and k& = as

5.3 Dark matter and leptogenesis from decay in non-
standard cosmologies

In this section, we briefly discuss the model and summarise the details of dark matter
and leptogenesis calculations in a standard cosmological scenario. In chapter 2 we already
discussed the details of the minimal scotogenic model and therefore we avoid it in this chapter.
Here we study the scalar DM scenario within the minimal scotogenic model where the lepton
asymmetry is mainly generated from the decay of the lightest right handed neutrino (NVp).
The N; leptogenesis with scalar DM is already studied in [113], where the authors have
shown that the scale of leptogenesis can be O (10 TeV). We extend the same discussion in
the fast expanding universe and early matter dominated universe scenarios.

5.3.1 Dark matter in standard cosmology

As pointed out earlier, the DM candidate in our model is one of the neutral components of
the Z5 odd scalar doublet n. By virtue of its SM gauge interactions, DM can be thermally
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Figure 5.1: Evolution of the energy densities for radiation and the ¢ field (left panel), and
evolution of radiation temperature T (right panel) as a function of scale factor a, for w =0,

) ps(T = 100GeV) )
Tona = 7 x 1073 GeV and — 102,
@ = 0 oY A (T = 100GeV)
T =100 GeV.

Here we assume that at a = ag,

produced in the early universe and hence give rise to a WIMP type scenario. Apart from
gauge interactions, the Higgs portal interactions can also play a non-trivial role in generating
thermal relic abundance.

For WIMP type DM which is produced thermally in the early universe, its thermal relic
abundance can be obtained by solving the Boltzmann equation for the evolution of the DM
number density np:

dTLDM

dt

+3Hnpy = —(ov) [ndy — (npa)?] (5.14)
where np)\ is the equilibrium number density of DM and (ov) is the thermally averaged
annihilation cross section, given by [136]

: 7 a(s — 4mpy)V/s K <£> ds,

8miby T K3 (MR ) T

(ov) = (5.15)

2
Am

where K;(z)’s are modified Bessel functions of order i. In the presence of coannihilation,
one follows the recipe given by [137] to calculate the relic abundance. Apart from the gauge
mediated coannihilations, there can be coannihilations due to lepton portal interactions as
well, if the mass of i remain very close to that of N;. We have used micrOMEGAs package [158]
to calculate the freeze-out details of DM in our work.

5.3.2 Leptogenesis in standard cosmology

Successful leptogenesis is possible in this model due to the presence of heavy singlet neutrinos
N; whose out-of-equilibrium decay into SM leptons and 7 can generate the required non-zero
lepton asymmetry [113,121,139-143]. In the hierarchical spectrum of N;,i = 1 — 3 one can
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significantly lower the usual Davidson-Ibarra bound to around 10 TeV [113,143] without
any need of resonance enhancement [54,144]. Although N, 5 decay can also generate lepton
asymmetry, in principle, we consider the asymmetry generated by N3 decay or any pre-
existing asymmetry to be negligible due to strong washout effects mediated either by N; or
N, 3 themselves.

The details of CP asymmetry parameter ¢;, in right handed neutrino N; decay in the
minimal scotogenic model is already discussed in section 2.3 of chapter 2. The difference is,
here we are looking for leptogenesis from the lightest right handed neutrino Ny, therefore it
is important to define the decay parameter as

I'y
H(z=1)
where I'; is the Ny decay width, H is the Hubble parameter and z = M; /T with T being
the temperature of the thermal bath. Since leptogenesis occurs far above the electroweak

scale where the universe was radiation dominated the Hubble expansion rate is expressed by
Eq.(2.28) . The decay width I'; can be calculated as

M
o - 8—7:(5/*3/)11(1 —m)2. (5.17)

Ky, = (5.16)

Here Y denotes the Dirac Yukawa coupling of neutrinos Y;¥¢,7V; in the scotogenic model.
The frequently appearing Y'Y is calculated using Casas-Ibarra parametrisation mentioned
earlier in Eq.(2.30). Now, the Boltzmann equations for N; leptogenesis are given by [62]

d
2 = —Di(nw, — ). (5.18)
z
dnB_L o . _eqy Total
Az = €1D1 (’an an) w np—rL, (519)

where niy, = %K 2(2) is the equilibrium number density of Ny (with K;(z) being the modified
Bessel function of -th kind). The quantity on the right hand side of the above equations

Fl K1(2>
D= — =K
1 NIZKg(z)

Hz
measures the total decay rate of N; with respect to the Hubble expansion rate, and simi-
larly, WTetal = II;—VZ measures the total washout rate. The washout term is the sum of two
contributions, i.e. W% = W, + W, where the washout due to the inverse decays /7,

{n* — Nj is given by

(5.20)

1
Wy =Wp = ZKle?’Kl(z). (5.21)
The other contribution to washout Wa originates from scatterings which violate lepton
number by AL = 1,2. The contribution from AL = 2 scatterings ¢n <> {n*, (€ <> n*n* is

given by [113]

1810 Mpy [272\°
Wapey &~ ——L () M 5.22
AL=2 7r4gg\/§221)4 <>\5 1me, ( )
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where 7;, g¢, and m¢ are same as defined in section 2.3 of chapter 2. Upon solving the
above Boltzmann Eqs. (5.18) and (5.19) simultaneously, the final B — L asymmetry nf, |
just before electroweak sphaleron freeze-out is converted into the observed baryon to photon
ratio by the standard formula given in Eq.2.40.

Before studying the changes in leptogenesis results due to non-standard cosmological his-
tory, we first solve the above Boltzmann equations assuming a standard radiation dominated
epoch. While more details can be found in earlier works [113,143], we show the evolution
of lepton asymmetry and number density of N; in Fig.5.2 for three different values of As.
As the number density of N; decreases due to its decay, the lepton asymmetry grows. The
decrease in lepton asymmetry subsequently due to washout effects are clearly visible from
left panel plot of Fig.5.2, where the parameter A5 plays a crucial role. For this as well as

remaining calculations, the R matrix is chosen to have the following structure

cosz 0 sinz

R = 0 1 0 (5.23)
—sinz 0 cosz

where 2 is a complex angle with, zg = 27 = | /2m—1 [113]. We also consider normal ordering
ms

of light neutrino mass with vanishingly small lightest neutrino mass m; = 10712 eV. Effect
of changing lightest neutrino mass on final asymmetry was investigated in earlier works
mentioned above, we will discuss this in the context of non-standard cosmology in upcoming
sections. To have an overall picture of leptogenesis in standard radiation dominated universe,
we perform a numerical scan, the result of which is shown in Fig.5.3 which shows that the
scale of leptogenesis M; can be as low as 7 TeV in this case. Similar results can be obtained for
inverted ordering of light neutrino mass as well. We will compare the results of leptogenesis
in non-standard cosmology in upcoming sections with the plot shown in Fig.5.3.

‘ ‘ ‘ ‘ ‘ 10
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1 = -~ As=107
"~ N -4/ 5
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Figure 5.2: Comoving number densities of N; (left panel) and B— L (right panel) respectively

with z = M, /T for different benchmark parameters. The parameters used for this results
are M1 =10 TeV, my = 10_13 eV, and Mi—i—l/Mi = 100'5.
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Figure 5.3: Parameter space in the M; — A5 plane that gives rise to observed baryon asym-
metry in the standard radiation dominated universe. The parameters used for this results
are my = 1071 eV, and M, ,/M; = 10°°.

5.3.3 Dark matter in FEU

In a FEU scenario the Boltzmann equation to calculate the abundance of thermally produced
DM is derived to be [353]

dz  ~ 23L[n,z, 2]

where, npy is the comoving number density of DM and z = mpy;/T. The (ov,¢) is the total

annihilation cross-sectin of DM, A = sz=1) = 2/ gi/Q
Hraud('Z = 1) 3\/5

dnpm (0Vre1) [n3a = (nom)2] (5.24)

mpymMp; and the function

Ln, z, z:] has the form

. 3/2
L, (8" g
24 g*(zr) Zn+4

Lin,z z]=n+4)

g« (2r)
(5.25)
In the limit 7" > T, the Boltzmann equation reduces to
dnpm <U Ure1>
—=-A [t — (nDM)2] - (5.26)

dz 22-n/2 72

Borrowing this basic setup from [353] we first apply it to scalar doublet DM in our model.
Note that, we do not ignore the sub-dominant radiation part in the calculation and use the
most general Boltzmann equations to calculate DM relic. Similar to the earlier scenario,
here also the annihilation cross sections of DM (ov,) are evaluated using micrOMEGAs pack-
age [158]. We first show the evolution of DM density in Fig.5.4 by choosing some benchmark
values of DM parameters and for different integral values of n. The overall behaviour matches
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Figure 5.4: Comoving number density of DM () with z for different cosmological histories.
The parameters used for this results are mpyr = 200 GeV, mpy, = 200.076 GeV (A5 = 0.0005),
mp+ = 205 GeV, T, = 20 MeV and A\; = 1078, The black dashed line represents the
required DM abundance with 200 GeV mass to satisfy the correct Planck 2018 limit on DM
abundance [3].

with the model independent analysis of earlier work [353]. Clearly, with increase in the val-
ues of n, the final DM relic abundance increases. While for n = 0 or the usual radiation
dominated universe, the DM remains under-abundant, n = 2 FEU scenario generates the
correct DM abundance for same benchmark DM parameters. We therefore, choose DM
parameters in such a way that the usual thermal relic remains under-abundant. This jus-
tifies the choice of DM mass 200 GeV which falls in the range of inert Higgs doublet DM
mass € (80 — 550) GeV where thermal abundance in usual radiation dominated universe
remains suppressed. Thus, FEU scenario provides another way of generating correct relic
in this intermediate mass range of inert Higgs doublet DM. Other possibilities by invoking
non-thermal contribution and multi-component DM scenario can be found in [229], [226]
respectively.

5.3.4 Leptogenesis in FEU

After applying the basic recipe of FEU to the specific DM model we have, we now proceed to
derive the Boltzmann equations for leptogenesis. The Boltzmann equation for leptogenesis
in this scenario can be written as

an ’ e
dzl = —D;(nn, —ny), (5.27)
dnB_L . D/ ’
5 = —aDi(ny = nge) = Wrgans-, (5.28)
with the z = M; /T dependent quantities
, 1
D, = Ky, m(2) (5.29)

ka(2) Ln, z, 2]
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Figure 5.5: Evolution of comoving number density of B — L with z for different values of
n for FEU scenario (left panel), and evolution of the comoving number density of N; with
z for different values of n for FEU scenario (right panel). Here we choose the parameters
my = 10~13 eV, M, = 10* GeV, Mi-l—l/Mi = 10%® and )\5 =10"* and T, =10 MeV.

Wipgial = Wy + AW, (5.30)
| 1
W, = 22K _— 5.31
1 4"7’ Nlﬁl(z)L[TL,Z,ZT]y ( )
52
nyN, = 552(2). (5.32)

Here the term AW{I is taking care about the washouts coming from the AL = 2 scattering
processes, In <— In* and [l «— n*n*. This term can be calculated to be

36+/5Mp; 1 1,
—M 3 5.33
m/2g,3 /g0t 23L [, z, 2] A2 1 ( )

Other parameters are defined in a way similar to the usual leptogenesis in scotogenic model
discussed in section 5.3.2.

Using the equations derived above, we first show the evolution of lepton asymmetry and
N7 abundance for different values of n in Fig.5.5 by choosing some benchmark values of model
parameters. Clearly, there is a delay in generation of asymmetry as well as depletion in Ny
abundance with increase in the values of n. Here, n = 0 or the standard cosmological scenario
overproduces lepton asymmetry. In order to see the overall parameter space allowed from the
requirement of generating correct baryon asymmetry, we fix n = 2 and perform a numerical
scan over M; — A5 by keeping other model parameters fixed. The resulting parameter space
is shown in Fig.5.6. While we are not showing scans for other possible values of n here,
the overall behaviour is similar. For n = 2 and T, = 20 MeV the scale of leptogenesis gets
pushed up to M; = 40 TeV. A more rigorous numerical scan can be performed to find the
complete parameter space that can generate correct baryon asymmetry of the universe.

AW =
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Figure 5.6: Parameter space in the M; — A5 plane giving rise to observed baryon asymmetry.
The parameters used for this results are n = 2, M;,;/M; = 10%° and T, = 20 MeV.
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Figure 5.7: Parameter space in M; — T, plane with different values of n for successful leptoge-
nesis in FEU scenario. The parameters used for this result are A5 = 0.0003, and m; = 10~%3
eV.

We then constrain the cosmological parameters in FEU scenario from the requirement of
producing the correct baryon asymmetry. We show it in M; — T plane for different values
of n in Fig.5.7. We can see from this plot that for larger values n, we require large M; to
satisfy the correct baryon asymmetry. Again for non-zero n, large T, pushes the cosmological
history at and below the scale of leptogenesis more towards usual radiation like, bringing
down the scale of leptogenesis (as in the standard case discussed earlier).

5.3.5 Leptogenesis in EMD universe

Since the entropy per comoving volume of the universe is not constant in this case, we can no
longer write the usual Boltzmann equations for leptogenesis in terms of the comoving number
densities. Also, during the decay of the matter field finding an analytical relation between
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time (t) and temperature (1) is not possible and therefore we can not write the Boltzmann
equations in terms of the dimensionless variable z = M; /T. Rather, it is convenient to write
the equations in terms of the number N and the scale factor a. In such a case, the relevant
Boltzmann equations are found to be

AN T

T8 (v - v, (5.34)
dNg_t, (I'y) ey Wi AW

=« Hl (N, = Ni&) — g, Vo1 — =~ MiNp1, (5.35)

where we define the thermal decay width (I';), the inverse decay term Wip, the AL = 2
washout term AW, and the equilibrium number of N; in terms of temperature as follows,

] KJI(MI/T)
() = FIW, (5.36)
Wip — imm (My/T), (5.37)
_ 36vBMpy (T2 1 -
AW = ”%nfv“( 1) m, (5.38)
NG = 29—71:2T3 (%) ko (M, T). (5.39)

The Eqgs.(5.34) and (5.35) have to be solved simultaneously with Egs.(5.8) and (5.12) which
we rewrite as

dpe Ty Ps.

= 5.40
da TaH T T (5.40)
dT T dg..\ '[ T  Typs
A 1 4 __—ere 41
da ( i Gxs dT ) [ o 3Has(T) (5.41)

respectively. The Boltzmann equation for DM, Eq.(5.10) is also solved simultaneously, the
results of which will be discussed in upcoming section. Here the Hubble parameter, in

general, is given by
,O¢(Cl) + prad<a)
H= ) 5.42
\/ 3MZ, (542)

Here, the equation of state parameter for the matter field w is taken to be zero and k
is the ratio between ps and pr.q at the starting point a = ag. It is important to mention
here that we have solved the Bolztamnn equations from a temperature of 7' = 10M;. We
use the exact Hubble parameter in our numerical analysis. Depending upon equilibrium
temperature of Ny (7,,), the decay temperature of the ¢ field (7.,q) and the Sphaleorn
freeze-out temperature (Tiphaleron), We study three different cases below.
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Case 1: Tend < Tsphaleron < Teq

Here, we have taken T.,q = 10 GeV such that the ¢ field decays after the sphaleron freeze-out
temperature. The early matter domination gives rise to two kinds of effects in the evolution
of B — L asymmetry. The presence of the matter field enhances the Hubble expansion rate
and also provides additional entropy into the plasma when it decays. These two effects
are distinctly visible in the upper panel plots of Fig.5.8. For the chosen benchmark of
cosmological parameters, the sphaleron freeze-out temperature corresponds to a scale factor
a/ap ~ 7660 and therefore we plot ng_1, up to a scale factor a/ay ~ 7660 and np after
that. In the upper left panel plot, it can be seen that with the increase in the ¢ field energy
density the B — L asymmetry increases. This is due to the fact that with the addition of
extra energy density the Hubble expansion rate increases which leads to a larger deviation
of the N; abundance from its equilibrium abundance leading to an increase in asymmetry.
On the other hand, later, when the ¢ field decays it releases more entropy into the plasma
with the increase in k leading to more entropy dilution of the asymmetry. This is clearly
visible in the upper right panel plot of Fig.5.8.
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Figure 5.8: Evolution of ng_1, (Upper left panel), ng (Upper right panel) and ny, (lower

panel) with a/ay in EMD universe (Case 1). The parameters used for these plots are m; =
10-13 eV, My =2 x 10* GeV, Mz’/Mz‘—H = 100'5, A5 = 10~* and Tona = 10 GeV.

