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Abstract

This thesis explores the phenomenology of two prominent pseudo-Nambu-Goldstone bosons,
the Majoron and the Axion-like Particles (ALPs), as an effective and minimal way to address
some of the most profound puzzles in particle physics and cosmology, such as the nature
of dark matter, the origin of neutrino masses, and the existence of matter-antimatter asym-
metry of the Universe. These light and feebly interacting particles naturally emerge from
the spontaneous breaking of approximate global symmetries, establishing themselves not
only theoretically appealing, but also highly relevant for experimental searches. We first ex-
plore Majorons, the pseudo-Nambu-Goldstone bosons associated to global lepton number
symmetry breaking, as a viable freeze-in dark matter, where dimension-5 lepton number
violating terms play the central role not only in producing the dark matter Majoron over a
broader mass range (in keV-GeV), but also in facilitating high-scale resonant leptogenesis
via right-handed neutrino mass splitting. In the next part, we turn our attention to ALPs, a
generalization of the QCD axion, which was originally introduced to resolve the strong CP
problem in the Standard Model. Although ALPs do not necessarily solve the strong CP prob-
lem, they offer a much wider parameter space to explore, as their mass and decay constant
are independent parameters, in contrast to the QCD axion. In this context, we first exam-
ine their evolution as coherently oscillating dark matter via the well-known misalignment
mechanism in presence of a Standard Model Higgs boson-assisted global symmetry break-
ing interaction, which results into a significantly enhanced allowed parameter space, and
further achieve low-scale spontaneous leptogenesis, driven by ALP-induced CPT violation
and an inert Higgs doublet assisted lepton number breaking interaction. Lastly, we explore
an ALP-portal fermionic dark matter scenario at electron-positron colliders, emphasizing on
the distinctive mono-photon plus missing energy signature. Across these studies, explicit
symmetry breaking operators play a crucial role in solving some of the open problems of
particle physics and cosmology, while preserving the models theoretically economical.
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Chapter

Introduction

1.1 A Glimpse into the Standard Model

The Standard Model (SM) [1-7] of particle physics is our well-established framework for
understanding the fundamental building blocks of the Universe and their interactions. It
unifies three of nature’s fundamental forces, the strong, weak and electromagnetic interac-
tions, into a single mathematical framework based on quantum fields and symmetry prin-
ciples. At its core, the SM is built on gauge invariance, which connects elementary particles
with their interactions and introduces gauge bosons as the force carriers. The SM is built
upon the gauge group Gsm = SU(3)c x SU(2)r x U(1)y, which defines its fundamen-
tal forces. Here, SU(3)c governs the strong interaction, with C' denoting the color charge,
while SU(2);, x U(1)y unifies the weak and electromagnetic forces into the electroweak
theory, where L signifies left-handed chirality and Y represents weak hypercharge. The
particle spectrum of the SM comprises the following: (a) spin-3 fermion fields, including
quarks and leptons, are classified into left-handed (LH) and right-handed (RH) states based
on their transformations under the SU(2);, gauge group, (b) spin-1 fields, represented by
the four gauge bosons (V[/li:l’l3 and B,,), which mediate the electroweak interactions, and
eight gluon fields (G5~ "*%), which mediate the strong interactions, and (c) the spin-0
scalar field, the Higgs boson (H), which is crucial for generating the masses of all other
tields. The transformation properties of these fields under Gsys are tabulated in Tab. 1.1.

While the left handed spin-3 fermion fields (quarks and leptons) transform as doublets
under the weak isospin SU(2) symmetry, represented as @)1, and ¢y, in Tab 1.1, the right
handed counterparts (ur,, dgr,, €r,) remain singlet under the same gauge group. Both
quarks and leptons exist in three generations (indicated by «), called “flavors’, differing only
in their masses. The three quark generations are given by:

U c t
QL, = ; ; , UR, = UR; CR; tr, dgr, =dR; Sg; bg.

d s b
L L L

Here, the left handed quark doublets, Q)r,,, consist of left handed up-type and down-type
quarks, while up, and dpr, represent the right handed up-type and down-type quarks, re-
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1.1. A Glimpse into the Standard Model 5

Spin Fields Field Notation | Gey = SU(3). x SU(2), x U(1)y
) Quarks Qr, = (Z“) (3,2,1/6)
2 La
uRr,, dr, (3,1,2/3),(3,1,-1/3)
Leptons lr, = (VKZL‘]) (1,2,-1/2)
Lo
R, (1,1,-1)
1 Gauge Bosons Gy, (8,1,0)
Wi, B, (1,3,0),(1,1,0)
0 Scalar 5= (fg) (1,2,1/2)

Table 1.1: The particle content of the Standard Model and their charge assignments under the gauge group Gsm.

spectively. The up-type quarks include u (up), ¢ (charm) and ¢ (top) quarks, whereas the
down-type quarks consist of d (down), s (strange) and b (bottom) quarks. Additionally,
these quark fields carry SU(3)c color charges, as they participate in the strong interaction.
Similarly, the leptonic sector is structured as

lr, = ; ; ,  €R, = €R} [R; TR,
L L L

where the left handed neutrinos and charged leptons are grouped into SU(2) , doublets, /1, ,
while right handed charged leptons, er,,, are singlet. Here, the three generations correspond
to the three lepton flavor states, denoted by o = e, p—, 77. Unlike quarks, leptons do not
carry any SU (3)¢ charges and do not take part in strong interactions. Also, in the SM, right-
handed neutrinos are not present.

These quarks and leptons interact through fundamental forces, each governed by a quan-
tum field theory where interactions are mediated by spin-1 force carriers, known as gauge
bosons. For instance, the strong interaction is carried by eight gauge bosons, known as glu-
ons (GZ:LQ'”S), corresponding to the eight generators of the SU (3) ¢ symmetry (3% —1 = 8).
Similarly, the electroweak sector, governed by SU(2),®U(1)y gauge group, comprises of four
gauge bosons: W,;** and B,..

The final key ingredient in defining a theory like the SM is understanding the symmetry
of the vacuum, or more precisely, the structure of Spontaneous Symmetry Breaking (SSB)
within the gauge group. In the SM (defined by Gs\), spontaneous symmetry breaking re-
quires the introduction of a scalar SU(2), doublet, denoted as Higgs H = (¢ #°)T. The
SSB of Ggu occurs via the vacuum expectation value (vev) of H, leading to a reduction of
the gauge symmetry as follows:

Gsm = SU3)o x SUR2)L x U(L)y — SUB)c x U(1)q,

where @ is the electric charge. This mechanism not only explains the origin of particle
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6 Chapter 1. Introduction

masses but also led to the prediction of the Higgs boson, which was later discovered in 2012
at the Large Hadron Collider (LHC) [8,9] with a mass of 125.09 £ 0.24 GeV [10], marking
the completion of the SM particle content.

1.1.1 The SM Lagrangian

Taking all fields and symmetries into account, the most general SM Lagrangian is con-
structed, keeping the theory invariant under the SU(3)c x SU(2);, x U(1)y gauge group
and containing only operators up to dimension four to maintain renormalizability'. The SM

Lagrangian can be expressed in terms of the following four components:

—Lsm = ﬁGauge + LPermion + Lscalar + EYukawaa (1'1)

where,

I. Lgauge describes the pure gauge Lagrangian which involves the SU(3)¢c, SU(2)r, and
U(1)y gauge bosons, expressed as

1 1. 1
LGauge = _ZGZ’VG‘LCZU - ZW;VWiMV - ZBMVB'UV, (12)
with G, W', and Bj,, representing the field strength tensors associated with the

gauge groups SU(3)c, SU(2)r, and U(1)y, respectively, and defined as

Go, = 0,G%—0,G% — gs [ GLGE, (1.3a)
Wi, = 0.Wi—0,W)— g e* WIWS, (1.3b)
B, = 9,B,—3,B,. (1.3¢c)

Here f9%¢ (¢7%) represent the structure constants, while gs(g2) denote gauge couplings
correspond to SU (3). (SU(2)1), respectively. The indices i and a range over 1,2,3 and
1,2,...,8, respectively.

II. LFermion includes the kinetic terms for fermion fields, consisting of quarks and leptons.

For a generic fermionic field ¥ = ¥, + W, where, ¥, = 1*%\11 and Up = 1?5 U, the

kinetic terms are defined as
L¥ermion = — (ELZ"YWDM\PL + @Ri'}/“Du\I’R) > (14>
where, D, denotes the covariant derivative and is expressed as
N T
D, =0, — zgs?Gz - zngWﬁ —1g1Y By, (1.5)

where g; represents the gauge coupling corresponds to U(1)y symmetry, while Y de-
notes the generator of the same U(1)y group. The generators of SU(3). are given by

!Terms arising from higher-dimensional operators (with dimensions greater than four) are suppressed at
low energies by inverse powers of a high-energy scale, making them negligible within the energy regime where
the Standard Model remains applicable.
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1.1. A Glimpse into the Standard Model 7

’\Q—G (a = 1,...,8), where \* are the Gell-Mann matrices, while those of SU(2), are %l
(i = 1,2,3), with 7% being the Pauli spin matrices. The hypercharges corresponding
to different particles are listed in Table 1.1. Gauge invariance dictates the form of the
fermionic kinetic terms, which in turn determine their interactions with gauge bosons.
These interactions are governed by the same gauge couplings defined in the Lgayge sec-

tor.

II. Lgcalar defines the scalar part of the Lagrangian as follows:
Lscatar = (D H) (DFH) — V(H), (1.6)
where, V(H) is the Higgs potential, given by
V(H) = p%(HH)+  g(HH)?. (1.7)

Here p2; and Ay denote the quadratic and quartic couplings of the SM Higgs, respec-
tively. The covariant derivative D,,, as defined in Eq. (1.5), also determines the inter-
actions of the Higgs doublet with gauge bosons.

IV. Finally, Lyykawa describes the interactions of the SM fermions with the Higgs doublet,
which can be expressed as following:

Lyukawa = — (ygﬁEaHeRg +y25Qp, Hdr, +y'5Qy, Hup, + H.c.> ., (1.8)

where H = iy H* and y”* are 3 x 3 complex matrices that govern fermion masses and
interactions, referred as Yukawa matrices, with = ¢ (leptons), d(down) and u(up).
The indices «, 5 corresponds to different generations. To ensure the gauge invariance
of the Yukawa interactions in Eq. (1.8), the Higgs field H must transform as an SU(2),
doublet and can be represented as

H:i $1 + i | (1.9)

V2 ¢3 + iy

where ¢1 2 3 4 correspond to four real scalar degrees of freedoms (d.o.fs).

However, in the unbroken SU(2);, x U(1)y phase, gauge symmetry forbids mass terms for
fermions and gauge bosons, which disagrees with what we observe. Their masses are gen-
erated through spontaneous symmetry breaking (SSB) via the Higgs mechanism, which we
discuss next.

1.1.2 Spontaneous Symmetry Breaking and Higgs Mechanism

The breaking of the electroweak symmetry is determined by the parameters p?;, and Ay in
Eq.(1.7). If Ag < 0, then V(H) is unbounded from below, preventing a stable vacuum.
Conversely, when ,u%] > 0and Ay > 0, the potential reaches a minimum at (H) = 0, leaving
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the electroweak symmetry unbroken. However, if 42, < 0 and Ay > 0in Eq.(1.7), SU(2)r, x
U(1)y symmetry undergoes spontaneous breaking [11-13]. In this case, minimizing V (H)

induces non-zero degenerate minima of the potential as:

(HY = f-tr Y (1.10)

Choosing a specific vacuum state spontaneously breaks the gauge symmetry. Around the
minima, the Higgs field can be written as,

$1+¢2 wt
H = Y2 = . (1.11)
v+ h +igy v + h +iz
V2 V3

Here, v = \/—u% /) n represents the vev and h corresponds to the physical Higgs field,
which is an excitation around this vev, with a mass given by m,% = 2\ v?. This vev causes
the breaking of the Standard Model gauge symmetry:

SU@3)e x SUQ2)1, x U(L)y — SU(3) x U(1)o. (1.12)

The electric charge @ (generator of the unbroken subgroup U(1)q) is determined as a com-
bination of isospin and hypercharge as

Q = T3+Y. (1.13)

Following the Goldstone theorem, it is evident that after the SM symmetry is spontaneously
broken: SU(2);, xU(1)y — U(1)gq, three out of four d.o.fs in the Higgs doublet (¢1, ¢2, ¢4
or, equivalently, wE, z) become massless Goldstone bosons (i.e., number of broken genera-
tors). These Goldstone bosons are eaten by the electroweak gauge bosons, providing them

1 1 7
MWi = 592’0’ MZ = 5 g% +g% V. (114:)

Meanwhile, the other combination of gauge bosons, A4,,, remains massless, which is an arte-

mass as

fact of the unbroken U(1)g symmetry, as given by the relation in Eq. (1.13). Hence, A, is
identified as photon. These physical gauge bosons are defined by the following relations:

1 .
Wi = E(W,}q:zwj), (1.15)
Z, = cosby WE—SinewBH, (1.16)
A, = sinfy W) + cosby By, (1.17)

where, Oy denotes the Weinberg angle and is defined as 6y = tan™1(g1/g2). The I/V/jt bosons
carry electric charge, whereas Z,, and A, remain neutral. Also, in the unitary gauge, the
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Higgs field in Eq. (1.11) reduces into the form:

0
H = . (1.18)
v+h
V2
As the Higgs field gets a vev, the mass matrices of the SM quarks and charged leptons can
be obtained by incorporating Eq. (1.18) into Eq. (1.8) as

and mf (1.19)

d d v u u Y ¢ v
m —= Mg = Yag— = =yls—rm-

af yaﬂ \/5 af ya,@ \/5 yaﬂ \/5
These mass matrices are generally non-diagonal and must be diagonalized. For quarks,
the diagonalization is achieved through a bi-unitary transformation, which maps the quark
states from the flavor basis (labeled by the subscript «) to the mass basis (denoted by the

subscript i, where i = 1,2,3) as:
ur, = (Uu>aiulLi§ dLa = (Ud)aid,Li UR, = (Vu)aiu/Ri and dRa = (Vd)aidi‘%ﬂ (120)

Here, U,, Ug, V;, and Vj are the 3 x 3 unitary matrices. Consequently, in the mass diago-
nal basis, the interaction of quarks with the charged gauge bosons W+, known as charged
current interactions, is derived from Eq. (1.4) as:

£y = Y up W (UUg)ydy, + He, (1.21)

Y]

where the indices ¢, j range from 1 to 3. The mixing matrix UlUy is popularly known as
Cabibbo—Kobayashi-Maskawa (CKM) unitary matrix [14,15]. The CKM matrix is character-
ized by three independent mixing angles and one complex phase, and it is parametrized
as,

c12€13 C13512 e 513
— i i
Vekm —C23512 — €'7C12513523  C12C23 — €'°812513523  €13523 . (1.22)
I is s =
512523 — €"°c12C23513 €'°23512513 — €12523  C13C23

Here 6012, 023, 013 are the mixing angles, with ¢;; = cosf;; and s;; = sin6;;, while § denotes
the CP violating phase. Magnitude-wise, the central values of the CKM matrix elements are
given by [16]

0.97435 0.22500 0.00369
[Vexm|= | 0.22486 0.97349 0.04182 (1.23)

0.00857 0.04110 0.999118

Since Vckwm is non-diagonal, it induces flavor-changing interaction in the charged sector.
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10 Chapter 1. Introduction

Therefore, in the SM, neutral interactions remain flavor-diagonal at tree level, while flavor-
changing processes occur only through CKM-suppressed charged interactions in the quark
sector. In contrast, for leptons,the absence of right-handed neutrinos keeps neutrinos mass-
less. This allows the charged lepton mass matrix to be diagonalized without any additional
mixing, ensuring that lepton mass and flavor eigenstates remain effectively identical. Conse-
quently, no CKM-like mixing appears in the SM lepton sector. Finally, it is important to note
that since SU(3)¢ remains unbroken, its eight gauge boson, called gluons, remain massless.

Experimentally, the SM is regarded as a well-established theory in physics, with its pre-
dictions rigorously tested and confirmed through high-precision experiments. Discovery of
the W and Z bosons in pp collisions in 1983 [17-20] provided strong experimental confir-
mation of the SM electroweak interactions. The Z boson was studied in great detail at the
Large electron-positron collider (LEP) [21,22], where its precisely measured mass (My =
91.187540.0021 GeV) and decay width provided great consistency with the electroweak the-
ory [23,24]. Furthermore, measurements of the W boson at LEP and the Tevatron [25,26]
yielded My, = 80.385 & 0.015 GeV [24], while studies of the top quark at the Tevatron [27]
determined its mass as m; = 173.5 + 1.0 GeV [28, 29], both in strong agreement with the-
oretical expectations. A significant milestone was reached in 2012 with the discovery of
the Higgs boson by the ATLAS and CMS experiments at the LHC [30-32], with subsequent
measurements of its couplings to fermions and gauge bosons aligning well with the SM pre-
dictions. The vev of the Higgs field, which sets the scale of electroweak symmetry breaking,
is determined from the muon lifetime [33] to be v = 2Myy /g2 ~ (V2G )~ '/? ~ 246 GeV.
This, in turn, allows for the extraction of Higgs Boson couplings, measured at the LHC [34].

Despite these successes, several unresolved questions such as the true nature of dark
matter, the origin of neutrino masses and the matter-antimatter asymmetry etc., suggest that
the SM is not a complete theory, motivating the search for new physics beyond its framework.

1.1.3 Why the Standard Model is Incomplete?

Here, we highlight some of the intriguing issues in modern particle physics and cosmology
that the Standard Model fails to explain, and are central to this thesis.

e The presence of dark matter (DM): Observations such as the rotation velocity curves
of distant stars in the galaxies [35], gravitational lensing effects [36], etc. strongly in-
dicate the presence of invisible matter in the Universe, commonly referred to as dark
matter [37,38]. Despite constituting approximately 26% of the energy budget of the
Universe, the SM fails to accommodate a viable dark matter candidate. The only SM
particle that comes close to such kind is the neutrino, but its tiny mass (necessity of
neutrino mass is discussed below) and relativistic nature make it unsuitable for ex-
plaining the observed structure formation in the Universe. This certainly suggests us
to explore beyond the SM framework. This thesis delves into different aspects of dark
matter, particularly focusing on pseudo-Nambu-Goldstone bosons (pNGBs) as poten-
tial candidates, which will be explored in detail in the subsequent chapters.

e Origin of neutrino masses: In the SM, neutrinos are massless because right-handed

neutrinos are absent. However, experimental evidences of neutrino oscillations, first
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1.2. The Expanding Universe and the Role of BSM Physics 11

observed in atmospheric and solar neutrino experiments [39,40] confirm that neutri-
nos have small yet non-zero masses. These oscillations indicate that the mass eigen-
states of neutrinos differ from their flavor eigenstates, requiring a mechanism beyond
the SM (BSM) to explain their masses. This thesis explores such BSM platforms in
different contexts.

e Matter-antimatter asymmetry of the Universe: Another captivating issue that the SM
cannot explain is the observed excess of matter over antimatter in the current Uni-
verse [41-47]. The existence of a matter-antimatter asymmetry is established obser-
vationally from the measured baryon-to-photon ratio [48-50]. This quantity is in-
dependently and consistently inferred from analyses of the primordial light element
abundances produced during Big Bang Nucleosynthesis (BBN) [48,51] and from the
Cosmic Microwave Background (CMB), where the relative heights of acoustic peaks
provide a precise determination of the same ratio [50,52]. Both these probes require a
significant excess of baryons over antibaryons to match the data, confirming the pres-
ence of a baryon asymmetry in the Universe. The dynamical generation of such baryon
asymmetry requires new BSM physics. This thesis explores different mechanisms for
baryon asymmetry, discussed in the following chapters, connected with the pNGBs.

e Strong-CP problem: This is an interesting puzzle of the SM, which is related to CP
violation in the strong sector. The apparent absence of neutron electric dipole moment
suggests that the CP-violating term to be either absent or extremely suppressed. This
raises the natural question: why is this term so small, and why is CP violation in QCD
not observed? One proposed solution is the introduction of the axion, which could
dynamically cancel this CP violation and resolve the strong CP problem [53-56]. We
will briefly discuss it later in this chapter and explore how axion-like particles (ALPs),
a generalized version of the QCD axion, can address other compelling problems in the
SM.

In addition, other interesting issues like hierarchy problem [57], stability of electroweak vac-
uum [58,59], etc. are also worth noting. This thesis is focused on the phenomenology of
PNGBEs, particularly Majorons and ALPs, which offer elegant solutions to some of the most
profound issues in particle physics, as discussed above. Since many of these issues are linked
to the early Universe dynamics, the next section will briefly introduce the key concepts in
early Universe cosmology. Afterward, we will delve deeper into these problems and then
motivate why light degrees of freedom, such as pNGBs, are promising candidates for ad-
dressing these challenges beyond the SM.

1.2 The Expanding Universe and the Role of BSM Physics

Many of the unsolved issues of the SM are closely tied to the physics of the early Universe.
Once filled with a hot and dense thermal bath of relativistic particles, the Universe has
undergone several phases of evolution, transitioning from a radiation-dominated era to a
matter-dominated phase, and eventually to its present state, dominated by dark energy. Un-
derstanding this thermal history is crucial for exploring how BSM physics could impact key
processes like baryogenesis, dark matter production, etc. Therefore, we first briefly review
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12 Chapter 1. Introduction

the expanding Universe and its thermal history.

1.2.1 Thermal History of the Universe

The Universe is assumed to be homogeneous and isotropic on large scales (~ 200 Mpc)
[48,49,60,61]. Accordingly, it is appropriate to describe the spacetime on these scales by
adopting the usual Friedmann-Lemaitre-Robertson-Walker (FLRW) metric as following

2

2 __ v o__ 2 2
ds” = gudat'dx” = —dt” + R*(t) T 52

+ 17 (6 +sin? 0 d¢?) | . (1.24)

Here t is the physical or cosmic time (which is the proper time measured by comoving ob-
servers), and (r, 0, ¢) are the comoving coordinates and g,,,, is the metric tensor, defining the
geometry of spacetime. The curvature parameter k determines the geometry of the Universe:
flat (k = 0), closed (k > 0), or open (k < 0). R(t) denotes the scale factor of the Universe,
which evolves with time according to the dynamics determined by the Friedmann equations
(as discussed below) and the energy content of the Universe. However, in the currently ob-
served Universe, consistent with ACDM cosmology, the R(t) is increasing with cosmic time.
The expansion rate of the Universe, dubbed as the Hubble parameter (#), is defined via the

scale factor as
H=—= (1.25)

where R(t) = dR/dt. Tt has the dimension of inverse time and remains positive in an ex-
panding Universe, while it turns negative in a contracting Universe. The present value of
the Hubble parameter is

Ho = 100 hkm s~ Mpc™!, (1.26)

where h is the dimensionless parameter (referred as the reduced Hubble parameter) that
can be determined through various methods. One direct way is by relating galaxy redshifts
to their distances using the cosmic distance ladder, yielding h ~ 0.73 £ 0.01 [62]. Another
approach estimates the expansion rate based on the best-fit ACDM model, resulting in h =
0.674 £ 0.005 [63]. This discrepancy between different measurements are known as Hubble
tension [64], which may hint for new physics beyond ACDM.

Given the metric g,,, the evolution of the Universe is dictated by Einstein’s field equa-
tions, which describe how matter and energy influence the curvature of spacetime:

1
Ry — 5 9u R = 87G T, (1.27)

where R, is known as the Ricci tensor, describing how spacetime is curved by matter,
R = g" R,,, denotes the Ricci scalar (trace of R, ), which provides a measure of the overall
curvature of spacetime at each point. The right-hand side involves the energy-momentum
tensor T}, which acts as the source of curvature. It contains not only the local energy
density but also momentum fluxes and stresses (pressures and shear) of matter and ra-
diation. In Eq. 1.27, G denotes Newton’s gravitational constant, which can be expressed as:
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1.2. The Expanding Universe and the Role of BSM Physics 13

G = 8m/M3,, with the Planck mass given by Mp; ~ 1.22 x 10! GeV. Thus, the Einstein
field equations establish a direct relation between the curvature of spacetime and the local
energy, momentum, and stress content. By applying these equations to the FLRW metric,
one can derive the Friedmann equations, which govern the Universe’s expansion based on

its energy composition.

81 k
H? = 3P T (1.28)
i ., R 4nG
_ A , 1.2
oM == (p+3P) (1.29)

While Eq. 1.28 relates the Hubble parameter # to the energy density of the Universe p, Eq.
1.29 describes how the expansion of the Universe accelerates or decelerates depending on the

pressure P. Combining these equations (Egs. 1.28 and 1.29) gives the continuity equation

d
“ 4 3H(p+P) =0, (1.30)

which ensures the conservation of energy-momentum in an expanding Universe. The total
energy density p and pressure P include contributions from various contributions, such as
radiation (relativistic matter), non-relativistic matter, and the cosmological constant. These
components are typically modelled as perfect fluids with an energy-momentum tensor of
the form 7' = diag(—p, P, P, P). The equation of state for each component relates pressure
to energy density as P; = wp;, where the equation of state parameter w typically ranges
between —1 and +1 for different forms of energy. Given the equation of state w for each
element, one can easily solve the Eq. 1.30, to obtain p oc R=3(14%). The first and the second
column of table 1.2 summarize the equation of state parameter w and how the energy density
evolves with the scale factor for different components of the Universe.

Species | w=7P/p | p(R) | R(t)

Matter 0 R™3 | 2/3
Radiation % R4+ | t1/2
A -1 RY ettt

Table 1.2: Equation of states (w), variation of energy densities with respect to the scale factor and the behavior
of scale factors with time for different fluids, such as matter, radiation and cosmological constant (A).

While both matter and radiation get diluted because of the volume expansion (x R™3),
radiation experiences additional dilution because of redshift, meaning the energy of each
photon decreases as E « R™!. Consequently, as shown in the second column, the early Uni-
verse was radiation-dominated (RD), followed by a transition to matter domination (MD)
as non-relativistic matter began to dominate the energy density. To determine the evolution
of R(t) in an MD, RD, or cosmological constant-dominated Universe (with a fixed w), one
must solve Eq.1.30, which is listed in the last column of table 1.2.

To describe the Universe in the present epoch, it is useful to introduce the critical energy
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14 Chapter 1. Introduction

density, p., which can be derived by rewriting the first Friedmann equation (Eq. 1.28) as

k p p _ 3H?
- 1= th pe= 2.
HZR? ~ 3H2/87G pe 0 PTG

(1.31)

Current cosmological models, supported by simulations and observations [63 ], indicate that
the Universe is nearly spatially flat (¢ = 0) on large scales. In this scenario, the present
energy density fractions of different components, defined as QY = p9/pC, are given by the
ACDM model [63] as

Q0 ~031, O ~0.68, Q2~1077. (1.32)

The non-relativistic matter density, QY

m’

consists of both baryonic matter and dark matter,
with their respective contributions (in terms of the reduced Hubble parameter %) given by
[63]

QVh? =~ 0.022, Q%A% ~0.12. (1.33)

1.2.2 Thermodynamics of the Early Universe

With the known energy content of the Universe, we now focus on the thermodynamics of the
early Universe, where particle interactions and evolution occurred in an extremely hot and
dense plasma. This allows us to treat the Universe as a thermodynamic system in (or near)
equilibrium, defined by a temperature 7. Therefore, we first discuss the macroscopic prop-
erties (e.g., number density, energy density and pressure) of a particle species in thermal
equilibrium. Subsequently, as the Universe expands and cools down, deviations from equi-
librium give rise to various non-equilibrium phenomena that shape the present structure of
the Universe.

1.2.2.1 Equilibrium Dynamics

From statistical mechanics, the equilibrium distribution of a particle in a plasma at temper-
ature 7 follows the Fermi-Dirac (FD) or Bose-Einstein (BE) distribution:

[, T) = ma (1.34)
where E = /p? +m? is the energy of the species, with p is the momentum, m being the
mass and y is the chemical potential, which governs the changes in number densities of par-
ticles. The + (—) sign corresponds to fermions (bosons). For a particle changing process
i+j — a+btobe in chemical equilibrium, the chemical potentials satisfy ji; + pj = pta + p1p-
This condition ensures that the forward and reverse reaction rates balance, resulting in no
net change of particle numbers over time. Generally, if number-changing interactions are
rapid and no conserved quantum number constrains the particle numbers, the chemical po-
tentials tend to zero (¢ — 0) in equilibrium, as any excess is quickly erased. This justifies
the common assumption of i = 0 for such species in equilibrium. However, if a charge is

conserved (e.g., baryon number, lepton number, electric charge), the corresponding chem-
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ical potential can remain non-zero even in equilibrium. On the other hand, kinetic equilib-
rium is maintained if scattering interactions are frequent enough to preserve the thermal
distribution. For a relativistic (7" > m) and non-relativistic (T' < m) particle species, the
number density (n), energy density (p), and pressure (P) can be calculated using f*4(p, T')
as depicted in table 1.3, where (E)(= p/n) is the average energy per particle, g refers to the

Nature Species n p P (E)
2
Relativistic Boson gCﬁ(—‘;’T?’ 95T p/3 ~ 2.70T
(T > m, ) Z ;
Fermion g%%T?’ g%%T‘1 p/3 ~ 3.15T
Non-Relativistic 3/2
(m>T) Boson & Fermion | g (Tg—z) e~(m=m)/T mn nT < p | m+3T/2

Table 1.3: Various macroscopic variables for relativistic and non-relativistic particle species.

number of internal degrees of freedom and ((3) ~ 1.2. Since the energy density (and pres-

sure) of a non-relativistic species (m > T) is exponentially suppressed by e="/T

compared
to a relativistic one, during the early Universe’s radiation-dominated (RD) era, relativistic

species dominate the total energy density:

~ _12 pT4 P _ Z E 4+Z Z E ) (135)
Ptot = PR = 309* ) 9% = Ya T S Ya T ) .

a(bosons) a(fermions)

where ¢/ is the number of relativistic degrees of freedom contributing to pr and 7, denotes
the temperature of a particle species a. The energy density pio; can be linked to the RD
Universe’s expansion rate via the Friedmann equations, leading to the Hubble parameter
fork =0

H(T) = 1.661/ g —. (1.36)

Another key macroscopic quantity is the total entropy density, given by S = (P + p)/T,
which can be simplified during radiation domination (P = p/3) as follows
- 21?53

-7 1.37
S 25 5L (1.37)

where g¢ stands for the number of relativistic degrees of freedom that contribute to S, given
by

3 3
= > g (?) + g Z Ja (?) : (1.38)
a(bosons) a(fermions)

The importance of the total entropy density is that it remains conserved in a comoving
volume, leading to g$T2R? = constant. Hence, when g¢ remains unchanged, 7' oc R™1.
However, as particles become non-relativistic, g¢ changes, modifying the scaling to T'
(¢S)~Y3R~1. From the Fig. 1.1, it can be observed that although the g¢ and ¢¢ generally
follow each other but start to deviate when heavier particles decouple from the thermal
bath. We will discuss the notion of decoupling in the following subsection.
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Figure 1.1: The effective number of energetic (¢7) and entropic degrees of freedom (g?) in the SM as functions
of temperature, shown in the solid blue line and dotted red line, respectively. Figure taken from [65].

It is important to emphasize that the expressions discussed above apply strictly during
the RD era, when relativistic particles dominate the energy density. At later times, during
matter domination, non-relativistic species significantly contribute and must be included

explicitly.

1.2.2.2 Non-equilibrium Dynamics

The evolution from a hot and dense plasma to present-day stable particles and nuclei cannot
be fully described under the assumption of thermal equilibrium. As the Universe expands,
particles eventually become non-relativistic (7' < m), causing their number density to drop
exponentially. Consequently, annihilation and scattering processes with the plasma become
inefficient.

To determine whether a process remains in thermal equilibrium, we compare its rate, I', with
the cosmic expansion rate, . If I'/H > 1, the process occurs on a much shorter timescale
than that of cosmic expansion, keeping the system in equilibrium. However, whenT'/H < 1,
the expansion dominates, which prevents the interactions from maintaining equilibrium and
eventually results in decoupling of the particles. The number density of these relic particles,
relative to the entropy density, remains conserved until today.

However, this criteria only provides an estimate of the temperature at which a process
departures from being in equilibrium with the plasma. To accurately describe the system’s
evolution over time, kinetic theory is the most effective approach. This method involves
studying the time evolution of the phase-space distribution function, governed by the Boltz-
mann equation, which we discuss below.

Considering the phase-space distribution of a particle under consideration as f(x*, p/),

the Boltzmann equation can be generically written as:
L{f(a",p")] = Clf (", ") (139)

where L represents the Liouville operator, which, in the case of a flat, homogeneous and
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isotropic Universe (where f(z#,p"*) — f(t, E)), simplifies to :

- 0 0
Lif]= |E5 - HE*— E). :
1= |Bg - e 5E| 10 B) (1.40)
In Eq. 1.39, C is the collision operator which accounts for the number of particles lost or
gained per unit time per phase-space volume because of collisions or decays. For a species

a undergoing interactions of the form a + b <+ ¢ + d, the collision operator is given by:
d’pp  d’pc  d’pg
C(faa Jos fes fd) - / (27T)32Eb (27T)32Ec (27T>32Ed

X | IMeosanlfefa(l Fa) (2 fo) = Maposealfafo(1 £ F)(1 fa)],
(1.41)

2m) 6™ (o + Py — pe — Pa)

In order to find the time evolution of number density of the particle a, we must integrate

both sides of Eq: 1.39 with the factor [ (d;g%. This yields the following expression of the
Boltzmann equation (BE):

3
G 8n = [ SR i S i) (142)
where first term on the left represents the time evolution of the number density of species
a, while second term accounts for its dilution due to expansion of the Universe.

Throughout this thesis, we will see that such out-of-equilibrium processes played a key
role in many early Universe events, including (i) dark matter production and (ii) baryon
asymmetry generation. Later, we will revisit these concepts in greater detail while exploring
these phenomena.

1.2.3 Highlights on the Different Phases of Early Universe

The current understanding of the evolution of the Universe is primarily based on observa-
tional evidence from the Cosmic Microwave Background (CMB), Big Bang Nucleosynthesis
(BBN), large-scale structure, and precision cosmology. It is widely believed that the Uni-
verse began with a phase of cosmic inflation, an extremely rapid expansion triggered by
a scalar field called inflaton, which smoothed out inhomogeneities and stretched quantum
fluctuations to macroscopic scales. While inflation remains hypothetical, it explains why the
Universe appears nearly homogeneous and isotropic on large scales. As inflation ended, the
energy stored in inflaton field was transferred to the particles of the SM in a process called
reheating, initiating the radiation-dominated era.

Around t ~ 10719 sec. (T' ~ 100 GeV), the Universe underwent the electroweak phase tran-
sition, where the Higgs field acquired a vev, giving mass to the SM particles. This time-
temperature relation is derived using the Friedmann equation during the RD era, assuming
an adiabatically expanding universe filled with relativistic particles in equilibrium. Using
H ~1/(2t) and Eq. 1.36, one can find

Mp

Vi T2

t~0.3

(1.43)
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As the Universe expanded and cooled, free quarks and gluons started to get confined into
hadrons at around ¢ ~ 1074 sec. (T ~ 100 MeV), marking the quark-hadron transition.
Around t ~ 1 sec. (T' ~ 1 MeV), the temperature dropped sufficiently enough to cause the
neutrino decoupling, when the SM weak interaction goes out of equilibrium. Shortly after,
when the temperature dropped below the electron/positron mass, m. ~ 0.5 MeV, electrons
and positrons annihilated into photons, slightly heating the photon bath relative to the neu-
trino background. This set the well-known ratio of T, /T, = (4/11)'/3, which, although the
cosmic neutrino background has not been directly detected, is strongly supported by cosmo-
logical observations. Roughly after t ~ 3 min. (T" ~ 0.1 MeV), protons and neutrons began
fused to form light element nuclei like hydrogen, helium, and lithium in a process known as
Big Bang Nucleosynthesis (BBN). The observed light element abundances strongly support
this theoretical prediction. As expansion continued, radiation energy density declined faster
than matter energy density, leading to matter-radiation equality at ¢t ~ 10? yrs. (T ~ 1 &V).
From that point, cold dark matter (CDM) and baryons together dominated the energy con-
tent, with CDM playing the central dynamical role. Then, around ¢ ~ 10° yrs. (T' ~ 0.1 €V),
electrons combined with protons to form neutral hydrogen in an event known as recom-
bination. This process led to photon decoupling, where these photons could travel freely
without any scattering with charged particles (by this time, the Universe was already was
already matter-dominated). These photons are observed today as the Cosmic Microwave
Background (CMB) and provide a detailed snapshot of the early Universe.