We then perform a parameter scan over the parameters \; and M; and show the viable
parameter space in Fig.5.9. It can be seen that even with a very small initial value of p, the
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scale of leptogenesis is pushed up to O(10®) GeV. This is due to the strong entropy dilution
coming from the decay of the ¢ field. To get the correct asymmetry after entropy dilution,
one needs to generate a large amount of asymmetry prior to the decay of ¢. This can be
understood from the evolution plots of ng_1, and np in Fig.5.8. From Fig.5.9 one can see
that for k = 10™* we need larger values of M, to satisfy the observed asymmetry compared
to k = 107°. This is expected as the entropy dilution will be more for £ = 10~* compared to
that for £ = 107°. The lowest possible scale of leptogenesis is found out to be M; ~ 1.5 x 10®
GeV for k=10"* and M; ~ 5 x 107 GeV for k = 107° in case of T,nq = 10 GeV.
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o
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Figure 5.9: Scan plot in A5 — Mj plane for case 1 with T,,q = 10 GeV. The other important
parameters are fixed at m; = 10713 eV and M;,/M; = 10°5.

Case 2: Tsphaleron ,S Tend < Teq

In the previous case, we found that keeping 7.nq much below Tippaieron leads to significant
dilution of lepton asymmetry resulting in negligible baryon asymmetry after sphaleron tran-
sitions. Therefore, we now choose Ting = 150 GeV such that it is much closer to Tipnateron and
show the results in Fig.5.10. Here Tiphaleron cOrresponds to a scale factor a/ap >~ 1 x 104, and
therefore we show ng_1, up to that epoch and npg after that. The similar effect of the modified
Hubble expansion rate can be seen similar to Fig.5.8 in case 1. However, here the entropy
dilution is occurring much earlier compared to case 1. This is expected as we keep Tenq = 150
GeV in this case. Comparing the B — L evolution plot in Fig.5.10 with that of Fig.5.8 it
can be seen that, the entropy dilution in case 2 is less compared to case 1. This is expected
as the ¢ field is decaying at a time when the universe is much hotter compared to case 1.
However, the entropy dilution is significant enough to dilute the generated asymmetry.

Similar to case 1, we show the viable parameter space in A5 — M; plane in Fig.5.11. Here,
we see the similar push of the leptogenesis scale due to entropy dilution. However, the scale
of leptogenesis is slightly lower than case 1. This is expected as the entropy dilution should
be weaker for T,,q = 150 GeV compared to T,,q = 10 GeV. However, the scale of leptogenesis
is still significantly higher @ (107 GeV), compared to that in standard radiation case O (10
TeV). In particular, it is found that the scale of leptogenesis can be as low as M; ~ 5.5 x 107
GeV for k= 10"* and M; ~ 1.8 x 107 GeV for k = 107° in case of Toyq = 150 GeV.
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Figure 5.10: Evolution of ng_y, (Upper left panel), ng (Upper right panel) ny, (lower panel)

with a/ag in EMD universe (Case 2). The parameters used for these plots are m; = 1073
eV, M1 =2X 104 GeV, Mi/Mi—I—l = 100'5, )\5 = 10_4 and Tend = 150 GeV.
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Figure 5.11: Scan plot in A5 — M; plane for case 2 with T,,q = 150 GeV. The other important
parameters are fixed at m; = 10712 eV and M;,,/M; = 10°°.

TH-3117_176121007



137

Case 3: Tiphateron < Tend S Toq

We further increase Ti,q and consider the scenario where Ti,g S Teoq. For that we keep
Tena = 5 x 10° GeV and show the results in Fig.5.12. Here Tsphaleron corresponds to a scale
factor a/ag = 7600, and therefore we have shown the evolution plot of ng_1, up to the scale
factor a/ag = 7600 and don’t show the evolution of g since the ¢ field decays much earlier
to that. In Fig.5.12 it can be seen that the entropy dilution happens much earlier and it also
impacts the number density of N;. For sufficiently large values of k the increase in entropy
dilutes the number density of the RHN N; below its equilibrium number density (ny,).
This results in a negative asymmetry and after the end of entropy dilution the N; become
overabundant making the B — L asymmetry positive. We plot the absolute values of ng_y,
in the left panel plot of Fig.5.12. The kinks can be seen for k = 10! and k& = 10 because of
the sign change of the B — L asymmetry at the points when N; is becoming overabundant.
Interestingly, for Teng S Teq Scenario, we can have more asymmetry generation compared
to the standard domination for small values of k. It is because, for small values of k, the
increases in Hubble expansion rate can be the dominant factor in determining the asymmetry
compared to the entropy dilution. For example, the red dashed line corresponds to k = 1073
and T,ng = 5 x 10° GeV in the left panel plot of Fig.5.12 goes slightly above the blue solid
line corresponds to the asymmetry in standard radiation case. However, this increase in
asymmetry is found to be very small and would not change the results of leptogenesis from
the standard radiation case. Therefore we can conclude that for sufficiently large values of
Teona the leptogenesis results would converge with the results of standard cosmology.
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Figure 5.12: Evolution of np_p, (Left panel), and ny, (Right panel) with a/ag in EMD
universe (Case 3). The parameters used for these plots are m; = 1073 eV, M; = 2 x 10*
GeV, Mi/Mi-l—l = 100'57 /\5 = 1074 and Tend =5 x 10° GeV.

In Fig.5.13 we show the viable parameter space in A5 — M; plane for k¥ = 10~° and
k= 107" with Tonq = 5 x 10° GeV. It can be noticed that for &k = 107° the parameter
space remains the same as that in standard cosmology. This is expected as for such a small
value of k£ and a high value of T¢,q the effect of the matter field becomes very minimal and
hence the leptogenesis result converges to the standard cosmology result. For & = 107! the
parameter space shifts towards the higher values of M;. However, the change of the scale of
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leptogenesis with k is small compared to case 1 and case 2. Even for & = 10! the lowest
possible scale of leptogenesis can be around M; ~ 10 TeV.

Finally, in Fig.5.14 we show the viable parameter space in k — T.,,q plane by fixing the
particle physics parameters at benchmark values. It is observed that with the increase of k
one would require larger T.,q values to satisfy the observed asymmetry. As higher values of
k result in more entropy dilution, one needs to increase the T,,q to compensate for it.
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Figure 5.13: Scan plot in \s — M; plane for case 3 with T,ng = 5 x 10> GeV. The other
important parameters are fixed at m; = 107 eV and M, ,/M; = 10°5.
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Figure 5.14: Scan plot showing the viable parameter space in k — Tyyq plane from the
requirement of observed baryon asymmetry. The relevant parameters are fixed at M; =
10.5 x 107 GGV, Mi+1/Mi = 100'5, )\5 = 10_4 and mi = 10_13 eV.

5.3.6 Dark Matter in EMD universe

Although the calculation of DM relic abundance in the EMD universe has already been done,
here we calculate it for the DM candidate specific to our model and corresponding to the
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scenarios for leptogenesis discussed above. The relic abundance of DM can be calculated by
solving the corresponding Boltzmann equation for the number of DM N,

dN, ov
dJ::—< >ﬁi§”“M[Af—(A@f}. (5.43)
Similar to leptogenesis we solve Egs.(5.8), and (5.12) with Eq.(5.43) simultaneously to cal-
culate the abundance of dark matter for benchmark values of DM mass and other relevant
parameters. The annihilation cross sections of DM ({ov,,_,smsm)) are evaluated using
micrOMEGAs package [158], as mentioned before. We now consider three different scenarios
adopted for leptogenesis earlier.
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Figure 5.15: Evolution plot for the comoving number density of DM with scale factor for case
1 (Tena = 10 GeV). The relevant parameters are fixed at m,,, = 2500 GeV, m,, = 2500.001
GeV, m,z = 2520 GeV and A\, = 107

The benchmark values are chosen in such a way that it also gives correct lepton asymme-
try. For case 1 chosen for leptogensis we show the corresponding evolution of the comoving
number density of DM in Fig.5.15. Similar to leptogenesis the two distinct effects of early
matter domination are visible in DM abundance. With the increase in k the early deviation
from the equilibrium abundance can be seen for npy. This is due to the increase in Hubble
expansion rate with the increase in k. On the other hand, with the increase in k the entropy
dilution also increases leading to a suppression of npy. Therefore to satisfy the correct DM
relic in case 1 of EMD universe we need to fix the model parameters in a region where it is
overabundant in standard cosmology. For case 2, we fix T.,q = 150 GeV and show the evolu-
tion plot of DM abundance in Fig.5.16. For the chosen values k, the entropy dilution is found
out to be very minimal. It is due to the fact that we are fixing Ty, = 150 GeV which is far
above the freeze-out temperature for a DM of mass 600 GeV. This is similar to the evolution
plot of ny, in Fig.5.12 for case 3. For higher values of k, the entropy dilution effect will be
dominant which will decrease the DM abundance below its equilibrium abundance, however,
we don’t choose such high values of k as it is not favourable from leptogenesis. Also, since
the matter field decays much earlier than the freeze-out temperature the final abundance of
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DM relic is found to be the same irrespective of k values. The DM mass and other important
model parameters required to satisfy the correct relic for case 2 are similar to the standard
radiation dominated universe. However, the difference occurs on the frreze-out epochs. After
the decay of the matter field, the universe got heated up due to the entropy injection and
then the temperature red-shifts as in the case of standard cosmology. Therefore for higher
values of k£ the universe reaches the freeze-out temperature at later times leading to a delay
in freeze-out.
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Figure 5.16: Evolution plot for the comoving number density of DM with scale factor for case
2 (Tena = 150 GeV). The relevant parameters are fixed at m,, = 550 GeV, m,, = 550.005
GeV, m,= = 551 GeV and \;, = 107°.
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Figure 5.17: Evolution plot for the comoving number density of DM with scale factor for case
3 (Ttna = 5x10° GeV). The relevant parameters are fixed at m,,, = 550 GeV, m,, = 550.005
GeV, m,+ =551 GeV and A\, = 107°.

In Fig.5.17 we show the evolution plot for case 3, keeping Ti,q = 5 X 10° GeV. It can be
seen that for such large values of T.,q the DM abundance follows the abundance in the usual
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radiation-dominated universe irrespective of the value of k. If Ti,q is very large compared
to the DM freeze-out abundance it will leave no information of the matter field on DM
abundance. The temperature of the universe also red shifts enough to dilute the effect of
entropy injection by the matter field. Therefore both DM and leptogenesis results converge
with the standard radiation cosmology results.

5.3.7 Leptogenesis with flavour effects

In the discussions above, we have not considered the effects of lepton flavours. In this section,
we briefly summarise the role of lepton flavour effects on our results. For earlier works on
flavoured leptogenesis, please refer to [55-58] while a recent review may be found in [159].
Here we adopt the notations adopted by [58] and calculate the baryon asymmetry for all the
non-standard cosmological scenarios mentioned earlier, including lepton flavour effects.
The Boltzmann equations for flavoured leptogenesis in EMD universe can be written as,

AN T

d;“ 4 —<H—;>(NN1—N]‘;’?1), (5.44)
dNnp,, €1a(I'1) e WID AW)a

= S (Ny, — N§¥) — Prg > Py~ Na,, (5.45)

B=e,p,T

Here oo = e, u, 7 corresponds to lepton flavours resulting in three coupled equations. Na,
is the number of B/3 — L, (for each flavour of leptons) and P, are the projectors defined
by

P = =2, (5.46)

where I'; is the total decay width of N; while I'y,, is the corresponding partial decay width to
a particular lepton flavour denoted by a. The flavoured CP asymmetry parameter €, and
the washout terms can be found in a way similar to the unflavoured leptogenesis discussed
earlier. In the EMD scenario, they are solved simultaneously with Eqgs.(5.40), and (5.41) like
in unflavored case. Since case 1 lead to relatively high scale leptogenesis due to the strong
entropy dilution and case 3 results are very similar to standard cosmology results, here we
show the flavour effects in leptogenesis for case 2. For case 2, we have significant effects of the
early matter domination on leptogenesis as well as DM. By including lepton flavour effects
we look for the possible changes on the scale of leptogenesis. After doing a parameter scan
in My — A5 plane we show the allowed parameter space in Fig.5.18. It should be noted that
while comparing flavoured leptogenesis with unflavoured ones (that is, comparing Fig.5.18
with Fig.5.11), we have used the lightest active neutrino mass to be m; = 1071? eV which
corresponds to the weak washout regime Ky, = I'i/H(T = M;) < 1 [58]. In such weak
washout regimes the projection operator P, — 1 takes the flavoured leptogenesis towards
the unflavoured regime. Therefore, the quantitative difference after the inclusion of flavour
effects in this weak wash-out regime is less compared to the difference brought out by non-
standard cosmological epoch (EMD) over standard cosmology. Here the lowest possible scale
for succesful leptogenesis is found to be M; ~ 1.5 x 107 GeV. Going to a strong washout
regime will show the significance of flavour effects in a clear way.
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Figure 5.18: Allowed parameter space in As— M plane in EMD universe with T, = 150 GeV
and k = 1075. The relevant model parameters are fixed at m; = 10713 eV, M; /M, = 105

Similarly, the Boltzmann equations for flavoured leptogenesis in fast expanding universe

scenario can be written as
dn Ny

dz

= —Dll(nN1 — n?f,‘l), (5.47)

dnAa
dz

= —ElaDll(an — n%‘l) — PlaW{nAa — PlanAa Z Pm(AW/)aﬁ. (548)
:8:67/1‘77-

The notations have their usual meaning as adopted throughout the discussions. The allowed

parameter space in M; — A5 plane is shown in Fig.5.19. The allowed parameter space reveals

that the scale of leptogenesis can be as low as M; ~ 30 TeV, which is 10 TeV less compared
to M; ~ 40 TeV for the unflavoured case.
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Figure 5.19: Allowed parameter space in M; — A5 plane in a FEU with n = 2 and T, = 20
MeV. The relevant model parameters are fixed at m; = 10712 eV, M, ,/M; = 10°°
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5.4 WIMPy leptogenesis in non-standard cosmologies

After studying the effect of non-standard cosmologies on N; decay leptogenesis along with
dark matter in the minimal scotogenic model, we study the effect of such non-standard cos-
mologies on a cogenesis scenario known as WIMPy leptogenesis. Such cogenesis mechanisms
are motivated by the similarity between DM and baryon abundances (2py ~ 5{)g. Ignoring
the possibility of any numerical coincidence or anthropic origin behind this similarity, one
can provide a dynamical origin of it by uniting their production mechanisms. A brief review
of such cogenesis mechanisms for DM and BAU can be found in [369]. Such cogenesis mech-
anisms can be classified into two broad categories. In the first one, the DM sector is also
assumed to be asymmetric like the visible one, known as the asymmetric dark matter (ADM)
scenario [370-374], where out-of-equilibrium decay of the same heavy particle is responsible
for generating similar asymmetries ng — ng ~ |npy — npyg| in the two sectors. In the second
class of this cogenesis scenario, the asymmetry is produced from annihilations [25,375,376],
where one or more particles involved in the process eventually go out of thermal equilibrium
to generate a net asymmetry. The so-called WIMPy baryogenesis [377-379] belongs to this
category, where a DM particle freezes out to generate its own relic abundance while simul-
taneously producing an asymmetry in the baryon sector. This idea has also been extended
to leptogenesis, known as the WIMPy leptogenesis scenario [193, 380-384]. Here we con-
sider a simple WIMPYy leptogenesis framework and study the impact of three non-standard
cosmological histories namely, (a) a fast expanding universe scenario, (b) an early matter
dominated phase and (c) scalar-tensor theory of gravity (STG). While leptogenesis from
decay has been studied in the context of non-standard cosmology mentioned before, WIMPy
baryogenesis or WIMPYy leptogenesis has not been studied in this context earlier and ours is
a first of its kind attempt in this direction.