After photon decoupling, the Universe entered the ‘Dark Ages’ until the first stars formed
and partially reionized neutral hydrogen. Nevertheless, over billions of years of subsequent
evolution, the cosmic matter content continued to dilute and dark energy overtook matter
as the dominant component driving cosmic expansion. Despite extensive progress, both
CDM and dark energy remain of unknown physical origin, their effects are inferred from
cosmological observations and the dynamics of expansion and structure formation. While
the Standard Models of particle physics and cosmology have been remarkably successful,
many key details, especially regarding these dark components, are still unresolved. We now
shift our focus to dark matter, exploring its impact in shaping the evolution of the Universe.

1.3 Dark Matter: Hidden mass in the Universe

Over last few decades, extensive amount of research on cosmological history has helped
us to understand the energy content of the Universe. High-precision CMB measurements
by WMAP [50] and PLANCK [66] collaboration reveal that approximately 68% of the Uni-
verse’s energy density is carried by the mysterious dark energy and the invisible dark matter
(DM) accounts for ~ 26% of the energy of the Universe. On the other hand, the ordinary
matter (also known as “baryonic" matter), which forms the visible Universe, constitutes less
than ~ 5% of the energy density of the Universe. Although dark matter is still undetected,
its gravitational effects provide strong indirect evidence for its existence.
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1.3. Dark Matter: Hidden mass in the Universe 19

1.3.1 Evidences and Properties of Dark Matter

One of the earliest pieces of evidence for dark matter comes from the galaxy rotation curve
measurements. In 1933, Fritz Zwicky [67] carried out measurements of the velocity disper-
sion of galaxies in the Coma cluster, and later, in 1970s, Vera Rubin [68] conducted more
accurate studies of the rotation curves of galaxies, which moving near the fringes of galaxy
clusters. If most of the mass were concentrated at the center, Newtonian mechanics predicts
that the rotational velocity should decrease with distance as

Vrot (1) = GM, (1.44)

r

beyond the visible extent (galactic core). However, observations revealed that the velocity
profile remain nearly flat as we go further away from the center, suggesting that mass keeps
increasing with radius, M — M (r)  r. This unexpected behavior indicates the presence of
an extended, non-luminous halo of massive dark matter which extends beyond the galactic
disk. This phenomenon is observed in all galaxies, including NGC 6503 [35], as shown in
the left panel of Fig. 1.2.
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Figure 1.2: Left panel: Rotation curves of galaxy NGC 6503 [35], showing how stars, gas, and dark matter
("halo") contribute to the total velocity v:ot . At large radii, dark matter dominates. Right panel: Bullet cluster
image from NASA’s Hubble Space Telescope. Image taken from chandra.harvard.edu.

There exist several other independent observations which support the existence of dark
matter. A particularly compelling line of evidence is gravitational lensing, a phenomenon
predicted by general relativity. According to Einstein, light bends when passing near a mas-
sive object. This effect allows astronomers to infer the mass distribution of an intervening
galaxy acting as a lens for background light. By analyzing the distortion in lensed images,
one can distinguish visible matter from the non-luminous matter. Bergmann and Petrosian
were among the first to use this technique to study galaxy clusters. A striking confirmation of
dark matter’s presence comes from the Bullet Cluster [36,69], where lensing shows a clear
separation between luminous and gravitational mass. During the collision of two galaxy
clusters, ordinary baryonic matter interacts and slows down, forming a hot gas cloud at the
center (as shown by the pink regions in the right panel of Fig. 1.2). In contrast, dark mat-
ter, which interacts only gravitationally, passes through unaffected, forming separate mass
clumps. This observation clearly suggests that dark matter is weakly interacting.

On cosmological scales, the Cosmic Microwave Background (CMB) provides strong ev-
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Figure 1.3: The figure shows CMB temperature fluctuations (in microkelvin) plotted against the multipole mo-
ment (1), which corresponds to the angular scale of the fluctuations. Taken from [70].

idence for dark matter. Discovered by Arno Penzias and Robert Wilson in 1964 [71], the
CMB is a remnant from the Big Bang, offering a glimpse of the Universe 380,000 years af-
ter it formed. Although the temperature fluctuation of CMB is almost uniform, it has tiny
temperature variations that form a pattern known as the CMB power spectrum (shown in
Fig.1.3). This pattern arises from sound waves in the early Universe, where radiation pushed
matter outward, while gravity pulled it back in, creating peaks and dips in the spectrum.
The first peak tells us about the overall shape of the Universe. The second peak gives in-
formation about the amount of ordinary matter (baryons). The third peak reveals the pres-
ence of dark matter. Data from Wilkinson Microwave Anisotropy Probe (WMAP) [50] and
PLANCK [66] suggest that the dark matter makes up about 26% of the Universe’s energy
density.

In a nutshell, we know that DM is electrically neutral, massive, gravitationally interact-
ing, and either stable or long-lived compared to the age of the Universe. However, there
are still plenty of questions remain unclear about the DM, such as its spin and production
mechanism. Additionally, despite extensive direct and indirect searches, no experimental
detection has been made so far. Nevertheless, strong astrophysical and cosmological evi-
dences motivate us to explore about the fundamental nature of DM. Since the SM does not
provide a suitable dark matter candidate, new physics is required.

1.3.2 Production of Dark Matter

There have been several studies on the particle nature and production mechanism of the dark
matter. Based on the interaction strength with the thermal bath, DM is broadly categorised
in two sectors: (a) Thermal dark matter, which was in thermal equilibrium with the pri-
mordial plasma before decoupling (e.g., weakly-interacting massive particles or WIMPs),
and (b) Non-thermal dark matter, which interacts so feebly that it never attains thermal
equilibrium and is produced via non-thermal mechanisms, like annihilation or decay of
bath particles (e.g., Feebly-interacting massive particles or FIMPs). This thesis focuses on
pseudo-Nambu-Goldstone bosons (pNGBs), a class of naturally light, non-thermal dark
matter candidates. On the other hand, among the DM production mechanisms, two most
widely studied ones are "Freeze-out" and "Freeze-in". While, the freeze-out mechanism typ-
ically describes thermal DM, Freeze-in mechanism explains a class of non-thermal DM. Let

TH-3753 196121028



1.3. Dark Matter: Hidden mass in the Universe 21

us now discuss these mechanisms in detail.

1.3.2.1 Freeze-out Mechanism

In this scenario, the DM particle is considered to interact weakly with the SM fields and
is commonly referred to as a Weakly Interacting Massive Particle (WIMP) [72-78]. Due to
these interactions, WIMPs were initially in thermal equilibrium in the early Universe, contin-
uously produced and annihilated within the thermal bath. As the Universe expanded and
cooled, their interaction rate dropped, and they eventually decoupled when thermal equi-
librium could no longer be maintained. Based on their kinematic state at decoupling, DM
is further classified into: (i) Hot DM (HDM) — remains ultra-relativistic at decoupling, (ii)
Warm DM (WDM) - decouples while still relativistic, and (iii) Cold DM (CDM) — becomes
completely nonrelativistic at decoupling.

To determine the decoupling temperature of such DM, we compare its annihilation rate, I',
with the Hubble expansion rate, H. As discussed before, when I'/H < 1, DM interactions
freeze-out, leading to its decoupling from the thermal bath. This decoupled DM abundance
then remains stable and contributes to the present-day relic density. A more precise way
to determine the decoupling temperature and relic abundance is by solving the Boltzmann
equation (BE) for the DM particle ¢ as given in Eq. 1.42. Here, n, is replaced by n,,, and the
collision term accounts for all number-changing processes of . To illustrate, let us consider a
simple case where 1 annihilates into the SM particle-antiparticle pairs (X, X) via ¢ <> X X.
In this case, the BE takes the form:

dnw d3p¢ d3p¢_; dSPX dng
—— +3Hny =
dt (2m)32Ey (2m)32E; (2m)32Ex (27)32E%

X [ IMocgopiP i fe (1 F) (L £5) = [IMygoxxlPhofa & (1% f5)].
(1.45)

(2m)*6“ (py + py — px — Px)

The above expression can be simplified using the following approximations:
(i) No CP Violation: Assuming CP symmetry in the interaction processes, the CPT theorem
ensures that the matrix elements for forward and reverse reactions are equal:

(Mg xx = Mxgpsl™ (1.46)

(ii) Negligible Quantum Statistics Effects: In the early Universe, Pauli blocking and Bose
enhancement effects are insignificant, allowing the approximation 1 &+ f, = 1
(iii) Thermal Equilibrium of the SM Particles: Since the SM particles remain in equilibrium,
their distribution functions simplify to:

fx=f=e BT fo = [ = BT (1.47)

X

Finally, the presence of delta function enforces energy conservation, £y + Ej; = Ex + E¥,
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which allows the collision term to be written in the following form:

dny d3py P’py d*px d*px 4
27)454) v —De
a e = / (2m)32E,, (27)32E; (27)*2Ex Gryp2E, 20 Py Py~ px —p)

$ Mg P (F505 = fufg) - (1.48)

Rewriting this in terms of the actual DM number density (n,,) and the equilibrium number
density n ! we obtain

dny e
- Y1 3Hny = —(00)yioxx [ni—(an)ﬂ, (1.49)

where n . represents the equilibrium DM number density:

3 2
eq geﬁT My
ngt = S8 (T2) " Ka(my/T), (1.50)

with ge = g (3g/4) for bosonic (fermionic) DM and (ov),;_, x x refers to the thermally
averaged cross section for the process ¢) — X X, given by [79-81]

3 Bo - 3 3.1
1 / Py Py d°px d°px (271)4

CONNES'S “ (02 ] (2m)32E, (2m)32E; (27)32Ex (2m)32Ex

x 0W (py +pg — px — Px)Myjxx|2e” FetED/T

/i
WW/ V(s = 4m¢)Kl( T ) Tww—xxds, (1.51)

where K » denote the modified Bessel functions, s is the center of mass energy and 7" is the
temperature of the thermal bath. It is always convenient to transform the BE in terms of the
dimensionless variable Yy, = n, /S to scale out the effect of cosmic expansion (with S being
the entropy as in Eq. 1.37) as

% = —{o0)ygoxx [YE - (V2 (1.52)

Since the thermally averaged cross section depends on the bath temperature 7', it is more
convenient to introduce another dimensionless variable z = m,,/T. Assuming a radiation-

dominated Universe, the relation between time and z is given by [48]:

0.301 Mp; _ 0.301 Mp1 22

= = , (1.53)
2
Vo« T vV 9x w
which results in the final form of BE as
dY, xS e
B = T =gy e [0 =057, (154)

where H(T = my) = 1.66g) Qmi /Mp) = H(T)z?. By solving the Boltzmann equation
numerically, one can track how a particle evolves with the expansion of the Universe by
analyzing the comoving number density Y. For freeze-out DM, we assume Yy (z = 0) =
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qu. Eventually, the yield at the decoupling, Y%,, can be derived by solving the BE when
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Figure 1.4: Left panel: Freeze-out of WIMP type DM in terms of the abundance Y;. Different colors (Red,

Green, Pink) corresponds to different values of annihilation cross-sections, as indicated in the figure. The solid
blue line shows the equilibrium abundance Y. Right panel: Cartoon of DM searches, taken from [82].

I'(= ny(ov)) < H and remains constant thereafter. This behavior is shown in the left panel
of Fig.1.4 for a DM mass of 1 GeV with different values of the thermally averaged cross-
section. As expected, a larger cross-section leads to a later thermal freeze-out.

The current DM relic density can then be expressed in terms of this thermal yield

my Yy (z — 00)

Qh? h?
Sope
- ] 7nw
— 2.75x10 (—GGV) Yy(z — 0o), (1.55)

where p. = 1.05 x 10~°h? GeV cm 3 is the critical energy density and Sy = 2970 cm 2 corre-
sponds to the present entropy density of the Universe. WMAP [50] and Planck [66] data in-
dicates that Qpyh? = 0.1204:0.001 [10] at 68% confidence level, with h = (#,/100) kms ™' Mpc~?.
Interestingly, if a DM particle has a mass around the weak scale and interacts via weak
interaction-mediated annihilation, its predicted relic abundance matches the CMB obser-
vations. This remarkable coincidence is known as the WIMP miracle.

It is pertinent here to briefly discuss about the detection prospects of DM. The detec-
tion of WIMP dark matter relies on three main approaches: direct detection, indirect de-
tection, and collider searches, as shown in cartoon Fig. 1.4 (right panel). The interactions
that explain the correct relic density for DM are also capable of producing DM particles at
colliders, like LHC, leading to missing energy signals. Direct detection experiments like
LUX [83], XENON-1T [84] and PandaX-II [85,86] etc. to observe nuclear recoils caused by
WIMPs scattering off atomic nuclei. The most recent direct search comes from LUX-ZEPLIN
(LZ) [87]. On the other hand, indirect detection looks for signals from WIMP annihilation
or decay into stable particles, such as gamma rays, neutrinos, electrons etc.via experiments
like PAMELA [88], Fermi-LAT [89], MAGIC [90] etc. Despite these extensive efforts, no
conclusive evidence for WIMPs has been found, pushing searches toward lower interaction
cross-sections and alternative DM candidates.
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1.3.2.2 Freeze-in Mechanism

Contrary to the idea of DM freeze-out, where DM was assumed to remain in thermal equi-
librium with the visible sector in the early universe, the freeze-in mechanism occurs when
the interaction between DM and the thermal bath is extremely feeble, ~ O(1071°). In this
case, DM is never able to attain thermal equilibrium and therefore, is assumed to be absent
or present with negligible abundance in the early Universe, and then gradually produced
from the decays or annihilations of bath particles. This process, first proposed by Hall et
al. [91] in 2009, is known as freeze-in, and the corresponding DM candidate is called a fee-
bly interacting massive particle (FIMP).

To understand how FIMP evolves over time, we again refer to the Boltzmann equation,
as given in Eq.1.42. Let us consider a simple case, where DM () is primarily produced
through the decay of a heavier thermal bath particle (X) via X — 1. Since the interaction
strength is very small, annihilation processes contributing to DM production can be ignored.
Additionally, one can safely assume that the initial abundance of DM is zero or negligible,
due to such feeble coupling. Under these conditions, the collision term in Eq. 1.41 simplifies
to:

d? d?
C(fs3 fur fx) = / (%)f;”E ” (%)f;;X (2m) 00 (px — 2py) || Mol Fx (1 £ f1)?)-

(1.56)

By assuming 1 + f,, ~ 1 and fx = fy, and expressing Eq. 1.42 in terms of the comoving
number density Y,, = n,/S, the Boltzmann equation simplifies to:

T YR ), (157)
which describes the evolution of the FIMP DM yield Y, with respect to the dimensionless pa-
rameter © = My /T, where Mx denotes the mass of the decaying particle, X. Here the ther-
mal average of the decay width of the X particle, (I'x_, ), is given by I'x .0 K1 () / Ko ().
As shown in Fig. 1.5, starting from negligible abundance, the DM yield increases due to
the decay of X and eventually saturates when the number density of X particle becomes
Boltzmann-suppressed, ~ e~ Mx/T Unlike the WIMP scenario, in this case, the DM yield
increases as the coupling between DM and bath particle, A x;, (or, the decay width) increases.
Once the asymptotic yield Y;;,(c0) is obtained, one can use Eq. 1.55 to calculate the DM relic
density.

So far, we have discussed the DM freeze-in production from the decay or annihilation of
the bath particles in the context of renormalizable interactions. To be specific, this kind of
freeze-in production is referred as IR freeze-in. However, there exist another class of popular
freeze-in mechanism, called Ultra Violet (UV) freeze-in [92], where DM production is driven
by non-renormalizable higher-dimensional interactions, which, in turn, suggests that the
thermal bath temperature remains lower than the mass of the mediator connecting DM to the
SM. Being connected to such effective interactions, unlike IR freeze-in, UV freeze-in does not
require extremely feeble renormalizable coupling. Here, DM is primarily generated through
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Figure 1.5: Abundance of freeze-in DM (Yy,) with respect to « = Mx /T for different choices of Ax.

scattering processes in the thermal bath, which depend on the bath temperature. As aresult,
the DM yield in this case is dominated by the highest temperature of the Universe, which is
typically taken as the reheating temperature, Ty, following a primordial inflation.

Let us consider a toy model, where a scalar DM (x) is coupled to the thermal bath
through the following non-renormalizable higher-dimensional interaction:

Loz = %X@ﬂl%, (1.58)

where ¢ is a boson, which is assumed to be in thermal equilibrium, ); and 1, are two bath
fermions, and A indicates the characteristic high scale at which the effective operator is gen-
erated, which is assumed to be larger than Trp. A key contribution to the dark matter yield
arises arise from the non-renormalizable operator through a four-particle interaction like
¢ — xo. Using the conventional Boltzmann equation in Eq. 1.42, one can investigate the
change in DM number density (n,) via ¢1); — x12 process as

dny PPpy,  d’py  Ppy,  dPpy
—= +3Hn, = 3 . 3 3
dt (2m)32E,, (27)32E, (27)32E,, (21)32E,

X | Mt Phodun = Mimosion I Fifoa] (1.59)

(2m)*0™ (py, + o — Pyy — D)

Assuming the states in thermal bath (1,12, ¢) are Maxwell-Boltzmann distributed (f; ~
e~ Fi/T) and negligible abundance of DM (f, =~ 0), we neglect the latter term in Eq. 1.59
(proportional to f,) and rewrite the Boltzmann equation as [80,91]

dn,

—= +3Hn, =~

& [ s 49 VB Misn PR/, (1.60)

T
204876

where s represents the center of mass energy of the interaction at temperature 7'. Assuming
the masses of the relevant particles are negligible compared to the temperature,the squared
matrix element can be expressed in a simplified form as:

s
Mgl *~ A2 (1.61)
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such that [80,91]

T6
16m5A2°

dn T >

(1.62)

By expressing Y, = n,/S, changing the variable from ¢ to 7" and integrating over s, one

arrives at
dYuv 1 75

dI” —  SHT 1675A2
Integrating this from the maximum temperature of the Universe (typically Try) down to

(1.63)

the present time (7j =~ 0) and using the expressions for S and #, the present-day DM yield
can be determined [91,92]

(1.64)

Vs 180 <TRHMP1) ,

" 166 2m)gSVE \ A

which can be directly translated to DM relic density through Eq. 1.55, as mentioned earlier.

Since this thesis focuses on the phenomenology of pNGBs, which inherently involves
explicit global symmetry breaking terms in higher order, we will come across UV freeze-
in-like DM scenarios in the later chapters. Therefore, in this thesis, UV freeze in plays a
crucial role in the DM phenomenology. There exist another well-known DM production
mechanism, known as the misalignment mechanism [93-97], which is particularly relevant
in the context of very light pNGBs such as QCD axion and ALPs. Unlike WIMP or FIMP
production, which involves particle interactions like annihilation or decay, in misalignment
mechanism, DM axions are produced in the early Universe as a result of coherent oscillations
of the axion field. we will expound it later while discussing axion and ALPs. For now, in the
next section, we delve into another key deficit of the SM, the generation of neutrino mass,
with a focus on the type-I seesaw mechanism, which plays a crucial role in leptogenesis and
will be important in Chapter 2.

1.4 The Origin of Neutrino Mass

Neutrinos are unique among the SM fermions which are electrically neutral and do not have
right handed counterparts. This prevents the construction of a renormalizable Dirac type
mass term for the neutrinos (like other fermions in the SM) and therefore, neutrinos remain
massless in SM. However, several experiments like kamLand [98], Super-Kamiokande [99],
K2K [100], etc. observed deficits in different type of neutrino fluxes (emerging from various
sources) compared to the predicted amounts of flux, which suggests that one flavor state
of neutrino must have oscillated into some other neutrino flavor states while propagating
large distances. This phenomenon is known as neutrino oscillation, which contradicts the
SM prediction that neutrinos are massless. Neutrino oscillation occurs when neutrinos have
different masses and their flavor states are mixtures of the mass eigenstates. If, for example,
the masses of two states are same, they will evolve identically and no oscillation will happen.
Similarly, if the flavor and mass states match exactly (no mixing), then each flavor will evolve
independently without changing into another. Therefore, with non-zero neutrino masses

and mixing, one can include additional rotation for leptons in analogy with the quark sector
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(in 1.20) as
€L = (Ue)aie/ei; Vi = (UV)aiV},i and eg, = (Ve)aieg%i, (1.65)

substituting these rotations from between flavor and mass eigenstates back in Eq.(1.4), one
obtain the leptonic charged current interactions as the following

l//

L er,
leptons 92 ,_____ ___ + 92 = +
Lo = NG L) YW, v, | = 7 (€}, 71) UN"W,SUL | |- (1.66)
Mo 1z

Therefore, analogous to the CKM matrix in the quark sector, here, U = UeT U, represents the
mixing matrix in the lepton sector and is widely known as the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix [101].

Although the lightest neutrino mass and is unknown, the total neutrino mass is bounded
from above by cosmological observations as: ) m, < 0.12 (0.15) €V, considering a nor-
mal (inverted) neutrino mass hierarchy [63,102]. Therefore, to incorporate non-zero neu-
trino mass, one must go beyond the SM by adding new particles or by allowing higher-
dimensional, non-renormalizable operators, or a combination of both. Additionally, the na-
ture of neutrino, whether it is Dirac or Majorana type, is not clear. For Dirac neutrinos,
one needs to introduce three gauge singlet right handed neutrinos (RHNs) Ny to allow the

neutrino Yukawa interaction:
~Lpirac = y"CLHNR + H.c.. (1.67)

While this interaction preserves lepton number, the neutrino Yukawa coupling, ”, needs
to be very small (~ O(107!2)) in this case to remain consistent with the observed order
of neutrino mass. On the other hand, being electrically neutral, neutrinos could be their
own antiparticle, indicating their possible Majorana nature. In that case, even though a
direct mass term like mvv¢ is forbidden by the SM gauge symmetry, one can write a gauge
invariant dimension-5 Weinberg operator y* (¢ H)(H/1)/A [103] (with A being some high
cut-off scale in the theory) to generate small neutrino masses while violating lepton number
by two units. Unlike Dirac neutrinos, Majorana neutrinos do not require an ‘unnatural’
Yukawa coupling y” as long as A is very high (O(10'*) GeV). This effective framework can
be embedded into UV-complete models, which are widely known as seesaw mechanisms.
There exist several novel variations of seesaw mechanism in the existing literature, which
include Type-I seesaw [104-110], Type-II seesaw [110-114], Type-III seesaw [115], inverse
seesaw [116,117] etc. Neutrino masses can also rise at the loop level, as proposed by some of
the models like Zee-Wolfenstein Model [118], Zee-Babu Model [119,120], Ma-Model [121].
In the next subsection, we will particularly focus on the type-I seesaw mechanism which
will be relevant in Chapter 2 of this thesis.
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1.4.1 Type-I Seesaw Mechanism

Type-I seesaw mechanism [104,107-110, 122] remains the most simple and attractive one
to explain the generation of tiny neutrino mass by connecting it with the presence of very
heavy mass scale. In this framework, the particle spectrum of the SM is extended by three”
SM gauge singlet and electrically neutral RHNs, Ng, with ¢ = 1,2, 3. Therefore, the relevant

Lagrangian for neutrino mass can be written as
— = 1
—Lseesaw = yZiELaHNRi + §M1]NIC%1 NR]' + H.c. (168)

Here, the first term corresponds to the neutrino Yukawa interaction, while the second term
implies the bare Majorana mass for RHNs, which is gauge-invariant (yet lepton-number vio-
lating) term due to the zero isospin and hypercharges of RHNs. As the Higgs field acquires
a vev, the neutrino mass terms can be arranged as

1, & 0 mp vy
‘C’mass = §(VL NR) —|—H.C., (169)

(mp)T Mg Ng

where (mp)ai = Y4, v/ v/2 denotes the Dirac mass, which is a 3 x 3 matrix. Similarly, for 3
added RHNSs, Mp, is also a 3 x 3 matrix, which makes the neutrino mass matrix in Eq. 1.69 a
6 x 6 matrix. Considering mp < Mpg, the block-diagonalization of the 6 x 6 neutrino mass

matrix leads to two non-zero eigenvalue matrices of order 3 x 3 each, given by

. —mDMgl(mD)T, (1.70a)

Micayy = Mg (1.70b)

The light neutrino mass matrix m, canbe further diagonalized to obtain its mass eigenvalues

and mixing:
Uymy, U} = diag(my, ma, m3) = my, (1.71)

where m¢ = diag(m1, ma, m3) represents the mass eigenvalues. If the charged lepton mass
matrix is assumed to be diagonal, U, coincides with the PMNS matrix U. Similarly, the
heavy RHN matrix Mjeavy canbe diagonalized via orthogonal transformation with a Unitary

matrix Vy, given by
Vi Micayy Vi = diag(My, My, M3) = M. (1.72)

1.4.1.1 Casas-Ibarra Parametrization

As seesaw models involve large number of unknown parameters, it is necessary to parametrize
them. One of the most convenient method is to use the Casas-Ibarra Parametrization [124],

In a minimal type-I seesaw model, two RHNs are sufficient to account for the origin of the neutrino mass
[123].
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d

v’

which combines both high and low-energy parameters. It uses the diagonal matrices m
M f%, the PMNS matrix, U and an unknown complex orthogonal matrix, R.
To illustrate the parametrization, one can employ Eqs. 1.70a and 1.71 and consider My ~

Mgtoﬁnd
m = U[=mpMg' (mp)"]U"
v? -1/2 4 -1/2 -1/2, , -1/2
— 1 = =2 [ oy el [ TPy U )
. v A\ 27 y d\—1/2 . v A\ 270x dy—1/2 g
= 1 = |=iosmd) o) | is el o)

d

Therefore, denoting the combination [—z% (m$

)_1/2U*y”(Mg)_1/2} as a complex orthogo-
nal matrix R, the Yukawa coupling matrix (y") can be expressed as following

V2 _1/2

2 o
yy =3 ZTUT(mg) LR

R(ME) 7, (1.74)
which is widely known as the Casas-Ibarra parametrization. We will utilize it in chapter 2.

Apart from generating light neutrino masses, the type-I seesaw mechanism is closely
connected to Baryogenesis via Leptogenesis, the most prominent way to address another cap-
tivating issue unsolved within the SM, the matter-antimatter asymmetry of the Universe,
which we explore in the thesis works. To provide a better understanding of this issue, we
discuss it below.

1.5 Matter-Antimatter Asymmetry of the Universe

The near-identical nature of the fundamental interactions for particles and antiparticles indi-
cates that the Universe should contain matter and antimatter in equal amounts. In that case,
large-scale matter-antimatter annihilations would have taken place throughout the Universe,
producing strong and detectable v-ray emission. However, we do not observe any signifi-
cant y-ray emission due to matter-antimatter annihilation in our solar system [125], which
suggests a lack of antimatter. While antimatter can be observed in cosmic rays and in parti-
cle accelerators only, a significant amount of asymmetry exists between the matter and the
antimatter, which can be quantified by the baryon to photon ratio: ng = (np — ng)/n, or
the baryon to entropy ratio: Yz = (ngp —ng)/S.

Cosmological observations provide two precise and independent determinations of this
asymmetry:

1. BBN: The primordial abundances of light nuclei (‘He, D, 2He, "Li) formed during
BBN are highly sensitive to g as the rate at which protons and neutrons combine into
nuclei depends on the baryon number density. Therefore, by comparing the observed

abundances of these light nuclei with theoretical predictions, one can extract ng, which
gives [126]

n% = (5.7-6.5)x1071% Y} =(8.2-88)x 107 (95% CL). (1.75)
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Figure 1.6: Predictions of the primordial abundances of 4He, D, ®He, and"Li as a function of cosmic baryon
density in the standard model of Big-Bang nucleosynthesis. The bands show the 95% CL range [126], with
yellow boxes representing the observed light element abundances. The narrow blue vertical band corresponds
to the CMB measurement of the cosmic baryon density, and the wider magenta band represents the D+4He
BBN concordance range (at 95% CL). Adapted from [127].

2. CMB: Formed shortly after recombination, the CMB is the relic radiation from when
the Universe cooled enough for neutral atoms to form. The acoustic oscillations of
the photon-baryon fluid prior to recombination imprint patterns in the CMB temper-
ature anisotropies. The relative heights of these acoustic peaks depend sensitively on
the baryon density. Therefore, by comparing highly precise CMB measurements from
satellites such as WMAP and Planck with detailed theoretical models, cosmologists
extract np with remarkable accuracy as [63]

n% = (6.124£0.04) x 107 or Y3 = (8.7+£0.06) x 10711 (1.76)

Fig 1.6 illustrates the predicted primordial abundances of ‘He, D, He, and"Li as func-
tions of baryon density in the standard BBN model. Here, the narrow blue vertical band
represents the cosmic baryon density measured by CMB (as presented in Eq. 1.76), while
the wider magenta band corresponds to the observation from BBN at 95% CL [126]. The
overlap of these bands highlights the consistency between CMB and BBN measurements,
despite the significant time gap between these two epochs. This agreement provides a strik-
ing confirmation of the observed baryon asymmetry.

As any pre-existing asymmetry between matter and antimatter would have been erased
by inflation, a possible way to explain the observed baryon asymmetry is to assume that the
Universe began with an equal amounts of matter and antimatter, but eventually, an excess
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of baryon over antibaryon was dynamically generated. This process is known as baryoge-
nesis. There are three necessary ingredients required for dynamical generation of baryon
asymmetry, widely known as the Sakharov condition [128], as the following;:

1. Baryon Number (B) Violation: If the Universe began with no initial asymmetry and
all the fundamental interactions preserved baryon number, then a baryon asymmetry
cannot be developed unless some fundamental interaction violated baryon number.

2. Cand CP violation: To dynamically generate a baryon asymmetry, the processes that
produce baryons and those that produce antibaryons must proceed at different rates. If
charge conjugation symmetry (C) is conserved, then particles and antiparticles would
always behave identically. This means every baryon-generating process would have an
exactly corresponding antibaryon-generating process with the same probability, even
if CP is violated. In that case, no net baryon asymmetry can be generated, because any
excess generated through CP violation would be exactly balanced by its C-conjugated
process. On the other hand, if only C is violated but CP is conserved, then although
particles and antiparticles may behave differently, the rates for a particle (with baryon
number B) and its CP-conjugate process generating an antiparticle (with baryon num-
ber —B) would be equal. As a result, no net baryon asymmetry would have been
generated. Thus, to generate a baryon asymmetry, both C and CP need to be violated.

3. Departure from equilibrium: Even with the above two conditions, the baryon asym-
metry generated by these processes would evolve with the temperature of the Uni-
verse. If the system remains in thermal equilibrium throughout, every interaction
creating an asymmetry would be canceled by its reverse process, erasing the baryon
asymmetry entirely. Therefore, to preserve the generated asymmetry, the system must
undergo a departure from equilibrium, which can be achieved by the criteria, I' < H,
as discussed in subsection 1.2.2.

In the SM, lepton number (L) and baryon number (B) are violated non-perturbatively (via
sphaleron process), while both C and CP are violated by weak interactions. However, the
amount of CP violation in the CKM matrix is too small to account for the observed baryon
asymmetry. Additionally, the electroweak phase transition (EWPT), which could provide
the necessary departure from equilibrium, needed to strongly fist-order [129,130], which is
however not possible for the Higgs boson mass of 125 GeV [8,9,30]. Hence, the SM fails to
generate enough baryon asymmetry and one needs to go beyond the SM. There exist several
possibilities in the literature which have been proposed to explain the matter-antimatter
asymmetry [42,43,131-136]. Among them, a widely studied approach is baryogenesis via
leptogenesis [43] due to its strong connection with the type-I seesaw mechanism.

The Type-I seesaw mechanism naturally satisfies the three Sakharov conditions: (i) lep-
ton number is violated through the Majorana mass terms of RHNSs, (ii) the complex nature
of neutrino Yukawa coupling sources the CP violation and (iii) the decay process of the
RHNSs into the SM Higgs and the SM leptons at 7' S My can occur out-of-equilibrium as
a result of the expansion of the Universe. This leads to the generation of a finite amount
of lepton asymmetry, which is then partially converted into a baryon asymmetry via the

TH-3753 196121028



32 Chapter 1. Introduction

non-perturbative electroweak sphaleron process.

1.5.1 Baryogenesis via leptogenesis

The relevant Lagrangian in this case is same as given in Eq. 1.68. Due to the Yukawa inter-
action RHNSs could be abundantly produced in the early Universe (T > My ) via inverse
decays (¢r, + H — N; and lp,+H — N;)and 2 — 2 scatterings mediated via Higgs boson.
Then, as the temperature goes below the masses of RHNSs, the out of equilibrium decays of
the respective heavy RHNs (N; — /1, + H and N; — / L. + H), due to the same Yukawa
interaction, generate a finite amount of CP asymmetry in each lepton flavor direction. The

CP asymmetry can be parametrized as

[0}

o T(N; = ¢, +H) ~T(N; — £, + H)
LY AN = b, + H) 4+ T(N; = €, + H)}

(1.77)

where I'(N; — £, + H) and I'(N; — £1,, + H) correspond to the decay width of the process
N; = fr, + Hand N; — 0 + H, respectively. The denominator here represents the total
decay width of N; and at the tree level, can be estimated as

( VT v

vy

> {T(N: = b, + H) + T(Ny = 0y, + H)} = o )iiMi. (1.78)

To generate a finite amount of CP asymmetry, both tree-level and one-loop level decays of

Figure 1.7: Tree level and one-loop level Feynman diagrams for the decay of the RHNs.

RHNs must be considered, taking into account self-energy and vertex corrections (shown
in 1.7), as the asymmetry vanishes at tree level. The CP asymmetry then arises from the
interference of the tree-level and one-loop level decay amplitudes. Importantly, at least two
RHNSs are needed for a non-zero CP asymmetry. In presence of a hierarchical RHN mass
scenario (M; < My < Ms), the net asymmetry arises only from the decays of lightest RHN
(1) as it stays in thermal equilibrium for a longer period of time, thereby erasing the asym-
metries generated by N, and N3 through washout effects. Though the net asymmetry can
still be affected by lepton-number-violating 2 — 2 scatterings. Once a net lepton asymmetry
is established, sphaleron interactions convert it into a baryon asymmetry. In Chapter 2, we
provide a detailed discussion of such thermal leptogenesis, including the generation and
evolution of asymmetry through Boltzmann equations in the context of our work.

Apart from the conventional leptogenesis introduced by Fukugita and Yanagida [43],
it is pertinent here to mention two other variants of leptogenesis, which we have explored
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in this thesis: (a) resonant leptogenesis, where CP asymmetry is resonantly enhanced due to
two nearly degenerate heavy Majorana neutrinos, and (b) spontaneous leptogenesis, where a
dynamical CPT violation in the early Universe generates a lepton asymmetry while lepton
number violation remains in thermal equilibrium. We will discuss these mechanisms in

detail in Chapter 2 and Chapter 3, respectively.

1.6 New Physics via Light Scalars: Pseudo-Nambu-Goldstone Bosons

So far, we have explored some of the key unresolved issues of the SM, each providing strong
motivation to look for the BSM physics. Starting with the quest of dark matter, it has long
been guided by the WIMP paradigm and similar dark matter candidates. However, as dis-
cussed earlier, the non-observation of WIMPs in direct detection experiments (as can be
seen from Fig. 1.8, taken from the latest studies [87,137]) has led the particle physics com-
munity to explore alternative dark matter candidates. On the other hand, the most well-
known explanation for the origin of neutrino mass, the type-I seesaw mechanism, relies
on the presence of extremely heavy right handed neutrinos. Similarly, the leading solution
of the existing matter-antimatter asymmetry of the Universe, baryogenesis via leptogene-
sis, involves the decay of new heavy leptonic states, such as the RHNs in the type-I seesaw
mechanism. In the simplest seesaw leptogenesis scenario, successful baryogenesis requires
Majorana masses to be My 2> 10° GeV [138], making direct experimental tests of these mod-

els extremely challenging. With no clear idea on the scale of new physics, the modern ap-

10 B T —T—— T — T T

0"

WIMP-nucleon og; [em?)

1’ 10° 10’ 10
WIMP Mass [GeV/c?]

Figure 1.8: Most significant upper bounds on the spin-independent cross section between WIMPs and nucleons.
Figure taken from the article reporting the best current bound, obtained by the LUX-ZEPLIN (LZ) collaboration
[87,137].

proach to BSM searches has become more agnostic, heavily driven by effective field theories
(EFTs), an useful tool to study the indirect effects of new physics, which might actually exist
at some energy scales far beyond the electroweak scale. The standard model EFT (SMEFT)
is one such framework, where the SM is treated as a low-energy approximation of a more
complete high energy theory, and constraints on new physics can be derived by studying

deviations in precision measurements.
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Beyond this EFT framework, another promising direction is to consider that new physics
appears at lower energy scales in terms of light, feebly interacting particles. Their small
masses and feeble couplings can arise naturally from fundamental symmetries or dynami-
cal mechanisms. Such particles can influence astrophysical processes like stellar cooling and
may also appear in collider experiments as missing energy or through new signatures if they
are short lived. Among these candidates, pseudo-Nambu Goldstone bosons (pNGBs) are
particularly well-motivated. These particles naturally emerge from spontaneous breaking
of global symmetries and remain light as their masses are tied to explicit symmetry break-
ing or anomaly. Due to their feeble coupling, naturally suppressed by symmetry breaking
scale, pNGBs are ideal candidates for dark matter. Additionally, pPNGBs may also appear in
various BSM frameworks, including solutions to the strong CP problem (axions), neutrino
mass generation (Majorons) and play pivotal role in baryogenesis, and as mediator between
the visible and dark sectors. We provide here the background formalism for such pNGBs
while their phenomenologies are explored in Chapters 2, 3 and 4.

In the rest of this section, we will discuss the emergence of pNGBs from breaking of
global symmetries, followed by a class of models which can naturally accommodate the
PNGBs, mainly focusing on Axion and Majoron, and their broader generalization to axion-
like particles (ALPs).

1.6.1 Goldstone’s Theorem

The Goldstone’s theorem asserts that for a continuous global symmetry G, such as ¢(x) —
¢®¢(x) with a constant a € R, its spontaneous breaking to its subgroup H automatically
leads to the emergence of dim(G — H) massless particles, one for each broken generators of
the theory. This theorem predicts the existence of massless Goldstone bosons.

We now present a classical proof of Goldstone’s theorem [139]. Consider a Lagrangian
involving fields ¢;(x), given by

L = derivative terms — V' (¢;), (1.79)

Assuming ¢° to be the constant field value that minimizes the potential

( - ) —0, (1.80)
091/ 41(2)=0

one can expand the potential around this minimum, which yields

2
Vig:) = V(¢°) + % Z(qbi — ¢")(¢; — ¢°) <8Zz6‘;5j>¢0 _— (1.81)

where the second derivative matrix, (%) . is identified as a symmetric mass matrix
1 J (b

(m3;) for the fields ¢;. Since ¢° is a minimum, its eigenvalues are non-negative. Goldstone’s
theorem can be proved if one can show that each continuous symmetry, which is not a sym-
metry of the minimum (¢°), leads to a massless mode. In order to do so, we consider an
infinitesimal symmetry transformation of the ¢; field: ¢; — ¢; + d¢;, which must keep the
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original potential V' (¢;) (as well as the whole Lagrangian in Eq. 1.79) invariant. This yields

oV ()
0¢;

V(gi) =V(¢i +0¢i) — ¢i = 0. (1.82)

Now, taking a derivative with respect to ¢; and evaluating at the minimum (¢ = ¢°), we get

0 d¢; 8V(¢)> 56, 0( 9’V > _0 183
<8¢j >¢0< Ipi ¢0+ Pilo 0¢;0¢; #0 ' (1.83)

The first term goes to zero since #? is the minimum of potential. For the other term, one can

readily see that if the symmetry leavs the vacuum invariant, then §¢;| 0= 0 and no massless
state appears, otherwise, if spontaneous symmetry breaking happens and the vacuum is
not symmetric under the original symmetry, then §¢;| 407 0, and hence, we get a zero eigen-
value of the mass matrix m;;, with d¢;|40 being the corresponding eigenvector. These are
the massless Goldstone bosons.

An example: global U (1) symmetry
Let us take a simple example to understand how Goldstone bosons arise from spontaneous
symmetry breaking. To do so, we take a complex field, ¢(z), with the Lagrangian

L= L(0u")(06) + m?(66%) — J (66" (1849

which remains invariant under the U(1) transformation: ¢(x) — e‘“¢(z), with « being a
constant. As already argued in Section 1.1.2, the potential in this case, V(¢) = —m?(¢*¢) +
AM¢*¢)?, has a minimum at |¢[>= m?/2\ = v,/v2. So, the field ¢ thus acquires a vev
(¢) = vy/V/2. Since the vacuum is not symmetric under the original U(1), the symmetry
is spontaneously broken and a massless state (a Goldstone boson) is expected.

To illustrate this, we parametrize the original complex field ¢ in polar representation as

Vg + P(T) ja(a) v
r)=——""¢€ ¢ 1.85
o(w) = f (1.85)
where p is the radial mode and «a is the angular counterpart. Under U(1) transformations,
the radial mode stays unchanged but the angular mode obtains a shift symmetry, a — a +
vya. Hence, the angular mode denotes the excitations along the flat, radial direction of the
potential. Plugging the parametrization of ¢ into Eq. 1.84, the kinetic term results

2
L= 5@ 00 + 5 (14 L) @00 - 22— do - 35 (186)
Vg 4
while a(x) disappears from the potential. Evidently, the radial mode p gets a mass m? =
2)\1)3), but the angular mode a, which corresponds to moving along the flat direction, re-
mains massless. This excitation is identified as the Goldstone boson. Interestingly, Since
a(z) is a function of spacetime, it appears via derivative interactions. Therefore, any process
involving a Goldstone boson has amplitudes proportional to its momentum, which vanish
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in the limit of zero four-momentum. Also, vy4 is the symmetry breaking scale which can
be very large. In such a large vy limit, one finds that the heavy field p (with m?> = 2)\?)3))
completely decouples from the light mode a. This suggests that high scale physics can be
probed via the low-energy interactions of massless Goldstone mode, without involving the
heavy field. We will utilize this feature in the upcoming chapters.

It is important to note that the complex scalar field ¢ can also be written in a linear repre-
sentation, where it is decomposed as

¢(z) = \}5[% + p(z) +ia(z)). (1.87)
Substituting this into the Lagrangian in Eq. 1.84 results

L= S(0"0)(Dup) + 5(0")(0u0) — M3 = Nugole + a) = G2 +a?, (188)
where constant terms are neglected. It is clear that this form of Lagrangian lacks U(1) sym-
metry as it describes fluctuations around a vacuum aligned along the real axis. As expected,
the a remains massless, representing the Goldstone boson.

Although the interaction terms for a seems to be different between the polar (Eq. 1.86)
and linear (1.88) representations, physical observables remain the same due to the reparametriza-
tion theorem, which states that if there exist two sets of fields ®4(z) and ®“(x) such that

4 (z) = ®*(z) + higher orders in fields, (1.89)

then all the on-shell matrix elements computed in either parametrisation will be identical
[140]. To illustrate, we consider the decay of p(p) — a(p1) + a(p2), where p and p; (and p2)
denote four-momentums of the incoming p and two outgoing a particles, respectively. In
polar form, the interaction p(9"a)(9,a)/ve (from Eq. 1.86)gives

21p1.
’iMpolar = L8 p27 (190)

Vo

where the 2-factor appears due to the presence of two a fields in the interaction term. On
the other hand, in linear form, the interaction term —Avgpa (for Eq. 1.88) is responsible for
the same decay channel, which yields

iMimear = —2i\vg. (1.91)
Using the mass of the radial component p as m) = 2\v} and on-shell conditions p* = m,
and p? = p3 = 0, we find

m2 2 2p.
2)\%5:70:(171‘*‘]72) _ P1p2’ (1.92)

Vo Vo Vo

which confirms that the amplitudes emerging from both the polar and linear representations
are exactly equal. This clarification is important because, for our convenience, we use the
linear parametrization in Chapter 2 (related to Majoron phenomenology) and the polar one
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in Chapters 3 and 4 (where phenomenology of ALP is discussed). In the following, we
will discuss how this massless Goldstone bosons can acquire mass in presence of explicit
symmetry breaking.

1.6.2 Explicit Symmetry Breaking and Pseudo-Nambu-Goldstone bosons

The properties of Goldstone bosons discussed so far arise from having an exact global sym-
metry in the Lagrangian. However, in reality, exact global symmetries are rarely seen in
nature. Instead, most physical systems are governed by approximate symmetries, which
are explicitly broken at some high energy scale A. Such breaking can be captured using ef-
fective field theory as an extension of the Standard Model. In some cases, renormalizable
soft-breaking terms may also be present. In either case, these explicit symmetry-breaking
effects must vanish as A — oo, implying that the coefficients of these terms scale as inverse
powers of A [141].

Moreover, it is broadly believed that global symmetries are violated by quantum gravity.
One way to understand this is that global charges can disappear by being absorbed by evap-
orating black holes or wormholes. On the other hand, local (gauge) charges like electric or
magnetic charge are protected by Gauss’s law and cannot just disappear, even if the charge
falls into a black hole, because a black hole carrying electric charge cannot fully evaporate
without violating charge conservation [142]. This leads to the idea that quantum gravity
does not break gauge symmetries but break the global ones [142]. As a result, explicit sym-
metry breaking terms are generated by quantum gravity through higher-dimensional oper-
ators suppressed by the Planck scale [143].

A key consequence of such explicit global symmetry breaking is that the Goldstone bosons
may acquire a mass as well as non-derivative interactions. Since the breaking is weak (either
suppressed by very high scale or soft-breaking terms), the mass is expected to be small.
These slightly massive Goldstone bosons are known as pseudo-Nambu Goldstone bosons
or pNGBs. For example, let us consider an explicit global symmetry breaking term

Vit rsking = — (6% + 6°) (1.93)
soft—breaking 4 ) .

which is a soft-breaking term because the term (¢? + ¢*?) has mass dimension less than four.
Using the polar form of ¢ from Eq. 1.85, this term yields

2
m 2a
Vsoft—breaking = —T(vqg + p)?cos <U¢>
2 2 2
= T2 2y ) (125 1), (1.94)
4 vy vy Vg

m2 = m?. (1.95)

The same result can also be obtained using the linear representation of ¢ from Eq. 1.87.
Clearly, in the limit m — 0, the symmetry of the theory is enhanced.
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1.6.3 PNGBs in SM: Pions and Mesons

The most well-known examples of pNGBs in the SM are the pions. To understand this, let
us only focus on the first generation of quarks. Ignoring the quark masses, the quark sector
has a chiral symmetry: SU(2)r, x SU(2)g. The relevant part of Lagrangian for the quarks is

L5 QridQr + QridQr, (1.96)

which remains invariant under separate transformations of LH and RH quark doublets,

Qr = (ur, dr)" and Qg = (ur dr)T, as given by,3

Uy, Uy, UR UR
NI ; — R . (1.97)

dr, dr, dr dr

with g, € SU(2)r, and gr € SU(2)g. As the Universe cooled below the QCD confinement
scale, ' ~ Aqcp ~ 150 MeV, quarks form bound states, and the quark bilinear condensate
QLQRr ~ A3QCD became non-zero. This breaks the chiral symmetry SU(2);, x SU(2)r down
to the vector subgroup subgroup SU(2)y, that transforms LH and RH fields in the same way.
Since three generators are broken in this process, Goldstone’s theorem predicts the existence
of three massless Goldstone bosons, which are known as pions. However, in reality, up and
down quarks possess small yet non-zero masses, which explicitly breaks SU(2);, x SU(2)r
symmetry as evident from the mass term

_[mu O
LD -Qp Qr+Hec. (1.98)

0 my
As a result, the pions acquire a small mass

3
o Agop

ﬂ'N 2
fz

m (M, + mq), (1.99)
where f. denotes the pion decay constant and become pNGBs. Eq. 1.99 can be formally
derived using chiral perturbation theory, which we will not discuss here. It is clear that in
the limit m,, 4 — 0, pion masses vanish, confirming that pions are the lightest pNGBs in the
SM.

The idea can also be extended by considering three lightest quarks, (u, d, s), with the
third lightest quark being the strange quark, with mass ms ~ 100 MeV. The kinetic terms of
Eq. 1.97 now exhibit a larger symmetry:

UB)L x UB)r=U(1), x U(1)g x SU®3)L x SU(3)x. (1.100)

As in the two-flavor case, the SSB of SU(3);, x SU(3)r — SU(3)y gives rise eight pNGBs,
which correspond to the known mesons: three pions (7%%), four Kaons (K°, K9, K*) and

® Actually, the Lagrangian possesses a larger symmetry: U(2), xU(2)r = SU(2) x SU(2)r xU (1), xU (1) g.
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the eta meson (), all with masses around the QCD scale Agcp.

Additionally, there is also ninth generator associated with the breaking of U (1), x U(1)r —
U(1)y, which should generate a ninth pNGB with similar mass, the ' meson. However,
1’ is observed to be much heavier, m,, ~ 1 GeV. This discrepancy is historically known as
the missing meson problem. The main reason behind this mismatch is that the axial part of
U(l)r xU(1)g, U(1) 4 is already explicitly broken due to the axial anomaly. This means the
divergence of the associated axial current J/| receives quantum corrections (via the triangle
diagram), and leads to a non-zero divergence: 9,,J/ # 0 [144].

1.7 PNGBs Beyond the SM: The Cases of Majorons and Axions

Below, we will explore two prominent BSM examples of pNGBs, that result from the SSB of
a global U(1) symmetry: the Majoron and the axion, which are central topics of this thesis.

1.7.1 Majoron: A Signature of Lepton Number Breaking

Lepton number, L, and baryon number, B, are accidental global symmetries of the SM. Also,
individual lepton flavor numbers L., L,,, and L; are conserved separately in SM interactions,
forbidding processes such as u — ey or 7 — py etc. (although these processes conserve the
total lepton number L = L. + L, + L;). However, these symmetries are not exact: individ-
ual lepton flavor numbers are violated in nature due to neutrino oscillations, and quantum
anomalies break the conservation of each separate lepton flavor and baryon number current
in the SM. At the quantum level, each lepton flavor current are anomalous with

9°Ny
3272

8, J% = We, Wk, (1.101)
where W — zetvab W is the dual of the gauge field strength tensor and Ny is the num-
ber of generations. A very similar result exists for the baryon number. These anomalies im-
ply that nonperturbative electroweak processes, such as sphalerons, can violate B + L while
the combinations B — L and L; — L; (differences between lepton flavors) are anomaly-free
and thus strictly conserved at the quantum level with the SM.

Total lepton number violation can arise in extensions of the Standard Model, particularly
if neutrinos are Majorana in nature. For example, in the type-I seesaw mechanism, adding
heavy right-handed neutrinos (RHNs) with Majorana masses directly break lepton number
at high scales.

Therefore, to systematically account for the lepton number violation, one can promote lep-
ton number to a global U(1);, symmetry and consider it to be broken spontaneously via a
complex scalar field ® with L = —2:

o 1
—Lscesaw = yZiELaHNRi + ifIJ(I)NIC%Z NRj + H.c.. (1102)

Once the @ field acquires a vev
vyt o tix

@ ;
V2

(1.103)

TH-3753 196121028



40 Chapter 1. Introduction

the RHNs obtain a Majorana mass term as My = fv,/v/2 and the angular mode x emerges
as the Goldstone boson, namely Majoron [145]. Hence, the phenomenology of Majoron is
automatically connected to the origin of neutrino mass.

However, the Majoron is exactly massless if U (1), is an exact global symmetry. One requires
an explicit breaking of lepton number, such as soft-breaking term or higher dimensional
operators, to generate a small Majoron mass, making it a pNGB. Such a light Majoron is
an attractive candidate for dark matter, which is motivated by the fact that it generically
has feeble couplings to the SM being suppressed by the scale of symmetry breaking. This
ensures that it may be stable enough to form DM [146,147]. Due to the small couplings, the
preferred mechanism to produce Majoron DM is freeze-in, for instance through the coupling

to the Higgs or RHNs.
At tree-level, Majoron interacts solely with the RHNs as
—LD iy xNiv°N;, (1.104)
2v/2

As Majoron is generally assumed to be much lighter than RHNs, the only possible decay
mode of Majoron at tree level is into light neutrinos, which follows from the interaction in
Eq. 1.104 via active-sterile neutrino mixing after the electroweak symmetry breaking takes
place. The decay width of this channel is given by [148]

Ty = 167r112 Z (1.105)

Therefore, in order to be a viable DM candidate, Majoron must possess a lifetime greater
than the age of the Universe, 7y ~ 10! sec. Furthermore, the same decay channel (y — vv)
also offers indirect detection prospects of Majoron via monochromatic neutrinos in experi-
ments, which provide stringent constraints on the Majoron lifetime. Loop-induced decay of
Majoron into two photons are also possible but highly suppressed.

We will explore the detailed phenomenology of the Majoron in Chapter 2, where Ma-
joron is assumed to be a viable freeze-in dark matter via additional U (1), breaking higher
dimensional interaction. We will continue to use x and v4 to denote the Majoron field and
the U(1), breaking scale, respectively.

1.7.2 The Axion and Its Extensions: Axion-like Particles

Another classic example of pNGBs is axion, which was proposed to solve one of the striking
puzzles of the SM, the strong CP problem. Below, we briefly introduce the strong CP prob-
lem and explain how the axion addresses it. We also discuss the more generalized case of
axion-like particles (ALPs), followed by an overview on the related constraints.

1.7.2.1 The Strong CP Problem and its axionic solution

The theory of strong interactions is formulated using the QCD Lagrangian:

2
a v _ - a7 Y9s a Iy
Locp = _EG/LVGM + E q(z]D — mq)q + 0327‘r2 GuuGZ , (1.106)
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where m, denotes the quark mass matrix and G7,,, is the gluon field strength tensor. Impor-
tantly, there are two sources of CP violation present in Eq. 1.106: first, the phase in the quark
mass matrix mg, which is complex in principle, and second, the topological term ~ 0G%,, Gh,
which violates P and 7', and hence CP. Since CP is already violated in the weak sector of the
SM, there is no symmetry protecting these terms from being non-zero. Hence, CP violation
is expected in QCD as well. Furthermore, a chiral rotation of the quark field: ¢ — ¢?5%/2¢

(to remove the complex phase in m,) introduces a shift in § due to axial anomaly as

2N .
Ol = 2imeqrsq + g%ﬁ G,GLY (1.107)

as we discussed in the subsection 1.6.3. This makes the physically observable CP violating
parameter to be Oqcp = 0 + Arg (detM,) [149], where M, is the mass matrix for multiple
quark flavors. Consequently, such fgcp term induces neutron electric dipole moment [150,
151], which is heavily constrained by the experiments [152, 153], placing in turn an upper
bound on Ogcp as

|0qep| < 10710, (1.108)

However, there is no reason why the sum of these two contributions, having independent
origins, cancel in such a fine-tuned value. Such smallness of fqcp is therefore a puzzle in
SM, which is popularly termed as the strong CP problem. The most appreciated solution of
this puzzle was given by Roberto Peccei and Helen Quinn [53] in 1977 by promoting 6qcp
to a dynamical field, that eventually relaxes in a CP conserving vacuum state. To achieve
this, a new global axial U (1) symmetry, popularly known as U(1)pq, was introduced, which
is spontaneously broken by a complex scalar field ®, parametrized as

O (x) = n(a)e /e, (1.109)

with the potential
A
V(®) = S0P -12/2)% (1.110)

where f, is the U(1)pq breaking scale and a(x) is the resulting Goldstone Boson of the bro-
ken U(1)pq symmetry, called axion. Under a U(1)pq transformation with parameter ¢, the
axion exhibits a shift-symmetry, given by

a(x) = a(x) + €fa, (1.111)

However, due to the axial anomaly, the shift symmetry is explicitly broken, and a(x) becomes
a pNGB, which couples anomalously to gluons:

2 ~
Lo “J(f) 3322 Ge, G, (1.112)

Hence, the effective §-term becomes () = Oqcp + a(x)/ fo, which can be driven to zero
by minimizing the axion potential (generated by the non-perturbative QCD), thereby dy-
namically solving the strong CP problem. The Vafa-Witten theorem [154] ensures that QCD
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dynamics favour a CP-conserving minimum.
A form of the axion potential, based on instanton calculations [155], is given by

V(a) = miﬁ% [1 — cos (;‘:)] , (1.113)

which yields the axion mass as

0%V (a) m2f2  mumg 1012 GeV \ 1
2 _ J— ST u ~ —
m; = < Da2 >min = et [5.7 ueV ( T ﬂ . (1.114)

This is the zero-temperature mass, which applies only after the QCD phase transition (7" <
Tqcp ~ 160 MeV) [156]. For temperature above Tocp, the temperature-dependent axion
mass can be parametrized as [157]

ma(T) ~ Brng <TQTCD>7, (1.115)

where m,, denotes the zero-temperature axion mass (follows from Eq. 1.114), v ~ 4 [156],
and 3 ~ 0.026 [158]. At much lower energies, the interactions of axion can be characterized
with EFT, with the following Lagrangian

gg a 9aN

~ 1 . )
Eint == WEGG + Ega’y’yaF,uVFﬂy aF Z2mN

Ou(N"°N) +iz2L8,a(y"y™y)  (1116)
f

where N and 1)y are the nucleon and fermion fields, respectively, and F},, is the electromag-
netic field strength tensor. The couplings gay+, gan, gas all scale as f;!.

The axion-photon coupling is a very important quantity, which arises from two sources: first,
amodel-independent part from the axion-meson mixing at low energies, described by chiral
perturbation theory at energy below Aqcp, and, second, a model-dependent contribution
from fermions charged under both electromagnetism and U(1)pq, and can be combined

as [159]
E

o = 2 (B 192). (1.117)
where E and A represents the electromagnetic and color anomaly contributions of the axial
current associated with axion.

There are several ways to realize U(1)pq symmetry which act as UV completions for the
axion effective potential in Eq. 1.116. The originally proposed axion model, referred to as
the Peccei-Quinn-Weinberg-Wilczek (PQWW) axion model [53,55,56], was based on a two-
Higgs doublet setup with f, near electroweak scale, which eventually got ruled out by beam
dump and other experimental constraints [160, 161]. Two other widely popular models
are the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [162,163] and Kim-Shifman-Vainshtein-
Zakharov (KSVZ) [164,165] models, which allow much larger values of f,, thereby yielding
very light and weakly interacting "invisible" axion (m, ~ ueV).
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1.7.2.2 Generalization of QCD Axion to Axion-Like Particles (ALPs)

The axion-like particles or ALPs form as a broader class of particles that generalizes the idea
of QCD axion to address other open problems of the SM. However, unlike the QCD axion,
they are not necessarily tied to solving the strong CP problem. These are light, pseudoscalar
bosons that arise when a global, anomalous symmetry is spontaneously broken at high en-
ergy. Their masses can come from non-perturbative effect in a hidden strongly coupled
hidden sector (similar to QCD axions) or from explicit symmetry breaking [166]. ALPs nat-
urally appear in many BSM scenarios, including models with flavor symmetries [167-171],
supersymmetry [172], and especially in string theory [173-177] etc.

The key difference between the QCD axion and ALPs is that ALPs do not follow a fixed
relation between their mass m, and decay constant f,;, unlike QCD axion. However, as their
potential is assumed to be generated by some QCD-like strong sector, it can be parametrized
in a similar way as QCD:

Varp(a) = m2f? [1 — cos <;>} . (1.118)
One can definitely write m2f2 ~ A%, but as A is unknown, this is just a reshuffling of the
parameters. Because of this freedom, ALPs can span a much wider range in the (my, fq)
parameter space compared to QCD axions.

Being pNGBs in nature, ALPs are expected to be light and couple very weakly to the SM
sector. Additionally, due to the pseudoscalar nature, they can couple to the electromagnetic
field strength through terms like F}~7, similar to the QCD axion. As a result, the low-energy
effective theory of ALPs is closely resemble those of QCD axions, which means that many
experiments designed to detect QCD axions are also sensitive to ALPs.

1.7.2.3 Axions as Dark Matter: The Misalignment Mechanism

So far, we have discussed how the QCD axion solves the strong CP problem and how ALPs
generalize this idea in many BSM frameworks. Besides this motivation, axions also have
other useful features that make them strong candidates for new physics. In the rest of this
chapter, we will use axions to refer collectively to both the QCD axion and ALPs.
One of the strong reasons to study axions is that they are excellent dark matter candidates
in the sense that they are stable over the cosmological time scale and their couplings with
the ordinary matters are highly suppressed. The axion can be produced via thermal or non-
thermal processes in the early universe. Among these, an interesting mechanism is the vac-
uum misalignment mechanism [93-95], a model-independent, non-thermal process that re-
lies on the cosmological evolution of the axion field. It naturally leads to a population of
axions that behaves like cold dark matter. The term "misalignment" will become clear as we
go along.

To understand this mechanism, we start by considering the evolution of the axion field
in an expanding Universe. After the spontaneous breaking of the U(1) global symmetry
(U(1)pg symmetry for QCD axion), the axion’s dynamics are governed by a simple La-
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grangian
o= %(aua)(aﬂa) —V(a), (1.119)

where, following Eq. 1.118, the axion potential is written as

V(a) = m2f> [1 — cos <;~:>] : (1.120)

The dynamics of the axion field a, considering an expanding Universe, follows from the

action

Sa:/d4x —gL,, with /=g = R?, (1.121)

where /—g stems from the determinant of the metric g*” in a flat FRW Universe (as ex-
pressed in Eq. 1.24). Considering a spatially homogeneous axion field (a(t,7,0, ¢) — a(t)),
the equation of motion of axion can be obtained as

i + 3H(T)a +m2(T) f, sin <Jf’> =0, (1.122)
a

where ‘H denotes the Hubble parameter and ‘dot’ refers the derivative with respect to time.

Conveniently, one can define a dimensionless variable 6 = a/ f, to rewrite the equation

0 + 3H(T)0 + m2(T) sin () = 0, (1.123)

In early Universe, when m,(7") < H, the axion field is overdamped such that 6 is approxi-
mately constant. Therefore, during this period, the field is frozen at some initial angle § = 67,
known as the misalignment angle. As the temperature of the Universe decreases, the axion
mass term becomes relevant and eventually, the axion undergoes oscillation at a temperature
Tosc which satisfies

ma(Tosc) = 3H(Tosc)- (1'124)

This marks the onset of oscillations, with frequency ~ m,, in the regime m(7") > 3H. For
the QCD axion, this typically occurs near 7' ~ Aqcp, where the QCD axion mass turns on.
These oscillations turn out to behave like cold dark matter. To see this, we solve the axion
field equation in the oscillatory regime using a WKB ansatz:

0(t) = A(t)e®®, (1.125)

where, A(t) and ©(t) are real valued functions, and importantly, 6 is also real. Inserting this
into Eq. 1.123, we get

A ‘2 A 2 o
T O BT Amg = 0 (1.126)
A+A<3H+Q> = 0 (1.127)
2 0

In the WKB limit (where A(t) is a slowly varying function), where A/A, HA/A < ©%, m2,
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Eq. 1.126 gives

02=m2 = O()= /dt’ma(t’) + constant. (1.128)
So, Eq. 1.127 becomes
: 3H e\
A+ A (2 + 2ma> =0, (1.129)
which is solved by
A(t) ¢ (1.130)

TR /ma(0)

for some constant C. The full solution becomes (considering the real part only, as 6 is real)

6(t) cos [ dt'mg(t). (1.131)

C
T R32\/ma(t)
C can be determined from by considering the axion energy density before and after oscilla-
tions. Before oscillation (H > m,), axion was frozen at §; and therefore,

palt) = 52 (1) 126} (1132)

After the oscillation starts (# < m,), using Eq. 1.131 and taking the mean over the fast

oscillations, we find
C? J 3 Mg (t)z

(palt) = 52208 (1133)
Matching these two energy densities at Tt yields
G —Nn e T, A0 (1.134)
So the energy density of axion for 7' < T}, becomes
" 1 9,2 [ B(Tosc) ’
pull) = gl Tec)na (1) 207 (B2 ) (1.135)

This shows that upon oscillation, the energy density of axion behaves as: p, & m,(T)/R(T)3,
which resembles non-relativistic matter. Using conservation of entropy of the Universe,
R(Tpse)?/R(Tp)? = S(Tp)/S(Tose) ("0 denotes today), the energy density of axion at the
present day can be expressed as

pulT) = o (T (1) 207 (S22 (1.136)

Finally, the axion relic density can be computed utilizing 7,5, and temperature dependent
axion mass m,(T) (givenin Eq. 1.115) as [157]

2 7/6 2
Qah2 _ pa(Tg)Soh ~0.12 28 ueV 9[
Pec,0 Mg 2.15

7/6 2
~0.12 A '971 )
12 x 1012 GeV 2.15

(1.137)
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For a generic ALP, m(Tosc) = mqa(1y) = mg holds, which yields

1
100 4 m % f 2
Quh? ~0.12 a a 02 1.1

’ {gf(Tosc)] [1079 GeV} {4 SET GeV] i (1.138)

Therefore, in a nutshell, the term "misalignment" refers to the fact that, in early Universe the
axion field is misaligned from the minimum of its potential and later it oscillates around it,
behaving like a cold DM. Such evolution of axion field is depicted in Fig. 1.9.

Via)

.
+

i

Figure 1.9: A schematic diagram illustrating the vacuum misalignment mechanism for QCD axion. The PQ
scalar gets a vev at T' ~ f,, creating a massless axion field. As the Universe cools to 7' ~ Tqcp, QCD effects tilt
the potential, giving the axion a mass, which triggers axion oscillations around the minimum. Figure courtesy:
Andreas Pargner [178].

So far, the axion field is assumed to be homogeneous. This is valid if the global symmetry
(e.g., U(1)pq for the QCD axion) is broken before or during inflation, so a single patch with
a fixed initial angle 0; gets stretched to fill the entire visible Universe. In such cases, 6 is a

free parameter, and considering the naturalness, it is commonly assumed as
0r ~ O(1), for pre inflationary scenarios. (1.139)

Although this is not a strict prediction as smaller values of 6; (~ 0.1,~ 0.01) are equally
allowed, but would correspond to finely tuned initial conditions.

On contrary, if the symmetry breaks after inflation, different regions in the Universe have
uncorrelated initial angles. Averaging them gives

1 ™ 2

(0?) ~ — / do 6% = %, for post inflationary scenarios. (1.140)
T Jo

So, in both cases, §; ~ O(1) unless a specific mechanism sets it. Also, topological defects can

form when the symmetry breaks. These are inflated away in the pre-inflationary scenario

but can survive and decay in the post-inflationary case, which may produce additional DM
axions [179-182].
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Kinetic Misalignment Mechanism

A modified version of the misalignment mechanism, called the kinetic misalignment mech-
anism, was proposed in [183,184]. Unlike the standard case, where the axion field starts
from rest (9 1 = 0), here it starts with a large non-zero velocity, 0, # 0, implying that 67 is
not simply a constant. This can happen if there is explicit breaking of the U (1) symmetry in
the early Universe, similar to the Affleck-Dine mechanism [134,185].

As a result, the axion field carries a significant initial kinetic energy py = f262/2. If this
is larger than the potential barrier height (2m?f2), the field rolls over many minima. But
since kinetic energy drops much faster (x R~%) than potential energy (x R~3), the field
eventually slows down and gets trapped, leading to oscillation around a particular minima.
Hence, the actual onset of oscillation gets delayed in this case and occurs at a temperature
T*

osc Where

O(T%.) = 2ma. (1.141)

OoSc

This delay in oscillation results in an enhanced axion abundance compared to the conven-

tional misalignment scenario.

1.7.2.4 Searches for Axion

Given their strong theoretical motivations, axions are being actively investigated through
various ongoing and planned experimental methods. These search strategies include labo-
ratory experiments, astrophysical observations, and cosmological studies. For detailed re-
views on the constraints, see [127, 186-188]. Below, we briefly summarize these different

search approaches.

Laboratory searches
The interaction of an axion with two photons offers a promising way to search for it experi-
mentally. As mentioned earlier in subsection 1.7.2, the relevant interaction is given by

1 ~
Lary = = 90170 Fu F" = goryaBB. (1.142)

This allows a photon with polarisation parallel to an external magnetic field to convert into
an axion and vice versa, a phenomena known as the Primakoff effect. This principle is uti-

lized many experimental searches for axions.

e Helioscopes: Axion helioscopes aim to detect solar axions. These experiments use a
long dipole magnet aimed at the Sun, allowing the incoming solar axions to convert
into detectable photons via Primakoff effect, which are then detected in an X-ray detec-
tor. A lack of any signal sets a limit on the axion-photon coupling g.,~. Currently, the
leading helioscope experiment is CERN Axion Solar Telescope (CAST) [189], which
has placed a bound of g, < 0.66 x 10710 GeV™! for mg < 0.02 eV [190], which is
comparable to constraints from astrophysical observations. The next-generation helio-
scope, BabyIAXO [191] is expected to improve this sensitivity significantly.
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Figure 1.10: Existing and projected limits on the axion-photon coupling with respect to the axion mass. Figure
is taken from the reference [188].

e Haloscopes: Originally proposed by Sikivie [ 192], haloscopes aim to detect dark mat-
ter axions from the galactic halo by converting them into photons inside a microwave
cavity placed in a magnetic field. When the cavity’s resonance frequency matches
the axion mass, an enhancement in the signal is observed. Axion Dark Matter Ex-
periment (ADMX) [193] is a leading haloscope, which currently excludes axions in
2.81 —3.31 peV mass range [ 194]. Heavier axions are targeted by dielectric haloscopes
such as MADMAX [195] and dish antenna such as BRASS [196], while lighter axions
are probed using LC circuits in DMRadio [197] and WISPLC [198].

e Other Laboratory experiments: Another way to search for axions is through fully-
controlled setups like Light-Shining-through-a-wall or LSW experiments [199, 200].
Here, a laser passes through a magnetic field where photons can convert into axions,
which then traverse a light-tight barrier, and convert back into photons on the opposite
side. Experiments like ALPS [201], OSQAR [202] etc. use such technique, though
they are currently less sensitive than helioscopes. The upgraded ALPSII [203] aims to
improve this. Other setups include polarization-based searches like PVLAS [204].

Astrophysics and Cosmology

In addition to lab-based searches, axion signatures are also widely investigated though sev-
eral astrophysical and cosmological observations. These include the impacts of structure for-
mation seen in the Lyman-a forest [205] data, X-ray signals from axion-photon conversion
in cosmic magnetic fields [206-209], changes in stellar evolution inferred from horizontal
branch stars [210]. Thermal relic axions can leave imprints on the CMB and BBN [211,212].

A key constraint comes from supernova SN1987A, where emission of axion via nucleon
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bremsstrahlung (N +N — N+ N +a) leads to energy loss. This sets a bound for QCD axion
as f, 2 4 x 108 GeV (or, equivalently, m, < 16 meV) [213]. However, ALPs with lower f,
remain theoretically appealing and testable in current experiments [186], including collid-
ers [214,215] and beam-dump experiments [216]. This difference stems from the fact that
ALPs do not have a fixed relation between mass and decay constant, unlike the QCD axion.
This freedom allows ALPs to evade the supernova bound in two ways. First, heavy ALPs
with masses 2 O(100 GeV) cannot be produced efficiently inside the supernovae core as
the core temperature in typical supernovae is ~ 30 MeV, rendering the SN bound effectively
inapplicable. Second, for small f,, ALPs interact too strongly and become trapped within
the core, preventing their escape and significantly reducing their contribution to cooling.
This “trapping regime” relaxes conventional supernovae constraints. Notably, QCD axions
with smaller f, can also be trapped. However, lowering f, for QCD axion may raise their
mass into the MeV regime, maintaining efficient production in the supernova and sustaining
strong constraints despite trapping. This makes the SN1987A bound particularly robust for
the QCD axion, whereas generic ALPs can more easily escape it [217-219].

We will investigate more on ALP phenomenology in Chapters 3 and 4, using notations
a and f, to represent the ALP field and its decay constant, respectively.