As pointed out in earlier works on WIMPy baryogenesis or WIMPYy leptogenesis, one can
satisfy all the Sakharov’s conditions with DM annihilations such that some of the processes
responsible for WIMP freeze-out can also create a baryon or lepton asymmetry. In order
to keep the washout scatterings under control, one has to ensure that the washout scatter-
ings freeze out before WIMP freeze-out [379]. Based on this central criteria, several WIMPy
baryogenesis and leptogenesis models have been constructed. In order to illustrate the effects
of non-standard cosmological histories, we consider the model considered in [164] for sim-
plicity although choosing a more complicated model will not change the generic conclusions
reached in this work.

Similar to usual leptogenesis scenarios, WIMPYy leptogenesis models are also constructed
in a way which explains non-zero neutrino mass too, another observed phenomena which the
SM fails to explain. The model proposed in [164] is an extension of the minimal scotogenic
model [112] by a scalar triplet. The minimal scotogenic model extends the SM by three
gauge singlet right handed neutrinos N;, (i = 1 — 3) and a scalar doublet 7, all of which
are odd under an unbroken Z, symmetry. While this minimal field content can account for
neutrino mass, DM as well as leptogenesis from RHN decay, the extension by a scalar triplet
is necessary to realise a WIMPy leptogenesis setup with the neutral real component of inert
scalar doublet n playing the role of WIMP DM. The scalar triplet is kept Zs even like SM
particles are, in order to realise the necessary interactions. The relevant leptonic Lagrangian
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can be written as follows.
—L D YN aiN; + Y5000 + hec, (5.49)

with ¢ = (v,1)T being the SM lepton doublet, C in superscript denotes the charge conju-
gation, 77 = io9n*. The scalar potential of the model is given in Appendix D.1. The term
)\;IU(H ™)? in the scalar potential given in Eq.(D.1) plays a crucial role in generating radia-
tive neutrino mass as well as DM phenomenology, by generating the mass splitting of scalar
and pseudoscalar components of 7, the details of which is given in Appendix D.1. On the
other hand, the trilinear term ,uHA]:I fTAH leads to an induced vacuum expectation value
(VEV) of neutral component of A (denoted as va) after electroweak symmetry breaking
generating the well known type-1I seesaw contribution to neutrino mass [48,50,66-69]. The
other trilinear term in the scalar potential namely, p,Aan'A’7 plays an important role in
WIMPy leptogenesis as it opens up new WIMP annihilation channels into leptons which
violate lepton number. The trilinear coupling p,a is a free parameter of the model and can
be complex in general. To generate a net leptonic asymmetry, the coupling pi, is assumed
to be purely imaginary while all other parameters in FEq.(D.1) are considered real.

5.4.1 WIMPy leptogenesis in standard cosmology

Figure 5.20: Feynman diagrams for the scattering process nn — Il.

We consider the lightest neutral component of the scalar doublet 1 as the WIMP DM
candidate. While there exist several gauge and scalar portal diagrams for inert scalar DM
annihilations, as discussed in earlier works [115,122-131], there are fewer diagrams which
violate lepton number in our setup. Such CP and lepton number violating DM annihilation
processes are responsible for generating a non-zero lepton asymmetry, as shown in Fig.5.20.
In this model, the lepton number violating DM annihilation is nn — £¢, which violates the
lepton number by two units (AL = 2). Due to the existence of multiple Feynman diagrams
for this process as shown in Fig.5.20, it is possible to generate a non-zero CP asymmetry
from the interference. Although we show the tree level diagrams only, the propagators are
resummed taking the radiative corrections into account, similar to [385] where three-body
decay involving DM in the final state was considered instead of DM annihilation to source
lepton asymmetry. In order to enhance the CP asymmetry, we consider the resonance regime
my, =~ ma/2 such that the scale of WIMPYy leptogenesis can be as low as possible with the
washout scatterings under control.
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In order to implement the constraints from neutrino data, we use the Casas-Ibarra
parametrisation [65] to write the Yukawa couplings Y, Y2 in terms of neutrino param-
eters as well as physical masses of different BSM particles. As can be seen from Eq.(D.7)
in Appendix D.1, the mass difference between 7z and n; depends on pya, )‘}/fn and va. On
the other hand, from Eq.(D.10) and Eq.(D.11) it is clear that increasing mass difference
between 1 and 7; decreases the Yukawa coupling Y. For leptogenesis one needs large
enough Y% to generate the correct asymmetry. Therefore we need to choose XII{U, va and
tya carefully such that the mass difference between ng and 7; remains small. Also one can
not make the mass difference Am,o = m,,, —m,, arbitrarily small as it will make the direct
detection cross-section for the DM very large [334], ruled out by stringent direct detection
constraints [93]. In this work, we choose the all mentioned parameters in such a way that
Am,o > 200 keV, large enough to forbid tree level Z mediated inelastic scattering of DM off
nucleons.

The Boltzmann equations (BEs) for comoving number densities of DM and lepton number
respectively, can be identified to be

dy, s

L 2 eq\2
= = TEpE [0~ 09 (5:50)
dYar S e g ©
= = s L0 = O] = ALY (ot
—2Yar Y 4(o0) e, (5.51)

where z = m,/T = mpu/T and Y = n;?/s are the normalised number densities (in
equilibrium) for the particle species i (s being the entropy density of the universe). The
YA is the comoving number density of lepton asymmetry and is defined by YA, = Y, — V7.
Here 7, = Y9/Y* and H(z2) = /873g,/90m; /(2*Mpy) is the Hubble expansion rate for
the standard radiation dominated universe with Mp; ~ 1.22 x 10'? GeV being the Planck
mass. Here the (ov) represents the thermally averaged cross sections for the mentioned
processes. On the other hand, (ov)?, ., on the right hand side of Eq.(5.51) includes the
difference between nn — ¢ and nn — £ processes responsible for generating a net lepton
asymmetry, the details of which are shown in Appendix D.2. The lepton asymmetry is
converted into baryon asymmetry via sphaleron factor Yap = cspnYar where cgpn = —% for
our model, as shown in Appendix D.4.

In Fig.5.21 we show the evolution of the comoving number densities of DM and L asym-
metry with z = mpy /T for different benchmark values of 1,4 (upper panel) and va (lower
panel). The grey vertical lines labelled as ”sphaleron” in the right panel plots of Fig.5.21 (and
the subsequent evolution plots for lepton asymmetry) correspond to the sphaleron freeze-out
temperature Tgp, = (131.74+2.3) GeV [386]. In the upper left panel plot of Fig.5.21, it can be
seen that with a change in y, A there is no change in the evolution of the comoving number
density of DM, which is expected as it is governed by total annihilation rates dominated
by electroweak gauge portal interactions. However, in the upper right panel of Fig.5.21,
sharp variation in comoving lepton number density is seen for different values of p,a. This
is expected as this trilinear term is assumed to be the only term violating CP and hence
the lepton asymmetry initially increases with an increase in p,n. However, it is found that
beyond a certain value of j1,n the asymmetry starts decreasing with further increase in ji,a.
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This is because beyond a certain value of y,4, the mass difference between 7z and n; starts
increasing, which in turn decreases the neutrino Dirac Yukawa couplings YV to maintain
the radiative seesaw contribution to neutrino mass. Since the CP asymmetry depends upon
both pya and Y, their relative increase and decrease lead to an overall decrease in lepton
asymmetry at some point.
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Figure 5.21: Evolution of the comoving number density of dark matter (left panel) and L
asymmetry (right panel) with z = mpy /T for different values of p,a (top panel) and va
(bottom panel) respectively. The other relevant parameters are set at m,, = mpy = 600
GeV, mat = mazs = mpo = 1.2 TeV, My = 6 TeV, M1 /M; = 1.1, Ay, = 1 x 107,
va = 1 keV (for the top panel) and p,n = 10i GeV (for the bottom panel).

On the other hand, in the lower left panel plot of Fig.5.21 we can see that the DM relic
decreases beyond a certain small value of va. This is because, beyond a certain small value
of va, the Yukawa coupling of leptons with triplet scalar namely, Y2 o vgl become large
enough (for a fixed contribution of type-IT seesaw to neutrino mass) such that the annihilation
of n through the scalar triplet becomes much more dominant compared to the annihilations
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involving the electroweak gauge bosons. Therefore, the DM relic is primarily determined by
the strong annihilations involving the Yukawa Y2. From the lower right plot of Fig.5.21 it
can be seen that with the increase in va, the asymmetry first increases, but beyond a certain
value of va the asymmetry decreases with increasing va. As va increases, the Yukawa Y2
decreases (for a fixed contribution of type-II seesaw to neutrino mass) and therefore the
washout due to ¢/ — nn decreases which leads to an increase in the asymmetry. However,
beyond a certain large value of va the washout effects become very small. At the same time
due to the decrease in Y2 the generation of asymmetry itself becomes small leading to a
decrease in asymmetry with further increase in va.

1000 [T T

0.1 vl v vl il il 4\ Lol 5\ Lol 6\ uum7
0.1 1 10 100 1000 10 10° 10° 10
va (eV)

Figure 5.22: Viable parameter space in p,a versus va plane which can generate the observed
baryon asymmetry as well as correct DM relic. The other important parameters are fixed
at my,, = 600 GeV, ma+ = ma++ = mao = 1.2 TeV, )\}/{n =1x107°, M; = 6 TeV, and
Mj+1/Mj =1.1.

In Fig.5.22 we show the viable parameter space from successful WIMPy leptogenesis
and correct DM relic in p,a versus va plane while other relevant parameters are fixed at
benchmark values and assuming a standard radiation dominated universe. From Fig.5.22
one can clearly see that there is an upper limit as well as a lower limit on the allowed values
of va and piya. Quantitatively the bounds on va and p,a are found to be 30 eV S va S 0.7
MeV and 0.25 GeV < pya S 88 GeV respectively. When vy is very small, the Yukawa
coupling Y2 o v is so large that the washout effects coming from the processes £/ — 1n
are too strong to give rise to correct asymmetry. On the other hand when va is large the
Yukawa coupling Y become too small to generate sufficient asymmetry. One would expect
that the decrease in Y due to the increase in va can be compensated by increasing A
however, that is not to be true as increasing p,a also increases the mass splitting between
nr and 17 which in turn decreases the Yukawa coupling YV. It should be noted that lepton
asymmetry can, in principle, be generated from A decay as well. However, since WIMP
annihilation is generating asymmetry at a lower scale, the high scale production of lepton
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asymmetry remains sub-dominant, as we show in Appendix D.3.

In Fig.5.23, we show how the viable parameter space in p1,a versus va plane changes with
the change in the mass of N; (left panel plot) and with the change in the mass hierarchy
among the RHNs (right panel plot). It is observed that with the increase in M; as well as
the mass hierarchy we require larger pi,a to generate the desired asymmetry. This is due to
the propagator suppression of the CP asymmetry coming from the ¢-channel diagram shown
in Fig.5.20. This can be compensated by increasing the value of p1,a. Also with the increase
in pi,a the washouts increase which results in a requirement of a larger va. There exists
an interplay of these two effects as a result of which the parameter space shifts towards the
higher values of ji,n as well as va.
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Figure 5.23: Viable parameter space in p,a versus va plane which can generate the observed
baryon asymmetry as well as correct DM relic. The other important parameters are fixed at
My, = 600 GeV, my = mazs = mpo = 1.2 TeV, Ny, =1 x 107°,

5.4.2 WIMPYy leptogenesis in FEU

In WIMPy leptogenesis scenario, we need to write the Boltzmann equation for L asymmetry
too along with the one for DM. Assuming the universe to be dominated by the ¢ field only till
the WIMP freeze-out that is, T' > T}, we can simply write the relevant Boltzmann equations
as

dy, s(z=1) ) )
dz Y= (e 5.52
LR s
dYarL s(z=1) 5 ) ,
dz z27n/2,zf/2Hrad(Z =1) <UU>”’7H“ [ n ( 7 ) }
_YALYleqT’27<UU>m7—>M N YALYTqu<O'U>né—>n€) . (5.53)
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While we write the simplified form of equations here, we consider the complete function
L(n, z, z,) in the numerical calculations. In Fig.5.24 we show the evolution of the comoving
number density of dark matter and L asymmetry for different values of the FEU parameter
n keeping the other important parameters fixed.
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Figure 5.24: Evolution of the comoving number densities of dark matter (left panel) and L
asymmetry (right panel) with z = mpy /T for different values of FEU parameter n. The
relevant parameters are set at m,r = 600 GeV, ma+ = maz+ = mao = 1.2 TeV,M; = 6
TeV, M1 /M; = 1.1, pya = 10i GeV, )‘}Ifn =1x 1075 and van = 10 eV (upper panel) and
va = 0.1 eV (lower panel). Here we have taken T, = 30 MeV (2, ~ 2 x 10%).

From the DM relic plots one can see that with increasing values of n, the DM abundance
also increases. It is because, larger the value of n, larger is the expansion rate and therefore
the decoupling of the DM particles happens much earlier. However, since the decoupling
occurs at a time when the rate of annihilations is sufficiently large, a few DM particles
keep on annihilating up to a much later time giving rise to a relentless nature of the DM
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abundance, as pointed out in [353]. Due to the early deviation of 1 from its equilibrium
abundance the asymmetry also increases with the increase in n. Also, the rates of washout
processes become relatively suppressed with the increase in n because of the faster expansion.
This effect is clearly visible in the lower right panel plot of Fig.5.24 where the washouts are
relatively strong compared to the upper right panel plot. In the lower panel plots of Fig.5.24
we choose relatively smaller value of vao = 0.1 eV which leads to very strong annihilations
of n by the process nn — [l. This leads to two distinct effects on DM abundance as well
as in asymmetry. For such value of va the DM relic is primarily determined by the process
nn — Il involving Y2, For small v, the DM relic is less than the observed value in standard
cosmolgy as can be seen in the lower left plot of Fig.5.24 (keeping in mind that n = 0 leads
to standard cosmological history). Since faster expansion leads to an increase in DM relic
we expect to achieve the correct relic by increasing the value of n. Similarly smaller value
of va increases the washout coming from the process Il — nn. This results in a decrease of
the asymmetry for standard history (n = 0) as can be seen in the lower right panel plot of
Fig.5.24. Therefore, increasing the value of n can open up new regions of parameter space
consistent with the correct DM relic and the observed baryon asymmetry. In Fig.5.25 we
show evolution plots of comoving number densities of DM and L for three benchmark points
which can satisfy the observed relic density of DM and also the correct L asymmetry in a

FEU.
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Figure 5.25: Evolution of the comoving number densities of DM and L asymmetry for few
benchmark points which can generate the correct DM relic and the observed asymmetry.
The other relevant parameters are fixed at m,, = 600 GeV, Xllfn = 1075 ;ma0 = mazx =
ma++ = 1.2 TeV,M1 =6 TeV, Mj+1/Mj =1.1 and Zp = 2 X 104

In Fig.5.26 we show the viable parameter space in pi,a versus va plane in a FEU scenario.
We consider two different values of the FEU parameter namely, n = 1 and n = 3. One can
see that the viable parameter space changes in FEU from the standard radiation case. More
specifically, the parameter space gets squeezed in this plane compared to the same in standard
cosmology shown in Fig.5.22. This is due to the different interplay of these two parameters
on DM relic as well as washout processes discussed earlier. While we choose T, = 30 MeV,
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choosing larger values will reduce the effect of non-standard cosmology and bring the results
closer to the ones in standard radiation dominated scenario discussed earlier. Finally we
found the limits on va and pya to be 0.2 eV S va S 4 eV and 67 GeV S pipa S 143 GeV
for mpy = 600 GeV in a FEU with n = 1. Similarly the limits are found to be 0.068 eV
Swva S 013 eV, 285 GeV S pya S 390 GeV respectively for mpy = 600 GeV in a FEU

with n = 3.
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Figure 5.26: Scan plot showing the available parameter space in p,a vs va plane from the
requirement of observed baryon asymmetry and the correct DM relic. z, is fixed at 2 x 10*.
The other important parameters are fixed at m,, = 600 GeV, ma+ = ma++ = mpao = 1.2
TeV, Ay, =1 x107°, My = 6 TeV, and M, /M; = 1.1.