1.8 Objective and layout of the thesis

The primary object of this thesis is to explore the phenomenology of two prominent pseudo-
Nambu-Goldstone bosons, the Majorons and ALPs, which offer elegant solutions to some of
the key open questions in particle physics and cosmology, such as the mystery of dark mat-
ter and the baryon asymmetry of the Universe. As pNGBs emerge from the spontaneous
breaking of approximate global symmetries, they are naturally light and feebly interacting
with the SM, making them ideal candidates for probing in several current and future exper-
iments through decays into photons or neutrinos, or via missing energy signals at colliders.
Furthermore, due to their Goldstone nature, their interactions are suppressed by the symme-
try breaking scale, which makes them an attractive candidate for non-thermal dark matter,
such as in the freeze-in or misalignment scenarios, as outlined earlier. These frameworks
can also link DM physics with other BSM sectors. For instance, a Majoron DM model natu-
rally connects neutrino physics with DM, while the QCD axion DM ties together the strong
CP problem and DM. In some models, ALPs can play a role of a mediator between DM and
the SM, especially with low f,, ALP may bridge DM and collider physics. Additionally, ho-
mogeneous ALP fields can also drive baryogenesis via spontaneous leptogenesis thanks to
their derivative interaction to the SM fermions.

This thesis focuses on these aspects of pNGB phenomenology, particularly for Majorons
and ALPs. In this chapter (Chapter 1), we have so far outlined an overview of the SM and its
shortcomings, and introduced pNGBs as well-motivated extensions that can address these
issues. Chapter 2 delves into the phenomenology of the Majoron as freeze-in DM originating
from explicit U (1), breaking at the non-renormalizable level, and further explores their con-
nection to thermal leptogenesis. Chapter 3 focuses on ALPs, examining on their production

via misalighment mechanism in presence of additional explicit symmetry breaking. This
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chapter also explores their role in a relatively low-scale spontaneous leptogenesis in pres-
ence of an inert Higgs doublet. Chapter 4 examines the role of ALP as a mediator between
the SM sector and the dark sector, and further investigates the prospects of probing the such
ALP-portal fermion DM at electron-positron colliders. Finally, Chapter 5 concludes with a
summary of the results.
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Chapter

Phenomenological Aspects of Majorons
as Dark Matter

2.1 Introduction

In this chapter we will analyze the phenomenology of the Majoron as a freeze-in dark mat-
ter. As we discussed previously, Majoron, the pNGB associated to a global lepton num-
ber symmetry (LNS), U(1)r, can render itself as a promising dark matter (DM) candi-
date [146,147,220-225] due to its feeble coupling with the SM.

Previous studies with such Majoron field () as a freeze-out kind of DM have mostly
been engineered through the SM Higgs (H) portal interaction of the form A\, yx>H'H, an
explicit LNS breaking term, which helps in realizing the observed DM relic abundance
[222,225]. Such an interaction is suggestive of the scalar singlet DM scenario [226] and
obviously, there exists a one-to-one correspondence between the mass of the DM (m, ) and
the LNS breaking parameter \, z. However, contrary to the natural expectation that an ex-
plicit symmetry breaking parameter should be sufficiently small in t'Hooft’s sense [57], it
is observed that A,y needs to be large enough (O(0.1) or so) in order to satisfy the cor-
rect relic density. Secondly, with the XENON-1T results, the entire parameter space of m,,
ranging below TeV (except the Higgs resonance region) is basically ruled out in this mini-
mal Majoron scenario [225,226]. The Majoron also possesses a derivative coupling with its
CP-even partner, similar to other pNGBs, through which it can annihilate into the SM par-
ticles via s-channel mediated process by the CP-even scalar leading to a possible DM relic
satisfaction. In case of pNGB as DM (not a Majoron), such a scenario can evade the direct
detection experiment bounds [227-231] as a result of the small momentum transfer of DM
through the derivative coupling causing suppression in elastic scattering amplitude with
nuclei. However, in case of Majoron as DM, it fails to explain the stability criteria as Ma-
jorons would decay to light neutrinos (v) via active sterile mixing connected to the neutrino
mass generation in type-I seesaw [104,108,109].

On the other hand, Majorons may also emerge as Feebly interacting massive particle
(FIMP) DM [91] where it is produced in the early Universe from the decay of some particle,
a natural choice of which is the RHN (V). As the Majoron interaction strength with the SM
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particles is expected to be suppressed by the U(1), breaking scale (the seesaw scale) [232],
treating Majoron as FIMP type DM remains as a viable option [148,222,233]. However,
from the previous studies, it becomes apparent that with the tree-level coupling between
the RHNs and the scalar singlet (the one responsible for breaking the LNS), sufficient pro-
duction of Majorons cannot take place from the decay of RHNs [234]. This is primarily
because the decay rate (N — xv) is proportional to the tiny light neutrino mass on top
of the usual suppression by LNS breaking scale. However, the situation changes if a tiny
LNS breaking Higgs-portal coupling A, 5 is introduced. The correct DM relic abundance'
for Majorons, produced from the decay of the SM Higgs boson h — xx, requires the portal
coupling A\, g ~ O(1071%) which in turn fixes the Majoron mass m, having a unique value
~ 3 MeV [148,222,233]. Though such small portal coupling obeys the naturalness criteria, it
suffers from a fine-tuned situation in terms of Majoron mass. Another possibility is to real-
ize non-thermal Majoron production from the annihilation of the SM Higgs via UV freeze-in
framework [234] where the Majoron mass is found to be relatively heavy (contrary to the
light pNGB boson in UV freeze-in scenario [235]).

Since LNS is closely tied to the type-I seesaw mechanism, and therefore, the origin of
neutrino mass, the possibility Majoron serving as a DM candidate naturally connects DM
and neutrino physics. Moreover, as discussed in subsection 1.5.1, the dynamical origin of
the baryon asymmetry of the Universe via thermal leptogenesis is also closely linked to the
type-I seesaw mechanism, which paves a way to further connect leptogenesis with neutrino
masses, and dark matter within the setup of Majoron model. In the minimal version of type-
I seesaw mechanism, only two massive right-handed neutrinos (RHN) are sufficient to ac-
count for the neutrino oscillation data [123]. If these sterile RHNs have an (approximately)
off-diagonal mass matrix, they can form two nearly degenerate Majorana states [236]. Such
a setup paves the way for resonant leptogenesis [237,238] framework, offering a natural and
viable explanation for the observed baryon asymmetry, even with comparatively low RHN
masses.

With this motivation, in section 2.2, we explored the phenomenology of Majoron freeze-
in DM in presence of additional U (1), breaking interaction, which turns out to be beneficial
as it opens up a large region of viable DM parameter space. Furthermore, in section 2.3,
we establish a novel connection between Majoron dark matter and resonant leptogenesis,
where the same term that drives DM production induces the mass splitting required for
leptogenesis.

2.2 Majorons Revisited: light dark matter as FIMP

In this work (based on [239]), with the aim of broadening the Majoron mass range (to-
ward the lighter side) while the minimality and naturalness are retained, we propose a
new production mechanism for Majoron as a FIMP-type DM. Instead of introducing any
Higgs-portal coupling with Majorons, we introduce here a dimension-5 LNS breaking oper-
ator. Being suppressed by the cut-off scale, it can be regarded as a soft breaking of LNS

!Direct detection bound is automatically evaded due to the presence of such a small portal coupling, contrary
to the freeze out case, involved.
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which takes care of the production of Majorons via RHN annihilations. Also, we keep
the framework minimal in the sense that no additional fields other than the two SM sin-
glet right-handed neutrinos (related to neutrino mass generation) and a LNS breaking (SM
singlet) red complex scalar field, are required. We primarily focus on the lighter side of
Majoron mass [O(keV) — O(GeV)], which remains attractive as this mass regime can be
experimentally probed by several direct and indirect searches. For example, Majorons of
MeV scale and beyond can be potentially detectable via mono-energetic neutrino flux in
experiments like Borexino [240], KamLAND [241], and Super-Kamiokande (SK) [242].
Also, sensitive bounds from various 7-ray observations such as INTEGRAL [243], COMP-
TEL/EGRET [244], Fermi-LAT [245] etc. are applicable in this mass regime.

2.21 Majoron as Dark matter

As we build our framework extending the original Majoron model where a Majoron can be
considered as a dark matter [146,147], a brief discussion on the basic structure of it and
related limitations are relevant to discuss first. The SM is extended by including two singlet
right-handed neutrinos (NVr,_, ,) and a singlet complex scalar field () such that a global
lepton number symmetry U(1);, prevails. As a result, a lepton number of L = —2 units
is assigned to ® while the SM lepton doublets (/) as well as the RHNSs carry a lepton
number L = 1. As discussed previously in subsection 1.7.1, the renormalizable part of the

Lagrangian (in the charged lepton diagonal basis) involving neutrinos is given by
o %@A@N& + 4% (o HNR, + H.c., (2.1)

where, H is the SM Higgs doublet and 37, is the neutrino Yukawa coupling with a = e, p1, 7
and ¢ = 1, 2. The Majorana masses of RHNs are generated after the U (1) symmetry break-
ing via ® vev vg. Without loss of generality, we consider the generated RHN mass matrix
Mg = fvy/ V2 tobe diagonal with f = diag(f1, f2). Once the electroweak (EW) symmetry is
broken by the Higgs vev v as (H) = (0,v/+/2)T, active neutrino masses are generated through
this minimal type-I seesaw mechanism [238] m, = mpMp'mb5, where (mp)a; = y%;v/v/2
(v =246 GeV).
The U(1), symmetric scalar potential involving H and ¢ is given by,

2
A
V(H,®) = Vir - E2|0P+ 52 @]+ Aol H [, (2.2)

where Vg = —u2,H'H + Ay (H'H)? is the usual the SM Higgs potential and \y¢ is the
Higgs portal coupling of ®. The stability of the potential is guaranteed by: Ao, A and Ay +
V2 e > 0.

Once the U(1)[, global symmetry is broken spontaneously, ® = (vg + ¢ + ix)/v/2 (we
use the linear representation throughout this chapter), a NGB (the CP-odd component) or
the massless Majoron x results. The Majoron mass can be generated once an explicit LNS

breaking term,
m2

—Ling =~

(92 4 ©*2), (2.3)

TH-3753 196121028



54 Chapter 2. Phenomenological Aspects of Majorons as Dark Matter

is introduced. Such a term breaks the U(1);, to Z> (under which & — —®) and induces
2

a mass for the Majoron as m? = m?. This mass term is however expected to be small (soft
breaking) in t'Hooft’s sense as m — 0 limit enhances the overall symmetry of the framework.
As stated earlier, it has been argued [142, 143, 146, 246, 247] that smallness of the pNGB
mass can be related to explicit global symmetry (here LNS) breaking at large scale, such
as at Planck scale (Mp)) by gravity effects [248-253]. To realize it, Planck suppressed non-
renormalizable operators of the form ®"/Mp;* + H.c. with n > 4 can be incorporated which
are only soft (being non-renormalizable, such terms vanish in the limit Mp; — c0) explicit
symmetry breaking term(s). The mass of the Goldstone then follows after the spontaneous
breaking of the global symmetry.

Furthermore, the portal coupling can also be considered to be small (Age < 1) which
is technically natural from the point of view of enhanced Poincare symmetry in the limit
Age — 0 [254,255]. Considering a large hierarchy between the scales of lepton number
and EW symmetry breaking along with tiny Higgs portal coupling, the mixing generated
between the CP-even parts of ® and H turns out to be negligible which results into the

following masses of the scalar fields as
m% ~ 202, mi ~ Aqﬂ)(%, mi ~m?, (2.4)
where my, is the mass of the SM Higgs boson as 125 GeV [31].

2.21.1 Seesaw Mechanism and Interactions of Majorons

Using the linear representation of the U(1), breaking field ® = (v, + ¢ + ix) /V/2, the fol-
lowing interaction of Majoron results via Eq. 2.1,

i fi
2v/2

Furthermore, after the EWSB, a mixing between left and right-handed neutrinos takes place

LD

XNE NR, + Hee.. (2.5)

via the Dirac mass mp = y“v/ V2 and consequently the mass terms involving v, and Ng
can be written as,

. 0 mp vy
_Em = vy, Nﬁ 3 (26)
mjl; Mg Nz

where the generation indices are suppressed. This yields the light and heavy neutrino mass
matrices m,, and M (~ Mg, already diagonal) respectively in the rotated basis (7¢ N)7,
where’ 7§ = —i(v§ — ONR) with the active-sterile mixing matrix § = m}My' and N =
Nrg. A further diagonalization of m,, by the Upyng [24] leads to the diagonal mass matrix
diag(m,,,, M;) in the mass eigenstate basis (n; ;)" . Defining the Majorana mass eigenstates
of light (v; = n; + nj) and heavy neutrinos (N; = N; + N¢) by v; and N; respectively, the
interaction terms of Majoron (followed from Eq. 2.5) with light and heavy neutrino mass

>Mp, being diagonal, N coincides with Ng.
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eigenstates can be written as

Loy = Zcxw - —2% jzkj <;ifiyjPRukV Vie + H. c) (2.7)
and
~Lony = — Z Lo, = 2\% Z fi (G PRNVE + NiPru;Vij) + Hc., (2.8)
2y
where V = 0TU.

2.21.2 Production and Decay of Majorons

As we are looking for Majoron as FIMP, the interactions of Majorons mentioned above are
suggestive of its primary production via N; — xv, the associated decay width of which is
given by,

TNy = Viil? 29
Ni—x 3271_,035 _1223’ ]‘ ( )

Such a decay width can be shown to be approximately proportional to light neutrino mass

2
(CNow ~ 59= (i‘i) >_;my;) [256] and hence suppressed. Also, this particular decay

channel of N; opens up only after the electroweak symmetry breaking (EWSB) as the in-
teraction in Eq. 2.8 contributing to this decay is proportional to the active-sterile neutrino
mixing. Considering the RHNSs are in thermal equilibrium at a temperature 7' > M; and the
branching of this decay remains sizeable enough compared to other decays of N; (e.g. V;
to the SM ones via neutrino Yukawa interactions), the relic contribution of Majoron can be
expressed as [91],

1. 1027 ;T »
Y- AR Zg =iy (2.10)

CBSVE

where g2 is the effective number of degrees of freedom in the bath and g; = 2 denotes the
internal spin degrees of freedom of RHN.

On the other hand, following Eq. 2.7, Majoron can decay into light neutrinos having the
decay width

m 1 m 8 x 108 GeV'\ 2 > mi
T, = 2 o X i .11
x 167mv zj:myj 10195 (1 MeV) < Vg ) <2.6 x 103 eV? (211)

In getting the sum of the light neutrino mass-squared in Eq. 2.11, the best fit values of

atmospheric and solar mass-splittings are used from neutrino oscillation data [102] where
we consider a normal hierarchy of light neutrinos along with m,, = 0. For the Majoron to
be a viable dark matter candidate, its lifetime must exceed the cosmological stability bound

L, >m. (2.12)

Here we denote 77 ~ O(101?) sec as the lower limit on the lifetime of dark matter decaying
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into invisible channels [257], as constrained by CMB and LSS observations [258]. Notably,
the bound 77 (~ 100 Gyr) is stronger than the age of the Universe, t;y ~ 4 x 10'7 sec (~
14 Gyr), ensuring that dark matter remains stable well beyond the cosmic age. Using Egs.
2.10 and 2.11, the above relation can therefore be employed to provide a limit on the relic
contribution of Majoron as given by

(2.13)

1019
Qh% < 1.28 x 107 < Sec) .

U

The contribution turns out to be insignificant in making up the dark matter relic Q,h? ~
0.120 & 0.001 [63].

Apart from the interactions with neutrinos mentioned in Egs. 2.7 and 2.8, Majorons also
have interaction with the CP-even scalar ¢. However, in view of negligible portal coupling
AHa, this ¢ field can not be present in the thermal bath of the early Universe consisting of the
SM fields. Since ¢ has no such important role to play, it is generally assumed that the ¢ field is
heavy enough (mgy ~ vg, i.e. with Ag ~ O(1)) compared to the rest of the masses involved
in the set-up and hence decoupled. Other possibility of x production is from the process
HYH — yx which is again proportional to tiny Higgs portal coupling and suppressed by
mg. This turns out to be a possibility of having heavy Majorons ~ TeV [234]. Here, however,
we plan to explore lighter Majorons as DM.

2.2.2 The Proposal

As we have discussed above, the minimal Majoron set-up cannot accommodate the required
relic density of FIMP like DM as Majoron. In order to make it a viable option, we extend this
set-up by introducing an explicit dimension-5 U (1), breaking term

Q;

~Las = op

[®% + (2*)?] NE NR, + Hee, (2.14)
where A is a cut-off scale. Here we follow a guideline considering that the explicit break-
ing of the global symmetry (LNS) takes place at some high scale (A < Mp;) [259,260] the
manifestation of which is through the appearance of non-renormalizable operators (of di-
mension 5 or more, suppressed by powers of A) only. Hence, the operator in Eq. 2.14 is the
only leading order LNV operator” involving RHNs and @ field. For simplicity, we consider
the coefficients «; appearing in Eq. 2.14 to be O(1) and omit them for further discussion.

Note that the term of Eq. 2.14 being a higher order one, the U (1) ;, symmetry is only softly
broken. This is similar to the origin of the Majoron mass of Eq. 2.3 where the smallness of m
is connected to higher order explicit LNV operator. As per our guideline above, such a mass
term m?(®? 4 ®*?) may originate from a non-renormalizable explicit symmetry breaking
term, e.g. k:'i—';(@Q + ®*2), which results m? = k(®)? [S\ﬂ} " after spontaneous symmetry
breaking and explains naturally the smallness of it as (®) < A.

Such a term* also contributes to the mass of the RHNSs, after the spontaneous breaking

3The usual dimension-5 operator contributing to light neutrino mass, <2 L; H L ; H, may also be present. How-
ever, assuming c;; to be small enough, we ignore this term for the analysis without loss of any generality.
4Disappearance of any cross generation term is ensured in the mass-diagonal basis of RHNs.
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of U(1)r symmetry, as given by

M; = v, (\f@ + if) . (2.15)

Note that the inclusion of such a term carries the potential of generating a sizeable popula-
tion of Majorons via the four-point interaction between Majorons and RHNs

—Lint = *NEN;, (2.16)

1
ﬂx
induced by Eq. 2.14 after the U(1); symmetry is spontaneously broken. This term con-
tributes to the production of Majorons via NN — xx annihilation, somewhat similar to the
UV freeze-in scenario (discussed in the section 1.3.2) as we elaborate below. Although sup-
pressed by the cut-off scale A, this process turns out to be crucial in producing Majorons as
it could remain in operation at a very early Universe (after the U(1); symmetry breaking),
contrary to the usual Majoron production from RHN decay N — xv being effective after the
EWSB at temperature Tgw.

2.2.2.1 Majoron Production via annihilation

As proposed above, the introduction of the effective interaction between RHNs and Ma-
jorons as in Eq. 2.16 opens up the new production channel for Majorons via annihilation
of RHNSs (see Fig. 2.1) once the U(1), symmetry is broken at a temperature’ 7}, ~ vg4. It
is interesting to note that the RHNs receive their masses from the spontaneous breaking of
the U(1) symmetry around this temperature only. Now, these RHNs may or may not be
in thermal equilibrium. First, we consider the RHNSs to be in equilibrium (as case[A]) and
thereafter we investigate the situation when the abundance of RHNSs at 77, to be negligible
(as case [B]) to begin with which is expected to be increased thereafter gradually by the
neutrino Yukawa interaction. Following the discussion before, we assume the Higgs portal
coupling Ao negligible and consider ¢ being heavy to be decoupled field.

N; X

N; X

Figure 2.1: Annihilations of RHNs to Majorons

To study the evolution of the yield of Majoron as DM, we use the Boltzmann equation
written in terms of the temperature (7') and the comoving number density of xy as Y, = n, /S

>We consider the reheating temperature after inflation (7r) to be bigger than T, though smaller than A.
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(here S is the entropy density). A general form of this equation (irrespective of whether N;
and/or y are in equilibrium) can be written as follows [48,261]

v [ Yo, W
’HT fzsz TVY N, Ny YN o~ T
YNZ' YX

2.17
vy, (217)

Y, ,
- Z FN —>XV] eq (qu Y;)éYeCI> H(TEW B T)
Vj

Here, H is the Hubble rate and S dnotes the entropy density of the Universe as expressed

in Egs. 1.36 and 1.37, respectively. The yield of a particle species a in thermal equilibrium

s = () (), o

(Ys?) is given by,

where g, = 1(2) (for scalar (fermion)) and m,, are the internal degrees of freedom and mass
of the particle species respectively. K> is the modified Bessel’s function of the second kind.
(ov) and (I') are thermally averaged cross section and decay width respectively, the estimate
of which are described below in the following section. The relic density of x is obtained after
substituting the freeze-in abundance Y, (7p) in Eq. 1.55, where T} is the present temperature.

2.2.3 Dark Matter phenomenology

We now study the role of the higher dimensional interaction of Eq. 2.14 in obtaining the
relic density of the Majoron field x which is expected to play the role of freeze-in DM. From
the discussion of the previous section, we understand that this operator contributes to the
production of Majorons from the annihilations of RHNs. The matrix element squared for
the annihilation process V; IV; — xx is given by,

— 1
|M’%ViNi_>XX A2 (s 3 4M2) (2.19)

leading to the cross section

1 s —4m?2
ON;N;—=xx = 167s 4M2| |N N;—=xx° (220)

where /s is the centre of mass energy of the process at a temperature 7.

We consider U(1);, symmetry to be broken below the reheating temperature, Try indi-
cating Ty, < Trp. Since the origin of the Majoron field is intertwined with the breaking
of this global symmetry, the initial temperature for studying the x abundance through the
Boltzmann equation(s) (via Eq. 2.17) can be considered as T}, ~ vy [147] instead of the re-
heating temperature as in UV freeze-in scenario [92]. In this way, we do not need to invoke
a parameter outside the framework (such as Try) in the parameter space scan. However,
without any prior knowledge on Try and keeping in mind that RHNSs get their masses at
T1, RHNs may or may not be in equilibrium at this temperature.

With the above points in mind, below we proceed for the evaluation of the freeze-in relic
density of Majoron as DM corresponding to two cases: [ A] RHNs are in thermal equilibrium
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and [B] RHNs are not in thermal equilibrium at 77, and find out the relevant parameter
space. The initial abundance of the y particle is considered to be zero at this temperature
Ty, in both cases. As we have already seen in section 2.2.1 that the contribution N; — v

channel to the y abundance is almost negligible, we proceed further without it.

2.2.3.1 RHNSs: in thermal bath at T7,

With the consideration that the RHNs are already in thermal equilibrium and abundance of
X remains vanishing at 77, the Majorons can be produced from the annihilation via dimension-
5 operator whose yield can be estimated by the following Boltzmann equation for x

ay, 28 2
T = THT <Jv>NiNi—>xx

Y2
1—YX2], (2.21)

which is a simplified form of Eq. 2.17. First termin r.h.s of Eq. 2.21 refers to the production of
X due to the annihilation of RHNs where the factor 2 in front arises due to production of two
Majorons in the final state. The second term in the r.h.s related to the back reaction xx —
N;N; (and xv — N;) is not important as x starts with a negligible abundance in general.
However, for light Majoron (of ~ keV mass), the x abundance near freeze-in temperature
can be comparable (though remains smaller) to its equilibrium abundance where this term
would be significant. On the other hand, the equilibrium abundance of RHNSs is given by

45g; M;\? M;
eq 5
YD) = rags Ty <T> 2 (T) ’ (222)

with g; = 2. The thermally averaged cross-section appearing in Eq. 2.21, can be expressed
as [79]

TUINN e = 8M{‘TK1§(M¢/T) AM; ON: N5~ AME) VoK (V5/T) ds. - (223)
By integrating Eq. 2.21 from T}, ~ v, (from where x production takes place) to Ty (today),
we can obtain the yield of x.

Note that the parameters involved in analyzing the Majoron or x production are: fi, fo
(related to RHN masses M1, M), vs, my, and the cut-off scale A. For simplicity, we consider
the couplings (real) f1, fo tobe same (f; = fo = f) and fix f at some natural value, f = 0.01
so that the degenerate RHN masses M; = M always remain below v,4. Thereafter, we employ
the Boltzmann equation (Eq. 2.21) to perform a scan over the parameter space so as to
satisfy the DM relic density by the x field. In doing so, we implicitly consider A being the
cut-off scale is bigger than v4, however, bounded by the largest scale Mp). Furthermore, the
stability criteria via Eq. 2.12 must be satisfied. We also incorporate an upper limit on v4 as
the maximum value for the reheating temperature is generally considered to be T}2* ~ 10
GeV [262] (vy < Try as stated earlier).

Our findings are displayed in Fig. 2.2 (left panel) by the coloured region corresponding
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to the correct DM relic abundance in the m, — vg4 plane. The colours in this relic satisfied
m, — vy space are indicative of the corresponding A value in the right-side colour bar. The
gradient of the colour (from blue to dark red side) is increased with the increase in A which
saturates at Mpj. The lower boundary of the allowed parameter space follows from the
stability constraint while the top-left disallowed region (white patch) is limited by a specific
choice vy/A < f/+/2, so that the dimension-5 operator’s contribution to the RHN mass
(see Eq. 2.15) remains sub-dominant. On the other hand, the top-right disallowed region
corresponds to A > Mp. The leftmost region of the allowed parameter space is bounded

Case A, fi=f=0.01 Logyh [GeV] i . i 5
18 A=L3x10" GeV, w=15x10" GeV, L=£=0.01, m =10"" GeV
ul : e :
10 10~ - Y, — ¥™
2 0.100
10t 16 10
% 0.001 - N\
% 10“' -, - o . oo =
= | 1073
108} ‘ ol | 107
12 I
10°
100 = - _ . , , o
1 107 0.001 0.100 e 10° 1000 1 0.001
m, [GeV] T [GeV]

Figure 2.2: Left panel: Case A (degenerate RHNs are in thermal equilibrium at 77 ): DM parameter space
satisfying correct relic density represented by coloured region in vg vs m, plane, while A are in colour side-bar.
The black dot indicates the BP considered in Table 2.1. Right panel: Evolution of Y, (solid orange), Yy, = Y
(solid blue) against T (GeV) are shown corresponding to the BP for case A from Table 2.1 with degenerate RHNs
(f1 = f2 = 0.01). The grid line indicates the correct yield for the observed DM relic abundance.

by the model-independent limit [92] on the Majoron mass m, < O(0.1) keV, signifying that
the Majorons can never be able to reach thermal equilibrium. We find for Majoron as light
dark matter in the range 0.1 keV - 1 GeV, the Lepton number breaking scale v4 and A fall in
the following range,

my : 0.4 keV — 1 GeV;
vg : 105 GeV — 10'° GeV;
A : 10 GeV — 10'® GeV.

In order to demonstrate the freeze-in of the Majoron, we include the right panel in Fig.
2.2 where the abundance of the x field is presented as a function of temperature 7". This
corresponds to a specific benchmark set of points (BP) from the parameter space as included
in Table 2.1 (indicated by a dark dot on the allowed parameter space in the left panel of Fig.
2.2). Note that as the RHNs are in thermal equilibrium from the beginning (indicated by the
blue line), the maximum production of x (in the orange line) from the RHN annihilation
takes place near the temperature 77}, itself, where the U(1), is broken. Such a behaviour
is similar to the usual UV freeze-in scenario. The horizontal grid line corresponds to the
yield of x producing the correct relic abundance for m, = 10 keV. Note that this result
remains unchanged even if we consider non-degenerate RHNSs. Since both the RHNs (even if
My # M>) are considered to be in thermal equilibrium at 77, it does not affect the production
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of x from N; annihilation which happens to be around 77,.. Next, we proceed to investigate
the situation when RHNs are not in the thermal bath.

BP A (GeV) vy (GeV) my (GeV)
case A 1.3 x 1013 1.5 x 108 107°
case B.1 1012 1.6 x 108 1075

Table 2.1: Benchmark Point (B.P.) for case A and case B.1. For both cases fi = fo = 0.01 is considered.

2.2.3.2 RHNSs: not part of the thermal bath at T},

Here, we consider the case where RHNS are not in thermal equilibrium® at 77,. Hence, we
do not expect an identical behaviour for the Majoron production in terms of its dominant
production near 77,. Rather, first the RHNSs are being produced from the thermal bath by
the inverse decay process: /; H — N; and consequently the Majoron abundance should be
increased from the annihilations of the RHNs gradually.

Initially, we presume negligible abundance of both the x and the N; at 7},. Then we solve
the coupled Boltzmann equations for Majoron as well as RHNs (V;) as given by,

dYy, 25 (Va0 1 ”

dT 3 HT <UU>NZ~NZ-—>XX < 1\2/1 - (Y;?Q)Q x2 - HT <FN'L_>€LH> <YNi iL YN?) ,(2.24)
4y, 28 s (N2,

T; = _THT : <O—,U>NiNi—>XX (YNi - (Y;Q)QYX 2 (225)

where, (ov) follows from Eq. 2.23 and (I'y,_,¢, ) is the thermal averaged decay

N;N;—=xx
width of N; — {1, H expressed as,

K1(M;/T)
(TN 1) = FNi_}gLHKQ(Mi/T)’ (2.26)
with R 13
yZi M;
I'ni—e H = za: 87 (2.27)

Note that in this case, the neutrino Yukawa coupling v, plays important role in the pro-
duction of RHNs from the thermal bath which in turn affects the production of Majorons.

The structure of y*, can be extracted using the Casas-Ibarra (CI) parametrization [124] as:

5
Y = i{UTDmRDm, (2.28)

where D - (D /57;7) is the squared-root of the diagonal active neutrino (RHN) mass ma-
trix, and U is the PMNS mixing matrix consisting of the three mixing angles and a CP-

6Recall that RHNs become massive at 77, only.
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violating phase. Here, R is a complex orthogonal matrix. We take the lightest active neu-
trino mass to be zero so as to define the D,,, from the best fit values [263, 264 ] of the two
mass squared differences from neutrino oscillation data [263]. The fitted values [263,264]
of mixing angles and CP phase can be used to define U. As we are working with two RHNSs,
the structure of the R matrix is chosen here as [238],

0 0
R=1| cosfp sinbgp | (2.29)
—sin g cos Og
where 0 is in general a complex angle. With these inputs along with v = 246 GeV and a

specific choice of A, one can define the neutrino Yukawa coupling y” which is used in eval-
uating the decay width of RHNs appearing in the set of Boltzmann equations.

With Degenerate RHNs
g Logyph [GeV]
A=10" GeV, v=1.6x10° GeV, £=£=001, m,=10"* GeV el ol il .
n Y, — ¥y — K™ 10%}
16
0.001 7N = 10%
> L—%
107} = o) | . e
10 / E L |
/ 107} b I'_I'|< L) . =
T L A . . M
10° 1000 1 0.001 10° 107 10 0001 0010 0100 1 b
T[GeV] m, [GeV]

Figure 2.3: Left panel: Evolution of Y, (solid orange), Y, (solid blue) and Yy (solid purple) against 7' (GeV)
are shown corresponding to the BP for case B.1 from Table 2.1 with degenerate RHNs and #r = 7/4. The black
dotted line indicates the correct yield for the observed DM relic abundance. Right panel: Case B.1 (degenerate
RHNSs are not in thermal equilibrium at 77, ): DM parameter space satisfying correct relic density represented
by coloured region in vy vs m, plane, while A are in colour side-bar. The black dot indicates the BP considered
in Table 2.1.

In order to check the expectations for the xy abundance and its freeze-in scenario com-
pared to case A, we provide Fig. 2.3 where, in left panel, benchmark set of parameters are
assigned as per Table 2.1, second row (namely, case B.1). Furthermore, in line with the dis-
cussion for case A, here also we consider the degenerate RHNs (by choosing same values
for fi and f> as f). We find that starting with negligible initial abundance, the yield of V;
(indicated by the blue line) has gradually increased via the inverse decay and finally around
T ~ M, it catches the equilibrium abundance (purple line), thanks to the Yukawa coupling
(y%,). Note that there exists an additional parameter 0 in this case as y” depends upon it.
We fix it” to be as /4. Similar to case A, production of y occurs from the four-point inter-

"This particular choice of §r with degenerate RHN mass corresponds to the same decay widths for both
the RHNs, hence N1 and N» reach equilibrium simultaneously. A general picture is demonstrated in the next
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actions between the RHNs and x (after U(1); symmetry breaking). However, contrary to
case A, the production of x here extends over a period from 77, to T" ~ M. The freeze-in of
X occurs near the point when N; enters into thermal equilibrium.

We then perform a parameter space scan with fixed f = 0.01 and §r = 7/4 which pro-
duced the correct relic density by Majoron field which is provided in the right panel of Fig.
2.3. We find the following range of parameters

my : 3keV — 1 GeV;
vg : 107 GeV — 10" GeV;
A :10'° GeV — 10" GeV.

allowed from the DM relic satisfaction point of view. Similar to case A, the top-left boundary
appears due to the consideration v,/A < f//2 where we have restricted ourselves for m,,
below 1 GeV. The other imposed condition vg < TE{* ~ 10'® GeV represents the upper limit
of vy4 in the parameter space as reflected in Fig. 2.3 (right panel). Contrary to case A, here
the leftmost boundary of the parameter space has shifted to m, ~ 3 keV. This shift arises
in case B.1 as a result of delayed thermal equilibration of RHNs which marks the efficient
production of x (from RHN annihilations) near 7" ~ M; compared to case A. Moreover, for
the same reason we notice that corresponding to a similar set of parameters (m,, v4) in case
A, we require here a relatively smaller A to satisfy the correct relic (refer to Table 2.1). This
is reflected in Fig. 2.3 (right panel) where A remains well within its upper limit Mp) so as
not to exhibit any disallowed region (which exists for Fig. 2.2 (left panel) beyond m, > 2
MeV). We also find that there exists a lower limit on the spontaneous symmetry breaking
scale, vy >4 x 107 GeV (bottom leftmost corner in the right panel of Fig. 2.3) [258].

With Non-Degenerate RHNs

So far, we consider the case with degenerate RHNSs (taking fi; = f2). However, in a more
general case where the two RHN's are not of the same mass (i.e. fi # f2), it will be interesting
to investigate the behaviour of DM yield especially in the context of case B, where RHNSs are
not in thermal equilibrium at 7" ~ T7. To elaborate it further, we start with same choices
for vg, my, Or, fo related to case B.1 as in Table 2.1, whereas differ in choosing f; = 0.001
(i.e. My < M>). It turns out that this non-degeneracy leads to a relatively lower A = 7.7x 10!
GeV (in comparison to A = 10'2 GeV with f; = fo = 0.01, see Fig. 2.3, left panel) in order to
satisfy the correct relic for x. The associated evolution of the Majoron abundance is shown
in Fig. 2.4. This new set of parameters is indicated in first row of Table 2.2. As observed
in Fig. 2.4, the production of x initially takes place from N, annihilation during the epoch
when N; (with heavier mass) gradually approaches its equilibrium density (at 7' ~ Ma)
due to inverse decay process. However, the production of Majoron continues beyond this
temperature as the production from Ny annihilation sets in. This introduces a kink in the
yield of Majoron which is demonstrated in the inset of the figure. Finally the yield of x
freezes in when the lighter RHN (V) enters equilibrium at 7" ~ M.

subsection.
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x
A=7.7%10" GeV, 1,=1.6x10° GeV, fi=0.001, £=0.01, m,=10" GeV, fp=—
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Figure 2.4: Evolution of Yy (solid orange), Y, (dashed blue) and Yk, (solid blue) along with Y (dashed
purple) and Y (solid purple) against 7' (GeV) are shown corresponding to the BP from 1st row, Table 2.2 (with
f1 =0.001, f> = 0.01). The black dotted line indicates the correct yield for the observed DM relic abundance.
In the inset, Y, is shown between T ~ M; and T' ~ M>.

Vg (GeV) my (GEV) f1 f2 QR A (GEV)
1.6 x 108 107° 0.001 | 0.01 z Rl 105
1.5x 10 | 25x10~2 | 0.009 0.1 2.5 + 1.463i 2 x 1016

Table 2.2: Benchmark Points (BP) for case B.2 with non-degenerate RHNSs.