T
L n=0,T,=30 MeV,1,,=100i GeV, Ay=10" |
10°- n=1,T,=30 MeV,11,,=100i GeV, Ay;=10° |
n=2,T,=30 MeV,1,,=100i GeV, Ay,=10"

10°- e
3

S i

1 | -

103+ ‘ ‘ ‘ Lo

200 500 1000

m,, (GeV)

Figure 5.27: Scan plot showing the viable parameter space in m,, Vs va plane for different
possible FEU. The other important parameters are fixed at ma+ = ma++ = mpao = 1.2 TeV,
M1 =6 TeV, and Mj+1/Mj =1.1.
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In Fig.5.27 we show the viable parameter space in m,,, versus va plane from the require-
ment of correct DM relic and the observed baryon asymmetry for different FEU parameter
n. In this figure, the region shown by the blue colour corresponds to the n = 0 case or
equivalently to the standard radiation dominated universe. For n = 1,2 we can see that
the scale of leptogenesis can be lower than the standard radiation case. For the standard
radiation dominated universe the DM mass required to satisfy the correct relic is very spe-
cific due to strong gauge portal annihilations and therefore the viable parameter space is
appearing around a specific value of m,,,. However, as seen from Fig.5.24 for FEU, the DM
relic and asymmetry both increase with the increase in n and therefore with increase in n
we need stronger DM annihilations to satisfy DM relic and baryon asymmetry. Hence for
FEU, the viable parameter space is appearing with smaller values of va, which makes the
Yukawa mediated annihilations stronger. This also opens up parameter space with smaller
My, compared to the standard case as smaller m,, leads to stronger annihilations. Also, we
observed that with increase in va the required DM mass decreases, which is expected. How-
ever, we can not increase the value of va arbitrarily to lower the DM mass, because, beyond
a certain large value of va the Yukawa mediated annihilations of DM become subdominant
and we have to rely on the standard gauge sector to achieve the correct relic. We found
that the lowest possible DM mass is m,,, = 230 GeV for n = 1 and is m,,, = 275 GeV for
n = 2 case keeping the other particle physics parameters fixed as shown in Fig.5.27. This is
significantly lower than the standard radiation case with the same benchmark parameters.
Such low DM mass as well as low scale of leptogenesis can have promising detection prospects
from colliders to direct and indirect DM detection experiments.

5.4.3 WIMPy leptogenesis in EMD universe

In this section, we study the impact of early matter domination on WIMPYy leptogenesis
based on the model discussed in the last two sections. Since entropy is not conserved, we
do not consider the ratio of number density to entropy density while writing the relevant
Boltzmann equations for an EMD universe. Instead, we write in terms of N = na® where n, a
denotes the number density and scale factor respectively. Accordingly, we track the variation
in terms of scale factor only. The coupled Boltzmann equations for WIMPy leptogenesis in
an EMD universe can be written as follows

dN, <UU> —SM SM 2 b\ 2

da" = — "177{&4 [NZ = (Ng9)?], (5.54)
dnar, <Uv>gnﬂu 9 ean21  MAL rreq 2 NAL 1o

da = Hat [Nn - (qu) } - Ha4Nl qT’n<0'U>7m_>u - Ha4qu<JU>nf—>nl' (5'55)

Here, 7, is defined by r, = Nf9/N/. Eqs.(5.54) and (5.55) have to be solved simulta-
neously with Eqs.(5.40) and (5.41). The Hubble parameter and the relativistic degrees of
freedom contributing to the entropy density of the universe are represented by the usual
symbols H and g, respectively. As discussed earlier in section 5.2, there are two important
cosmological parameters in this scenario which are the ratio of ¢ energy density to that of
the radiation at the initial temperature k& = pgl /p, and the Ty,q4. Therefore we study the

rad
impact of these parameters on the asymmetry and DM relic.
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Figure 5.28: The comoving number densities of DM and L asymmetry with the relative scale
factor a/ag for different values of k. The model parameters are fixed at m,, = 600 GeV,
va =1keV, Ny =1 x 107°, pya = 10i, My = 6 TeV, M; 1 /M; = 1.1, and mao = ma+ =
maz+ = 1.2 TeV. Here T,,q is fixed at 2 MeV for the upper panel plots, and at 200 MeV for
the lower panel plots.

Case 1: Ting < Tspn

Here we consider the evolution of the DM relic and the L asymmetry by taking two different
values of T¢,q such that Tinq < Tgpn. In Fig.5.28 we show the evolution of the comoving
number densities of DM and the L asymmetry with the scale factor for the case when
Tona = 2 MeV and Tiq = 200 MeV respectively. While we solve the equations in terms of
N as written above, we convert it to Y = n/s = N/(a®s(a)) for both DM and L asymmetry,
shown in these plots. The entropy dilution effect on DM abundance and baryon asymmetry
is clearly visible in Fig.5.28. In an EMD universe, larger value of £ makes the expansion rate
larger since the Hubble expansion rate is determined by both py and prag. Therefore, the DM
abundance starts deviating from the equilibrium abundance at earlier epochs for larger £, as
can be seen in the left panel plots of Fig.5.28. As a consequence, the generated asymmetry
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also increases slightly. However, for larger k the late entropy dilution effect on DM abundance
and lepton asymmetry is much more dominant compared to the enhancement coming due
to the change in the expansion rate of the universe and therefore with the increase in k both
final DM abundance as well as the asymmetry decreases.

It is important to note that the entropy dilution effect in the lower panel plots of Fig.5.28
is less compared to that in the upper panel plots. The is because, we have chosen T¢,q = 200
MeV for the lower panel plot whereas T.,q = 2 MeV for the upper panel plots, implying that
the ¢ field decays when the universe is much hotter for the lower panel plots compared to
the upper panel plots. Therefore, upon the decay of the scalar field, the entropy injection
into the plasma is small compared to the entropy the plasma has. Hence it is expected that
as we increase Ty,q the entropy dilution effect will become weaker.

We run a parameter scan over the parameter va and |p,a|, by taking Teng = 2 MeV and
Tena = 200 MeV respectively while keeping the other particle physics parameters fixed. Due
to the strong entropy dilution effect, we found no available parameter space that can satisfy
the correct DM relic and the observed baryon asymmetry irrespective of the value of k (for
k> 107°) with Tiq = 2 MeV and T,,q = 200 MeV. Increasing Tiyq to 2 GeV allows some
parameter space in va — iya plane, to be discussed below.

Case 2: Ting ~ Tspn

Now we redo the analysis for DM abundance and L asymmetry by considering Teng =~ Tsph-
Here we have chosen T¢,q = 150 GeV to illustrate the phenomenology near 73,q >~ Tspn. The
results for the evolution of DM abundance and the L asymmetry are shown in Fig.5.29. In
this case, we can see that the entropy dilution effect is very feeble. It is observed that near
a particular value of £ ~ 1073 the generated asymmetry can be even more than the required

asymmetry.
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Figure 5.29: The comoving number densities of DM and L asymmetry with the relative scale
factor a/ag for different values of k. The model parameters are fixed at m,, = 600 GeV,
va =1keV, Ny, =1 x107°, pya = 10i, My = 6 TeV, Mj 1 /M; = 1.1, and mao = maz =
ma++ = 1.2 TeV. Here T,,q is fixed at 150 GeV.
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Case 3: Tong > TSph

Finally, we consider T,n,q = 250 GeV such that T,,q > Tspn. The evolution of the comoving
number densities of DM and the L asymmetry are shown in Fig.5.30. It is clearly seen from
the figure that the entropy dilution effect is not evident in this case even for large k namely,
k = 107!, On the other hand, it is observed that at least up to k ~ 107!, the L asymmetry
increases with the increase in k.

After studying the evolution of number densities for three different cases, we do a pa-
rameter scan over the parameters va and |p,a| by keeping Ti,q fixed for each of these cases.
The resulting parameter space in Case 1, for T,,q = 2 GeV is shown by the grey coloured
patch in Fig.5.31. The limits on the parameter are found to be 0.008 MeV < va < 0.05
MeV, 700 GeV < |uyal S 9 x 10* GeV in an EMD universe with & = 107% and Tpnq = 2
GeV for m,,, = 600 GeV.
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Figure 5.30: The comoving number density of DM and L asymmetry with the relative scale
factor a/ag for different values of k. The model parameters are fixed at m,, = 600 GeV,
va =1keV, Ny, =1x107°, pya = 10i, My = 6 TeV, M; /My = 1.1, and mao = ma+ =
ma++ = 1.2 TeV. Here T,,q is fixed at 250 GeV.

The same in Case 2, for Ti,q = 150 GeV is shown by the blue coloured patch in Fig.5.31.
For Case 2, the limits on the va and ji,a are found to be 0.07 MeV < va < 26 MeV, 0.02 GeV
S |pnal S 85 GeV respectively while keeping DM mass fixed at m,,,, = 600 GeV. Repeating
the same for Case 3 while keeping T,q = 250 GeV results in the light green coloured patch
in Fig.5.31. In this case the bounds on va and p,a are found to be 2 MeV < va S 260
MeV and 0.35 GeV < |pya] S 80 GeV. One can clearly see that the viable parameter space
changes for the EMD universe compared to the standard radiation dominated universe. We
also found that for larger value of k we need larger T,,q to satisfy the correct asymmetry. In
particular, we found that the correct baryon asymmetry and DM relic can not be achieved
for k > 1072 due to the strong entropy dilution coming from the matter field ¢, irrespective
of Tenq. As discussed above, there is a range of k near 1072 where the asymmetry can be
even more than the standard radiation case for sufficiently large T,.q ~ 100 GeV. Therefore,
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we have shown the viable parameter space in u,a versus va plane keeping k = 1072 for all
the three cases. It is clearly visible that the allowed parameter space reduces for Ty,q = 2
GeV compared to T,,q = 150,250 GeV, because for higher T.,4, the entropy dilution effect
is very minimal on both comoving number densities of DM and L asymmetry.

10°
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e
“a
=
= 1+ i
Tena= 2 GeV, k=107
103 ™ Tes=150 GeV, k=10 4
Tena= 250 GeV, k=107

1 1000 100  10°

v, (eV)
Figure 5.31: Scan plot showing the available parameter space in p,a-va plane from the
requiremnet of correct DM relic and the observed baryon asymmetry for two different possible

scenario of early matter dominated universe. The other relevant parameters are set at
My, = 600 GeV, Ay, =107, mao = mas = mase = 1.2 TeV, My = 6 TeV, M1 /M; = 1.1.

1012 r r T
T,,4=150 GeV, k=107 |
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Figure 5.32: Scan plot showing the allowed parameter space in m,, versus va plane. The

relevant parameters are fixed at p,a = 807 GeV, )‘iflin =1x107°, My =6 TeV, M;1/M; =
1.1.
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We then do another scan over the parameters vy and m,, by keeping the other relevant
parameters fixed. The result is shown in Fig.5.32 for case 2, 3 along with the result for
standard cosmology. We found that no parameter space is allowed for smaller values of
Tena < O(100MeV) where the entropy dilution effect is very dominant. However, near
Tena ~ Tspn, when the entropy dilution effect is very minimal we found available parameter
space as shown in Fig.5.32. The region shown by pink colour in Fig.5.32 is for £ = 0 which
represents the standard radiation dominated universe. We can clearly see an upward shift
of the parameter space along va axis in case of EMD universe from the standard radiation
dominated scenario. This is expected because for case 2, 3 with less effects of entropy dilution,
we get more asymmetry than the standard radiation case. Therefore a larger va is required
to satisfy the correct asymmetry. However, the mass of DM needed to satisfy the correct
relic does not change much from that in standard radiation domination. This is because, for
such large values of va, required to satisfy the correct asymmetry the annihilations of DM is
mainly through the gauge interactions. Therefore the DM relic is determined by the usual
gauge interactions and hence the lower limit on DM mass remains the same. The upper
bound on DM mass, however, gets reduced visibly in the EMD scenario compared to the
standard case. From these results, we can conclude that early matter domination can not
lower the scale of WIMPYy leptogenesis unlike in the FEU scenario discussed before.

5.4.4 WIMPy leptogenesis in a Scalar-Tensor theory of gravity

In this section, we study the impact of the modified expansion rate of the universe on
WIMPy leptogenesis within the framework of a class of Scalar-Tensor theories of gravity
(STG) [387,388]. In STG, gravity is described by both metric and a scalar field. In such
theories, the cosmological expansion rate deviates from the standard general relativity (GR)
and an attractor mechanism relaxes it to the standard expansion era prior to the onset of
the BBN. STG is often formulated in either the Einstein frame or in the Jordan frame with
the most general transformation between the two frames is given by

g;w = C(¢)guu + D(¢)au¢au¢> (556)

where g, and g,, represent the metrics in Jordan frame and in Einstein frame respectively.
Here C(¢) and D(¢) are so called the conformal and disformal couplings respectively. In
Jordan frame, the matter fields ¥ are directly coupled to the metric, g, and therefore the
action of the matter sector can be written as Syiatter = SMatter(Gws V). The effect of modified
gravity enters only through the expansion rate of the universe and usual particle physics
observables remain unchanged. However, in Einstein frame the scenario becomes completely
opposite. Therefore the Jordan frame is considered throughout this work. Leptogenesis in
scalar-tensor theories of gravity was studied in [360] while the implications of such non-
standard cosmology on DM relic were studied in several earlier works including [361-365]
Following the procedure of [360,364] the master equation for the evolution of the scalar
field in the conformal limit (D(¢) = 0) while ignoring its potential energy is found to be

- " 2y i / — 3w)a =
3B [1 o CY(SO)QD/]S <90 + %(90) > + [1 _ a((p)cp,]QO +2(1 3 ) (QO) 0. (557)
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Here ¢ = k¢ is a dimensionless scalar introduced for convenience and B = 1—1%.
60 -alpy)

The derivatives are taken with respect to the number of e-folds (dN = Hdt) in the Jordan
frame, which is defined with a prime f* = df /dN. The H is the modified Hubble expansion
dln C'/?2

dg

coupling. We have considered the conformal coupling to be C(¢) = (1 + 0.lexp(—8yp))%.
The choice of such a conformal function is motivated from earlier works [360,361,364]. The
number of e-folds can be expressed as a function of the Jordan frame temperature as follows,

rate in the Jordan frame. Here the function a(p) = , where C(y) is the conformal

1 . 1\ M3
N = In @(g*S(TP)> . (5.58)
T g*S(T)

The modified expansion rate H in the Jordan frame can be written as [360, 364]

qe _ 2 CO+al0)9)
a kéR 1—2/6

H?, (5.59)

k2 ~
where H? = %ﬁ, k* ~ k%r = 87G and p ~ g(T)T* for the radiation dominated era.