We incorporate a set of benchmark parameters in the second row of Table 2.2 to mark the
dependence on the other parameter §z (which in general can be complex) through y” matrix.
As in this case, initially, the abundance of RHNs is negligible and it enters equilibrium via
the neutrino Yukawa interaction, f plays important role in determining the strength of this
interaction and in a way affects the production of Majoron as well from RHN annihilation.
Here, we consider a complex® 6z = 2.5 + 1.463i. The corresponding evolution of Ny () and
Majoron abundances are shown in the left panel of Fig. 2.5 by blue dotted (solid) and orange
lines respectively. To exhibit the effect of fr on the abundance of x, we now choose a real
0r = 2.5 while keeping all other parameters unchanged and exhibit the evolutions of RHNs
and x (by red dotted (solid) and green lines respectively) in the same figure. As we can see,
this makes the Majoron under-abundant.

With this particular choice of g (= 2.5 4 1.463i) and f; = 0.009, fo = 0.1, we represent
the result of another parameter space scan in the right panel of Fig. 2.5 in v4 — m, plane.
We note that the allowed parameter space becomes broadened in comparison with Fig. 2.2
(left panel) and 2.3 (right panel). This is due to the inclusion of additional parameter in the
set-up in the form of different f; and f, along with complex 6. The role of a complex angle
fr can be significant in the context of the model-dependent constraints on Majoron (such as
constraint on y — 7y channel etc.) as we discuss it in the following section.

®Note that a complex fr can be the source of CP violation in leptogenesis. This particular choice of 0 is
related to correct baryon asymmetry generation via leptogenesis with Mj 2y considered here [265,266].
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Case B.2, f=008, f=0.1 Log;ph [GeV]
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Figure 2.5: Left panel: Evolution of Yy, Y, and Yy, for two different choices of 0z (2.5 and 2.5+ 1.463¢) along
with Y% and Y3 are plotted against 7' (GeV). All other parameters correspond to the BP from Table 2.2, second
row. The black dotted line indicates the correct yield for the observed DM relic abundance. Right panel: Case
B.2 (non-degenerate RHNSs are not in thermal equilibrium at 77 ): parameter space satisfying correct DM relic
density represented by coloured region in vy vs m, plane, while A are in colour side-bar. Here, 6 is kept fixed
as 2.5 + 1.463:. The black dot indicates the BP considered in Table 2.2, second row.

2.2.4 Constraints

As already discussed, the presence of the decay channel x — vv can make the Majoron
unstable. Hence, in order to make the Majoron a viable dark matter, the condition 7, > 77
needs to be employed which translates into the following expression from the recent analysis
[258] using Planck [267] with CMB lensing [268] and BAO data as [258],

T(x = w) <129 x 1079571,

We have already incorporated this limit on the parameter space. We now turn our attention

to other constraints applicable to the parameter space obtained in our set-up originating
from supernova, cosmology as well as some indirect search experiments.

The same tree-level coupling of Majoron with light neutrino mass eigenstates (see Eq.
2.7) may also experience a constraint from supernova (SN). The basic idea stems from
the fact that inside the supernova core, Majorons can be produced through the process
vv — x (mainly v, takes part inside the SN core). Provided the neutrino-Majoron coupling
parametrized by g,,, = >, m,, /2v, is large, such Majorons would affect [233,269-273] the
neutrino signal emitted from a core collapsing SN which is otherwise consistent with the
binding energy released during SN explosion as measured for SN1987A [274,275]. Such a
consideration leads to a disallowed range of the coupling gy..: (1077 — 107°) for m, < 10
MeV and (102 — 1079) for my < 200 MeV, as evaluated in [269]. However, our parame-
ter space scan indicates that v, > O(107) GeV and accordingly gy, < 2.5 x 10718 (where
> My, ~ 0.05 eV is inserted). Hence, it remains way below the limit from supernova con-
straint.

Also, this Majoron decay into light neutrinos may produce observable monochromatic
neutrino fluxes which can be analyzed in dedicated experiments such as Borexino (testable
at 4 MeV < m, < 60 MeV) [240], KamLAND (testable at 16 MeV < m, < 60 MeV) [241],
SK (within 30 MeV < m, < 200 MeV [242,276] and IceCube (up to 10 TeV) [277]. The
study in [ 148] translates these constraints as the lower bound on the lepton number breaking
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scale vy against m, above MeV. We have taken their limits from [148] and imposed upon the
parameter space obtained in both cases A and B.1 as shown in the left and right panels in
Fig. 2.6, respectively. As a result, it restricts the obtained parameter space further.

Case A, fi=£:=0.01 LogyoA [GeV] CaseB.1, fi= =0.01 LogyoA [GeV]

IDM r 1014 L
10I2_
_ _ 1021
% % Iy
2 100} = 4
= 14 5 10%) | | 14
1081
12 o 12
| 108+ N'stw ‘ 1
106 - L - i ' il | — 1 |
107 107 0.001 0.100 1078 | L 1070 0.001 0010 0.100 1
10 10

m, [GeV] m, |GeV]

Borexino — KamLAND —— Super-Kamiokande
—— Super-Kamiokande (reinterpreted)

— Atmospheric v, spectra

Borexino — KamLAND —— Super-Kamiokande
—— Super-Kamiokande (reinterpreted)

— Atmospheric v, spectra

Figure 2.6: Left panel: vy (GeV) vs m, (GeV) parameter space for case A (when degenerate RHNs are in
thermal equilibrium at 77, ) combined with neutrino lines search experiment results. The solid lines for different
experiments imply the lower bounds on vg. Right panel: vy (GeV) vs m, (GeV) parameter space for case B.1
(when degenerate N; are not in thermal equilibrium at 77) combined with neutrino lines search experiment
results. The solid lines for different experiments imply the lower bounds on vy.

Apart from the model independent decay channel (xy — vv), there exists another interesting
decay channel of Majoron: x — 7y which can be induced in two-loops [148]. Following
[148], a simplified expression for the associated decay width turns out to be [148,278],

— 2.
409677 v? (2.30)

o?(trkC)? ms m3
F(x—wv)z(—)— X 1N N/T{Q%g 4—"2 :
7 =
where f denotes all the SM fermions having color multiplicity as N{ = 3(1) for quarks
(leptons), T3f is the isospin, @ is the corresponding electric charge in units of e = v4mo.
The loop function is given by

o(z) = —ﬁ (1og]1 — 22 4 2/ - 1)1)2,

having = = m} / 4m?c. Here K is a model-dependent parameter given by I = m DmTD /(vvg),
a dimensionless hermitian coupling matrix. Such v emission lines can be probed by many
experiments such as INTEGRAL ~ observatory [243], COMPTEL/EGRET [244 ], Fermi-LAT
[245]. In addition, the diffuse X-ray background observed by HEAO [279] was looking for
the emission line over 3 — 48 keV range, while other X-ray telescopes like chandra [220,224]
and XMM [280] cover the energy range 0.3 — 12 keV. Similarly, the -ray line emission of 20
keV- 7 MeV can be covered by INTEGRAL SPI observations [243]. Energies above 7 MeV is
covered by a combination of COMPTEL and EGRET ~-ray telescopes. Fermi y-ray telescope
[245] recently searches the emission line within 7 — 200 GeV energy range.
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Upper bounds on T, ., from y—ray telescopes Log,gv [GeY] Upper bounds on T, .., from y—ray telescopes Logygv [GeY]
10 T 5 10 L_L!;! 7
/ AT Mugd”
1072 e ..-.-a._/ I 1 10729 T i I -
i 13
Con L3 o r '
I,,‘ 1031 I_}_ 10_3.1 [
= = [ F12
N 2 & :
I' 10 -39 3 Chandra LTGS L 10 -39 Chandra LTGS 11
] ,—-" — XMM observatory " = — XMM ohservatory i
107 A = 0 1o+ =i '
?.,V( INTEGRAL / INTEGRAL
sl & COMPTEL/EGRET o " v COMPTEL/EGRET
we s L B -- 10 . . i 8
105 107" 107" 0.001 0.010 0.100 1 i 1077 1073 0.001 0.100 )
E, =" [GeV] i E, =2 [GeV] '

2
Figure 2.7: I'y - vs B, = X with vy in side colourbar. Left panel: case B.1 (f1 = f2 = 0.01, g = %) and
right panel: case B.2 (f1 = 009, fo = 0.1, 6r = 2.5 + 1.463¢). The line emission constraints (from different
~-ray observations) are shown along with the model prediction.

We first evaluate the K-matrix for each m, from the allowed parameter space (using
vg and neutrino Yukawa coupling 3 via Eq. 2.28) of Figs. 2.3 (right panel) and 2.5 (right
panel). After plugging this K into Eq. 2.30, respective I'(x — ~7) is plotted against E, =
m, /2 in left (for case B.1) and right (case B.2) panels of Fig. 2.7 for the entire allowed
parameter space obtained in our proposal where the limits from different X-ray and ~-ray
observations are also shown. The differently coloured shaded patches on the upper side of
each plot indicate the excluded regions for different experiments, the description of which
is given in the inset of each figure. It can be seen that the Majoron mass below MeV can
easily evade these bounds making the cosmological bound most effective in the sub-MeV
mass regime. Whereas, relatively larger values of v, appear to be somewhat constrained
for m, ~ 3.5 — 13 MeV mass for case B.1. Alongside, Majoron masses beyond 100 MeV, in
this case, fall within the sensitivities of the observations by COMPTEL and EGRET. For case
B.2, it can be seen from Fig. 2.7 that the entire m, 2 0.8 MeV region turns out to be within
the exclusion limits of X-ray and v-ray emission line bounds for this particular choice of
fr. However, this conclusion is not very robust as it can be altered for a different choice of
0, and hence model dependent. This stems from the fact that the decay width I'(x — v7)
depends on the K matrix which is governed by the choice of complex #r. In case of real §,
however, the K remains independent of § . For this reason, we do not incorporate a separate
tigure for case A (with real fr) which would result in a similar plot as the left panel of Fig.
2.7.

It is interesting to note that the lighter side of the Majoron dark matter in our analysis,
in particular 1-10 keV mass region, apparently coincides with the conventional warm dark
matter (WDM) mass regime. Such keV scale WDM experiences a stringent constraint from
observations of Lyman-a forest [ 281-287], thereby imposing a limit: mwpm 2 (1.9—5.3) keV
at 95% CL with the inherent assumption that the WDM maintains a thermal distribution.
However, the Majoron here is a FIMP type DM which never attains thermal equilibrium.
Hence, the above mentioned bound requires modification [288-290] before applying to our
case.

To have a mapping between the above constraint on conventional thermal mwpy onto
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a modified one for FIMP type DM mass mppw, following [289,290], we define a quantity
called warmness associated to the DM (stands for either WDM or FDM) as wpy = Wpwm %,
where s o

o Jd°qq” fom(q)

w - )
DM T dqfom(g)
and Tpy represents the temperature of the DM which is related to the temperature of the
thermal bath (T) via

(2.31)

R
TDM_(gf(Tdec)> T = AT. (2.32)

Here T4 corresponds to a temperature when the DM production becomes most efficient.
In Eq. 2.31, the physical momentum p is scaled as ¢ = p/Tpwm, and fpum corresponds to the
phase space distribution of the respective DM.

For a feebly interacting DM like Majoron as x in our case, the phase space distribution
can be obtained [290] considering the main production process: NN — xx as

10 = s | o Ol (233)
where, © = M; /T, H(T4ec) is the Hubble expansion rate at Tge. ~ M; (beyond which it
freezes in) and C[f,] denotes the collision term corresponding to x production channel:
NN — xx. Using Eq. 2.16, the simplified expression of C|[f,] for such process can be
written as [291], T e )

o) ~ BT (B -
where gy = 2 and g, = 1 are the spin degrees of freedom of RHN and x respectively.
Employing Eq. 2.34 into Eq. 2.33 and integrating it within the limits between z; = M; /v,
(we consider the production of x initiates at ' = T}, ~ vy) and xy = 1 (production of x
gets ceased at T" ~ M, ), the phase-space distribution of Majoron can be expressed, upto a
proportionality factor, as,

i I A@
fx(q)oc/wi qux.A(a:)e A, (2.35)

With this phase-space distribution for x, we find W, ~ 2.45 whereas for a thermal scalar
WDM, wwpu is found to be 3.22.

As mentioned earlier, finally one aims to convert the existing lower bound on mwpwm
onto mgpm (i.e. m, here) and that is done by equating the warmness (w) of thermal WDM
to that of x (non-thermal Majoron) [289,290]. Using the relation between w and w, such a
consideration leads to

Wy Ty
m, = m — . 2.36
X WM <WWDM) Twpwm (2.36)

While the temperature of Majoron (7)) can be obtained from Eq. 2.32 with Tyge. ~ Mj, the

temperature of the thermal WDM (Twypw ) is to be extracted from the correct relic satisfaction
of WDM via,

(2.37)

Owpnth? = gWDM <mWDM) (TWDM ) 5

2 94 eV T,
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2.2. Majorons Revisited: light dark matter as FIMP 69

where gwpym = 1 (for scalar) and Qwpyh? = 0.12. Using Eq. 2.36, the thermal WDM
mass (mwpwm) involved in the Lyman-a bound can be translated into m, (FIMP type DM
produced via NN — xx process) as

my =~ 5.3 keV ( (2.38)

3 keV

mWDM>4/3( 106.75 >1/3
gf(Tdec)

Here g% (Tyec) = g5 (M) ~ 106.75 as My > Trw. Using mwpm = 3 keV as the a reference
value, we therefore obtain an approximate lower bound on Majoron mass from Lyman-o
observation as, my > 5.32 keV, specific to our case. This estimate is somewhat conservative,
as more recent dedicated analyses of structure formation find stringent limits on the freeze-
in dark matter as m,, 2 15 keV [292,293].

2.2.5 Conclusion

In this work, we relooked into the original Majoron model, the existence of which is due
to the spontaneous breaking of global lepton number symmetry. Its feeble coupling with
the SM fields renders itself as a natural candidate for FIMP-like dark matter. Earlier studies
showed that though it is plausible to have Majorons as FIMP-like dark matter, satisfying the
observed DM relic abundance remains a challenge and Majoron mass can either be 2.7 MeV
or heavy ~ TeV. In an effort to explore the possibility of having Majorons as a viable FIMP
type DM candidate in a broader range (and below GeV) so as to make it interesting from the
observational point of view, we include a higher order explicit lepton number breaking term
in the Lagrangian involving RHNs and the spontaneous symmetry breaking scalar field.
While such an interaction presents itself as a natural soft symmetry-breaking term (due
to the suppression by the cut-off scale), it introduces new feeble interaction for Majorons,
thereby introducing new production channel for Majorons via annihilation of the RHNs.
As a result, a viable parameter space of freeze-in type of Majoron dark matter follows in the
range O (keV - GeV).

It is perhaps pertinent here to compare our results with other works which include such
higher order Majorons-RHNs interactions. In [222], such interaction arised effectively from
f®NN term (also responsible for RHN mass My = f(®)) via the t-channel RHN mediated
diagram and simultaneously a contact-interaction results while using non-linear represen-
tation of pNGB field. The associated cross-section for the Majoron production via NN — xx
turned out to be proportional to f4/M?% whereas in our case, we have an explicit LNV inter-
action NN x? which is independent of f or My, thereby extending the freedom in satisfying
the relic density constraint. Hence the “two Majorons and two sterile neutrinos’ contribution
exercised in [222], though present here too, becomes subdominant (we fix f = 0.01) com-
pared to the contribution of our explicit LNV dimension 5 operator. Additionally, [222] has
two types of Majoron production channels: (i) h — xx followed from an explicit tree level
LNV term Ax2H' H which is absent in our analysis (as from the very beginning we consider
the breaking of LN only at higher order). There the parameter \ is also linked with f® NN
coupling via logarithmic divergent neutrino loop. This channel turned out to be important
in limiting the Majoron mass from above: m, < 0.0015 GeV in [222]. (ii) On the other hand,
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in [222], the Majoron mass had a lower limit m,, > 10~7 GeV where the Majoron production
is dominated by NN — xx process. Along a similar line, the work of [223] also considered
the NN — xx process which proceeds via ¢t-channel exchange of heavy RHNs. The paper
however focussed on two possible candidates of dark matter: lightest RHN N; and Majoron
x. With m, < My, the case is similar to that of [222].

In a nutshell, the presence of a separate dimension-5 operator in our work relaxes the ten-
sion among the parameters which results an extended parameter space for m,.. Our analysis
shows that an adequate region of parameter space consistent with Majoron as dark matter
satisfying correct relic abundance in the keV-GeV mass range can be obtained. While this
entire mass regime is important in the context of supernova cooling, the above-MeV region
is also fascinating to be probed by monochromatic neutrino lines. Even though the bounds
from such experiments turn out to be more stringent than the naively considered lifetime of
the Universe, the parameter space undergoes a rich dark matter phenomenology and finally
provides compelling evidences in the form of gamma-ray lines that can be probed by on-
going and future experiments indicating some tantalizing connection between dark matter

and neutrino physics.

2.3 Connecting Resonant Leptogenesis with Majoron Dark Matter

In this follow-up work [294], we consider the above scenario of Majoron as FIMP-type DM
with resonant leptogenesis. To be explicit, we discuss a concrete U(1); symmetric model
of neutrino mass based on the type I seesaw mechanism, involving two right-handed neu-
trinos and a U(1), breaking scalar field having Z; odd parity, coupled to the RHNs at tree
level. However, slightly different from the previous setup, here, the construction leads to
off-diagonal nonzero entries in the RHN mass matrix that result into two exactly degenerate
RHNS. Then, the inclusion of dimension-5 U (1), breaking terms not only breaks such a de-
generacy but also opens up new annihilation channels of RHNs to Majorons, thereby making
Majoron production possible via freeze-in scenario ’ in line with the previous work( [239]).
Note that the same splitting that removes the degeneracy of RHNss turns out to be also in-
strumental in producing the matter-antimatter asymmetry via resonant leptogenesis.

We perform a combined analysis of Majorons as FIMP type dark matter and resonant
leptogenesis and establish the parameter space which implies a relation involving neutrino
mass, dark matter and the baryon asymmetry of the Universe. In doing so, we realize that
contrary to the usual expectation of resonant leptogenesis happening near the TeV scale or so,
here we end up a relatively high scale resonant leptogenesis scenario in order to be consistent
with the Majoron DM parameter space, which can also be of interest for further investigation.

The layout of the remainder of the section is as follows. In subsection 2.3.1, we define the
new setup, featuring both global U (1), conserving and breaking terms. In subsection 2.3.2,
we discuss Majoron FIMP DM following a similar way as discussed previously in subsec-
tion 2.2.1. In subsection 2.3.3, we discuss resonant leptogenesis in the considered model
and calculate the lepton asymmetry for a benchmark point consistent with those required

? A similar concept was explored in [265], where the soft breaking of lepton number symmetry played a key
role in the freeze-in production of dark matter.
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for Majoron FIMP DM. In subsection 2.3.4, we discuss in detail the parameter space com-
patible with Majoron FIMP DM and resonant leptogenesis, highlighting the role of non-
renormalizable U(1)-breaking operator common to both effects and the CP asymmetry
contributions from self energy and vertex correction terms. Finally, subsection 2.3.5 con-

cludes this section.

2.3.1 The type I seesaw Set-up

Similar to the subsection 2.2.1, here, we extend the SM by including two singlet right handed
neutrinos (Nj 2) and a SM singlet complex scalar field (®), charged under a global U(1)y.
The only key difference here is that, we introduce an additional Z, symmetry, under which
all the SM fields and one of the RHNs N are even, while A, and ® carry odd, as summa-
rized in table 2.3. As a result, though the field contents are the same, our setup is relatively

Symmetries ) M No
U(l)z 2| 1 | 1

Zo = + —

Table 2.3: Beyond the SM particles and their charges under global U(1) . and Z, symmetries.

different than the previously considered Majoron model in terms of the renormalizable part
of the Lagrangian. Here, we consider the following part of the type I seesaw Lagrangian,
which respects both U(1)7, and Z, symmetry,

—Lsc D g@/\TCNQ + Yar (Lo HN| + H.c.. (2.39)

Here y,1 defines the coupling corresponding to the neutrino Yukawa interaction involving
a = e, u, T lepton doublets with RHN A;. The other RHN does not contribute to the neutrino
Yukawa interaction at this renormalizable level due to Z> charge assignment of the fields
involved. Once the U(1); symmetry is spontaneously broken (® = (¢ + vs +1ix) /V2), ®
field acquires a vev which leads to the RHN mass matrix (in flavor basis of RHNSs) as

0 M
Mp = , (2.40)

M 0

with M = fuvs/+/2. It then follows that such a construction leads to an exactly degenerate
pair of RHNs (barring a relative phase) having mass M; = My = fvs/+/2 at the renormal-
izable level.

Upon the spontaneous symmetry breaking (SSB) of global U(1);, the massless Nambu-
Goldstone Boson (namely Majoron x) also results in presence of the scalar potential involv-
ing ® and H as given in Eq. 2.2. Similar to earlier, we ignore the mixing between the CP
even part of H and ® here as well.
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2.3.1.1 Explicit U (1), breaking terms of higher order

The massless Majorons would get mass once the explicit lepton number symmetry breaking
terms are introduced making them massive pseudo-Goldstone boson (pNGB) [141]. We
incorporate the same soft-symmetry breaking term as in Eq. 2.3 to induce a non-zero Ma-
* = m?. Coincidentally, the soft breaking term (in Eq. 2.3) breaks U(1). to a
residual Z» symmetry, which is respected by ®.

joron mass m

The U(1) 1, symmetry, being a global one, is expected to be explicitly broken also by grav-
ity effect at the Planck scale [248-253] or even at a lower cut-off scale A in the context of weak
gravity conjecture as in [259,260], as mentioned earlier. To be specific, here, we consider a
similar explicit U (1), breaking terms at dimension-5 level involving ® and two RHNss (while
keeping the Z, symmetry intact) as

L [02 4 (0% NENG+

78 [0+ (@) A Na o+ ST HING (@ + 97) o Hec.

— [
A (2.41)

While the first two terms contribute to the diagonal elements of the RHN mass matrix as well
as production of Majorons after U(1), is spontaneously broken, the third term in the RHS of
Eq. 2.41 signifies the Yukawa interaction of the second RHN (MN>). The uniform coupling of
this interaction with ® and ®* is ensured in presence of a CP symmetry [227] under which
¢ — ®*. The case of non-uniform coupling in considered in appendix A.1.1. Note that other
terms in Egs. 2.3, 2.41 are also consistent with such a symmetry consideration. As a result,
the Majoron is not involved in this Yukawa interaction. The involvement of this Yukawa
coupling is crucial in making the light neutrino mass matrix to be consistent with neutrino
oscillation data. The other standard dimension-5 operator contributing to the light neutrino
mass, @ElH Ej H, might also be present [ 103]. However, assuming ¢;; is sufficiently small,
we exclude this contribution from the analysis without any loss of generality. Also, the
presence of such Z,-odd charge of @, even for the U(1), breaking contribution, ensures that
terms such as ®3|H|? do not appear at the dimension 5 level.

2.3.1.2 Effect of explicit U (1) breaking on RHN mass

After the SSB of U (1), the relevant Lagrangian inclusive of the explicit lepton number break-
ing contribution for RHN mass, in the flavor basis of RHN (A; N: )T, is given by

1 /— k1 M M
£ (Nlc Nf) , (2.42)
M K2 NQ

where k; = cwi /A corresponds to the diagonal contribution to the mass matrix of RHNs
arising from the first two dimension-5 explicit breaking operators of Eq. 2.41. Considering
c1 = ¢ = 1 for simplification purpose (hence, 1 2 = « say), we diagonalize this RHN mass
matrix (M) through a unitary operator V following the relation V*MzVT = M4, where

Mg = diag[M + x, M — &), (2.43)
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is the diagonal RHN mass matrix (barring a phase) in the basis of the RHNs: (Ng, Ng,)7,
connected to the flavor basis as: N7 = % (Ng,+iNg,) and Ny = % (Ng,—iNg,). Hence, the
dominant contribution to RHN mass comes from the renormalizable part of the Lagrangian
while the small splitting (k) emerges from the dimension-5 operators. These nearly degen-

erate RHNs would take part in resonant leptogenesis as we will discuss in a later section.

2.3.1.3 Neutrino mass

The Lagrangian for the neutrino sector is given by

v 17 fU¢
—Ly, = ypilLo HNR, + 2\7@(

defined in the RHNs as well as charged lepton mass diagonal bases. Note that y” contribut-

1 2 1 2

K
N, N, + NG, Ng,) + 5 (NG Nr, = NE Ng,) + He., (244)

ing to the Dirac mass of the neutrinos via mp = y”v/v/2 after the EWSB, appears here as an
effective Yukawa, originating from both the tree level and higher order Yukawas (due to the
rotation of the RHN flavor to mass basis) as

1 v 7 X))
Ya1 = Eyal + X¢ya27 Yo2 = ﬁyal - nyaz, (2.45)

once the U(1), symmetry is spontaneously broken.

<H> <H> <p>

m M N,  Yp2
A

L,

VL 8

Figure 2.8: Schematic diagram for generation of the light neutrino mass, m...

As aresult, after the EWSB (by then, U(1), is already broken), the mass terms involving
vy, and Ng, (i = 1,2) can be cast (suppressing the generation indices) into

1 N 0 mp yf
_EU D) 5 73 Ng . (2.46)
mL, M| \ Ng

The light and heavy neutrino mass matrices can now be obtained (with mp < M%) in the
rotated basis (7¢ Ng)” via the type-I seesaw relations [238]: m,, ~ mp(Mg)~'m’5 and Mp =
M¢ (already diagonal), where 76 = —i(v§ — 0,sNg) and 0,5 = m§ My ! being the active-
sterile neutrino mixing matrix. Finally, after m, is futher diagonalised by the PMNS matrix
(U) [24], final neutrino mass eigenstates (n; Ng,)? can be obtained. Hereafter, we will use
the notation of Majorana mass basis v; = n; +nj and N; = Ng, + Nj, for all the interactions.
The RHN masses, written in this Majorana mass basis, and their mass-splitting (AM) turn
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out to be'’:

foo | Y Vs

Note that the neutrino Yukawa coupling matrix ¢y plays an important role in fixing the
neutrino mass, mixing as well as the amount of asymmetry in leptogenesis, which will be
evident as we proceed. Here, it is then pertinent to discuss its expected order of magnitude
from the neutrino oscillation data [102], considering a normal hierarchy of the light neutri-
nos. In addition, the presence of two RHNSs in the present setup compels us to consider the
lightest active neutrino mass to be zero. The structure of 4 can be estimated using the Casas
Ibarra (CI) parametrization [124]

S ReVA)
y" =i-=U'D mRD s, (2.48)

where D/ (D \/W) is the squared root of the 3 x 3 (2 x 2) diagonal active neutrino [263,
R
264] (RHN) mass matrix. R is a complex orthogonal matrix, of the form [238] as in Eq. 2.29:

0 0
R=1| cosfp sinbg | (2.49)
—sin g cos Og

where 0 is a complex angle in general (g = zr + iz7). For concreteness, we provide a
typical y” below

—0.0023 — 0.00043i  0.0013 — 0.00113
y” =1 0.0029 + 0.00053i —0.0012 + 0.001i | (2.50)
—0.0013 — 0.0014i  0.0035 — 0.00050i

which is obtained using a set of reference values of the parameters (involved in parameter
space scan of the upcoming sections), as shown in the following table 2.4 along with the
choice of p = T + 0.42i. Such a choice of parameters implies M; = 1.4 x 10’ GeV and
My = 1.36 x 101° GeV. It is also interesting to point out that such a y” is consistent with Eq.

A (GeV) vy (GeV) f
1.5 x 1014 1.95 x 10 | 0.1

Table 2.4: Reference values of the parameters used for y” estimation (see Eq. 2.50).

2.45 with the choice of ya1 ~ O(1073) where ya2 ~ O(1) as ¢ = 1073 is already of similar
order as y”.

With k1 # k2, mass splitting would have an additional parameter (c1 + c2)/2 # 1, the effect of which is just
to redefining/shifting the values of the parameters involved so as to remain consistent with the phenomenology
of the scenario, without loss of generality.
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2.3. Connecting Resonant Leptogenesis with Majoron Dark Matter 75

2.3.2 DM phenomenology

We now turn our discussion on the Majoron being a dark matter candidate and for that
purpose, we plan to estimate the number density of Majorons. As discussed elaborately in
subsection 2.2.1, within the setup of the minimal type-I seesaw mechanism (via Eq. 2.39),
tree-level coupling of Majorons to RHNSs is not sufficient to produce enough Majorons to
account for the correct DM relic density. Consequently, by following a similar approach as
in subsection 2.2.2, we find that the production of Majorons can take place via a freeze-in
scenario and we elaborate on such production channels and stability criteria of Majoron to
be a successful dark matter candidate.

2.3.2.1 Majoron production from RHNs and stability

Here, we introduce dimension-5 lepton number violating operators and show how these
lead to a viable phenomenology of the Majoron as a freeze-in dark matter candidate, with
the assumption that Majoron was initially absent in the early Universe. As mentioned earlier,
the inclusion of the additional higher dimensional operators in Eq. 2.41 induce the following
interactions after the U(1)7, symmetry gets spontaneously broken as

(8% + (P)INFN | (B + (P)INFNe _ X° (251)

ANC AT _ NC
9A 9A D 2A(N1 N1 N2 Ng).

With such effective interactions, Majorons could be dominantly produced from the anni-
hilations of RHNs, which leads to a signature of UV freeze-in [92,295-297] as we discuss
below. Note that any deviation from the universal coupling (ensured by assuming the CP
symmetry, ® — ®*) with ® and ®* of the Yukawa interaction may result Majoron instability
(contributing toward x — vv, in addition to the existing contribution given in Eq. 2.11)
due to the presence of higher dimensional terms in the construction (see appendix A.1.1).
However, such decay widths being suppressed (or at most of similar order) compared to
the one in Eq. 2.11, the inclusion of Majoron’s lifetime greater than the age of the Universe
would automatically take care of this constraint, making it a viable dark matter candidate in

our construction.

2.3.2.2 Majorons as Freeze-in dark matter

With the effective interactions of Majorons with RHNs as indicated in Eq. 2.51, the Majorons
can be produced from the annihilations of RHNs in the early Universe. In this case, contrary
to the usual freeze-in scenario of Majoron production from RHN decay, the production of
Majoron dark matter crucially depends on the maximum temperature of the thermal bath. It
is important to note that in contrast to the assumption v4 < Tryg made in the DM production
scenario of the earlier section 2.2, here, we will consider the breaking of U(1), symmetry to
take place prior to the reheating temperature (Try) of the Universe, i.e during inflation or
in the reheating phase, with vy > Tgrpy. Such a choice of hierarchy between vy and Tgry
is also consistent with our assumption of ¢ being decoupled from the study below Try.
Hence, in our case, dark matter production is sensitive to Try (unlike in Section 2.2, where

it was sensitive to v4), which is considered as a free parameter in our study. We further
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consider the RHNs to be present in the thermal bath requiring Tk > M; and a sizeable
neutrino Yukawa interactions so as they can be responsible for thermal leptogenesis. As a
result, a specific hierarchy between the energy scales v, > Try > M; is essential for this
setup. Furthermore, since both the U(1);, and Z, symmetries are spontaneously broken
when @ obtains a non-zero vev prior to Try here (i.e. during inflation or extended reheating
period), any topological defects formed during this symmetry breaking would be diluted
during inflation.

To analyse the evolution of DM yield originated from the annihilations of RHNs as dis-
cussed above, we solve the Boltzmann equation, similar as in Eq. 2.21, expressed in terms
of the co-moving number density Y, (= n,/S) and the temperature (7") as follows [48,261]

&y, 28 :
T wT 2= TN YN

Y2
1—YX2], (2.52)

where H, S and Y*1 follow from Eqs. 1.36, 1.37 and 2.18, respectively. In Eq. 2.52, another
production channel of Majoron e.g. IV; — xv is not included as it contributes negligibly to
the DM abundance being suppressed by the active-sterile neutrino mixing. Another con-
tribution to the process N;N; — xx proceeds via t-channel RHN mediation, which how-
ever drives IR freeze-in [91] and remains subdominant compared to our scenario as dis-
cussed in [222,234]. Here, (ov)
cess N;N; — xx as expressed in Eq. 2.23, where o denotes the cross-section of the process

N;N;—xy 18 the thermally averaged cross-section of the pro-

N;N; — xx as
1 [s—4m2 _,
O—NiNi_>XX = 167-[-8 s — 4M12 ‘M|N'LNZ*>XX7 (2.53)
with

— 1

The final yield of the Majoron DM can be obtained by integrating Eq. 2.52 from Tgry (re-
heating temperature) to 7y (present temperature). One then obtain the final relic density of
x by replacing the present DM abundance Y, (1p) in

O, h% = 2.755 x 108 ((Q{/) 70, (2.55)

which should reproduce the observed dark matter relic density, Qpyh? = 0.124:0.0012 [63].
The main parameters involved in our analysis of dark matter production are f, A, Tk
and m,. Another important parameter is vy which enters in the RHN masses as M; =

2
% + %4’ . However, for the DM phenomenology, the role of v, is not very significant

as the DM yield, being dominated by UV freeze-in scenario, primarily depends on A and
Tru rather than the masses of the parent particles. Specifically, the Majoron yield (Y, ) ap-
proximately follows the relation Y, o Tru/A? as evident from Egs. (2.52) - (2.54).

Since v, is not directly entering in the DM phenomenology except its involvement in the
RHN mass and splitting (which are anyway insensitive to Majoron yield), we have chosen
certain (mild) hierarchies between v4 and Try as benchmark values for our analysis. For
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Figure 2.9: DM parameter space satisfying correct relic density represented by colored region in Tru vs A plane,
while m, are in color side-bar (left) and a benchmark point (right) are shown. Here f = 0.1 and the ratio
Tru/ve = 0.5 is considered.

example, in Fig. 2.9, a ratio of Tru /vy = 0.5 and f = 0.1 is chosen. The left panel of Fig.
2.9 illustrates the DM parameter space in the Tgy — A plane with m,, obtained in order
to satisfy the correct relic for each point in the parameter space, is shown in the color bar
(with blue to dark red color gradient). As can be seen from Fig. 2.9 (left panel), we scan
over a large region of the parameters; (i) Try : 10° GeV — 1015 GeV; (ii) A : 10! GeV —
10'8 GeV & (iii) m,, 2 1keV. While doing the scan, the conditions imposed on the param-
eters are the following: (a) vy, > Tru > M; as stated earlier and (b) f/v/2 > vs/A which
follows from the fact that the contribution to the RHNs mass from the dimension-5 opera-
tor must remain subdominant compared to the renormalizable one. While boundary at the
right side stems from the condition f/v/2 > vg/A (considering the ratio of Try /vy = 0.5),
the left-side boundary signifies the Majoron DM must be stable following the essential cri-
teria, I';%,,, > 7. On the other hand, the top and the bottom boundary of the parameter
space signifies the viable Majoron DM mass range, i.c. O(100) GeV > m,, > 1keV, as evident
from the color bar. In the right panel of Fig. 2.9, we have shown the DM yield (solid red line)
for the benchmark point mentioned in table 2.4, which falls within the allowed parameter
space of the left panel. As expected, the maximum production of the DM occurs at the very
initial temperature, which is Tgy. In Fig. 2.10, we have shown the parameter space satisfy-

£=0.005, Try=0.1 v, Log,o my [GeV]
1
10'7¢
0
-1
% 1015
O, -2
<
-3
10%
-4
10" ! : ' : -
108 108 10'° 10'2 10" .
Tan [GeV]

Figure 2.10: DM parameter space satisfying correct relic density represented by colored region in Tru vs A
plane, while m,, are in color side-bar with f = 0.005 and the ratio Tru/vs = 0.1.
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78 Chapter 2. Phenomenological Aspects of Majorons as Dark Matter

ing correct DM relic density with a difference choice of ratio Ty /vg = 0.1. It turns out that
the parameter space in this case (in Fig. 2.10) gets shrunk compared to Fig. 2.9 (left panel)
due to less number of points, satisfying the criteria v, > Try > M; and f/v/2 > vys/A.