From Eq.(5.59) the ratio of the new expansion rate to the standard GR expansion rate is
defined as the speed-up parameter,

H [k C1+a(0)e)?]”
H |ky 1-02/6

& = (5.60)

The third term of the master equation shown in Eq.(5.57) behaves like an effective poten-
tial term which is given by Vig = In C'/2. During the radiation dominated era, @ = 1/3 due
to which the effective potential term disappears. Later, when the particles start becoming
non-relativistic, @ slightly deviates from 1/3 and the effective potential kicks in. In absence
of the effective potential, the master equation predicts a solution of the type ¢’ o e~V. This
means that any initial value of velocity will instantly become zero. As discussed in [360,364],
positive initial value of ¢ and negative initial value of ¢ lead to a very interesting scenario
where the field moves to negative values until its velocity becomes zero and then becomes
positive again as the field rolls back down the effective potential. This change in pattern in
the evolution of the scalar field leads to a peak in the conformal function C which gives rise
to a non-trivial change in the Jordan’s frame Hubble expansion rate. Later the conformal
factor becomes one and the standard GR expansion rate is recovered.

To calculate the equation of state parameter w throughout the early stages of the universe
we start writing [361,363]

35 =364 P
1-3p=2"R_N"PAZ A Pm (5.61)
p

i)
b
ey
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where the sum runs over all the particles in thermal equilibrium during the early stages of the
universe. The p,, is the contribution from the non-relativistic pressureless matter. During
the radiation dominated era the p,, is negligible. Therefore the equation of state parameter
becomes

o = %(1—@@). (5.62)

The energy density and pressure of any particle A are given by

B 0 (2 _ 42 1/2
gy = 24 / (E" = ma) ™ poyp (5.63)

2m% [, exp(E/T) £ 1

: o (2 _ m2)3/2
paf) = & / (E" = ma)" /5. (5.64)

67% Jp, exp(E/T + 1)

where g4 is the number of internal degrees of freedom of species A and the plus (minus) sign
inside the integrals correspond to fermions (bosons). In the calculation of @ we have taken all
the relevant particles in our model into consideration. Apart from the particles considered
n [364], we have three additional Majorana neutrinos, one inert doublet scalar and one
triplet scalar. We show the result for the evolution of @ in Fig.5.33, between temperature
1 MeV < T < 100 TeV. As the individual particles are becoming non-relativistic at different
temperatures, the kicks are appearing in @. We then solve the Boltzmann equations for
Wimpy leptogenesis. The relevant BEs are given below.

v, d

_ sk .
T T aE()H() CVm—ssn [¥2 — (Y9)?] (5.65)
dYarL s(z) 5 »
dz. §(z)H(z)< Vs [V = (G%7]
s z)

raca o S A D (5.66)

Here the speed-up parameter can be written in terms of the parameter z as follows

C'2(p)

1
£z . 5.67
(2) 01/2(S00)(1—04(g0)zdg0/dz) VBy/1+ a?(po) (5:67)
here B = 1—1 ! dgp . Here s(z) is the entropy density defined in the
v 0 6(1—alp) zdp/dz)? “dz by Y
) .-
Jordan frame. In terms of the Jordan frame temperature it is given by s(T') = 4—7;9*5(T)T3.
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Figure 5.33: Equation of state parameter as a function of temperature. Here T in x-axis is
equivalent to T, the temperature in the Jordan frame.

Solving the ¢ equation we show the evolution of the field ¢, the conformal factor C'(y),
the speed-up parameter and the Hubble H with z = mpy /T in Fig.5.34. It can be seen
that the field ¢ changes the nature of its evolution at a particular value of 7' depending on
the initial conditions chosen. This change in ¢ brings a non-trivial change in the conformal
factor as well as in H and hence the speed-up parameter. From the evolution plot it can
be seen that as the field moves down the potential there is an increase in the Hubble H
compared to the standard GR expansion rate, as shown in the lower right panel of Fig.5.34.
A sharp enhancement in the speed-up parameter can also be seen. But as the field rolls
back and settles at a positive value, both the conformal factor and the speed-up parameter
become one relaxing back to the standard GR case. Thereafter the Hubble H settles with
standard GR expansion rate.

We then solve the BEs together with the ¢ equation to look for the possible changes
in DM relic and L asymmetry due to the enhancement of the expansion rate. From the
L asymmetry evolution plots in Fig.5.35, it can be seen that the asymmetry increases in
such a scenario compared to the standard case. However, it is observed that the DM relic
is unaffected for mpy = 600 GeV. The reason for this is the following. For T, = 1 TeV,
the enhancement in £ is occurring near z ~ 1 and during that period the DM particles are
in equilibrium and the freeze-out of DM occurs near 20 < z < 30. Hence their abundance
does not change much. But, with the increase in £ the washout processes of the asymmetry
get relatively weaker and a rise in the asymmetry results. Also it can be seen that with
the increase in goz) and with the decrease in (py the asymmetry increases. It is because, with
the increase in <p6 and with the decrease in g, the conformal factor and the £ increases.
However, one can not increase the <p6 arbitrarily. There is an upper limit on gpé ( goz) < +6)
coming from the Friedmann equation [364].
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Figure 5.34: Plots showing the evolution of the field (upper left plot), the conformal factor
(upper right plot), speed-up parameter £ (lower left plot) and Hubble expansion rate (lower
right plot) with z = mpy/ T. Here mpy = 600 GeV and the initial conditions are chosen
to be (@0, py) = (0.2,—0.72) and T, = 100 TeV. Here T' in x-axis is equivalent to T, the
temperature in the Jordan frame.

We then look for the possibility of lowering the scale of leptogenesis by choosing the
appropriate cosmological parameters. We fix the mass of the DM to be mpy = 400 GeV
(keeping in mind that it is not allowed with standard GR expansion due to suppressed relic).
Keeping the other particle physics parameters at benchmark values as described in Fig.5.36,
we change the cosmological parameters ¢y, goz) and Ty. From the evolution plot of DM shown
on the left panel of Fig.5.36, it can be seen that both the benchmark values give rise to relic
lower than the observed one in the case of standard GR expansion (dashed lines). Apart
from the strong gauge portal annihilations, the chosen value of vao = 1 eV, also leads to
strong DM annihilations via the processes nn — [l leading to further suppression in relic.
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Figure 5.35: Evolution plot for the comoving number density of DM and L asymmetry with
different value of for ¢, with o = 0.2 (left panel plots) and for different ¢, with ¢, = —0.72
(right panel plot) with Ty = 1 TeV. The particle physics parameter are fixed at My, =
mpy = 600 GeV, Ny, = 1 x 107°, pya = 10i GeV, va = 1 keV, mpo = maz = mpze = 1.2
TeV, M; =6 TeV, and M,,,/M; = 1.1. Here T in x-axis is equivalent to T, the temperature
in the Jordan frame.

However, with the enhancement of the Hubble expansion rate in STG, both these bench-
mark points give rise to the correct relic (solid lines). Similarly, from the evolution plot of
the L asymmetry on the right panel of Fig.5.36, we can see that both these benchmark points
lead to insufficient L asymmetry at the time of sphaleron decoupling. But with the modified
expansion rate, they generate the correct L asymmetry. Therefore, we can conclude that in
scalar-tensor theory of gravity a new viable parameter space will open up with lower scales
of WIMPYy leptogenesis. Finally we do a parameter scan over the parameters mpy = m,,,
and va by keeping the other parameters fixed. We show the result in Fig.5.37. From Fig.5.37
we can see that the viable parameter space changes significantly from that in standard GR
case. This can be understood from the fact that enhanced background expansion rate in
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STG leads to an increase in DM relic as well as the L asymmetry.
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Figure 5.36: Evolution plot of the comoving number density of DM and L asymmetry with
z =mpum/ T for different benchmark values of the cosmological parameters. Here the particle
Physics parameters are fixed at mpy = 400 GeV, )‘,1,177 =1x107%, mpao = ma+ = Mp++ =
800 GeV, M; = 6 TeV, M; 11 /M; = 1.1, pya = 1000 GeV and va = 1 eV. The initial
temperature (7p) are taken to be 1 TeV (for the red lines) and 200 GeV (for the blue lines).
Here T' in x-axis is equivalent to T, the temperature in the Jordan frame.
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Figure 5.37: Scan plot showing the viable parameter space in m,, — va plane by keeping
the other parameters fixed. The important cosmological parameters are fixed at pg = 0.2,
¢ = —0.99 and T, = 200 GeV. The other relevant particle physics parameters were set at
fipa = 80i GeV, Ay, =1 x 107°, My = 6 TeV, M, /M; = 1.1.

This leads to a requirement of large Y such that the annihilation of DM through the
Yukawa interaction (nm — [l) is more compared to the usual gauge portal channels. This
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also makes the washout processes stronger which help in reducing the asymmetry. Hence
the parameter space can be seen to be shifted towards smaller values of the va. Also since
we are no longer relying on the standard gauge portal interactions to satisfy the DM relic, a
broader range of mpy is allowed compared to the standard GR case. For the specific values
of other parameters mentioned in the caption of Fig.5.37 the limits on m,, and va are found
to be 320 GeV < my,,, < 1.55 TeV and 0.02 eV Sva S 9.6 €V.

~Y
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CHAPTER O

Summary

In this chapter, we finally summarise the key results obtained in this thesis. We have studied
some minimal particle physics scenarios which provide a common framework for leptogenesis
as well as dark matter while being consistent with neutrino mass and other phenomenological
constraints. We have particularly focused on the possibility of having a low scale leptogenesis
contrary to high scale vanilla leptogenesis setups, such that the detection prospects of such
scenarios get enhanced.

In chapter 2 of this thesis, we have studied the possibility of fermion singlet dark matter
in the minimal scotogenic model along with explaining the origin of the baryon asymmetry of
the universe through leptogenesis. The stable nature of the lightest right handed neutrino,
being the dark matter candidate, leaves us with the possibility of next to lightest right
handed neutrino N, decay as the source of lepton asymmetry. Compared to the vanilla
leptogenesis scenario with /NV; decay as the main source of lepton asymmetry in the minimal
scotogenic model, here the scale of leptogenesis gets pushed above to My ~ 10! GeV, in the
case of normal ordering of light neutrino masses. However, in the case of inverted ordering
of light neutrino mass, the scale of leptogenesis can be significantly lower by several orders
of magnitude to My ~ 50 TeV. While both thermal as well as non-thermal DM is feasible
with NO, we show that IO does not allow non-thermal N; dark matter due to the neutrino
mass constraints on Dirac Yukawa coupling structures. While the scale of Ny leptogenesis
still remains moderately high with IO and very high with NO of light neutrino masses, there
exists interesting physics at low scale in terms of fermion singlet DM and inert scalar doublet
which can be probed at experiments.

In chapter 3 of this thesis, we have proposed a model to implement the idea of leptogenesis
from three-body decay of a heavy particle with some of the final state particles playing the
role of dark matter. Non-zero CP asymmetry arises due to interference of multiple three-
body decay diagrams with resummed propagators. The minimal setup consists of three
singlet fermions and two scalar fields: one singlet and one doublet beyond the standard model
field content. While two of these singlet fermions and the additional scalar doublet help in
generating light neutrino masses one-loop level, the other two particles help in realising the
desired three-body decay leptogenesis. Due to the presence of new parameters which affect
CP asymmetry but not neutrino mass, and phase space suppression of three-body decay,
the scale of leptogenesis was found to be lower than usual two-body decay leptogenesis in
scotogenic model. The minimal setup also leads to a two-component dark matter scenario
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in terms of scalar singlet and neutral component of scalar doublet, giving rise to a rich dark
matter phenomenology. Possibility of leptogenesis at a scale as low as 2 TeV without any
resonant enhancement or fine-tuned mass spectrum, keeps the discovery prospects of such
models very promising at near future experiments.

In chapter 4 of this thesis, we have proposed a minimal scenario to achieve successful Dirac
leptogenests at a scale of few tens of TeV along with dark matter by considering a gauged B —
L extension of the standard model. While light Dirac neutrino mass is assumed to arise from
SM Higgs coupling for simplicity, additional heavy Majorana fermions are introduced in such
a way that leads to A(B— L) # 2 processes, required to prevent Majorana mass contribution
to light neutrinos. These heavy neutrinos can couple to SM lepton doublets via an additional
Higgs doublet and hence can lead to the generation of lepton asymmetry through standard
out-of-equilibrium decays. Since the relevant Yukawa couplings involved in such decays
remain decoupled from light neutrino mass generation, they can be tuned freely so as to
realise successful Dirac leptogenesis at low scale. Since these heavy Majorana fermions
have gauged B — L interactions, the corresponding gauge washout effects play non-trivial
role thereby giving constraints on gp;, — My, parameter space from successful leptogenesis
criteria. Additionally, the Dirac nature of light neutrinos leads to additional relativistic
degrees of freedom which can be thermalised due to gauged B — L interactions and hence can
be constrained further from Planck 2018 bounds on such additional thermalised relativistic
degrees of freedom A Nog. While the additional scalar doublet 77 can be a stable DM candidate
by itself, its degenerate neutral components give rise to a large direct detection rate, similar
to sneutrino DM in MSSM. This requires sub-dominant contribution of 7 to DM relic and
we show that it can be achieved only when its annihilations into Zg;, becomes kinematically
allowed, further constraining g, — Mz,, parameter space from the requirement of its under-
abundance. On the other hand, additional chiral fermions are needed to make the model
anomaly free. We show one possible way of cancelling these anomalies with the inclusion of
four chiral fermions with fractional B — L charges. With an appropriate choice of singlet
scalars, these fermions give rise to two Dirac fermions, eligible for being DM candidates.
We show that the criteria of correct DM relic from fermion DM along with sub-dominant
scalar doublet while being in agreement with direct detection data constrains the ggr, — Mz,
parameter space significantly. For two different scales of leptogenesis we considered, only
the higher one namely, M; = 80 TeV gives rise to some common parameter space consistent
with all criteria and experimental bounds. Future LHC runs as well as CMB measurements
will be able to probe the entire parameter space consistent with successful Dirac leptogenesis
and thermal dark matter.

In chapter 5 of this thesis, we have studied the possibility of generating correct baryon
asymmetry and dark matter relic in the universe by considering non-standard cosmological
epochs prior to the BBN era. While leptogenesis in non-standard cosmology has not been
studied much in the literature, we also looked for the possibility of lowering the scale of
leptogenesis compared to the one in standard ACDM cosmology. In the first part of this
chapter, we consider the usual leptogenesis from heavy neutrino decay in the scotogenic model
discussed earlier with the inert scalar doublet being the DM candidate. We incorporated two
different non-standard cosmological histories namely, a fast expanding universe and an early
matter dominated universe. While DM relic calculation in such non-standard cosmological
epochs were studied earlier, the detailed calculations for leptogenesis were missing. We
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find that the fast expanding universe scenario allows a low scale leptogenesis in this model,
keeping it around a few tens of TeV. However, the early matter domination scenario pushes
the scale of leptogenesis to high scale. While the modified Hubble parameter affects the rates
of decays and scattering relevant for leptogenesis in a complicated manner, the requirement of
a higher scale of leptogenesis in EMD scenario is primarily due to the need of overproducing
the lepton asymmetry initially to survive the subsequent entropy dilution.

In the second part of chapter 5 we have studied the impact of three different non-standard
cosmology scenarios on leptogenesis while considering the lepton asymmetry to be originat-
ing from WIMP type DM annihilations. Unlike the earlier studies in this thesis, this provides
a stronger connection between the origin of baryon asymmetry and DM, giving rise to a co-
genesis setup which can explain the baryon-DM coincidence. Since the minimal scotogenic
model discussed before does not allow for this possibility, we extend it by a complex scalar
triplet field such that light neutrino mass can arise from a combination of type-II and sco-
togenic seesaw. The neutral component of the Zs-odd scalar doublet is considered to be the
WIMP DM having both lepton number violating and lepton number conserving annihila-
tion processes. After reproducing the known results for WIMPy leptogenesis in standard
cosmology, we implement it in three different non-standard cosmology scenario namely, fast
expanding universe, early matter domination and scalar-tensor theory of gravity. Apart from
the shift in parameter space compared to the standard cosmology scenario, we also found
the scale of leptogenesis or equivalently the WIMP DM mass to be lower in FEU and STG
scenarios. This can open up interesting detection prospects of such lighter DM at both direct
as well as indirect detection experiments together with colliders. This is in sharp contrast
with canonical seesaw or leptogenesis scenarios where the scale remains out of reach from
direct experimental probes.

The minimal scenarios studied in this thesis not only provide a unified framework for lep-
togenesis and dark matter together with light neutrino masses, providing a solution to three
longstanding problems in the standard model of particle physics. While some of these sce-
narios also lead to a low scale leptogenesis around the TeV corner bringing it within the reach
of colliders, all the models we have studied can have several interesting and complementary
detection aspects. For example, most of these models should face further scrutiny with future
data from collider, neutrino, cosmology as well as rare decay experiments looking for charged
lepton flavour violation, neutrinoless double beta decay etc. In fact, future observation of
neutrinoless double beta decay can rule out the Dirac leptogenesis scenario we have discussed
in chapter 4. Charged lepton flavour violation like yp — ey, u — 3e and pu — e (Ti) con-
version in scotogenic type models can be sizeable and saturate experimental upper bounds
on corresponding branching ratios as discussed in several works including [138, 389, 390].
Another interesting prospect could be to the role of additional scalars in driving cosmic
inflation. As shown in the recent work [143], the Zs-odd scalar doublet in the scotogenic
model can give rise to an inflationary phase of expansion at very early epochs of the uni-
verse through its non-minimal coupling to gravity, while playing the role of DM at the same
time. Another interesting prospect of probing our model can be in the form of gravitational
waves (GW) from a strongly first order phase transition (SFOPT). In a recent work [390],
it was shown that in the minimal scotogenic model, the criteria of SFOPT constrains the
scalar sector a lot, leading to a scalar DM parameter space in tension with direct detection
bounds. Presence of an additional singlet scalars, as in the model studied in chapter 3, whose
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mass is not as constrained as the inert doublet components, the SFOPT criteria is likely to
be satisfied with more freedom. The the non-standard cosmological scenarios, discussed in
chapter 5 can also have interesting GW signatures [391,392]. In fact, such non-standard
cosmological era leads to tilts in GW spectrum with amplification of amplitude in high or
low frequency regime depending upon the equation of state [392-394]. Accordingly, such
non-standard era can be constrained from its effect on primordial GW spectra generated by
inflationary dynamics or by other sources like topological defects. Firstly, this can be con-
strained from non-observation of primordial GW at existing experiments. Secondly, if GW
starts dominating the radiation energy density of the universe it can give rise to additional
AN.g which is constrained from BBN and CMB measurements. Such bound on AN, can
be used to put upper bound Qgwh? < 107°. In order to keep the amplified GW amplitude
in non-standard cosmology within these bounds, the inflationary scale has to be lower than
the maximum allowed value in standard cosmology Hi,s < 107Mp;. These bounds can be
strong in scenarios where the equation of state parameter is much stiffer than radiation, like
in FEU. It will be interesting to study such complementary probes of these models while
also improving them theoretically to solve other puzzles in particle physics and cosmology.
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APPENDIX A

Here we explain the details of the R matrix used in chapter 2

A.1 Choice of R matrix and N, leptogenesis

The choice of complex orthogonal matrix R that appears in the Casas-Ibarra parametrisation
of Yukawa couplings (3.12), is crucial for both leptogenesis and dark matter phenomenology.
In general, it can be parametrised by three complex parameters. In case of only two right
handed neutrinos, the R matrix is a function of only one complex rotation parameter z =
zr +iz1,zr € [0,27],2; € R [178]. This does not leave much freedom in choosing R and
gives rise to a lower bound on the scale of leptogenesis very similar to the Davidson-Ibarra
bound M; > 10% GeV [64] even in scotogenic model with two right handed neutrinos [113].
However, in our case, although leptogenesis is due to Ny decay, we still have more freedom
in choosing R compared to the two right handed neutrino scenario. As discussed in the main
text, our choice of R matrix is

1 0 0
R=|0 cosz sinz (A.1)
0 —sinz cosz

Recalling the relation between Yukawa and R (3.12) that is, ¥ = UD,/*R'AY/2 and the
product of Yukawas relevant for CP asymmetry (Y1Y);; = /A;A;(RD,RY);;, we calculate,
for the above choice of R matrix, the following quantity

mi 0 0
RD,R' = [ 0 mycosz(cosz)* +mgsin z(sinz)*  —my(sin 2)* cos z + ms(cos 2)* sin 2
0  —ma(cos z)*sin z + mgcos z(sin 2)*  —meg(sin 2)* sin 2z 4 ms3 cos z(cos z)*

(A.2)
This clearly gives a non-zero complex entry in (Y'Y )3 which will contribute to net CP
asymmetry €; in accordance with Eq.(C.27). This choice of R also explains the reason
behind the difference in the scale of leptogenesis we obtained for NO and 10. As can be seen
from the CP asymmetry parameter € given in (C.27), it is also inversely proportional to
(YTY)go. Therefore, for maximum CP asymmetry (Y'Y )sy should be smaller and imaginary
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part of ((YY)y3)? should be larger. As can be seen from the matrix given in Eq.(A.2), the
(22) element can be made very small for IO by choosing z in such a way that makes cos z
small. The term containing sin z can be small by choosing mgs arbitrarily small. Since we are
not making sin z arbitrarily small, we can still have a larger (23) term of the matrix (A.2) to
enhance the CP asymmetry parameter e5. However, in case of NO, we can not choose either
mg or ms to be small and hence it is not possible to get a hierarchy between (23) and (22)
terms of the matrix (A.2). Therefore, the only way that can increase the CP asymmetry
parameter is by pushing the scale M, up. This results in higher scale of leptogenesis in NO
compared to that in 10.

If we had taken a different choice of R, with the rotation parameters either in 1 — 3 plane
or 1 — 2 plane, we will get

my cos z(cos z)* +mgsinz(sinz)* 0 —my cos z(sin 2)* + mg(cos z)* sin z
RD,R' = 0 my 0
—my(cosz)*sinz + mgcosz(sinz)* 0  my(sinz)* sin z 4 mg cos z(cos z)*
(A.3)
and
my cos z(cos z))* + mgsin z(sin 2)*  —my cos z(sin 2)* + mg(cos z)*sinz 0
RD,R' = [ —my(cos 2)* sin 2 4+ mg cos z(sin 2)*  my sin z(sin 2)* + mg cos z(cos 2))* 0
0 0 ms
(A.4)

respectively. Clearly, the rotation only in 1 — 3 plane can not give rise to non-vanishing CP
asymmetry in our case, as both (Y1Y )3 and (Y1Y),; terms appearing in CP asymmetry
formula (C.27) are vanishing as seen from (A.3). A rotation in 1 — 2 plane can however, give
rise to a net CP asymmetry, as seen from (A.4). We now try to estimate the strength of the
resulting lepton asymmetry from such a choice of R. Let us choose the R matrix to be

cosz sinz 0
R=|—sinz cosz 0 (A.5)
0 0 1

with 2z = 0.82 + 1.42¢ for NO and z = 0.48 — 0.58: for I0. We then solve the coupled
Boltzmann equations to find the evolution of Ny number density and B — L asymmetry for
both NO and IO. The resulting plots are shown in Fig.2.2 and 2.9 respectively. As can be
seen from these two plots, the net lepton asymmetry generated for such a choice of R matrix
remain several order of magnitudes smaller than the required one '. Therefore, it justifies
the use of 2 — 3 rotation in R matrix as was done in the main text. We also check that,
it still remains suppressed even if we push the scale of leptogenesis higher say M, ~ 10
GeV. Apart from the R matrix, another factor which affects the resulting asymmetry is the
loop function F'(rj;,n;) in CP asymmetry formula (C.27). For 1 — 2 rotation, it is effectively
the contribution from N; in loop which is contributing the net CP asymmetry from N,
decay. Since N; is lighter than Ny we have r;; = 112 < 1 and the loop factor F(ria,72) gets
suppressed in this regime. On the other hand for 2 — 3 rotation the loop factor F(rsq,n)
can be large as we are in the regime rj; = r3p > 1.

'Here, for simplicity, we have not considered AL = 1 washout processes, including which, will lower the
asymmetries further.
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Now, coming to the implications for dark matter sector, let us consider the R matrix to
be a multiplication of two different rotation matrices R = Ry3R13 given by

cos 2’ 0 sin 2/
R=| —sinzsinz’ cosz sinzcosz' (A.6)
—coszsinz —sinz coszcosz’

This choice of R matrix will give us the following Yukawa couplings for N; to the three
lepton generations

Vmiv A (cos 2') Uy + /mgyv/ A (sin 2')*Uys
Y = | vmav/Ai(cos 2" ) Usy + /mszv/Ai(sin ) Uss (A7)
VmivAi(cos 2')Usy + /magv/Ai(sin 2')*Uss

where U;; are the PMNS matrix elements. If we set 2’ = 0, we recover the first column of
Yukawa matrix given in Eq.(2.41). In that case, as we mentioned earlier, if we have normal
ordering of light neutrino masses, we can have small Yukawa couplings of N; by choosing
small m;. Or else, we can choose sizeable Yukawa by choosing large values of m;. These two
scenarios can lead to thermal and non-thermal dark matter possibilities respectively. Now,
for inverted ordering, we can not have arbitrarily small Yukawa in the z’ = 0 limit which we
discussed in the main text above. Since for inverted ordering ms can be arbitrarily small,
we can choose z' in such a way that cosz’ is very small. This can in principle give rise to
tiny Yukawa couplings of N in inverted ordering case, realising the non-thermal dark matter
scenario. Since 13 rotation parameter z’ does not produce non-vanishing CP asymmetry as
mentioned earlier, we did not discuss it in this work.
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APPENDIX B

Here we show the details of CP asymmetry derivation in three-body decay used in chapter
3.

B.1 CP asymmetry from three-body decay of 1)

Let us start deriving the most general expression of asymmetry from an out of equilibrium
process. The usual amplitude for a process is given as

iMinp=E X AxXuw, (B.1)

where £ comprises of all the couplings and w comprises of all the wave functions of
outgoing and incoming particles. Finally A contains all the rest of the term of the amplitude.
For a non-zero CP asymmetry to be created one need at least two amplitudes for a process
as shown in Fig.B.1.

S(p2),”  nps),’ S(p2) rr(pz),"

’ ’ ’ s
s 7 ’

v(p) S 1(ps) vip) S l(ps)

Na(p) Ny(p)

Figure B.1: Two processes for the three-body decay.

Then the total amplitude for the process can be written as,
'iMi_>f = [51./41 + 52./42}0}. (BQ)

Similarly, the amplitude for the process corresponding to its antiparticle counterpart is
given as,

iM; ;= [E] AL+ £ AsJw'. (B.3)
The corresponding amplitude squared terms are given as,

| M,‘_Uf |2: (| 51 |2| ./41 |2 + | 52 |2| ./42 |2 —I—QRe[EfEQ]Re[A{AQ] — QIII][ETEQ]IHI[.A’{AQ]) |(w |2)
B4
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| Mis7 P= (1 & Pl AP 41 & PP As [P +2Re[€16;]Re[ AT A — 2Im[E, E5]Tm[A] A]) | w |
(B.5)
and therefore, the asymmetry is calculated to be,

0 =[ Misy [P = | Mz "= —AIm[E7EIm[ATA] | w 7. (B.6)

In the following subsections we first calculate the CP asymmetry by using the resummed
propagators and then verify the same by tree-loop diagram interference calculation.We have
adopted the two spinor notations from [395] throughout the derivations.

B.1.1 Calculation of the CP asymmetry using resummed propa-
gator

Before doing the CP asymmetry calculation using resummed propagator let’s calculate the
resummed propagators first. In Fig.B.2 we show the diagrammatic representations of the
full loop corrected propagators for two component fermions. For a detailed calculation on
resummed propagator please see [395].

a B a B
L
i J i J
ip.o,;C/ L'p.&"’q(CT)}
@ 3 « B
[E— .
i J 1 J
i3 D' i D

Figure B.2: The full loop corrected propagators for two component fermions are associated
with functions C(p?)! and its matrix transpose, D(p*)¥ and D(p?);;. The square boxes
represent all the sum of all connected Feynman diagrams, with external legs included. The
four-momentum p flows from right to left.

The full propagators can be organised in terms of one particle irreducible (1PI) self-
energy functions [395]. These are defined as the sum of Feynman diagrams to all orders in
perturbation theory (with the corresponding tree level graph excluded) that contribute to
the 1PI two-point Green functions.

iD ip.cC i(m+ Q) —ip.o(1— =)\
. ~T . = L —_ Ll ~ (B?)
ip.cC iD —ip.a(1 —Z2) i(m+

~—
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The right hand side of the above equation can be evaluated by employing the following
identity for the inverse of a block diagonal matrix,

(9 S (pmasimy mesenny g

under the assumption that all inverses, appearing in the Eq.(B.8) exist. Applying this result
to the Eq.(B.7) we get,

C' = s(1-2)—(m+Q)A-=")"m+Q), (B.9)
D' = s(1-E(m+Q)'1-E") ~ (m+9Q), (B.10
D' = s(1-ENm+Q)7'1-2) - (m+Q), B.11

where s = p?. Taking the inverse and keeping the calculation up to one-loop order,

C = [s(1-2)(1=ET) = (mm+mQ+mQ)] 1-E7) ="

1 - 2T
 5(1— (E+ET)) — (mm + mQ + m)
=T

[s —m? = (s(E+ET) + mZ + mQ)]

1—g7
| (s —m2) [1- (s(2+ZT) + mQ + mQ)
s —m?

1==F s(Z+ET) + mQ + mQ
(s —m?) s —m?
1 SZ + m2ET + mQ + mQ
= B.12
5 —m?2 + (s —m?2)? ( )

Similarly, for the mass insertion section it can found out that,

m s(mZ + m=T + Q) + m?Q

b= s — m? i (s —m?)? (B.13)

_ m ms(Z +ET) + sQ + m2Q

D = =(D)". B.14
s —m? * (s —m?2)? (D) ( )

To calculate the CP asymmetry let us consider the tree level diagrams with the resummed
propagators. The amplitudes for the tree level diagrams with the resummed propagators
(denoted by subscript ¢ and j) can be written as

M, = Diixgy&,yfhfa + Ciixgﬁpx\pyih (B.15)

M; = Djalybyihs, + Cialopray;h
With the total amplitude M being,

(B.16)

*
Jor

TH-3117_176121007



175

M = M; + M,;. (B.17)
Taking the interference, the asymmetry in the amplitude level can be found to be
d=| M =M
= Im[y; hiyihjeIm[D; D] Tr[P.opy.0]
+ Im[y;y; hip o Im [C;CF | T [ PL.0G .ppy .0 G .p]
[Im[ylhmy]hja]lm[CiD | + Im[y; R, h]a]Im[DiC;H Tr[Py.00.p|my. (B.18)

zayj

The relevant quantities coming from the interference of the resummed propagators can be
found out to be (keeping the calculation up to one-loop order),

M, ( (M”*—i—MHJ)—i—p?Q*—i—MQ*)]

Im[D; Dj] = Im [

M;  (PP(ME; + M=) + p*Q; + M2
I 1 - ! 1 o B.19
o Lﬂ — M? ( (p? — M})? (B.19)
Similarly,
277 2= * — —
= —|—M = +MQ +MQ 2:%' M= + M, + M),
m[C;C7] =Tm {p e rec ng " Z]\; . ] . (B.20)
(p* — M?)(p? j) (p? — 22 (p* - j)

m[C.D*] —Im {zﬁ(MiE;‘ + ME] ) + MQ; | M + MPE, + M0 + M, Q*)]
o (p* = MZ)(p* — M?)? ( — M?)(p?* — M7)? ’
(B.21)

2(MiZ; + MiEs + Q) + M2 M;(p*=5 + M2E; + M;Q; + Mﬁ?)]