It is perhaps pertinent to discuss the situation, contrary to our earlier assumption, where
the RHNSs are not part of the thermal bath initially at Try. In this case, the RHNs would
attain thermal equilibrium through the inverse decay ¢1,,H — N; process, proportional to
the neutrino Yukawa coupling y%,. However, how quickly they attain equilibrium depends
solely on the strength of y%,. Since the Majorons are mainly produced from the annihilation
of these RHNs in our framework, such Majoron production could be delayed depending on
the time the RHNs would take to thermalise themselves. In order to explore that, we plot
the yield of the RHN for the same set of parameters (A, f, Try) as used to plot Y, in Fig.
2.9 (right panel), but with zero initial abundance now, and depict it by blue dashed line.
As seen, Yy reaches the equilibrium abundance at a temperature slightly below Try due to
the presence of the sizeable neutrino Yukawa coupling y*, ~ O(10~3), corresponding to the
benchmark values of Tab. 2.4. This tiny delay in reaching thermal equilibrium for the RHNs
results a relatively less freeze-in abundance of Majorons (orange dashed line). Hence, the
correct relic abundance for the Majoron as DM would follow with a mild shift in m,, value
(from earlier value 2.5 x 1075 GeV to a new one, 3.5x10~° GeV). Since the neutrino Yukawa
remains sizeable enough for the entire parameter space, our conclusion with thermalised
RHNSs at Tgy would mostly remain unchanged in case of zero abundance of RHNs, apart
from a slight modification in Majoron mass to a relatively higher side.

In addition to the Majoron DM stability condition, another stringent constraint follows
from monochromatic neutrino searches by experiments like Borexino [240], KamLAND
[241], SuperKamiokande [242,276], and IceCube [277], due to the model-independent de-
cay of Majorons into light neutrinos. These experiments restricts the Majoron parameter
space for m, 2 4 MeV [288,298]. Additionally, Majoron decay into two photons (induced in
two-loops) provides another channel for probing the parameter space through several y-ray
observations [278,288]. We have already discussed these constraints in detail in subsection
2.2.4 and also mentioned later in appendix A.1.2.

2.3.3 Resonant Leptogenesis

After getting the DM allowed parameter space, we are now in a position to discuss the lep-
togenesis scenario keeping in mind that the same set of operators of Eq. 2.51 contributing
toward Majoron production will also be responsible for breaking the degeneracy of RHN
mass, hence playing a key role in leptogenesis too. Before entering the details of the lepto-
genesis, specific to our set-up, we provide a brief overview of leptogenesis in general, more
specifically the resonant case. The dynamical generation of lepton asymmetry takes place
in an the era of radiation dominated Universe, below'' Try (M; < Try), when the RHNs
starts decaying.

Below the reheating temperature, the RHNs can be produced from the thermal bath due
to inverse decay via the neutrino Yukawa interaction. The same interaction also keeps them

"For a generation of lepton asymmetry during the reheating phase i.e. when M; > Tk, we refer the readers
to [299-310].
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in the equilibrium with the SM bath till the temperature of the Universe remain larger than
their masses. Thereafter, their out of equilibrium decay to the SM Higgs and lepton doublet
begins having a decay width, given by

UN,sepn = 7M7, (2.56)

One can track the abundance of the RHNSs in the expanding Universe by solving the follow-
ing Boltzmann equations:

L= = - —1 42 4
(2.57)
where K
o, =gt (%) (2.58)

n N; K2 (SU) N;»
x = M, /T with T being the temperature of the Universe. Additionally, v, and ~;, signify

the reaction rates of Higgs mediated AL = 1 processes involving the SM top quarks, e.g.,
N;L — qt (s-channel) and N;t — Lq (t-channel), which are defined by

Vhee = Gi\figc/dsah( WKy < ‘[> (2.59)
where } ,
als) = y(yMy) (1 il Af) . (2.60)

Finally, Yy, = ny,/S denotes the comoving number density of the RHNs with ny, being
the number density of the RHNs. Looking at Eq. 2.57, one notices that the first term in
the squared bracket on the right hand side (r.h.s) comes with a negative sign and hence is
responsible for the depletion of RHNs” abundance resulting primarily from its decay to the
SM particle, while the second term is responsible for their production from bath due to the
inverse decay.

The out of equilibrium decays of RHNss together with the lepton number violation (present
due to Majorana masses of RHNs) and the CP violation originating from the neutrino Yukawa
sector (as evident from the structure of y” via CI parametrisation) are the three necessary
and sufficient conditions, namely the Sakharov’s conditions [128], required for the dynam-
ical generation of lepton asymmetry. It can be inferred from the DM phenomenology of the
previous section that the RHN masses in our case (~ fuvy), satisfying the correct relic, fall
in a broad range from a very heavy to as light as 10? GeV. In this connection, one can recall
that the standard thermal leptogenesis works for the RHN mass above 109 GeV, the so-called
Davidson-Ibarra bound [138]. However, this conclusion is based on the hierarchical nature
of RHNSs. In case degenerate RHNSs are present, like the present case, the asymmetry pro-
duction can be significantly enhanced. In order to quantify such enhanced production of
asymmetry, we proceed below for the evaluation of the CP asymmetry.

The CP asymmetry parameter ey, associated to the decay of the i-th RHN can be ex-
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pressed as
ey = Za[FNz‘—%LaH - FM—)EQH]
D D L FNi%EaH]

which results from the interference of the tree-level decay of V; and the one loop, vertex and

, (2.61)

self energy, diagrams. The general expression for such CP asymmetry (after flavor sum) can
be estimated as [136,237,311-314]

MU, (Vi Tm(y” y” 2
v= - 0 (Vo) 262)
ooMpo\ 2 Wy )iy y)j
where ) )

M: M: M?

e ¥ J 7
Vij = 2@ (1 + M2> In (1 + M]2> " 1] : (2.63)
and Sij = J J (264)

(37— M)+ MY,

denote the vertex correction and self energy corrections respectively. At this stage, it is
important to point out that though the contributions of the vertex and self energy correc-
tions are of similar order for hierarchical RHNs, the self energy contributions dominate
over the other in case of (closely) degenerate RHNs. This is mainly because, in the limit
of quasi-degenerate RHNs masses i.e. M; ~ M, the CP asymmetry can be maximised with
M7 — M? ~ M;Ty; such that Si; > Vi ~ O(1) [237]. Alongside, the remaining part of Eq.
2.62 can be put in the form (with 0r = zr +iz7) [314]

Im(ylﬁyy)?j N 2(m3 — m2) sin(2zg) sinh(22;)

T T ~ 2 2 2 2 (2.65)
(y” y”)ii(yV y”)jj (m2 — m3) COS(QZR) — (m2 + mg) COSh(QZ[)

Fy, = !
for normal hierarchical neutrinos which turns out to be O(0.7) for the choice of r = 0.78 +
0.427¢ which we considered throughout the analysis and using the best fit values of neutrino
mass splittings (with lightest neutrino eigenvalue m; set to zero) [263]. Note that this par-
ticular choice of #r maximises the CP asymmetry, hence implying that ;, < O(0.7) for other
choices of . Such an enhancement of the CP asymmetry is the key ingredient of the res-
onant leptogenesis mechanism for which, even with light RHNs as low as TeV or so, it can
satisfy the baryon asymmetry of the Universe via leptogenesis at the cost of imposing a pre-
cise degree of degeneracy between the two RHNSs. In the present scenario of the minimal
Majoron model, the splitting AM = 21)35 /A is fixed for any specific point on the DM param-
eter space satisfying correct relic density, as in Fig. 2.9 (upper panel) and 2.10. Therefore,
for each such point, one can check the validity of the resonant leptogenesis mechanism in
order to satisfy the BAU where the complex angle in the orthogonal R matrix play crucial
role.

Once the CP asymmetry is obtained, the evolution of the L asymmetry can be studied by
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M; =1.4x10"° GeV, M, = 1.36 x 10'° GeV, f=0.1, 65 = 0.78 + 0.42i
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Figure 2.11: Evolution of the yields of RHNs and lepton asymmetry (using table 2.4).

simultaneously solving the Boltzmann equation shown in Eq. 2.57, together with [136,315],

dYL 1 Y, Yr
o & _ A I I
B = 2 s | (YJ@? ) 2y,

i
where Y7, denotes the amount of asymmetry generated in the lepton sector and ~, signifies

Yy

IN; — req Yo (2.66)
le q

the rates of AL = 1 scatterings processes, as mentioned in Eq. 2.59. Here, the term pro-
portional to ey, in the r.h.s is responsible for the growth in the asymmetry Y, = Y, — V7,
which then gets washed out primarily due to the inverse-decays ¢, H — N; and (. H — N;.
Finally, as the temperature drops below A;, the inverse decay processes get suppressed by
e~Mi/T | resulting in a saturation in the lepton asymmetry. Additionally, AL = 2 scatter-
ing processes such as H — (pH and {10, — HH (mediated by N;) also contribute in
wash-out of the lepton asymmetry, which is however less efficient compared to the inverse
decay processes, due to the involvement of (y*Ty")2. The asymptotic yield in lepton asym-
metry Y (at © — o0) is eventually converted into the baryon asymmetry Yz through
electroweak sphalerons at temperatures above 7' ~ 130 GeV, as described by the relation
Yp = (28/51)Y° ~ 8.75 x 107! [46]. Here we do not incorporate the flavor effects on lep-
togenesis'? for simplicity. We use Fig. 2.11 to demonstrate the evolution of the abundance
of RHN together with the lepton asymmetry, Y7, for the benchmark point shown in table 2.4
for which the observed baryon asymmetry is satisfied with 6z = 0.78 + 0.421.

Notice that unlike the usual motivation of lowering the scale of RHNs (typically of order
TeV or so) from its collider search point of view while employing the resonant leptogenesis
scenario, the present construction requires a relatively heavier RHNs (10° GeV and above)
to have a successful leptogenesis. This is because the DM phenomenology in this scenario
demands a heavier RHN (v, > Trp) together with larger A as seen from Figs. 2.9 (left panel)
and 2.10. It is however ensured that the mass difference between the two almost degenerate
RHN s are large enough compared to their respective decay width(s) so as to maintain the
validity of the perturbative calculation. As stated earlier, the mass splitting between the two

2For flavor effects on thermal leptogenesis, we direct the readers to [266,316-320] and for flavor effects on
leptogenesis during a non-instantaneous reheating epoch, we refer the readers to [321,322].
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RHNSs depends on v4 and A and hence, is fixed for a specific set of values of (vg, A). It turns
out that ey, ~ 6 x 107° is required to produce the lepton asymmetry that can explain the
observed baryon asymmetry.

2.3.4 Correlating DM parameter space with Leptogenesis

As discussed separately in the previous two subsections, in this work, the explicit breaking
of the lepton number at dimension 5 contributes to both the DM phenomenology and the
generation of baryon asymmetry which in turn provides an interesting correlation between
the DM parameter space to the generation of lepton asymmetry. To demonstrate it, we con-
sider the entire DM parameter space satisfying correct relic density (as in left panel of Fig.
2.9 and Fig. 2.10) and evaluate the corresponding baryon asymmetry of the Universe where
the only additional parameter (apart from the common parameters: A, Try and f), entering
solely in leptogenesis, is the complex angle §r. Although the U (1), breaking scale, vy, is not
directly involved in the DM analysis, it remains a crucial parameter for resonant leptogen-
esis as it directly contributes to the generation of tree level RHN (degenerate) masses and
their mass-splittings. As mentioned in the DM phenomenological discussion, we assume
vy > Tru and consider a fixed hierarchy between Try and vy for convenience. Specifically,
we consider two benchmark hierarchies as (a) Try = 0.5v4and f = 0.1and (b) Try = 0.1 vy
for f = 0.005. In addition, the ratio Tky /vg should satisfy Tru /vs 2 f/+/2 which arises from
the consideration, Try > M; (~ fvgs/ \/5) ensuring that the RHNs can be considered to be in
thermal equilibrium. With these considerations, we scan the entire parameter space by vary-
ing A, Trg and m,, and look for the common parameter space satisfying the correct baryon
asymmetry via leptogenesis and Majoron dark matter, as explained below. The impact of
choosing different 6z on such common parameter space is also highlighted.
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Figure 2.12: The correct BAU satisfied parameter spaces are indicated on DM-parameter space (from left panel
of Figs. 2.9 and 2.10) by black, purple and gray patches, for different choices of §r (indicated in plot legends).

In Fig. 2.12, we illustrate a common parameter space for Majoron as DM and resonant
leptogenesis signifying the correct baryon asymmetry of the Universe in a single comprehen-
sive plot in A — Try plane. Additionally, the variation of the RHN mass is shown in color
bar. In the left (right) panel of Fig. 2.12, the baryon asymmetry and DM parameter space
(satisfying correct DM relic density) is indicated by the black patch with Try/vg = 0.5 (0.1)
and f = 0.1 (0.005) for an optimum choice of fp = 0.78 + 0.42i. It is observed that this par-
ticular 0 maximizes the CP asymmetry parameter. It then turns out that for such choices
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of f and Tru /vy in the left panel of Fig. 2.12, successful resonant leptogenesis is obtained
for RHN masses in the range 10® — 10!! GeV, while the Majoron as DM (satisfying correct
relic density) falls in the mass range, m, ~ O(keV —MeV), this is also visible from Fig.
2.14. Similarly, for a lower choice of f (= 0.005) (associated to smaller RHN masses), the
mass splitting must be more fine-tuned, demanding higher values of A to keep ey, fixed. As
shown in the right panel of Fig. 2.12 for Try = 0.1 vg and f = 0.005, A > 6 x 100 GeV is
required along the black patches to satisfy the correct resonance condition. Consequently,
for these points, higher values of m,, (0(0.01 GeV)—0O(GeV)) as well as Try (that translates
to a larger values of RHN masses'’, in the range O(10% GeV) — O(10'2 GeV)) are needed to

satisfy correct relic density.
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Figure 2.13: Plot showing the relative importance between the self energy and vertex contributions against M
for two choices of f. For f = 0.1, it stops around M; ~ 10" GeV.

The requirement of satisfying the correct BAU boils down to generating a CP asymme-
try of order ey > 7 x 107 as the washout (n) of the produced lepton asymmetry via in-
verse decay is limited roughly by < 1073, in terms of the DM parameter space'*. This
excludes the DM parameter space satisfying correct relic density below the black patch with
Or = 0.78 4+ 0.42i. We observe that for §p = 0.78 + 0.42i, the BAU satisfied black patch
corresponds to a specific A value for the left panel with f = 0.1 and Tru /v = 0.5 while for
the right panel, such a patch exhibits similar pattern till a point (close to Try ~ 10'% GeV
or M; ~ 10 GeV) beyond which it shows a A dependence. The same pattern is observed
for different choices of r as indicated in the Fig. 2.12. However, choosing a 6 other than
the benchmark value 0.78 + 0.427 (which maximises the CP asymmetry) would restrict the
parameter space from leptogenesis point of view as the amount of enhancement due to res-
onant leptogenesis is limited with those values of 6. This is actually reminiscent of the two
distinct regimes of ey where the self energy domination over the vertex contribution char-
acterises the fixed-A regime (the range remains insensitive to v,) while the A-dependent
range stands for vertex correction dominated era. To make it more explicit, we include the
Fig. 2.13, where the relative strength of the self energy to vertex contributions in ey, is de-
picted against the variation of RHN mass M;. For f = 0.1, it stops around M; 5 ~ O(1011)
GeV signifying that M is limited by such a value from the DM satisfied parameter space

Decay of such heavy RHNs may emit gravitational waves via bremsstrahlung during leptogenesis [323].
!“The actual contribution toward washout is however evaluated using the Boltzmann equations.
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Figure 2.14: Correlation between masses of Majoron and RHNSs, obtained from DM-relic and BAU satisfaction.

for A ~ 1.5 x 10'* GeV. However, for the smaller choice of f, the DM parameter space al-
lows for a higher M, thereby resulting into the probe of A-dependent regime in this case.
So, overall, it is seen that the 1-loop vertex correction starts contributing significantly for
M ~ Msy 2 O(10') GeV. Therefore, we find that the study establishes a one-to-one corre-
spondence between masses of the Majoron as DM and the RHN mass responsible for neu-
trino mass generation and BAU, as indicated in Fig. 2.14, thereby providing an intricate link
between the two apparently disconnected problems of particle physics and cosmology. Note
that the typical behaviour of the right plot, above and below M; ~ 10! GeV, is suggestive of
the characteristic switchover from the self energy domination to the vertex correction dom-
inated phase. Interestingly, such correlations shown in Fig. 2.14 can be probed in various
monochromatic neutrino search experiments, gamma-ray and X-ray observations along the

same line as discussed in subsection 2.2.4 (see appendix A.1.2).

2.3.5 Summary and Conclusion

In this work, we have studied a Majoron model, extending the SM gauge symmetry with a
global lepton number symmetry U(1), augmented by a discrete Z; symmetry, including
two RHNSs and a scalar responsible for SSB of U(1),. While the spontaneous breaking of
the U(1)y, naturally generates two exactly degenerate right handed neutrinos via the tree
level terms respecting the lepton number symmetry, a tiny explicit lepton number breaking
(but Z3 symmetric) terms of dimension-5 breaks the degeneracy. The RHNs are not only
responsible for generating the light neutrino masses via type I seesaw, but also contribute
dominantly to the Majoron production in the early Universe. The quasi-degenerate RHNs
allow an explanation of the baryon asymmetry of the Universe via resonant leptogenesis. It
also opens up an interesting correlation between the Majoron as DM and BAU, not hitherto
explored in the literature.

The construction of the present Majoron model however includes a few assumptions
such as imposing discrete symmetries and typical hierarchies among mass scales, which
pave the way in obtaining such correlation. To begin with, we consider the explicit U(1),
breaking to take place only by higher dimensional operators. The presence of an under-
lying Z; symmetry not only restricts number of such operators to appear, but also helps
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in obtaining exactly degenerate pair of RHNs in absence of U(1), explicit breaking terms.
In continuation, a uniform coupling (or same cut-off scale) of the U(1);, breaking terms
quadratic in RHNSs, contributing toward the mass splitting AM, is considered without loss
of generality. On the other hand, a CP symmetry under which & — ®* is present which
ensures the dimension-5 Yukawa interaction of the second RHN to couple with ® and ®*
uniformly. We further consider the ordering of mass scales, v4, > Tru > M;, in order to
achieve correct DM phenomenology as well as in realizing leptogenesis.

We analysed the parameter space satisfying both the DM relic density and the BAU. The
reheating temperature and the (effective) cut-off scale, signifying the explicit breaking of the
global U (1), symmetry, are bounded by 10'® GeV and Planck scale respectively. The anal-
ysis suggests a sub-GeV Majoron relevant to monochromatic neutrino search experiments,
together RHNs in the mass range from intermediate (10° GeV) to high (103 GeV) scales.
Unlike typical resonant leptogenesis occurring at the TeV scale, the high-scale resonant lep-
togenesis here has a characteristic dependence of self energy and vertex contributions to the
CP asymmetry for RHN masses around O(10*!) GeV.

Overall, this chapter not only provides a mechanism for the production of light Majoron
DM as a FIMP but also relates the baryon asymmetry of the Universe via a high-scale res-
onant leptogenesis as well as the generation of tiny neutrino masses, offering a unified ap-
proach to resolve some of the most fundamental questions in particle physics and cosmology.
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Chapter

Aspects of Axion-like Particles and
Their Phenomenology

3.1 Introduction

The previous chapter discussed the phenomenology of Majoron, a pNGB arises from the
breaking of global lepton number symmetry. In this chapter we will focus the phenomenol-
ogy of ALPs, a generalization of the originally introduced QCD axion [53]. As introduced
earlier in subsection 1.7.2, ALPs are generically classified as the pNGBs associated to the
spontaneous breaking of a QCD-like anomalous global symmetry, prevalent in many ex-
tensions of the SM and therefore, do not in general carry any specific relation between its
mass (m,) and the decay constant (f,). This allows them to span over a wide range in the
(mgq — fo) plane, making them attractive from detection point of view.

As discussed elaborately in subsection 1.7.2.3, ALPs can be produced via the misalignment
mechanism once they begin oscillating at 75, satisfying 3% ~ m,, and eventually behaving
like matter (p, < R2). As evident from Eq. 1.138, the relic density satisfaction of such ALP
provides a standard correlation involving m, and f, which turns out to be well restricted
by several cosmological constraints as well from ALP search experiments as summarized in
subsection 1.7.2.4. Considering all such aspects, it turns out that the ALPs being DM should
be very light (below keV).

In this chapter, we will utilize the misalignment mechanism to explore the ALP phe-
nomenology. In section 3.2, we scrutinize the cosmic evolution of dark matter ALPs in pres-
ence of an additional explicit global symmetry-breaking term involving the SM Higgs dou-
blet, which results in modifying the standard misalignment-induced oscillation behavior
and therefore, the relic density. Then, in section 3.3, we present an ALP-driven spontaneous
leptogenesis scenario in presence of a lepton number violating interaction assisted by Inert
Higgs Doublet (IHD) and a non-zero ALP velocity, induced by the misalignment mecha-
nism, acts as an effective chemical potential, leading to a shift in the energy density between
the SM (B — L) charged fermions and anti-fermions.
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3.2 Effects of Electroweak Symmetry Breaking on Axion-like Particles as Dark
Matter

In this work [324], we propose to include a higher order shift symmetry breaking Higgs
portal interaction of ALPs which contributes to its mass (m,r) after the electroweak sym-
metry breaking (EWSB) on top of its existing mass, m,o, presumably followed from non-
perturbative instanton effect. Inclusion of such additional mass m,g is expected to modify
the frequency of ALP oscillation after the EWSB. This would have profound effect on the relic

density and hence on the ALP parameter space in m,, f, plane, where m2 = mgao® + Mmaeg>.

We find that depending upon the onset of conventional ALP oscillation (connected with its
mass mqo only) before or after the EWSB and associated modification of it after EWSB, the
standard correlation between ALP mass and decay constant can be altered significantly lead-
ing to opening up of otherwise excluded (restricted) parameter space (e.g. keV-GeV range)
for ALPs.

There are some studies focusing on modification of the PQ axion or ALP potential. For
example, in ref. [325], the authors examine the effect of tiny (limited by neutron electric
dipole moment) explicit Peccei-Quinn (PQ) symmetry breaking on the PQ axion dynam-
ics and its role as DM. In this case, the PQ axion initially starts oscillating about a wrong
minimum guided by the explicit PQ breaking term and afterward it oscillates about the true
minimum leading to a modification of the conventional PQ parameter space. Ref. [326] re-
cently analyses the effect of introducing a PQ breaking term on axiverse that encompasses
the PQ axion, an ALP and a hypothetical mixing between them. In another work, ref. [327]
discusses the effect of adding a non-periodic potential to ALP and thereby find the possi-
bility of accommodating a large misalignment angles which may change the conventional
(maq, fo) parameter space of ALPs. Another modification of axion or ALP potential is re-
ferred as kinetic misalignment ( [183,184,328]). In this scenario, a higher dimensional explicit
PQ breaking potential and a large initial field value for the PQ symmetry breaking field lead
to a nonzero initial ALP velocity which in turn, triggers a delayed ALP oscillation bringing
modifications in the relic abundance as well as in parameter space of ALPs. A more general
treatment of the effect of initial conditions of ALP and its effects on the (m,, f,) parameter
space can be found in ref. [329]. Ref. [330] discusses about the impact of ALP mass modifi-
cation on its relic abundance, within the context of the type-II seesaw mechanism.

Our proposal differs from the existing works in a sense that it relies on the electroweak
symmetry breaking phase (most natural and unavoidable phase) for modifying the ALP
potential, without changing its minimum though. The new mass term for ALP that origi-
nates at EWSB may provide a dominant or sub-dominant contribution to the effective final
mass of the ALP (m,). Depending on the onset of ALP oscillation before or at EWSB, the
standard misalignment mechanism gets modified so as to obtain a new parameter space,
in (mg, f,) plane, carrying significant differences with the standard one which might be in-
teresting from ALP search experiments. It turns out that such a Higgs portal interaction of
ALPs allows us to probe for light ALPs. Interactions involving ALP and Standard Model
(SM) Higgs have also been exercised in few references [331-333], however in different con-
texts. Specifically, a higher dimensional operator consisting of axion and Higgs are discussed
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in [333] which is responsible for a new minimum of ALP inducing an epoch of kination and
generation of gravitational waves. Contrary to our proposal, the ALP there neither plays the
role of DM nor obtains a shift in its mass during EWSB.

The outline of the work is as follows. In the next subsection, we discuss the standard ALP
scenario and following this, we move for studying the evolution of ALPs in our modified sce-
nario. The observation and constraints are elaborated in sections 3.2.2 and 3.2.3 respectively.
Finally we conclude in section 3.2.5.

3.2.1 Standard Misalignment Mechanism and ALP as DM

In this subsection, we briefly revisit the cosmological evolution of ALPs produced via the
misalignment mechanism (for a detailed discussion, refer to the subsection 1.7.2.3), assum-
ing their existence prior to the end of primordial inflation as a result of spontaneous breaking
of a global U(1) symmetry during inflation. After inflation (followed by a reheating era),
the ALP field a(x,t), which is the angular d.o.f. of the U(1)-breaking complex scalar field,
is expected to be spatially homogeneous, hence described by a(t) only, and gets frozen at an
initial value a; parametrised by the misalignment angle §; = a;/f, (with O = 0), as long
as the Hubble remains larger compared to its mass m,o. The ALP field a, parametrized by
0 = a/ fq, follows the classical equation of motion in the background of expanding Universe
as given by

. B et
6+ 3H(T)6 + 75570 =0, (3.1)

where V|, denotes the standard ALP potential, parametrized by

Vo = m2,f2 <1 - cosj}) . (3.2)

Eventually, ALP starts to oscillate when the Hubble parameter drops below the its mass
SH(TL..) = mao, where T

s defines the onset temperature of oscillations:

100 \Y*/ me \1/2
TO ~15x 107 GeV | ——— __TMa0 ™ .
% = gL 10" e (g*(TO )> (10—3 GeV) (3:3)

0osc

With no initial velocity, at T2

osc’/

the ALP energy density can be expressed as

1
pa(TcE)sc) — 57713@]‘59% (34)

For T <12

osc’

ing amplitude where the average energy density (p,) scales as R™3. Therefore, after T

osc’

Eq. 3.1 implies that field would perform fast oscillations with slowly decreas-

ALP behaves like pressure-less dust, with its energy density redshifting as matter:

a1 Rosc 3

pu(o) = pulT20) 22 (B (35)
1 0 2n2 Rosc ’

= §ma0(Tosc)ma(T0)fa91 ( Ro > ) (36)

Assuming a temperature independent ALP mass and adiabatic expansion, the present-
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day relic density becomes

h2 g (To) To 3
Quh? = a0l | == 7
2pC,0 Ma0Ja¥1 Gxs (Ttg)sc) T(g]sc 7 (3 )

Substituting T2, into Eq. 3.7 gives the estimate of the ALP relic density:
1
Or 17 100 191 mao 13 b ?

Quh* ~0.12 e a 3.8
[O(l)} [g*(T(?SC)} [10—9 GeV} 4x 101 GeV| ’ (58)

from which a correlation between the two parameters m,o and f, can easily be obtained.

3.2.2 Higgs portal interaction and ALP

Here, we introduce an explicit higher order shift symmetry breaking term in the ALP po-
tential involving the SM Higgs. As a result, a new contribution toward the mass of ALP
originates once the electroweak symmetry breaking takes place. The appearance of such
a mass term for ALP at an intermediate phase (during its evolution) in addition to mgg
(connected to non-perturbative dynamics) not only enables the effective mass of the ALP
(m,) and its decay constant ( f;) to treat as independent parameters, but also modifies the
frequency of ALP oscillation at EWSB as we observe below.

We first consider the Lagrangian involving a global U(1) symmetry breaking complex
scalar field ® = ne'? /\/2, as

L= (@) + 30200 = A (7 ~ 2/2) (39)

where 6 = a/f, as parametrised in the earlier section. Once the U(1) global symmetry is
spontaneously broken, the potential for the ALP field a is given V; of Eq. 3.2. We now
introduce additional dimension-6 shift symmetry breaking term involving the SM Higgs

doublet H, as given by

Vi= @@Qew + H.c (3.10)

12 C.y .

where the phase ain Eq. 3.10 can take values in therange 0 < a < 7 [334] and A actsas a cut-
off scale with A > f,, indicating that the explicit breaking of the global symmetry may take
place at some high scale (A < Mpy) [259,260]. Based on this known possibility that gravity
effects explicitly break a global symmetry [248-251,253] at Planck scale Mp; (or even at a
scale much smaller than the Planck one, as recently shown by [260] in the context of weak-
gravity conjecture [335]), we discuss the origin of such an operator in Appendix-B.1.1. The
specific construction mentioned there is also capable of disallowing another dimension-6
explicit U (1) symmetry breaking term “X—f ®* exp(ia) + H.c. which can be present otherwise.
Note that this additional operator can be excluded from a naive consideration too by keeping
the order of explicit U(1) breaking (by amount of U(1) charges) minimal. While we mostly
focus on the explicit breaking operator as in Eq. 3.10 only for the rest of the analysis, we
show in Appendix-B.1.2 that inclusion of the additional dimension-6 operator may lead to
an altogether different phenomenology.

The phenomenologically relevant part of the potential for the ALP or the 0 field, after
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the spontaneous breaking of the PQ-like global symmetry, then turns out to be

Vo = m2,f? <1 - COS}:) + uj{;fgcos (j”: + a) . (3.11)
At a temperature sufficiently higher than the electroweak scale, ' > Tgw ~ 150 GeV, the
temperature correction to the SM Higgs potential helps the SM Higgs to have a single mini-
mum at origin [48]. Hence the Higgs field is expected to settle at origin as a result of which
this term does not contribute till the temperature becomes comparable to Trw when H gets a
vev, H = (v+h) /2 with v = 246 GeV. After the EWSB, the ALP receives a new contribution
to its mass such that its effective mass m,, satisfies the relation

d2V 4
mi = < da;) A= mgo c0SOmin — % cos(20min + @), (3.12)

where 0p,in = amin/fo denotes the newly developed minimum of the ALP potential after
EWSB. The value of ,,i, can be estimated as a solution to the equation,

vt /A2

2 )
Ma0

sinf = % sin(20 + o), with g = (3.13)
obtained by minimising the ALP potential. Clearly, the new potential minimum depends on
the choice of o and other parameters (A and mqo). We pursue with a = 7 for the rest of the
analysis that results into the effective mass of the ALP given by,

4

v
m2:m2

i a0+ ek (3.14)

Such a choice of @ = 7 is motivated primarily from the fact that the minimum of the ALP
potential (fmin = 0) remains unaffected due to the presence of this additional contribution to
ALP potential via Eq. 3.10. However, for conventional QCD axion, such explicitly breaking
term should be incorporated very carefully as any alteration of the minimum can spoil the
resolution of the strong CP problem, the strong-CP violating angle being heavily constrained
by neutron electric dipole moment [153] (widely referred as Axion quality problem [143,
246,336]). With a general axion like particles, such a solution of 6, is not necessarily be
connected to the solution of the strong CP problem. To investigate the impact of different o
values on 6,,;, and hence on relic, we incorporate an analysis in the later part of the following
sub-section.

Appearance of such a mass term would affect the evolution of the ALP field, in terms
of its change in oscillation frequency, immediately after the EWSB. To analyse it further, we
divide the study into two cases depending on whether the ALP starts its oscillation at a tem-
perature T(?SC (due to my) prior to EWSB temperature Tgw or not, as

Case[A]: TY%. > Tgw, (3.15)
Case[B]: TY. < Tgew.

osc —
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Note that the demarcation between these two cases is set by the condition
maeo = 3H(TEw), (316)

which translates (assuming a radiation dominated universe) into mqo > 1013 GeV (for case
[A]) and m,o < 10713 GeV (for case [B]) where we use Tirw = 150 GeV.

3.2.2.1 ALP oscillation starts before EWSB

Here the ALP is expected to start its oscillation at a temperature T2, higher than Tk, con-
nected to its mass m,. So, the evolution of this ALP for the period T2, to Trw is guided by
Eq. 3.1. Near the onset of its oscillation at 7' = T, it carries an energy density same as of
Eq. 3.4. At T = Tgw, due to the electroweak symmetry breaking, the higher order Higgs
portal interaction provides an additional contribution to its mass as specified in Eq. 3.14.
As a result, the evolution of the ALP is now governed by the same form of Eq. 3.1, however
replacing mqo by m, via Eq. 3.14, i.e.

0 + 3H(T)0 + m20 = 0. (3.17)

The shift of ALP mass across the EWSB can be incorporated in estimating the ALP energy
density p,, crucial in determining the ALP relic density, before and after the electroweak
phase transition in line with the discussion in the context of Egs. 3.5-3.6 as pursued below.
The discontinuity of m, around EWSB can be guided by an appropriate logistic function (as
shown in appendix-B.1.3) in case one tries to explore evolution of the 6 field as function of
scale factor R (normalised by R;,, which is the scale factor at the onset of oscillation, TO..),

OS

depicted in Fig. 3.1.

Case A: Ty,.> Tewi 8= 1, A=2.7x10" GeV

1ok T T 0.10 . ]
0.05 i ]

0} 0.5 ]
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Figure 3.1: Evolution of § before EWSB (solid red) and after EWSB (solid blue) against R/ R in case A (TS >
Tew). In the inset, the evolution of € is shown in the vicinity of Tew (the dashed grey vertical gridline of the
inset diagram corresponds to Tew ).

Considering the conservation of ALP number density in a co-moving volume across

TH-3753 196121028



92 Chapter 3. Aspects of Axion-like Particles and Their Phenomenology

EWSB, the p, immediately after the EWSB (at T<gw ) can be written, via Eq. 3.5, as

pa(T<ew) = pa(T>EW) <gz>3 {%] : (3.18)

Here p,(T-rw) is the energy density of the ALP just before the EWSB (at T%.gw ) given by

0 Rin 3
pulTow) = (T (12 (3.19)
While the mass of the ALP before EWSB is m,(T>gw) = mqo, ma(T<gw) = mg results
after EWSB as given by Eq. 3.14. Here, R~ and R are the scale factors of the universe at
temperatures TS gw and T<gw respectively.

The energy density of the ALP today (associated with temperature 7)) can be written as

p@) = oTeew) (o= )3

RTO
To) o \*
— pa(TO m“[g*S(OK > 3.20
b ( OSC)mao g*S(Toosc) Tc?sc ( )

where Egs. 3.18, 3.19 are employed and R, corresponds to today’s scale factor.
Using the expressions of p,(T3,.) of Eq. 3.4, T, as given by Eq. 3.3 and plugging them
in po(Tp) of Eq. 3.20, we find the ALP relic density today as

Qh22012<61>2<100>1/4< Mg >\/m< £ >2‘
‘ A vy 6 x 10-8 GeV Mao  \5 x 1010 GeV

(3.21)
Apart from mgo, the m, dependence relies on the cut-off scale A. Unlike the standard de-

pendence of relic on m,o and f, via Eq. 3.8, here in case-[A], the final relic density also
involves the third parameter A, the cut-off scale of the theory which is apparent though the
involvement of m, in Eq. 3.21 apart from my.

The effective mass m, being the final mass of the ALP which is phenomenologically
more relevant than m,o, we choose to consider the three parameters as m,, f, and A for
our phenomenological analysis. To make the parameters dependence of the relic density
explicit, we provide the result of the parameter space scan in m, — f, plane shown in the
left and right panels of Fig. 3.2, where the dependence of A and m,/mqo are indicated in
the respective color maps maintaining f, < A < Mp;. All the points in m, and f, plane
satisfy the correct relic density 2,22 ~ 0.12 [63]. The gradients of the colors inside the color
maps ranging from dark red to blue (for the left panel of Fig. 3.2) and yellow to brown (for
the right panel of Fig. 3.2) indicate the one to one correspondence between the {m, fa}
set of values with A and m,/mqo respectively for case-[ A]. The narrow green line (merged
with the borderline of the parameter space of both panels in Fig. 3.2) represents the relic-
satisfied parameter space for standard scenario with ALP mass, equivalent to m,, from the
very beginning. To clarify further, for the green line only, the ALP oscillation begins at some
other temperature (say 7..) than T, satisfying 3H(T.) = m4(T%). In terms of the extended

TH-3753 196121028



3.2. Effects of Electroweak Symmetry Breaking on Axion-like Particles as Dark Matter 93
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Figure 3.2: Comparison between parameter spaces satisfying correct DM relic density for case A (T, > Tkw)
and standard case in (mq — fa) plane, while variations of A (left panel) and mqa/mao (right panel) are shown
in the color bar. The bold dots in red, dark cyan and purple are points taken for studying further dependence
of Omin ON Q.

parameter space as obtained in our scenario, this green line acts as the borderline of the
parameter space implying that on this line, the change in the ALP mass during EWSB (in
presence of the Higgs portal interaction) in very negligible i.e. m,/mq ~ 1, which is clear
from the right panel of Fig. 3.2. Interestingly, the rest of the extended region allows for a
significant gain in ALP mass during EWSB, e.g. m,/mqo ~ O(10°) for {m,, f.} = {1073,5 x
107} GeV, as evident from the top-color-bar of Fig. 3.2 (right panel).