¥ =Im '
m[D;C}] =1 { (p? = M7)(p* — M})? (p? = M?)(p* = M3)?

(B.22)

For our case the self-energy functions in two component spinor notation are diagrammat-
ically shown in Fig.B.3, B.4 and B.5 and they can be found out to be,

—\i Ui Y; hzlhj 2,2\ _ (=
(2); = {gales(s ,m%,m2) +Z - I s (s,m?, m?) = (), (B.23)
—TN\i yzy* hzlh* —_
(“T)j = JQIFS<87m%I7m%) + Z 2 [FS(S ml27 2) = (‘:’T)a (B24)
167 l 167
ii _ YilY;
Q)7 = 167 ng‘IfIFS(S m?y,ms) (Q), (B.25)
= Yi Vj -
(Q)i; = 167 Jg mu g (s, mq,,ms) Q). (B.26)
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Figure B.4: Diagrammatic representation of (Z)%.

Here,

Ins(s, ,y) = 2% 1|l = u)Bls; x;;) . wd) (B.27)

1
Iﬁ(s,.f, y) = E _ BO(S; I7y) <B28)

where, Ay and By are the Passarino-Veltman functions. For identical right handed neutrinos
N; on external legs, we use the notation Z;,€;, as seen in Egs.(B.19), (B.20), (B.21), (B.22)
mentioned above.

Using Egs.(B.19),(B.20),(B.21) and (B.22) in Eq.(B.18) we get final expression of the CP
asymmetry. To find the CP asymmetry parameter €, defined in Eq.(3.16) we perform the
three-body phase space integration numerically without any assumption. While we do not
write the final CP asymmetry expression in this subsection, it is identical to the one derived
using the interference of tree-loop diagrams as we show in the next subsection.

B.1.2 CP asymmetry calculation from tree-loop interference

In this appendix we calculate asymmetry parameter from the interference of tree and one-
loop diagrams. The relevant diagrams in the tree level are shown in Fig.B.6. The amplitudes
for the tree level diagram can be written as,

xlTE.px\p

o =yl
ZMO =, h —Mz + ylhlam

1Y (pg _ MzQ) (B29)

For a Majorana fermion ¢ there are two sets of diagrams contributing to the three-body
decay at one-loop. These diagrams are shown in Fig.B.7 and B.8 respectively.  For the
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Figure B.5: Diagrammatic representation of ()% and ();;.

Figure B.6: Tree level diagram contributing to the three-body decay of 1

diagrams in Fig.B.7, the corresponding amplitudes can be written as

A — g r{7.p.pyy(E)] M ot ST P(;0py
A Yitja ( 2 —M2)2 Yija (p2 _M2)2
i
b 7o py M;(2); b 2] M3 ()94
Yija ( Mf) Yitja ( 2 Mf)Q

*px %Tyfp 2 = 200
= jh]am [ [M‘(u) + M;(E); + (Q);] + M; (©);] - (B.30)

Similarly, for the other set of four one-loop diagrams in Fig.B.8, the amplitude can be written

as,
/\/11" yihd. azlapi PO p(ZEgJ:E\p + bt x;rﬁ.];Mj (52)J2:U\1/
(p* — M3) (p? = M3)
oyl xlTE.pxq,MjQ(E)T e 2. pry M;(Q), (B.31)
j 2 Yiltja '
(p* — M})? (- M2

t—=
« L;0.pT —_ —_ O
=y, I} (21——M\P2) [P*(2); + MF(2)] + M;(); + M;(Q),] -
J

Therefore, the total amplitude for the decay at one-loop level can be written as

M =M] + M) (B.32)
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Figure B.8: Feynman diagrams contributing to the three-body decay of ¥ at one-loop level.

The asymmetry parameter is given by

o= M —| M

— Al MOM* + MIMY]
e N g
+ AIm[y; kY hja [ 2 _)]\;—2)]\(4( )]\}—3?;] + MEQ)]] Tr[P.opy.0]
+ AIm[yihi, v hjo [Im it MJ\Q/I(Q)E i M]\}?;;;L MJQ_;] Tr[Py.op.opy.op.c]
+ AIm[y;hi, Y5 hja {Im E()p;_ MQE))( j_M](f[j;)+ MZE]} Tr[PL.op.cpy.op.T)

Im E)* +M2(’_‘T) +Mij +MJQ_]]
+ AIm(y; bl Yy b : M;myTr[P,.0G.p)
f P~ MDY — ML)
Im|[p MZE + Mi(2)i + Q) + M2(Q); _
+ Alm[y; by h [ ( M2)<(> — M)Q) () ]} myTr[P,.0G.p]
i J
Im[p?[M;(Z); + M;(ET)s + Q5] + M7 B
+ 4IH1 yz 'Lay] ja p — MQ)( M2) ] Tr[PL.cra.p]m\I,
Im[p E +M2( ) +MQ + M€Y
+ Am[y; Al yihja [ M;myTr[P,.05.p]. (B.33)
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Note that for the full loop corrected propagators (E7)* = Z and Q = Q*. One can easily
figure out that the asymmetry we have from tree-loop interference calculation matches with
the asymmetry we got in Eq.(B.18) after replacing the resummed propagators.

B.2 Two-body decay of N,

The decay width for the decay N; — nl is given by

M,

I'n, 8 ==
1 n 87T

(hh)1, (1 - %)2 (B.34)

The CP asymmetry parameter for Ny — I;n, [;7 is given by

2

1 Mz m; M} m?
= f | 72, | Im[A5 R (RTR) 0] — ————= (1 — —2% | Im[h}jhH
E(N1):i 8t(hth)n [f (M127M12 m(hy; hia(h'h)1s] MZ — M2 M2 m[hj; his Hol

(B.35)

where, the function f(rj;;,n;) is coming from the interference of the tree-level and one-loop
diagrams and has the form

(1 —2n; +r5) rji =1}
om) 3 — 1 1 0 B.
o) = v |1+ o2 Tt (B.36)

with rj; = M7 /M? and n; = m? /M. The self energy contribution H;; is given by

M.
L+ (hh);; (B.37)

Hy; = (hh)y 7.

Now, the CP asymmetry parameter, neglecting the flavour effects (summing over final state
flavours «) is

L Im[((hh)1)?

m \/EF(TH, M) (B.38)

EN; =

where the function F'(rj;,n) is defined as

F(rse ) = V5 | FOrgem) — 21— | (B.39)
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Here we show the details of a few calculations relevant for chapter 4.

C.1 Scalar mass matrix diagonalisation

After putting Eq.(4.18) in Eq.(4.16) we have found out the 5 x 5 mixing matrix for the real

. o1
scalar fields in the basis E
!
My,
0
/
Mgin
/
mSzh
/
mSgh

/
Mg, s,

/
mg, s,

!
Mg, S,

!
mg,s,

/
Mg, s,

TH-3117_176121007
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(h, Ng S; Sy Sé) which has the following form

! !
Mps,  Mps,  Mpg,
0 0 0

/ / !
Mgs, Mgs, Mgsy
/ / !
Mg, Mg,s, Mg,
/ / !
Mg,5, Mgy5, Mg,s,
2’02)\ H,

/
VUL A, = Mg p,,

!
VUIAH D, = Mg,n)

!
VUsAH®; = Mgy,

Aufdg, — V2usuzpy
2U1 ’

Uz g /
UTU2 Ay g, + A e

Ua e ’
UTUZAG, g5 T M

4ud g, — V2urusgiy
2U2 ’

Uq e ’
u2u3)‘¢2¢3 + \/5 = Mg,8,,
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where

4u3 g, — V2uruafiy
2U3 ’

/
mMg,s, =

’

1 /
m = 3 (UQ(AHn + Apry) F Ui Aoy + U A, + UTA g, + 2#%) : (C.2)

TRTR 2

Diagonalising this real symmetric matrix by the orthogonal matrix Oy the physical states
can be identified as

h h
s "R
55 S
Sq Ss
where
Os = 012013014015 (C.4)
Similarly for the pseudo scalar the 4 x 4 mass matrix is found to be
my 0 0 0
0 mAlAl m;AlAz mA1A3 (05)

! !

0 Ma,a, Masa, Maya,
! / !

0 Mg, a, Maza, Masa,

where
! Ly, 1 2 2 2 2
Myme = 5 (U ()‘HW + )‘HT]) + ul)‘fldn + u2)‘77¢>2 + u3)‘77¢3 + Mn) )
/ . U2U3 g
mA1A1 L — \/_u1 9
’ - U3/,L¢ ’
mA1A2 . \/§ A2A1 )
’ W UQ,LLd) ’
mAlAg 7 \/§ A3A1 )
/ M U Uz e
mA2A2 - r \/_u2 )
’ Ul/,b¢ ’
mAQAS = A3A2 N (C6)

V2

C.2 Relevant cross sections and decay widths

The cross section for the process NyN; — ff is found out to be

/ 2
ni9pr 4
ON\ Ny fF g n2N¢ 2m?% + s (C.7)
NiN1—ff — 487T{(3 _ ZBL) ZBL ZBL} ff ( f )
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where n¢(n,) is the charge of the SM fermion f (N;) under the U(1)_1, and Nfo is the colour
multiplicity of the fermions.

The total washout term W%l given in Eq.(4.7) contains multiple washout processes and
can be identified to be

Wl = Win + Wiz, oy + Wi anyzs, + Wine—ins + Wiws(z)—nm,
Win, —in;- (C.8)

Here Wip is the inverse decay term and it is given by

1
WID = ZKleglil(Zl), (Cg)
Py, . : . :
where Ky, = m is the decay parameter and the corresponding decay width of Nj is
e —
given by
M, m?
I =— (Yly, ( ——"). (C.10)
87 ( n 77)11 M12

The other relevant washout terms are defined by

Wizgr—smny = %@LL (CVI1Z5 1 —ni1 (C.11)
Winesnizg, = %nfﬂa V) in—s N1 Z51,» (C.12)
Wiyt = %ngﬂav),n_ﬁn*, (C.13)

i ﬁn‘;g(z) (V)W (2) sy (C.14)
Winy—iny = %neﬁ (OV) 1Ny —ing - (C.15)

Where, (0v);j—k, is the thermal averaged cross section for the process i, j — k,[ and is
given by

Z o
(ov)ij—sng = oy o / Tijeti(s = (mi +my)?)
Sm2m2K, ( - ) K, (—]z> (mi+m;)?
iy

M M,
VsKi(Vsz/My). (C.16)
The relevant cross sections (assuming n; = —3/2 as in the UV complete model) for the

washouts are given below.
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1/2
O1Zp—nN: = Yigse [ (s — (my + Mi)*)(s — (my — M1)?)
8ms (s — (mu+ Mgy, )?)(s — (mu — Mz,,)?)
(mi+2M3z_ ) [s— M3z, s—mn+M12+ s —m? + M} 2 12
52 NG 2\/s 25 '

(C.17)

o = 9K729129L <S — (Ml + MZBL)2)<S B (M MZBL)2) 12
In—N1ZprL 32715 (S N (ml + mn)2)<3

1 s+ M —MZ s—MZ—i—M%BL S— Y
G-MRE\ 2 (=) !

2 2 2 2
s—mns—M1+MZBL+s—m s—m e
2/s 2v/s 2/s \/_

(C.18)

For the processes 017, —n, 25, and o, N, 75, , We have written the cross sections coming
from the s-channel diagram only as they are the dominant ones in this case. However, in our
numerical analysis we have taken the contribution from both s and t channel diagrams and
their interferences.

Y @4m+%%<<m—mwyﬁ
OIW=*(Z)+—nN; = )

)
647s | (s — (my + Mw)?)(s — ( My )?
i vonsy) (s gy (s—miang [rmmoany
52 N NG 2\/s !

Y4 M2 s—m2+m?s—m?>+m?
7 1 [ L ! "} (C.20)

Oln—br = Yrs (s — M2)? NG NG

2
vt om? s—Mis—m?+M; s—m?+M: [[s—m]+ M} )
OINy—INy = - M

Ims(s—m22 | 25 25 2ys 2/5
(C.21)

In Fig.C.1, we show the behaviour of thermal averaged cross section for [Zp;, — Nin, a
key washout process involving B — L gauge boson. The analytical estimate matches with the
numerical estimates extracted from micrOMEGAs quite well. Clearly, with rise in Zg;, mass,
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Figure C.1: Comparison of analytical and numerical results for the thermal averaged cross
section of the key washout process [Zg;, — Nin at temperature T'= 100M;. The relevant
benchmark parameters are fixed at the following values m, = 500 GeV, M; = 10 TeV,
gpr = 0.1, (Yy))a1 =~ 1072

0.1F

0.01+

ny, /ny’-1

10°;

107

10—8 . . L 10—97
0.1 1

Z=M1/T Z=M1/T

M
Figure C.2: The deviation of the comoving number density of N; (right panel) with z = ?1
from its equilibrium density for different gp, (left panel) and for different My, (right panel).
The Yukawa couplings relevant for leptogenesis are taken to be (Y;)a1 = 107°(1 + ¢) and
(Y;)a2 = 1071(1.1 — 7). The other important parameters used are M; = 15 TeV, My = 150
TeV, m, =5 TeV. For left (right) panel plot we fix Mz,, =5 TeV (gp, = 1072).
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the cross section increases enhancing the washout effects, as pointed out in the discussions
above. Also, for very heavy Zg; corresponding to a decoupled scenario, there is no impact
of Zgr mass on leptogenesis due to tiny washout effects at the scale of leptogenesis.

In Fig.C.2, we show the effects of B — L gauge sector parameters namely, gauge coupling
gpr and gauge boson mass My,, on departure in evolution of comoving number density of
Nj from its equilibrium number density. We can clearly notice significant effects due to these
parameters as additional gauge interactions lead to /V; annihilations keeping it in equilibrium
for longer duration. With the increase in ggy the rate of V; annihilations increases which
brings Ny no density very close to its equilibrium number density, as seen from left panel
plot of Fig.C.2. Also, similar behaviour can be seen with the increase in My, . Since we
are working in the parameter space where My, < 2M;, with the increase in My, the
cross section for N; annihilation increases which again bring the N; no density closer to its
equilibrium number density.