Note that, the presence of the higher dimensional Higgs portal coupling of the ALP al-
lows such broadening of parameter space (particularly for f,) which would be very signifi-
cant from experimental perspective clubbed with other constraints which we will discuss in
the next section 3.2.3. The broadening of the parameter space is an artefact of intermediate
change in ALP oscillation frequency as shown in Fig. 3.1. Considering the ALP to constitute
100% of dark matter energy density in the universe, the upper part of the parameter space in
this case (which is merged with the standard case) is excluded by the overabundance of dark
matter while the excluded region below this (the left and right border lines of the allowed
parameter space) is due to the consideration: A > f,. In terms of ALP mass, the lower limit
on my is kept as 10712 GeV here so as to keep T2,. above Txw, the higher side of m, can even
be extended beyond the specified value (1 GeV) of the figure. The other constraint, A < Mp
is only important at the leftmost region of the parameter space in this case as the minimum
contribution from dim-6 operator to ALP mass is ~ v?/Mp) = 5 x 10~1°> GeV. However, such
a correlation involving m, and the decay constant f,, deserves a further scrutiny from several
astrophysical and cosmological bounds which we will discuss in a subsequent section.

It is perhaps pertinent here to comment on the choice of the phase, a. We noted that for
the specific choice of @ = 7, the 6, remains at the origin even after the EWSB. However,
for an arbitrary «, this may not be the case always, indicating a possible impact on the final
relic density of ALP. To investigate this, we first use Eq. 3.13 to demonstrate the variation of
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Omin against a for some choices of ¢ values. For this purpose we pick up three different sets
of parameters [mqp, fa, A] (corresponding to three different ¢ values) from the parameter
space of Fig. 3.2: (a) [2.31 x 1079, 2.61 x 10'1,2.62 x 10'3] GeV, marked in red dark dot
having ¢ ~ 1, (b) [8.74 x 10710, 2.22 x 10*!,2.29 x 10'3] GeV, marked in dark cyan dark dot
having ¢ ~ 9.1, and (c) [4.35 x 107, 1.44 x 10, 4.12 x 10'3] GeV, marked in purple dark
dot having ¢ ~ 1140. We then employ these three ¢ values to obtain 6, as function of «
for each q as depicted in Fig. 3.3 (left panel). Firstly we note that with a = 0, the potential
minimum in terms of 6,,;, depends on the choice of g. To be specific, Oini, remains at origin
for ¢ < 1 while it becomes |fpin|= cos™(1/q) for ¢ > 1. For non-zero «, fin picks a distinct
value. Hence, a correlation between 6,,,i, and « is noticed in this case as observed in Fig. 3.3
(left panel). However, for o« = 7, O,in turns out to be zero irrespective of ¢, signifying o = =
to be an unique choice.

Corresponding to left panel of Fig. 3.3, a variation in relic density with « is shown in the
right panel of Fig. 3.3. It is evident that a maximum relic density results for « = =. This
is simply because the relic density being proportional to the effective ALP mass attains its
maximum value for o = 7 as can be seen from Eq. 3.13 (or 3.14). Any other choice of «
obviously produces a reduced relic density as the resulting mass remains smaller than its
maximum value. As indicated in Fig. 3.3 (right panel), the change in relic density is only
significant for ¢ < O(10). For a sizeable ¢ (v*/A? > m?;), the variation in relic density
is almost negligible with 0 < a < 7. However, such a decrease in relic density can also be
compensated by appropriate scaling of f, value which is not directly entering in determining

the Gmm.
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Figure 3.3: Left panel: variation of ALP potential minimum in terms of §min against . The three lines corre-
sponds to three reference points, taken from the parameter spaces in Fig. 3.2 having different values of q. Right
panel: Variation of the ALP relic density (Q,k%) vs a. The three lines corresponds to three reference points,
taken from the parameter spaces in Figs. 3.2 having different values of g.

3.2.2.2 ALP oscillation starts after EWSB

Now we elaborate on the possibility where the ALP is scheduled to start its conventional
oscillation (connected to its mass m,o only) after EWSB. As discussed earlier, this can mate-
rialize only if mqo < O(10713) GeV. In this case, even if the global symmetry is spontaneously
broken during or before inflation, the ALP field got stuck at the misalignment angle 6;. The
situation may alter with the presence of dim-6 Higgs portal interaction we include in this
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3.2. Effects of Electroweak Symmetry Breaking on Axion-like Particles as Dark Matter 95

work leading to two possibilities: (a) the effective mass after EWSB m,, immediately satisfies
the condition m,(Tew) > 3H(Tew ), thanks to the Higgs portal contribution toward m,; (b)
even with the additional contribution to its mass, m,, satisfies the condition m,(7") = 3H(T")
with a temperature smaller than Txw and hence ALP oscillation starts later.

» Case-B: T, = Tpwwith 8, =1 " Case-B: Th,. = Tgy with 8,=1
10, . : . . i 10 : : : :

107 i{lllz trl}"' ) 10" | |1 1000 10" 10°
A [GeV) |

10} 10}

107 \
\-

10° - \ 1 10° -
| m—  Standard ALP ‘ \ | | m—  Standard ALP
1000 - : ' - ! 1000 . ; ]

1 1
107° 1 1000 10° 10° 107° 1 1000 10° 10"
m, [eV] m, [eV]
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Figure 3.4: Comparison between parameter spaces satisfying correct DM relic density for case B (155, < Tew)
and standard case in (mq — f,) plane, while variations of A (left panel) and m,/mao (right panel) are shown
in the color bar.

We notice that contrary to case [A], there would not be any abrupt change in ALP os-
cillation here as the oscillation begins already with the effective mass at or below EWSB.
The evolution of ALP then proceeds according to the Eq. 3.17. The rest of the prescrip-
tion for evaluating the final relic is similar to the standard case discussed in the subsection
3.2.1. The m, — f, parameter space satisfying the final relic for this case is represented in
the left and right panels Figs. 3.4 while the corresponding values of A parameter and the
ratio mg,/mqo are shown in top bar, respectively. In the same plot, the standard ALP (i.e
without Higgs portal coupling) DM parameter space satisfying correct relic density having
ALP mass equivalent of m, from the beginning is indicated by the green patch for compar-
ison purpose. The relic satisfied parameter space in this case [B] is not broadened (absence
of elongated relic satisfied patch as in case [A]) compared to the conventional or standard
parameter space as there is no such intermediate change in oscillation frequency. However
the standard ALP parameter space for this range of final ALP mass changes its gradient due
to a different onset of ALP oscillation era (it starts at 7, > Tgrw related to its mass equiv-
alent of m,). It is found that except for large A satisfying A ~ O(Mp), the Higgs portal

v2

operator provides dominant contribution to ALP final mass, i.e. m, = y/m2, + X% ~ 5.
The minimum contribution to ALP mass obtainable from the dim-6 Higgs portal is of order
v?/Mp) ~ 5 x 10715 GeV which sets the boundary of m, to its lower side. Around this large
A, both m,o and Higgs portal contributions are comparable (refer to right panel of Fig. 3.4)
explaining the overlap of the two parameter space lines near mgqo ~ 10712 GeV.
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96 Chapter 3. Aspects of Axion-like Particles and Their Phenomenology

3.2.3 Constraints on ALP parameter space

In the previous subsection, we analyse the DM parameter space satisfying correct relic den-
sity of ALP characterized by its final mass m, and the decay constant f,. However, such a
parameter space can be further constrained from astrophysical and cosmological limits as
well as few laboratory and telescope searches provided one considers an ALP-photon cou-
pling [337,338] of the form

9‘2” F,,F*a, (3.22)

where F},, and Fr are the electromagnetic field strength tensor and its dual respectively.
The effective coupling g,,~ can be written in terms of the ALP decay constant f, as

«
ga»)/'y = HCHI’Y’Y' (323)

Generally, C,, is expected to be O(1) and « is the fine-structure constant.

Such an ALP-photon coupling opens up several windows of observation on which a
considerable effort is being devoted now-a-days. These ALPs might get produced within
the searing plasma of stars via interactions with photons. Such process may subsequently
impact the stellar evolution leading to an overall energy loss of a star while escaping. There-
fore, the non-observance of any unwanted energy loss in stars sets bounds on the parameter
Garyy [213,339]. A stringent bound on gg, < 6.6 x 107 GeV~! emerges from the study
of evolution of the horizontal branch (HB) stars [210]. Also, the Sun is a likely source of
ALPs (solar ALP), which are detectable on Earth in a telescope with a macroscopic mag-
netic field via reverse Primakoff process, commonly known as the Helioscope [192]. We
have used the latest findings with best sensitivity from the CERN Axion Solar Telescope
(CAST) which also puts constraints on g4+~ similar to those derived from the study of HB
stars as, goyy < 6.6 x 1071 GeV~! for m, < 0.02 eV [190]. The ALP-photon interaction
is also constrained by the measurements of solar neutrino flux as gs,, < 7 x 10710 GevV~!
for m, < O(keV) [340]. Other important constraints emerge from the cavity experiments
such as Rochester-Brookhaven-Florida and University of Florida (RBF and UF) and Axion
Dark Matter Experiment (ADMX) which are sensitive for the ALP mass ranges of 4.5 — 16.3
peV [341-343] and 1.9 — 3.3 peV [344] respectively. Telescope searches including Visible
Multi-Object Spectrograph (VIMOS) and Multi Unit Spectroscopic Explorer (MUSE) fur-
ther constrain the ALP mass ranges of 4.5 — 5.5 eV and 2.7 — 5.3 €V respectively [127,345].

Searches for ALP are also actively done by various laboratory experiments. One such
experimental approach is the light shining through a wall (LSW) experiment [346] where
a laser beam is expected to be converted into axion or ALPs after being exposed to a high
magnetic field. Subsequently, these converted particles pass through an opaque wall and
upon re-converting into photons via a second magnetic field behind the wall, they provide
indirect evidence for the presence of ALPs. The current best limit by such LSW experiments
are given by OSQAR (Optical Search for QED Vacuum Birefringence, Axions, and Photon

Regeneration) as g, < 3.5 x 1078 GeV~! for m, < 0.3 meV [347].

-1

The cosmological constraint of I' .,

> 1y (with 77 being the age of the Universe and
Losyy = ga,mi /64 representing the decay width of ALP) serves as a key condition in
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ALP parameter space for case A (Ti.. > Tpy) ALP parameter space for case B (Th., = Tgy)
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Figure 3.5: Excluded regions in ALP parameter space by various constraints along with the relic-satisfied ALP
parameter space denoted by dark-red to blue patch for case A (upper panel) and blue patch for case B (lower panel)
in Ma-gavy plane. The solid red line represents the ALP as DM from conventional misalignment mechanism
(with Cary = 1).

guaranteeing the stability of the non-thermally produced cosmic ALPs as a viable dark mat-
ter over the universe lifetime [348]. If F;iw < 1y, the extra radiations impart additional
limits on g, extending to very large ALP masses [349]. Additionally, photons from ALP
decays can be seen as peaks on top of the known backgrounds in the galactic x-ray spectra
and must not surpass the extragalactic background light (EBL) [350]. Also, ALP decaying
into photons can lead to the ionization of primordial hydrogen, and the constraint comes
from the requirement to prevent this ionization from making a crucial contribution to the
optical depth after recombination and hence ensuring the consistency of BBN with observa-
tions [211,212,349]. Other cosmological constraints comes from the excess photons (when
decay occurs during opaque universe) include spectral distortions in the CMB spectrum and
increase in T, (photon temperature) relative to 7, (neutrino temperature), thus modifying
the value of Ng inferring from WMAP [212].

The bounds regarding all these constraints are shown in the Fig. 3.5 which are taken from
the updated online repository AxionLimits [351]. In Fig. 3.5, the yellow line acts as the de-
markation line below which the ALP may serve as a viable dark matter (F;iw > 1y ~ 1017
sec). On the other hand, the red line corresponds to the ALP dark matter contour (satisfy-
ing observed DM relic abundance) originating from the standard misalignment mechanism
(as discussed in section 3.2.1) representative of the green line displayed in Figs. 3.2,and 3.4
with the consideration of Cy,, = 1 (which is followed throughout the analysis). The ob-
tained parameter spaces in our scenario (Figs. 3.2 and 3.4) of cases [A] and [B] are further
constrained by these bounds and the residual allowed parameter regions in m, — g4, plane
(converted from m, — f,) are demonstrated in top and bottom panels of Fig. 3.5 respectively.
Note that as seen from Fig. 3.5 corresponding to case A, ALP masses ranging from O(keV)
to 10713 GeV (serves as the lower limit for this case as per our previous discussion) are al-

lowed with larger couplings (by several orders of magnitude) compared to the conventional
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98 Chapter 3. Aspects of Axion-like Particles and Their Phenomenology

picture (red line). Similarly, higher ALP-photon couplings are permitted for case B as well,
where the upper limit of allowed ALP mass turns out to be O(10) eV while the lower limit
is set at m, ~ 5 x 10715 GeV, which is the minimum mass contribution arising from the
dimension-6 operator. It is important to note that for standard misalignment of ALP (with-
out any higher dimensional soft symmetry breaking term), the lower limit of ALP mass can
be extrapolated upto very small values (~ 10~2* eV) [337].

3.2.4 Isocurvature perturbations

In the present scenario, where the PQ-like symmetry is assumed to be broken during infla-
tion, the ALP field should experience quantum fluctuations having an amplitude denoted
by da ~ Hins/27 (or, 001 =~ Hing/27 f,), where Hiys is the Hubble parameter during infla-
tion. These quantum fluctuations give rise to isocurvature perturbation of the cold dark
matter [352-354]. In cosmology, isocurvature perturbations refer to fluctuations in the rel-
ative number densities of different components (such as photons, baryons, dark matter),
while leaving the total energy density or the curvature of spacetime unaffected. This occurs
here because the ALP makes a negligible contribution to the total energy density during in-
flation. Such isocurvature perturbations are tightly constrained from the measurements of
the CMB anisotropiesl. The contribution of ALP to CDM isocurvature perturbation Scpm

can be expressed as

1) Q. 9pa

PEIDN et (3.24)
pcoMm  SdedM Pa

In our scenario, ALP contributes entirely to relic density of CDM i.e. Qcpym = €2, The
spectrum of CDM isocurvature perturbation in the Fourier space is given by

Piso(k) = (|(Scopm)kl)?, (3.25)

k is the comoving wavenumber, to be evaluated at the pivot scale k. defined by k./ag =
0.05 Mpc~!. The limit imposed by Planck [63] on CDM isocurvature perturbation with
respect to the adiabatic power, P,q; (k) = 2.2 x 1077, is expressed as [63]

Piso (k'* )
Piso (k*) i Padi (k*)

Biso = < 0.038. (3.26)

The ALP density perturbation Scpy of Eq. 3.24 can also be recast as

Scpum = 2@7 (3.27)
01

using dp,/pa =~ 2007/60r which follows from Eq. 3.4. Considering the misalignment angle
1 to be O(1) and employing the fluctuation of the misalignment angle during inflation,
001 ~ Hing /27 fq, into Eqs. 3.27 and 3.25, we obtain

Piso = (ZE)Q <09(11)>2. (3.28)

IThese ALP fluctuations however do not play any role in the overall density fluctuations of the universe.
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Following the constraint in Eq. 3.26 and considering ¢; = 1 as in the previous sections, we
obtain an upper bound on the inflationary Hubble scale H;ys as

Hing < 2.9 x 107° f,,. (3.29)

Depending on the specific cases in our scenario, we can derive a few more constraints as a
consequence of Eq. 3.29 [97] as we discuss in the following.

For case A (T2, > Trw), the ALP mass at the onset of oscillation can be constrained by
the required condition 3H,¢ > 3H(T2,) = mao. Using Eq. 3.29 and setting Q,h? ~ 0.12 in
Eq. 3.21, we obtain the following relation

- f 3/2 -
2 = 6.6 x 10 3.30
<6 % 10-8 GeV> <5 % 1010 GeV> of S (3:30)

where ¢, (T%.) ~ 100 is considered.

osc
On the other hand, for case B (T7,, < Trw), the constraints can appear in two different
ways: (i) when the ALP with effective mass m,, starts to oscillate at 7' = Tgw only, the

criteria 3H;ns > 3H(Tww) along with Eq. 3.29 leads to
fa>1.08x 107 GeV. (3.31)

(i) Secondly, if the oscillation temperature of the ALP with effective mass m,, is itself smaller
than Tgw (no intermediate change in the ALP mass takes place), we need to utilize the
criteria 3Hins > m,. Here, similar to case A, using Eq. 3.29 and setting O,h% ~ 0.121in Eq.
3.8 (with mgg replaced by m,), we obtain

fa > 1.86 x 10° GeV. (3.32)

The correlations obtained in Eq. 3.30 and constraints on f, as in Eqs. 3.31-3.32 are ev-
idently weaker than the other restrictions shown in the previous subsection and obeyed
by the allowed parameter space in the respective cases. The constraint in Eq. 3.29 is how-
ever significant in the context of gravitational wave detection. As inflation can give rise to
the generation of gravitational waves through tensor perturbations, the generation of tensor
perturbations during inflation is directly correlated with the Hubble parameter [354] as

s Hie )
. 5 in

which can be translated in our scenario as

2
—12 fa

which is very small number to be predicted in near future as the current observational
constraint on the tensor mode, r < 0.1, is derived from the Planck measurements of the
CMB [355].
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3.2.5 Conclusion

Axion-like particles are well motivated dark matter candidates which are thought to be pro-
duced primarily through the misalignment mechanism in the early universe. In this study,
we have explored the impact of electroweak symmetry breaking on the evolution of such
ALP DM in presence of an explicit shift symmetry breaking dimension-6 Higgs portal in-
teraction of it. We observe that such an operator may significantly contribute to the ALP
mass during the EWSB which further initiates a change in the oscillation frequency, thereby
deviating from the standard misalignment mechanism in terms of final outcome. We have
shown that depending on the standard ALP oscillation temperature (which is determined
by the ALP mass originating from non-perturbative dynamics only), the change in the ALP
mass across EWSB gives rise to a significant modifications in relic-density allowed parameter
space compared to the standard misalignment mechanism.

Our findings can be broadly categorised into two: (a) one in which we obtain an ex-
tended parameter space (in m, — f, plane) compared to the standard misalignment mech-
anism, applicable when the non-perturbative mass of ALP mg exceeds 10712 GeV and (b)
secondly, where we obtain a parameter space with a different slope (in m, — f, plane) com-
pared to the standard one which applies when my falls below 10713 GeV.

Finally, taking into account all the existing constraints from several terrestrial experi-
ments, astrophysical and cosmological bounds on the m, — g4y, plane (translated from
mq — fq plane) characterising ALP’s interaction with photons, we have identified a signifi-
cant residue of newly opened up parameter space (from the point of view of correct DM relic
abundance) in the sub-keV ALP mass regime to be compatible as non-thermal dark matter.
These constraints also play a crucial role in restricting the lower limit on the cut-off scale A
(as evident from Fig. 3.5), thereby forbidding the other possibility of ALP production via
freeze-in from the decay or annihilations of the Higgs, which requires relatively smaller val-
ues of A (< O(10°) GeV). Interestingly, the predicted ALP-photon couplings turn out to be
notably larger compared to the case of conventional misalignment, opening up opportuni-
ties for exploration through upcoming experiments.

3.3 Spontaneous Leptogenesis with sub-GeV ALPs

While the previous section (section 3.2) explores ALP as a viable dark matter candidate of
the Universe, in this section we will examine the role of ALPs in generating the observed
matter-antimatter asymmetry of the Universe. In the context of the QCD axion, a very im-
portant aspect is its coupling with the CP violating topological gluon density aGG/fa, sup-
pressed by the scale of spontaneous symmetry breaking f, [53-56, 162-165], which is the
key to solve the strong CP problem, as discussed in section 1.7.2. Axion can also couple to
other SM gauge bosons via chiral anomaly. Similar to the QCD axion, ALPs can also in-
teract with the SM gauge fields through dimension-5 operator: aFF/f, with F being the
SM gauge field strength, while a shift symmetric derivative coupling of ALPs with the SM
fermion current such as Baryon (j/) or Lepton (j/) current of the form d,a;% / f, may also
be introduced at the effective level.

Being feebly coupled to the SM fields and the presence of arbitrariness involved in its
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3.3. Spontaneous Leptogenesis with sub-GeV ALPs 101

decay constant and mass in a wide possible range, the ALP phenomenology turns out to be
quite rich and intriguing [93-95,97,157,324,337,356] in explaining some of the unresolved
problems of particle physics and cosmology. For example, the above mentioned derivative
coupling of ALPs with j/ is capable of explaining the baryon asymmetry of the Universe
(BAU) via spontaneous baryogenesis [357,358]. In such a process, a dynamical CPT vio-
lation arises from the presence of a time-dependent, homogeneous ALP field in the early
Universe. When the global symmetry associated with the ALP is spontaneously broken be-
fore inflation, any spatial fluctuations in the ALP field are inflated away, resulting in a nearly
homogeneous field value across the causal Universe. After inflation, as the Hubble expan-
sion rate drops below the ALP mass (% < m,), the ALP field, initially displaced from the
minimum of its potential, begins to oscillate coherently about the potential minimum. This
process generates a nonzero classical velocity (a time-dependent background value) a(t), re-
ducing the derivative interaction of ALP as a(t)j%/ f., which results in a spontaneous break-
ing of CPT symmetry during the period when a(t) is non-zero, as the particular solution
(the background field configuration) selects a preferred direction in time. Evidently, such
dynamical CPT violation causes a shift in energy levels of particles relative to antiparticles.
Such a situation accompanied by a baryon number violating interaction in thermal equi-
librium can be responsible for generation of BAU while disregarding the Sakharov’s third
condition [128].

A similar approach can also be exercised by replacing j/; with the SM lepton current ;7
in the CPT violating source term, thereby realising spontaneous leptogenesis [359-368]. As
long as any L or effectively B — L violating interaction (e.g., resulting from Weinberg opera-
tor 1,01 H H/A with A as cut-off scale) stays in thermal equilibrium, the production of B — L
asymmetry continues until such interaction decouples from the thermal bath at tempera-
ture TiL. Beyond this point, the B — L asymmetry gets frozen which is later converted into
the baryon asymmetry through sphaleron processes. However, in an endeavour to realise
this, there are certain aspects which restrict the mechanism to take place only at very high
temperature. In particular, the requirement of keeping the Weinberg operator in thermal
equilibrium while the same being responsible for generating correct order of magnitude of
light neutrino mass m, sets a bound Tf > 103 GeV. On the other hand, in order to attain
a non-zero velocity  in the context of standard misalignment mechanism [93-97], the ALP
must start oscillating at Tosc by then, i.e. Tic > Tf. Note that ALP oscillation starts when its
mass (m,) becomes comparable to the Hubble expansion rate (#) in radiation dominated
Universe, indicative of the fact that reheating temperature of the Universe after inflation Try
also has to be larger than Tis.. Such a stipulated hierarchy among the three crucial temper-
atures (Try > Tosc > Tf ~ 10'3 GeV) associated to the mechanism not only demands a
large value of the reheating temperature but also suggests the ALP to be heavy enough?,
mq 2 109 GeV [362,370].

In this work (based on [371]), we aim to bring down the scale of spontaneous leptogen-
esis attributed to much lighter ALPs (sub-GeV range) that can be probed in several ongoing
and future experiments. For example, collider experiments (BaBar, CLEO, LEP, and the

In case modified ALP potential [364] is in place such as slow roll is incorporated, the limit becomes m, > 10°
GeV [361,369].
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LHC) explore ALPs up to GeV scale via missing-energy signals [372,373], whereas beam-
dump searches and the FASER experiment in LHC are sensitive to ALPs with masses below
O(1) GeV [216,374,375] and exceeding a few MeV [376], respectively. Simultaneously, a re-
alisation of such scenario with a relatively low reheating temperature would be a welcome
development in view of the lower bound on Try 2 O(few MeV).

As stated above, the high T} is a result of a tension between the satisfaction of light
neutrino mass and to keep (B-L)-violating interaction in thermal equilibrium by the same
operator. We therefore propose the inclusion of another lepton number violating operator
analogous to the Weinberg operator but replacing the SM Higgs by an IHD ®, {7/, ®®/A.
Being unrestricted by the neutrino mass, such IHD aided lepton number violating operator
plays pivotal role in reducing the associated decoupling temperature 7'y while the satisfac-
tion of neutrino mass is through the Weinberg operator. Though 7! remains unaltered (as
its coefficient has to be consistent with correct neutrino mass), it is the ¢1,¢;,®®/A operator
which can remain in thermal equilibrium till a much lower temperature, thanks to the differ-
ence in coupling coefficients in front, and allows for a lighter ALPs. Such a low temperature
realisation of spontaneous leptogenesis has not been explored in the literature to the best of
our knowledge. We further extend this novel platform to a next level by allowing a non-zero
initial value for ALP velocity (after inflation) which helps bringing down the ALP mass fur-
ther down to O(10) keV-MeV range unlike the existing literature [361,369]. Although such
non-zero initial ALP velocity has already been utilized within the framework of axiogene-
sis [328,377-379] and its extensions [ 380-383] to explain the baryon asymmetry with lighter
ALPs, in this work we will focus specifically on the mechanism of spontaneous leptogenesis.

3.3.1 Spontaneous Leptogenesis with Weinberg operator

The presence of derivative interaction d,aj’ / f, involving j& = ¥x,v"¢x, with ¢x, € SM
lepton (¢;) and quark (g;) doublets and right handed singlets of different flavors ¢) in the
background of the ALP field plays a pivotal role in realising spontaneous leptogenesis.
While the homogeneous nature of a field reduces the interaction to be dependent on time
derivative of a only, the associated jg( relates it to the number density of particles nx (and
anti-particles n ;) as

X (Opa)ily = Lalnx —nx), (3.35)

Ja f

where cy (€ ¢; and ¢;) is considered as a flavor-universal coupling constant (for ¢; and ¢;,
respectively). A non-zero a therefore causes the above interaction to be CPT violating in
nature which exhibits a shift in energy for individual particles (by %) and anti-particles
(by —%a) reminiscent of an effective chemical potential, yux = —pux = cxa/fa where the
particles and anti-particles are assumed to be in thermal equilibrium.

The effective chemical potential px thus generated acts as a seed for an equilibrium
number-density asymmetry (n% — n%') between leptons (quarks) and anti-leptons (anti-
quarks) provided there exists a L(B) violating interaction in thermal equilibrium. Hence
it is possible to generate an equilibrium B — L asymmetry nj;q_ 1, expressed in terms of the
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chemical potential pp_j, = (59/78)0 (estimated in [364,384]) as
e e — e e — € 1
g = (ng! =gt — (g = %) = cup LT, (3.36)
where thermal distribution of ¢, £ (g, q) at temperature T' < Try is employed.

A natural choice of such B — L violating interaction is the Weinberg operator [103],

responsible for neutrino mass generation,

ﬁH = S Rij ' J s (337)

where H is the SM Higgs doublet with the definition H = ioyH*, k is the coupling matrix,
and /;, is the SM left handed lepton doublet and A is the cut-off scale. This induces neutrino
mass matrix m, = m% after H gets a vev v = 246 GeV.

Note that this B — L violating interaction remains in thermal equilibrium till a point,
characterized by decoupling temperature T, beyond which the corresponding interaction
rate FI]'LI becomes comparable (or smaller) to Hubble #(= 1.66,/g,17/Mp) in radiation-
dominated Universe, below Try) where Fg = 4ny%(ov) = 3ny* Y, m2. /(2mv*). Here (ov)
denotes the thermally averaged cross section for lepton number violating processes (¢1.(, <+
HH,( ,H < {1, H) arising solely from Eq. 3.37 and n;? ~ 27%/x*. Using the latest fit

for neutrino data [102], Y, mZ. ~ Am;

2m = 2.5 x 1073 eV? (considering normal hierar-

chy and lightest neutrino to be massless), the decoupling temperature is uniquely fixed at
TH ~ 2 x 10" GeV which serves as a characteristic scale that determines the final B — L
asymmetry (np_r). This is because, below T, ny ; eventually gets frozen which would
further be converted into final baryon asymmetry (np) by weak sphalerons [385-387] via
np = (28/79)np_r. A more precise estimate of the final asymmetry is to be obtained em-
ploying Boltzmann equation [361,364].

It is interesting to note that the other important ingredient to realise np_ 1, is related to the
fact that the ALP field must have non-zero velocity () before Universe reaches T ~ 101
GeV. In the context of standard misalignment mechanism, the ALP field is assumed to be
stuck at some initial value §; = O(1) after inflation, say at reheating Try, until the condition
3H(Tosc) = myg is achieved after which it moves toward the minimum of its potential, hence
acquiring a non-zero velocity. The oscillation temperature 7. followed from this relation
is given by

100 1/4 m 1/2
Tose =~ 1.5 x 107 GeV <g*(Tosc)> (109 GeV) ) (3.38)

In order to fulfil all the requirements, a very restrictive range of high temperature emerges,
Trg > Tose > Tf ~ 10" GeV, to realise spontaneous leptogenesis. Furthermore, as shown
in [384], unless T can be lowered below the temperature where the weak sphaleron enters
equilibrium (Tys ~ 1012 GeV) [388], the residual asymmetry would vanish.
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3.3.2 Spontaneous Leptogenesis with Inert Higgs Doublet

The relation of Eq. 3.38 is certainly indicative of heavy ALPs (m, 2 10° GeV) while, as stated
in the introduction, alight ALP would be interesting from experimental viewpoint. Also, the
reheating temperature can in principle be substantially lower than 10'3 GeV [321,389-392]
(depending on the coupling of inflaton with the SM fields) and in that case, the above sce-
nario would no longer in use. We note that the main obstacle to realise the spontaneous
leptogenesis at a lower temperature follows from the necessity of B — L breaking interaction
originated from Weinberg operator to remain in thermal equilibrium via F% 2 H condi-
tion, which is also intricately tied up with neutrino mass generation. As a resolution to this

problem, we propose to include another B — L violating operator,

07, ®)(®T1¢ ot [
[,(IL) = 1M7 with & = & O = ioyP” (339)
2 PO

analogous to Weinberg operator, replacing the SM Higgs by an IHD ® which does not carry
any vev. The ITHD being secluded from neutrino mass generation® has the potential to allow
a greater flexibility between the decoupling temperature of the relevant B — L violating
interaction (77 associated to Li’) and reheating temperature (Irg). Inclusion of IHD brings
an additive benefit in terms of its contribution to dark matter candidate (protected by the Z
symmetry). While the involvement of gauge coupling in case of IHD ensures its presence in
the thermal bath at an early Universe, it is well known that the lightest neutral component
of the IHD can play the role of a freeze-out type of dark matter. Several studies show that in
principle there would be two mass regimes of the IHD as DM, one is below 80 GeV and the
other is above 550 GeV, for which the relic density and direct detection limits are satisfied
[121,393-408]. Such mass regimes are not affected by the additional dimension-5 interaction
of Eq. (3.39) we considered, primarily because of the suppressed nature of the interaction.
In presence of both the B — L violating operators, we first observe that 7' remains essen-
tially unchanged as the associated interaction rate Flz solely depends on neutrino mass (i.e.
independent to A). On the other hand, interaction rate associated to /J:IL’ being I'Y = 3gn;?/(8wA?)

with g = 324/23 (see Appendix 2.2.1), T} can be made much smaller than T} as

2
o 6 gx \1/2 A

signifying that the IHD assisted interaction may persist in thermal equilibrium for a pro-
longed period than the case with Weinberg operator (EE) alone. As shown in Fig. 3.6, the
decoupling temperature associated to the new interaction, 7Y, can be reduced by following
the relation of Eq. (3.40). Note that with any such A corresponding to a particular 77, the
neutrino mass can be made of right order by adjusting the coupling parameter « involved
inm, = m%. However, in order the elements of this coupling matrix should satisfy x;; S 1,

*It can be noted that a contribution to light neutrino mass may also originate at two-loop using both the
dimension-5 operators (Eqs. (3.37) and (3.39)). However, due to the involvement of an effective coefficient
~ 1/A3, its contribution will be highly suppressed.
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Figure 3.6: Variation of decoupling temperature 7;y (GeV) against the cut-off scale A (GeV).

a restriction on the higher value of A follows as seen in Fig. 3.6.

Before estimating the B — L asymmetry in this case, let us analyse the ALP dynamics
starting from Trg in order to estimate its velocity 6 which is crucial in determining np_r.
The global U (1) symmetry is considered to be broken before inflation rendering the ALP as
a homogeneous field having effective potential V (a) = m2 f> (1 — COSf%) which obeys the
following equation of motion,

8V(CL) _ CXx

Ja = LR o (R?5%). (3.41)

a+ 3Ha +

The r.h.s of Eq. 3.41 representing a back-reaction term, originated from cx (9,,a)j / fa, can
be safely excluded while studying the ALP evolution for 7' < Try with the consideration
fa 2 Tru. However, solving Eq. 3.41 requires to specify initial conditions associated to a.
We set the initial field value of ALP, az, to be a; = a(Tru) = f. (equivalently, 6; = 1).
In addition, initial condition on #; can be set to zero (referred as case A) under conven-
tional misalignment mechanism [93-97] or non-zero (case B) within the so-called kinetic
misalignment mechanism [183,184,377,379-383,409,410] as discussed below.

[A: Freeze-in scenario| Primarily, with §; = O(1) and §; = 0, ALP would start oscillating at
Tose defined by Eq. 3.38 and gain non-zero 6 obtainable using the solution of Eq. 3.41. With
the approximated ALP potential near minimum V (0) ~ m2 f26%/2, solution of Eq. (3.41)
can approximately (neglecting r.h.s.) be given by

5 9 \ /4
9(75) >~ 9[ r (4> <mat) J1/4(mat), (342)
in radiation-dominated Universe, where .J; , refers to the Bessel’s function of first kind.
From 6(t), the ALP velocity 0 can easily be estimated at any point of time. Provided Ti,sc > T3
can be realised with suitable choices of m, and A (as in Table 3.1), n?_ ;, is obtained using

Eq. (3.36) with up_1 = —(8/3)8 in our case (see Appendix B.2.1). Then a precise estimate
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of final np_1, results by solving the Boltzmann equation
ip-r+3Hnp = ~T7 (np-r —ngx ). (343)

through decoupling epoch.

Fig. 3.7 (upper panel) demonstrates the evolution of the equilibrium B — L asymmetry
Y5!, =n% /S (indicated by the red curve) and the resultant B — L asymmetry Yp_j, =
np_r/S (marked in blue line) obtained as a solution to Eq. (3.43), against normalised scale
factor R/Rena (Rena being the scale factor at the end of inflation, set at R/Renq = 1) for
benchmark point BP1, mentioned in Table 3.1. As can be seen from Fig. 3.7, the Ygfl ., being
proportional to the ALP velocity 6, tracks the evolution of §. Hence, Y53! ;, initially starting
from zero in this case, oscillates following the ALP oscillation at a temperature 7' < Ti.
On the other hand, while the B — L violating interaction prevails in thermal equilibrium,
Yp_ 1, traces closely the Y5 ; and starts to grow gradually from zero once the ALP field starts
moving toward its minimum marking the onset of oscillation and reaches a peak value when
the ALP field initially crosses ¢ = 0, attaining maximum velocity. Subsequently, the ALP
oscillation amplitude gets red-shifted by (7/Tvsc)*/? and the asymmetry freezes in (as B — L
violating operator decouples) at correct Y ~ 8.7 x 107! value [66]. We find that ALPs with
ma > 5 x 10* GeV can accurately reproduce the baryon asymmetry in this case. For further
lighter m,, sufficient amount of B — L asymmetry would not result as the ALP velocity 6,
related to its mass, can’t be made arbitrarily large. Below we provide an alternate scenario
where alow-mass ALP (in sub-GeV regime) can successfully accompanied by correct baryon

asymmetry.