Finally, we write the expression for vpvg — ff cross section mediated by Zg;, used in
the estimate for ANg. This is given by

4 4Am>
9BL 1 2 A7C my 2
F= N 1—— 2 ; C.22
O_I/RVRHff 487 (8 . M%BL) I FQZBL ] {—%BL ; nf L S (5 Sis mf) ( )

C.3 CP asymmetry
The decay width for the decay N — nl is given by

My

PN—)l:_
1 n 87

m2\ 2
Yy, (1 — —") C.23
(YY) Yz (C.23)

The CP asymmetry parameter for Ny — [,n, .7 is given by

1 M3 m%
o= srvavo | G ag ) Tl (Ve (V)Y
“ 87T<Y77TY;7>11 |:f <M12’ M12 Hl[( 77)&1( T]) 2( n 77)12}
M2 mg 2 )
a m (1 - ﬁg) Im[(Yn)al(m)aZHm]] (C.24)
2 1 1

where, the function f(rj;,n;) is coming from the interference of the tree-level and one-loop
diagrams and has the form

(= 2mt i) i )} (C.25)

i i) = /T |1
(i, mi) T [ + (1—n2)? 1—2m +7j

with rj; = M7 /M? and n; = m? /M7?. The self energy contribution Hj; is given by

M .
Hij = (YJYn)wM] + (YJYn)zg (0-26)
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Now, the CP asymmetry parameter, neglecting the flavour effects (summing over final state

flavours «) is
1

8 (Y, Y, )n

€1 = F(Tgl, 771) <C27)

(3, Yo =

where the function F'(rj;,n) is defined as

Vi

F(rji,m) = /i | f(rgi,m) — = (1 = )| - (C.28)
Ji
Let us denote the Yukawa couplings as
(Y))ar = a-+ia, (C.29)
(Y)a2z = b—ric, (C.30)

where a, b, ¢ are three real numbers. For this choice of Yukawa, The CP asymmetry parameter
for Ny decay is

T [(V1Y5)35)]

€1

(YY)
_ —18a?(Rel(b — ic)?])
6a?
= —3(Re[(b—ic)?]) = =3(b* — &) (C.31)

Here one can also notice that to have a non-vanishing CP asymmetry we must have b # c.
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APPENDIX D

Here we have shown the details of a few calculations related to the WIMPYy leptogenesis part
discussed in chapter 5.

D.1 Particle Spectrum and Relevant Cross Section

The scalar potential for the model can be identified to be

Vo= —uy (HH) + 3 (n'n) + pAT[ATA] + (uua H'AH + piyan™A'7j + hoc.)
M (HUH)? + A,y ()" + Aa (Tr[ATAD? + M\ TY[ATAATA] + Ay, | Hin |2
Ay (HUH) (n'n) + Ay, (H')? +hec.) + Aga (H H) Tr [ATA]
A AT HIAATH] + Aa (nin) Tr [ATA] + X AT [nfAATY] (D.1)

where H = iooH*, ij = ioon* and the mass parameters u2 > 0 so that the neutral
component of H obtains non-vanishing VEV i.e (H°) = v ~ 246 GeV. On the other hand,
we consider Particle Spectrum and Relevant Cross Sectionu?% A > 0 so that they do not take
part in spontaneous symmetry breaking. While 1 does not acquire a non-zero VEV at any
stage keeping the Z, symmetry intact, the neutral component of scalar triplet acquires an
induced VEV (A%) = va after electroweak symmetry breaking.

The physical masses for the neutral and charged scalars can be obtained by the mini-
mization of the scalar potential. Since 1 is odd under the Z, symmetry, it doesn’t get any
VEV. In this model, we assume the RHNs are heavier than the n scalar such that the lightest
neutral component of n plays the role of DM. After the EWSB, the three scalar multiplets
can be written in the following form (assuming unitary gauge)

0 ni A+/\/§ AT+
H = (v+h)> n = (771%+i77[>a A = <A%+UA+iA9 —A+/\/§ . (DQ)

V2 V2 V2

Upon minimization of the potential the masses of the charged and neutral scalars can be
found out be

TH-3117_176121007



188

m; ~ Agv? (D.3)

2
may %ﬁ , (D.4)
mQA(I) = f/LgUAA (v* 4+ 403k) , (D.5)
Mmis = MAss = (\/;gvi + %)\IHA> (122 + 4@2) , (D.6)
mfm,z = % <2,u3 + Ay + )‘,Hn am )\/I,{n)vQ + (A\ava F 2\/§|MWA|)UA> ) (D.7)
ml. = % (2,@ ¥ Agv® + (Apa + )\;YA)’UZA) . (D.8)

The masses for the CP even scalars are approximated considering pgya ~ O(100) keV.
As mentioned earlier the neutrino masses are generated from both loop-level scotogenic and
tree-level type-II seesaw mechanisms in this model and the resultant neutrino mass matrix
can be written as

m, = (YN)" AYY 4 Y20, (D.9)
Here A is an effective loop-suppressed RHN mass scale and is given by [112]

Ay = M Mg In M - iy In M; (D.10)
: 1672 | M} —m2, m2, M} —m2, m2, )| '

The two types of Yukawa couplings are related to the neutrino oscillation data by the fol-
lowing formulae

v = B (A0, Ul ) (D.11)
YaAﬂ - Fﬂvgl(UliMNsmuUllMNs)a (D.12)

where m, = diag (m,,, m,,, m,,) is the diagonal neutrino mass matrix and Upy/ns is
the PMNS lepton mixing matrix. Here O is an any arbitrary orthogonal matrix. We have
used the Casas Ibarra (CI) parametrisation [65] to determine the Yukawa couplings. We also
assume the two seesaw contributions to be equal namely F; ~ Frp = 1/2.

The general expression for the thermally averaged cross sections for the processes are
given by [136]

1
2Tm221 mi K2 (mil /T)KQ (miQ /T)

0 1 1 |M |2
. » 3,2_Wszlz2pflf2Kl(\/§/T) ds d(COS 9), (D]_S)

<Uv>i1i2—>f1f2
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where T' is the temperature, K; are the modified Bessel functions of order i, M is the
amplitude for the process i1i, — f1fo, and

Dij
Sin

Az, y, 2)

\/)\sm m

max[(mh + miQ) ) (mfl + mf2>2]7

o2 4+ y% + 22— 2uy — 2yz — 2uz.

(D.14)

(D.15)
(D.16)

The amplitudes relevant for WIMPy leptogenesis are given below [164]

m2 F212 s 1 1)
— LL) > = % 7 E F? ”M2
| M )| 2 (5 mA)® + mAl% | 2 tIRE PR VAT V>
FrFyp | pga | (s = m3}) m,?

1 1
M, D.17
(s —ma)? + mil'a Aava [t — M? Tz MZ?} )

S22 2
7 my Flﬂ<m —1) F]]MS
M(nL — nL) |* =
’ (77 n ) ’ UA (t | mg Z + M2F2
FF m: —t 22 - M?
e, |2(2'rz : i Rl { 822 Yors }(D'18)
(t — mA) AuUA (8 - Mz ) + Mz FN¢
The asymmetry generated from the annihilation, ny — ¢, at the amplitude level, is given
by
| MP = | M
= Z4Im [/JJWA(YNYA*<YN)T>Z'Z']
sMimAFA 1 1
D.19
X(s—mQA)Q%—mZFZA t—Mi2+u—Mi2 ’ (D-19)

where 'z is the triplet scalar decay width. The imaginary part appearing in the CP asym-
metry parameter can be parametrised as follows

Im [p,a (YYY 2 (YNl = FrFrva'Im [pga(A20m,?0TA7Y2),] . (D.20)
We use the ¢ or the amplitude squared difference defined above in thermally averaged cross
section to evaluate <0v>fm _,0 Which enter the Boltzmann equations for B — L asymmetry.

D.2 Analytical calculation of asymmetry

The thermally averaged rate for the asymmetric part of the annihilation of 7 is given by

<0U>fm—>zz =

2Tm4K2 mn/T/ / 391 \/—pnnpllKl(\/_/T)dsd(cose) (D.21)
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In the narrow-width approximation, the asymmetry in (D.19) at the resonance point can be
simplified to be

1 1

Ny A* (v N\T
5~ 4;1111 [1aa(YYY A (YMND)] sMid(s — mA) Ve +— ik (D.22)
where we have used
FAmA Ca/ma—0 2
> To(s —mA).
TR )
Replacing (D.22) in (D.21) the <av>fm_m is calculated and is given by
167 1 .
(ov)° A y Fa—smpl'a—u g (YVY 2 (YM)T)
nm—ll m% N%A Za,ﬁ | YaA,B |2 —nms A ; [ ] ]
fima, my, M;]ry, zK:1(raz) (D.23)

\/mA —4m72] K3(2)

where fi,an = piya/ma, i = m;/m,. We have corrected the above expression by incorporating
an additional factor missing in [164]. Here, the function f[ma,m,, M;] is given by

i M . _2Mi2—|—m2A—2m%—\/mi,/mi—élm%

ma, My, Vl;| = n

i 2M? + m% — 2m2 + \/m3 /m% — 4m?

| i A n A A n
[ 1
—Mf—mQA/Q—I—mf]—§y/m2A1/m2A—4m%

— 2In . D.24

—M? — m% /2 +m2 + \/m3A/mA — 4m? ( )

i A n A A n

In Fig.D.1 we show the comparison of rates of (av)fm _, calculated from the analytical
expression in Eq.(D.23) and the exact numerical integration given in Eq.(D.21). It can be
seen that there is no significant difference between the two results. Nevertheless, we have
used the exact numerical integration result for (ov),,_; in our analysis.

D.3 A decay contribution to the asymmetry

In this model there can be another source of asymmetry from the decay of the triplet to a pair
of leptons. The CP asymmetry parameter associated with this decay is given by [396,397]

Mi « Im Y;QY;N YAOé X
RSV PR PN {0 I

- — . D.25
7 TH(VA) VAl | oma P+ L ps P T 222 (D-25)

i
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Figure D.1: Comparison plot showing the rates for <av)5 _,;; using the approximate analyt-
ical formula in Eq.(D.23) and the exact numerical integratlon in Eq.(D.21).

The network of Boltzmann equations for scalar triplet leptogenesis irrespective of whether
lepton flavor effects are active or not, corresponds to a system of coupled differential equations
accounting for the temperature evolution of the triplet density Y= = Ax + Al the triplet
asymmetry Ax = A — Af. These Boltzmann equation for leptogenesis taking the A decay
and inverse decay into account can be written as [398]

dYs Yo [ Yz

e _ e F) D.2

dz sHz (Y;q > ’ (D-26)
dYa Yo | Ya Ya

2 B Yzeg — ) (BC}, - BuC{') Ye‘ki : (D.27)

3
dYp_r, T YA
— e T __J| k . D.2

dz ASH: (qu > ( Yi Z g qu> st (D-28)

Here Ya, is the comoving number density of Ay = A — AT and Yy is the comoving
number density of ¥ = A + AT, B, and By are triplet decay branching ratios to lepton and
scalar final states respectively. The branching ratios are defined as follows

ma INVEE: | lEA |2
_ ZB o E : YA |2 By = 222 L D.2
- J ZZ] - j SWFZOt | ( ) ’ ’ H 87TmAI—\’£0t ) ( 9)

where T is the total decay width for the triplet A and is given by

I = S T(A — Lily) + (A — HH) +T(A — ),
ij

2
_ [Tr[(YA)TY ] | HHA | + ‘ HnA | (D30)
87r mA
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Figure D.2: Plot showing the evolution of the comoving number densities of > and A (on
the left panel) and the generated B — L from the scattering of DM and from the decay of A
(on the right panel plot). The important parameters are fixed at m,,, = mpy = 600 GeV,
max = maz+ = mpao = 1.2 TeV, M; = 6 TeV, M, = 6.6 TeV, M3 = 7 TeV, p,n = 10i,
)‘/I/fn =1x107%, v =1 keV (for the top panel) and v = 1 eV (for the bottom panel).

In the above Boltzmann equations, Cf and C% are the conversion factor for the asym-
metry in lepton sector as well as in Higgs with the fundamental asymmetries YA, and Yp_ .
The conversion matrices relate the asymmetries as follows

Ya, =—> CiYx, Ya, =Y Cf'vy, (D.31)
k k

where Yx, are the elements of Y = (Ya,,Y5_1). The conversion matrices for the unflavored

leptogenesis are [398]

C'=(0 1/2),C" = (3 1/2) (D.32)
Here we have simplified the situation by considering the chemical potential of the 7 field to
| HnA |2

be zero such that C” and hence the corresponding By = does not appear. For a

Tot
8mrmal’ R
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detailed analysis of scalar triplet leptogenesis in this model, including flavour effects, please
refer to [399)].

In Fig.D.2 we have shown the evolution of the comoving number densities of >, A and
the B — L asymmetry generated from the annihilation of WIMP DM 7 and from the decay
of A. While plotting we have taken both A and A to be in equilibrium and therefore
YKZ”“Z = 0. From Fig.D.2 it can be seen that the contribution to the B — L asymmetry
coming from the decay of A is much less compared to that coming from the scattering
of DM. Therefore in this work we have neglected the B — L asymmetry coming from the
A decay. This is expected as the scale of A is higher compared to ng or WIMP DM.
Similarly, one can have leptogenesis from decay of Z;-odd RHNs as well, as discussed in
earlier works [113,123,139-143,175,176,400]. However, the scale of RHNs is even higher
than that of A and such high scale generation of asymmetries will be sub-dominant in final
asymmetry dominantly generated by lepton number violating WIMP annihilations at lower
scales.

D.4 Calculation of the sphaleron factor

Here we show the derivation of the sphaleron conversion factor in our model, following the
standard approach outlined in [63]. For a relativistic particle X with spin s and degrees of
freedom (dof) gy, the relation between the asymmetry of particle over antiparticle and the
particle’s chemical potential is given by

T2

e — 65 IXHx for fermions, (D.33)
s
T2

Ya, = G_QQXHX for boson. (D.34)
s

In principle, there are as many as chemical potentials (an asymmetry) as the number of
particles in the plasma. This number is reduced due to the constraints imposed by a set of
chemical equilibrium conditions and some conservation laws in the early universe, as outlined
below.

1. Chemical potentials for all the gauge bosons vanishes py: = ug = g = 0. Therefore
the electroweak and colour multiplets have the same chemical potentials.

2. Regardless of the temperature of the universe the electric charge must be conserved
and this leads to the following constraint,

Nf m n
Q=) (pg, + 24w, — Ha, — fu, — Hes) + 205+ ¥ 6pa = 0. (D.35)

Here f1g,, ftu;, 4, 14;, I, are the chemical potential for the left handed quark doublets,
right handed up type quarks, right handed down type quarks, left handed lepton
doublets and right handed charged leptons respectively. Ny is the number of Fermion
generations present in the model. ;14 and pa are the chemical potentials for the doublets
and triplet scalars respectively. m and n are the number of scalar doublet and scalar
triplet generations in the model.
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3. Non-perturbative electroweak sphaleron and QCD instanton processes, while in ther-
mal equilibrium, imposes the following constraints

S0 (g, + ) = 0= 3ug + = 0,
N
> (2pq, — pa; — puy) = 0. (D.36)

4. The Yukawa interactions, while in equilibrium, bring the following constraints

oy — p; — fte = 0,  ¢° «— up +up (D.37)
fd; — HQ, + e = 0, & —— dp+dp (D.38)
fe; — fa; + e = 0, < e;r ¥ €n (D.39)
pa — 2, = 0, A < 2l (D.40)

Since we are assuming equilibrium among different generations, the generation index ¢
in subscript can be dropped from the above equations. Replacing i, fta;, tte; and pa
in Eq.(D.35), pe can be expressed in terms of 11, = ¢ as follows

36n — 8N}

= — D.41
1o om AN, 1@ (D.41)

Similarly, we can express other chemical potentials in terms of /(.
Now, the baryon number (B) in terms of the chemical potentials is given by

Ny
B = > (2uq + tu, + pa;) = 4Nppig. (D.42)

)

Similarly, the lepton number (L) is given by

Ny
Nf(36n—8Nf)
L = 214, e.) =3Neuy — N = —-9N — (D4
Ei (20, + pe;) = 3Nppu — Nypy = —9Nppq IN, 1 2m fiq-(D.43)
From Eq.(D.42), (D.43), we can now find

8N, + 4

B = s g, (D.44)
22Ny + 13m + 18n

Ne+4

B = SNy +am (D.45)

C14N; +9m 4+ 180"

which for our model with m = 2,n =1 gives AB = —33AL.
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