BP A (GeV) Tru (GeV) | mg (GeV) O;
[A]BP1 | 1.02x 10" | 7.4 x 10" 7 x 10 0
[B]BP2 | 5.25 x 10'? 4.5 x 10° 1 —10°my

Table 3.1: Benchmark Points (BPs) for case A (standard misalignment) and case B (kinetic misalignment).

[B: Freeze-out scenario] Contrary to case-A, here we propose to attribute a significantly
large initial velocity to ALPs f; # 0, the origin of which can be connected to an explicit
breaking of the U(1) symmetry, e.g. considered in kinetic misalignment mechanism [183,
184]. Such a velocity is however bounded by

2
TRH

61l O0(1) .

(3.44)
condition, which follows from the argument that at 7' = Try, ALP’s kinetic energy (62 f2/2)
remains sub-dominant compared to the energy density of the Universe (72g, Ty /30).
Also, if the initial kinetic energy of ALP is larger than the height of the ALP potential (2m? f2),
the ALP field will leap across the potential minima till a point where they become equal and
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Figure 3.7: Freeze in (upper panel) and Freeze out (lower panel) of B — L asymmetry Yp_r (|Y5" ,|) displayed
against R/ Renq for BP1 and BP2, respectively, with solid blue line (oscillating light red shade). The black gridline
represents correct value of Y_r, which generates Yz ~ 8.7 x 107!

ALP field being trapped in a specific minimum starts performing the oscillation. Thus ac-
tual ALP oscillation commences at 77, governed by 0(T%.) = 2m,. However, for kinetic

misalignment, 7%, > T/ is no more a necessary condition as ALP starts evolving with an

osc
existing chemical potential at 7" = Try itself, given by non-zero 6;. Hence, to generate the
desired baryon asymmetry using £, the necessary conditions Tryy > 7 and Ty > T2,
should be met.

Here we observe from Fig. 3.7 (bottom panel) that highest value of asymmetry emerges
right at the beginning due to large initial 0, (see Table 2.1, BP2) as Yp_ 1, follows qu_ .- Note
that TRy being smaller than Tf, the ¢1,¢;, H H interaction does not contribute to it. The B — L
asymmetry finally freezes out as the (/1 ®® interaction decouples from equilibrium. We
perform a parameter space scan involving m,, Truy and A having initial conditions: §; = 1
and §; = —10°m, satisfying correct baryon asymmetry. The result is depicted in Fig. 3.8
in m, — Tru plane (with A in the colour-bar*) focusing on an extended range of ALP mass
in the sub-GeV realm associated to Try < O(10%) GeV. While the lower limit of the scan
remains robust with this initial condition, achieving correct BAU with a much lighter ALP
remains plausible by using a further larger 6;.

Finally, we address the fate of these ALPs at a later stage, following the freeze-in or freeze-
out of the B — L asymmetry, as it continues to oscillate thereafter. It is pertinent to note that
even if ALP possesses a large initial velocity (as in case B), the kinetic energy of ALPs being
scaled as pX¥ o R will quickly die out and become negligibly small in comparison to
its potential energy density (oc R~3) as well as pg (x R™*). This results into trapping of
the ALP within one potential well within which it starts to oscillate. Therefore its energy

*With each A, there exists « followed from m, = xv?/(2A).
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Case B: kinetic misalignment, 6; = 1, 6;=-10°m,
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Figure 3.8: Parameter scan for case B: 6; # 0 in m, — Tru plane. Here §; = —10°m, is considered. In the color

map, the parameter A is specified in log-scale.

density is thereafter dominated by its potential energy which scales as p,(T') x R(T)3. As
a result of which, although the energy density of ALP are set to be sub-dominant compared
to the thermal bath at the time of reheating, a possibility may open up where the ALP can
dominate the energy density of the Universe at the time of BBN. Hence, it is preferable that
they should decay (with decay rate I';) prior to BBN so as not to disturb BBN prediction,
i.e. Ty 2 Hppn [369,390,411]. ALPs are primarily expected to decay into the SM leptons
as well as WW/ZZ (provided kinematically allowed) via their effective interactions [412]
which can be parametrised by ', = Bm3/f?, with 8 < O(1). Using this along with the
criteria considered Try = af, where a < 1, the residual allowed parameter space falls
in right side of black dashed TRy — m, contour lines (acting as boundary of I', > Hppn)
for specific choices of A (= fa?) < 1 in Fig. 3.8 that could be sensitive to upcoming ALPs
searches. The constraints on such decaying ALP in the mass regime of Fig. 3.8 also stem
from astrophysics (e.g. stellar evolution [413] as well as emission and decays of ALP out of
supernova SN1987A [414-417]), electron and proton beam dump experiments (e.g. SLAC
E137 [375,418], CHARM and NuCal [216] etc.) and collider experiments like CLEO and
BaBar [372,373], LEP-I and II [419-421], Belle-II [422], PrimEx [423] etc., which are shown
in Fig. 3.9 considering the ALP-photon interaction given by gaW(zFﬁ /4. The ALP-photon
coupling g4+~ is related to the ALP decay constant ( f,,) as

(o4

Gayy = Hcav'ya (345)

where C.~ is considered to be O(1) and « refers to the fine structure constant. Note that
fa is not directly involved in the evolution of baryon asymmetry except the requirement
fa 2 Tru (see discussion related to Eq. 3.41). Keeping this in mind, we choose two specific
relations among f, and Tgy to demonstrate the parameter space obtained in Fig. 3.8 onto
Mg — Yayy plane (in Fig. 3.9) as (a) fo = Tru (marked with triangular points) and (b)
fa = 100 Try (marked with cross points). As seen from Fig. 3.9, for both choices of f,,
the allowed parameter space in our case lies below the current exclusion limits from both
astrophysics and experiments (collider and beam dump), which can be probed in future.
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Figure 3.9: ALP parameter space in m, — gay plane for case B (6; = —10°m,) with exclusion regions from

various constraints. In the color map, the parameter A is specified in log-scale.

3.4 Summary

To summarize, in this section, we propose a unique scenario of leptogenesis for generating
the BAU by incorporating a dynamic CPT violating effect involving light ALPs in presence of
a thermally equilibrated lepton number violating interactions in the early Universe. Tradi-
tionally, such possibility comprises lepton number violating dimension-5 Weinberg operator
that simultaneously can account for neutrino mass. However, this being in thermal equilib-
rium only at very high temperature (7" > 10'3 GeV) in the early Universe, such mechanism
turns out to be redundant both for the low reheating scenarios and those with light ALPs,
which are otherwise interesting from experimental point of view. This work resolves both
these downsides at one go, hitherto unexplored in the literature, by introducing a B — L
breaking operator (analogous to the Weinberg operator) involving IHD instead of the SM
Higgs. Using the freedom associated with this new operator, i.e. not being connected to
neutrino mass, the decoupling temperature of lepton number violating interactions can be
significantly lowered. This enables the generation of correct BAU via freeze-in with low Try
while simultaneously accounts for lighter ALPs m, ~ 5 x 10* GeV even without any initial
ALP velocity. The study further extends to lower the mass ALPs down to ~ O(10) keV-MeV
leading to freeze-out production of BAU, where a large initial velocity of ALP is considered
making it intriguing for search of ALPs. Moreover, the IHD here can serve as a potential
potential dark matter candidate, bridging the connection with another unresolved problem
securing minimality of the construction.
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Chapter

Collider Prospects of ALP-portal
Fermionic Dark Matter

In the previous chapter, we mainly focused on the non-thermal production of ALPs via the
misalignment mechanism and explored their role as DM as well as in generating the baryon
asymmetry of the Universe through spontaneous leptogenesis. As discussed in the pre-
vious chapters, over several decades, extensive experimental searches, astrophysical and
cosmological observations have been carried out across diverse mass and coupling (phe-
nomenologically, most important one is ALP-photon coupling) ranges of such axion and
ALPs, leading to stringent constraints on the parameter space.

In this chapter, we shift our attention to thermally produced heavy ALPs with signif-
icantly large ALP-photon couplings, which have attracted experimental interest. In this
regime (m, 2 O(MeV)), ALPs are sensitive to be probed in various flavor and collider
experiments like BaBar [373], LEP [424] and LHC [214] as well as in current and future
beam-dump experiments [216,374,375]. Notably, such massive ALPs cannot serve as vi-
able DM candidates as their decay into two photons leads to instability over cosmological
timescale. Therefore, we explore their role as mediators between DM and SM sector, where
a Dirac fermion (V) serves as the DM candidate. Considering a scenario where the GeV
scale ALPs only interact with electroweak gauge bosons, DM can achieve the correct relic
abundance through annihilation into two photons during freeze-out. Such role of ALPs as
mediators have been extensively explored in the literature [418,425-433]. However, strin-
gent constraints from indirect detection experiments can significantly restrict the parameter
space. These constraints can be evaded if DM annihilation is resonantly enhanced during
freeze-out, allowing the correct relic abundance to be achieved for f, ~ O(200) GeV. Inter-
estingly, such GeV-scale ALPs with f, ~ O(200) GeV can also be probed at high-energy col-
liders. Once produced, ALPs can decay into photons, charged leptons, light hadrons, or jets,
leading to multi-photon, multi-lepton, and multi-jet signals that motivate collider searches.
An intriguing possibility in our setup is ALP can dominantly decay into two DM particles
(considering m, 2 2my), which would show up as missing energy at colliders. This es-
tablishes a direct connection between DM phenomenology and collider searches, further
highlighting the role of ALPs as mediators.
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Thanks to the absence of the QCD background and PDF uncertainty, lepton colliders al-
low us to investigate different new physics (NP) scenarios in a pristine environment. More-
over, the availability of partially polarized beams proves advantageous for reducing the
SM background and facilitating the dominance of any NP signal over the SM background.
Therefore, in this chapter, our focus is to estimate the sensitivity of the different ALP-SM
couplings through associate production of ALPs at future electron-positron colliders such
as International Linear Collider (ILC) [434,435]. Study of ALP-fermion coupling has been
studied through di-lepton + missing energy final state signal through W-boson fusion at the
ILC [436,437]. Considering ALPs as the long lived particle (LLP), determination of future
sensitivity of ALP-fermion coupling has been explored at the eTe™ collider [438]. Study
of multi-photons, multi-leptons and multi-jets signal to estimate future bounds on different
ALP-SM couplings have been performed at the e*e™ colliders [439-442]. Our focus will be
two folded, first to show the detectability of the ALP via mono-photon plus missing energy
signal, and second, to estimate the ALP-photon coupling from the proposed experimental
sensitivity of upcoming e*e™ machine.

This work is structured as follows: In Section 4.1, we outline the phenomenological
framework of the study. The DM phenomenology is discussed in Section 4.2. A detailed
collider analysis is presented in Section 4.3. In Section 4.4, we briefly explore standard x>
analysis and evaluate the collider accuracy with which the ALP-photon coupling can be es-
timated. We conclude our findings in Section 4.5, and in Section C.1, we discuss a possible
UV completion of the model framework.

4.1 Phenomenological Framework

The interactions of pseudoscalar ALP (a), the pNGB of a spontaneously broken global axial
U(1) symmetry by a complex scalar field ® = (f, + p)e’®fa /\/2, with the SM particles can
primarily be obtained by dimension-5 effective operators at the low energy. In this work, we
consider the following ALP Lagrangian [215,433,439,443]:

Ler = LaLp + Larp—sm + LALP—DM, (4.1)
where
i 1L
Lap = 0u00"a = Smia (4.2)
C& = Ca g
Latposm = — 43 aB,, B — 4W aW,, WH”. (4.3)

Here B, and W, are field strength tensors corresponding to U(1)y and SU(2); gauge
groups, respectively, while the dual field strength tensors are defined as B** = tetBB s
and so on. The coupling constants, Cy; (= «;/7f,) for i = B, W, are the Wilson coeffi-
cients. As argued previously, unlike the QCD axion, the ALP mass (m,) in Eq. 4.2 is a
free parameter, which can arise from either non-perturbative dynamics or explicit breaking
of the underlying symmetry. As evident from Eq. 4.3, we primarily focus on the ALP in-
teraction with SM electroweak gauge bosons, while neglecting any direct couplings to SM

TH-3753 196121028



112 Chapter 4. Collider Prospects of ALP-portal Fermionic Dark Matter

fermions and gluons. This setup can be naturally realized, analogous to the KSVZ axion
model [164,165], which is elaborated in appendix C.1. The absence of ALP-fermion cou-
plings also prevents flavor-changing processes, which are strongly constrained by rare decay
searches [418,429,431,433].

After electroweak symmetry breaking, the Lagrangian that governs the ALP gauge bo-
son couplings can be described (following Eq. 4.3) as

9az7

Lavp-su = —2ak,, P — 9 oz, 7w — S8 qw W — S0Zap,, 7, (44)

where F,,,, Z,,, and W, are corresponding to the field strength tensors of photon, Z and W
bosons, respectively, and the effective couplings involved in Eq. 4.4 follow the relations

Jay = Cap cos’Oy + Cuy sin®Oy, (4.5)
Gazz = Capcos?Oy + Coy sinOyy (4.6)
9oz = (Caw — CquB) cosbyy sinfyy (4.7)
gaww = Caw, (4.8)

with 6y being the weak mixing angle. For our convenience, we assume C,p = Cy7, which
greatly simplifies our analysis with g,y = guzz = gaww and gu,z = 0. From the ex-
perimental perspective, the ALP interaction with two photons is particularly significant for
me < Myw, Mz (with My, and Mz being the masses of W and Z bosons, respectively),
resulting the decay width of ALP as [433]

.
_ Yayy™

To= = £, with gayy = (4.9)

o
where agy denotes the fine-structure constant.

We now focus our attention to ALP-DM interaction. As stated earlier, we consider a
Dirac fermion ¥, charged under the same global U (1) symmetry, to serve as the dark matter
candidate. The DM mass term and its shift-symmetric interaction with ALPs can then be
expressed as

Larp-py = —my BT — %(aﬂa)@wwp, (4.10)
where cy is a dimensionless coefficient, typically of O(1). The origin of such ALP-DM inter-
action, after the spontaneous breaking of U(1), is discussed in appendix C.1. In this setup,
a residual Z, after U(1) breaking is present which naturally stabilizes the dark matter’, en-
suring that it is always produced in WV pairs [427]. Choosing specific mass hierarchies as:
mq 2 2my and m, < My, Mz, in the following sections, we explore the phenomenology of
ALP-mediated DM interactions and their potential detection in collider searches.

! A Majorana fermion can be another choice of such fermion DM candidate, which can be stabilized by Z-
symmetry [418,428,431].
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4.2 Dark Matter Phenomenology

In this section, we investigate the framework discussed above, mainly emphasizing on the
possibility of DM thermal freeze out. For reasonably low f,, ALPs and the dark sector are
expected to maintain thermal equilibrium with the SM sector while allowing DM to freeze-
out through ¥ annihilations into SM particles (except SM fermions). Following Egs. 4.4 and
4.10, it is evident that DM interacts with SM electroweak gauge bosons via ALP mediation.
The DM mass being smaller than the SM gauges bosons (as specified by the chosen mass
hierarchies), the dominant annihilation channel of DM freeze out turns out to be YW — ~~y
asin Fig. 4.1, while other possible annihilation channels, such as UV — WHWw—, 0¥ — 727,
and V¥ — aa remain kinematically forbidden. Such a typical DM mass range is motivated
by constraints from both indirect detection and collider searches, which we will discuss in
detail later.

U °

Figure 4.1: Feynman diagram indicating the annihilation of two Dirac fermion DM particles (¥) into two pho-
tons via ALP (a) mediation, responsible for DM freeze-out.

The evolution of DM can be analyzed by solving the Boltzmann equation in terms of the
co-moving number density Yy (= ny/S) and the dimensionless variable x = my /T

2

BR(a — W) [(;;“5)2 - 1} (4.11)

dYy S(0qg_rqv)™P (To) Y39

dz 51 (@) [¥e - (Y;q)2] © zH(x)

where m; and g; = 1(2) (for scalar (fermion)) represent the mass and internal degrees of
freedom of the species i. The thermally averaged cross-section for ¥ — ~+ is denoted by
(0gg_s440), can be expressed as

1 oo
482 = Gt FTEE] Sy, 0028~ 1 VEE (a5 fma) s, (812)

where ) )
_ JayyMy 1 s°

OWG—yy = 1287 f2 /71 B 4m72 /s (s —m2)2 + m2[2’
W

with s being the center-of-mass energy and K (K») denotes the modifies Bessel’s function of

(4.13)

first (second) kind. Similarly, (I';) in Eq. 4.11 represents the thermally averaged total decay
width of ALP. For my < m,/2, ALP can dominantly decay into two DM particles, resulting
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in an invisible decay width, given by

mam?y _ 4m?1,

8 fa mg

[(a— ¥¥) = (4.14)
Hence, to eliminate the double-counting from the on-shell ALP contribution in the UW¥ — v
process, a subtraction must be applied, which results in the corrected thermally averaged
cross-section (used in Eq. 4.11), expressed as [433]:

Y, 4

P = (O gy V) — W<F“>

(OgT_syq0) BR(a — ¥¥) BR(a — 7). (4.15)
Although the decay channel (in Eq. 4.14) can significantly produce ¥ at T" ~ m,, however,
at 7' < mg, the ALP abundance is Boltzmann suppressed and hence, this decay channel
becomes inefficient. Moreover, since we consider the case of a thermal DM, which tracks its
equilibrium abundance (Yy = Y *) before freeze out, the second term on the r.h.s of Eq.
4.11 becomes negligible during that period.

On the other hand, the annihilation process ¥¥ — ~v produces a distinct gamma-ray
line at £, = my, which is subject to stringent constraints from gamma-ray line searches, in-
cluding Fermi-LAT [444,445], MAGIC [446], HESS [447], EGRET, and COMPTEL [448,449].
As pointed out in [418,431,433], achieving the correct DM relic density via this process
while evading indirect detection limits at the same time is therefore highly challenging. To
ensure ¥ remains a viable freeze-out DM candidate with the observed relic abundance,
Qh? ~ 0.12 [63], f, typically needs to be at the O(GeV) scale, which is further ruled out
by collider searches [431].

Interestingly, a possible way to circumvent these constraints while achieving the correct
relic abundance is to consider the resonance region, where m,/my ~ 2 [418,431,433]. This
allows for a smaller SM-ALP coupling (corresponds to a larger f,). Consequently, Eq. 4.12
exhibits a sharp peak around s ~ m?2 [418], indicating that the intermediate ALP is produced
on-shell. It is convenient to use the narrow width approximation near the resonance region
(with I'; < m,), under which the ALP propagator can be effectively replaced by a Dirac
delta function, simplifying the analysis as

1 T
5(s — m? 4.1
(5= 2P maTE gl & T Ma) (4.16)

which leads to an approximated expression for (oyg_,..v) as

T xga K (x )
(O957y0) * 52
7T 18T Ka(x)?

(4.17)

This result follows the assumption that I'(a — ¥W¥) > I'(a — 77), such that the total ALP
decay with can be approximated as I, ~ I'(a — UW¥). As evident from Eq. 4.17, near the
resonance (while ensuring m, > 2my ), the annihilation rate depends primarily on g, and
the mass ratio r = m,/my, while the DM-ALP coupling does not explicitly appear 2,

However, this is not the case when m, < 2my (r < 2), as the decay T'(a — ¥¥) is forbidden when r < 2.
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Figure 4.2: Left panel: Relic satisfied dark matter parameter space (shown in blue contour line), with mass ratio
r = mg/my = 2.02. Also, constraints from CMB and indirect searches are shown, which are taken from [433].
Right panel: Variation of thermally averaged cross section (ov) against r employing Eqs. 4.12-4.13 (solid blue),
while use of the approximated expression of Eq. 4.17 is exhibited by dashed orange line (valid near resonance
only). Here, x = 20 is assumed, which is the typical DM mass to temperature ratio during DM freeze-out. The
black grid line refers to (ogv) ~ O(10~2¢) cm? /s, needed for satisfying the correct relic abundance.

We then set the mass ratio r to a benchmark value 2.02 and performed a parameter scan
over f, (related to g,y via Eq. 4.9) and my to obtain a viable DM parameter space, using
MicrOmegas [450]. Our analysis primarily focuses on the DM mass range 1 GeV < my <
My /2, motivated from the collider prospects. The result is shown in Fig. 4.2 (left panel),
where the blue line represents the relic density satisfied contour, while the red regions in-
dicate constraints from indirect detection. We find that for the choice of = 2.02, mg < 10
GeV, along with f, < 0(250) GeV (gayy = 107° GeV 1) can successfully reproduce the cor-
rect relic density via thermal freeze-out while remaining consistent with indirect detection
bounds. This result also agrees with the careful estimates given in [433]. In the right panel
of Fig. 4.2, we show the thermally averaged cross section for a benchmark point within the
allowed parameter space (my = 2.47 GeV, f, = 186 GeV), against the mass ratio r. As
shown by the solid blue and dashed orange curves, obtaining the correct relic abundance
through thermal freeze-out requires staying close to the resonance region, i.e. with r close
to 2.02 justifying the choice of the benchmark value for r in left panel figure In this region,
the cross section reaches (ov) ~ O(10720) cm? /s, which is needed to reproduce the observed
dark matter density. It is pertinent to state that in the case of QCD axion mediation (instead
of ALP), such smaller value of f, is ruled out by Supernova, which places a stringent bound
on KSVZ axion as f, > 4 x 10® GeV [213].

~

4.3 Collider analysis

High-energy electron-positron colliders provide a unique opportunity for comprehensive
DM searches through missing energy associated with a visible particle. The channel that
we focus here for ALP search is the mono-photon plus missing energy final state signature.
In collider experiments, DM particles do not interact with the detector, rendering them in-
visible to direct observation. Consequently, they escape detection, appearing as ‘missing
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energy’ in the recorded measurements. This ‘missing energy’ serves as an indirect obser-
vation of DM production at the colliders [451-466] ° The final state signal of our interest is
associate ALP production with photon followed by the decay of ALP to DM pair as shown in
Fig. 4.3 *.This type of associate mono-photon production in contrast to ISR-photon often re-
terred as natural mono-photon, which proves to be beneficial for improving signal-background
estimation, as we discuss below. The non-interfering SM background consists of two main
contributions. One comes from a W boson-mediated ¢-channel neutrino pair production,
where a photon is radiated either from the initial state or from the W boson (left plot of
Fig. 4.4). The other arises from Z-mediated s-channel neutrino pair production, with a pho-
ton emitted from the initial state (right plot of Fig. 4.4). In this analysis, we consider /s = 1
TeV ILC with an integrated luminosity of £int = 5 ab ! to perform a cut-based analysis. The
DM phenomenology allowed benchmark point (BP) used in our study corresponds toa ALP
mass m, = 5GeV and a decay constant f, = 186 GeV. This choice of f, results in an effective
scale Aegs = 4m f, = 2.3 TeV, ensuring the validity of the EFT approximation (v/s < Aeg) in
our analysis.

v
Figure 4.3: Feynman diagrams that induce mono-y + missing energy final state within EFT framework.

We generate signal and background events in Madgraph [467], then showered and ana-
lyzed through Pythia [468] and the detector simulation is done by Delphes [469]. The UF0
file that is feeded to Madgraph is generated through FeynRules [470]. During event genera-
tion, we constrain the phase space by requiring the photon to have a transverse momentum
of p7. > 10 GeV and a pseudorapidity within |7, |< 2.5. Additionally, we consider only events
featuring a single photon while ensuring no leptons or jets are present in the final state. The
key variables for cut-based analysis relevant to the mono-v signal are defined as follows:

e Missing energy (Emiss): The energy carried away by missing particle is known as
missing energy which is defined from the knowlege of /s as

Emiss = \/g - Z Eia (418>

® This should be contrasted with missing transverse momentum or colloquially missing transverse energy
(F7) accessible at hadron colliders, in absence of the information about the sub process center-of-mass energy
of the colliding partons.

*A Z-mediated s-channel contribution could also be possible if Co5 # Caw-.
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Figure 4.4: Feynman diagrams of non interfering SM backgrounds contributing to mono-y+ missing energy
() final state at the eTe™ colliders. Left: W mediated t-channel diagram where a photon can arise both from
the initial states and from the W-boson, contributing to the resulting final state. Right: Z mediated s-channel
diagram where a photon can be radiated from initial states;

where ¢ runs over all the visible particles in the final state.

e Pseudorapidity (ny): The definition of 7, is given by

1 E, +p,

where I/, and p. are the energy and z component of 4-momenta of the ISR photon.
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Figure 4.5: Normalized event distribution of kinematic variables at the ILC with /s = 1 TeV and mq = 5 GeV.
Left: missing energy (Emiss), right: pseudorapidity (7). Here, the mass ratio r = m4/my = 2.02 is considered.

The missing energy distribution of the SM background exhibits a distinctive double-peak
structure, as shown in the left plot of Fig. 4.5. The first peak, occurring around 1000 GeV,
is primarily arise to the dominant W-mediated ¢-channel process. Meanwhile, a secondary,
sub-dominant peak appears near 500 GeV, resulting from the Z-mediated s-channel process.
The position of the secondary peak at the tail of the distribution can be determined using

the following expression

S m2
Ermiss = g <1 + 8Z> ’ (420)

where m is the Z boson mass. On the other hand, it is quite understandable that the signal
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distribution peaks at 500 GeV°. Therefore, upper cut on Epnss eliminates 97% background
keeping the signal intact. Furthermore, applying an absolute pseudorapidity (distribution
shown in right plot of Fig. 4.5) cut of |n,|> 1 reduces the background by approximately
33%, while the signal is reduced by only about 12%. Linear electron-positron colliders
possess partially polarized electron and positron beam which in advantageous in reduc-
ing SM backgrounds. Within the SM, left-handed leptons have stronger couplings strength
than the right-handed leptons. Thus, right polarized electron and left-polarized positron
beam reduce the SM backgrounds. Based on the ILC snowmass report [471], we choose
{P+ : P} = {—20% : +80%} combination that offers a five-fold suppression of the SM
while amplifying the signal by 16% as apparent from Table 4.1.

Cuts {P.+,P,-} ={0%,0%} {P.+,P,-} = {-20%,4+80%}
NAVEY voy Significance Wy voy Significance
Basic cuts 1750 12440000 0.50 2050 2389000 1.32
Emiss < 510 GeV 1750 435400 2.63 2050 83615 6.95
N> 1 GeV 1545 292589 2.86 1810 56189 7.64

Table 4.1: Cutflow for signal and SM background events for mono-v signal at the ILC with /s = 1 TeV and Lint
=5ab ! for unpolarized ({P,+ : P.—} = {0% : 0%}) and polarized ({P.+ : P.— } = {—20% : +80%}) cases.

V=1 TeV, my=5 GeV Va=1 TeV, £i=5 ab™!
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Figure 4.6: Left: variation of significance (Z) with luminosity (£in:) for a fixed m, = 5 GeV for both unpolarized
and polarized beams. Red (Green) line indicates 30 (5¢) significance; right: variation of Z with the ALP mass
(mq) for a fixed Linx = 5 ab~ ! for both unpolarized and polarized beams. Here, the mass ratio 7 = 2.02 is
considered.

The signal significance (Z) is defined as [472]

Z:\/2 [(S+B)1og <1+g> —S], (4.21)

°In the case of the off-shell decay of the ALP into a DM pair, the event distribution of Emss exhibits a falling
nature, peaking around 500 GeV and gradually decreasing at higher energies.
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where S and B are the signal and background events, respectively. For the condition B >> §,
this expression reduced to Z = S/v/B. After the cuts mentioned in Table 4.1, Z is approx-
imately 2.85¢ for unpolarized beams with /s = 1 TeV and £int = 5 ab~1. With the beam
polarization, the Z is enhanced to 7.640. In the left of Fig. 4.6, we show the variation of
Z with £y for both polarized and unpolarized beams. We find that a significance of 30
(50) can be achieved with an integrated luminosity of £int = 5.5 (15.5) ab™ ! for unpolarized
beams, whereas, for polarized beams, the same level of significance can be reached with
a significantly lower luminosity of £t = 0.8 (2.2) ab~!. In the right panel of Fig. 4.6, we
present the variation of Z as a function of m, for a fixed £int. We notice that Z remains ap-
proximately constant up to m, = 100 GeV, as the cross-section does not change significantly
in this range. However, beyond m, = 100 GeV, Z starts to decrease due to phase-space
suppression.

It is important to reiterate that the signal observability as achieved here, relies on a few
key factors, first the ALP-photon interaction, which makes the photon appearing out of the
production vertex, and thus distinguishable from the initial state radiation photon as in the
SM background via Ei,;ss and |n,| variables; second is the partial polarizability of the initial
beams which reduces the SM background significantly, and enhancing the signal. Both of
these can be achieved at the future electron-positron machine, while it is difficult to achieve
the same at the present LHC or in its high luminosity projection.

4.4 Estimation of g,

The key parameter that allows us for collider detection of ALP is the ALP-photon coupling
Jar~- In this section, we present the estimation in accuracy measurement of g, coupling
following the cut-based analysis discussed above. To achieve this, we adopt the conventional
binned x? method which is defined as follows:

bins (N]pbs _ N]‘pheo (g@) ) 2

(4.22)

=2 AN,

7

where N j‘?bs denotes the number of simulated events in the j*® bin, and N. ]'Fh“( gi) represents
the corresponding number of events predicted theoretically in the presence of NP, which de-
pends on the coupling parameter(s) g;. The summation extends over all bins of the chosen
observable—the differential scattering cross-section defined in Eq. C.9—which is employed
in the analysis. The statistical uncertainty in each bin, AN;, is taken to be /N j‘?bs, under
the assumption that the event counts follow a Poisson distribution. Our objective is to es-
timate the precision with which g4, coupling can be estimated at the eTe™ colliders. We
set the input of gg, = 1.33 x 107> GeV~! with m, = 5 GeV in order to consistent with DM
phenomenology. The variation of the x? function with respect to the NP coupling is illus-
trated in Fig. 4.7. After employing cut on missing energy (Emiss < 510 GeV) and dividing
the differential cross-section distribution into 10 bins. Therefore, the number of degrees of
freedom is 9, which corresponds to a chi-squared value of x? = 8.34 for a 68% confidence
level (C.L.). For unpolarized beam, the accuracy of g4+, coupling is approximately 2.4%. If
we consider {P,+ : P.-} = {—20% : +80%} polarization combination, non-interfering SM
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Figure 4.7: Optimal x? variation with ga couplings at the ILC with /s = 1 TeV, £in¢ = 500 fb™", and three
different beam polarization written in the insect with mq = 5 GeV.

background is reduced substantially while the signal increases, the accuracy is enhanced
to the 1.1%. The ‘optimal” accuracy is obtained when the numerical bin-by-bin event dis-
tribution reaches close to that of the analytical distribution. This requires higher number
of events and more luminosity. However, in the present context the betterment would be
marginal, given the huge SM background left even after employing selection cuts.

4.5 Conclusions

In this work, we have examined the role of ALPs as a portal between a Dirac fermion DM and
the SM sector, and investigated the prospects of probing such ALP-mediated DM at electron-
positron colliders. This framework involves a derivative interaction between the DM and
ALP, along with low-energy effective interactions of the ALP with SM electroweak gauge
< 2myg and m, < My, Mz, we demonstrated

~

bosons. Focusing on the mass hierarchy m,
that for relatively lower values of the ALPs decay constant f,, thermal DM production can be
viable, with the dominant annihilation channel being ¥¥ — ~~, mediated by the ALP. We
have showed that this annihilation channel can yield the correct DM relic abundance, while
evading the strong indirect detection constraints, only in the near-resonance region where
mg ~ 2my. Taking a benchmark ratio between the DM mass and ALP mass, r = m,/my =
2.02, we performed a detailed DM phenomenological analysis and found that DM masses
my 2, O(10 GeV) can successfully reproduce the observed relic density. In this setup, the
invisible decay channel a — WV becomes kinematically allowed and actually dominates
over the diphoton decay mode, making it a dominant channel at the colliders giving rise to
missing energy signature.

Following the DM phenomenology, we have conducted a signal-background analysis
considering the invisible decay of the ALP at the International Linear Collider (ILC). The
study is performed at a center-of-mass (CM) energy of 1 TeV with an integrated luminos-
ity of 5 ab™!, considering initial beam polarization. The final state under investigation is
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characterized by a mono-photon plus missing energy. In this context, missing energy and
pseudorapidity emerge as crucial kinematic variables, effectively suppressing substantial
non-interfering SM neutrino background. This is possible due to the very specific ALP-
photon interaction, which makes the mono photon signal largely segregable from that of the
SM contamination. We must note here that most of the SM-DM effective interactions fail to
provide this discrimination and hence should be noted carefully. For the beam polarization
combination {P,+ : P,- } = {—20% : +80%} at 1 TeV CM energy, we have obtained exclusion
(30) and discovery (50) limits for integrated luminosities of 1 ab—! and 3 ab~!, respectively.
Furthermore, we have employed the standard x? analysis to estimate the sensitivity to the
ALP-photon couplings under the specified collider configuration. With the aforementioned
beam polarization, the accuracy in determining the coupling can reach approximately 1%.
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Chapter

Summary and conclusion

This thesis explores a compendium of works based on the phenomenology of two very well-
known pNGBs, the Majorons and the ALPs, to elegantly connect some of the major BSM
scenarios, e.g., the dark matter, the existing matter-antimatter asymmetry of the Universe
and the origin of tiny neutrino masses. Since exact global symmetries are quite rare in na-
ture, such pNGBs with small yet non-zero masses appear naturally as an outcome of the
spontaneous breaking of approximate global symmetries. One of the major motivations for
studying pNGBs stems from the QCD axion, a pNGB of global axial U (1)pq symmetry, pro-
posed as a solution of the strong CP problem, a long-standing puzzle of the SM. Although
QCD axions are not the main theme of this thesis, we explored a wider class of axions, the
ALPs. On the other hand, the Majoron emerges from the breaking of lepton number sym-
metry, which, in spite of being an accidental symmetry in the SM, is however broken at
the quantum level. Being naturally light, pPNGBs are promising candidates for various ex-
perimental searches and are further constrained by several astrophysical and cosmological
observations. Their feebly interacting nature makes them long-lived particles or even vi-
able DM candidates. Additionally, these light scalars can be instrumental in generating the
matter-antimatter asymmetry of the Universe through scenarios like spontaneous leptogen-
esis, as well as in acting as a portal between a dark sector and the SM sector. With these mo-
tivations, this thesis explores the phenomenology of GeV and sub-GeV scale pNGBs across
a few scenarios.

In Chapter 1, we begin with a brief outline of the SM of particle physics, followed by
a summary of the thermal history of the expanding Universe and few of the shortcomings
of the SM, which are also connected to the early Universe cosmology. Next, we introduce
the Goldstone bosons and extend the discussion to pNGBs, arising from explicitly broken
global symmetries, to which the rest of the thesis revolves around. We further provide an
elongated discussions on two of the pNGBs of our interest, the Majorons and the ALPs,
and try to motivate why they are relevant in exploring the new physics. In particular, for
ALPs, we elaborately discuss the misalignment mechanism, through which axions and ALPs
can serve as non-thermal DM via oscillations in the early Universe. We conclude this chapter
with a summary of the motivations behind the works presented in the thesis.

In Chapter 2, we try to realize Majorons as freeze-in dark matter (FIMP) within the min-

TH-3753_196121028 122



123

imal setup of the type-I seesaw mechanism, which seemed to be impossible due to its pro-
duction channels being heavily suppressed by the active-sterile neutrino mixing. Therefore,
in most of the earlier works on FIMP-type Majoron, an explicit global U (1), breaking Higgs
portal interaction is introduced, that restricts the dark matter Majoron mass at an unique
value of ~ 3 MeV. In the first part of this chapter, we aim to overcome such fine-tuned situa-
tion and broaden the allowed DM mass range while keeping the minimality and naturalness
intact. By invoking an additional explicit global U(1);, breaking term at the dimension-
5 level, which involves only RHNs and U(1);, breaking complex scalar fields, we achieve
the desired amount of Majoron production for a broader Majoron mass range owing to the
newly opened production channel via annihilation of RHNs. Focusing on the keV-GeV Ma-
joron mass range, we obtain an adequate region of parameter space with Majoron being a
viable FIMP Dark matter, abide by the lifetime of the Universe. As Majorons can decay into
neutrinos (photons) at the tree (loop) level, the mass regime of our interest keV-GeV is also
fascinating to be probed at various indirect searches such as monochromatic neutrino lines,
X-ray and gamma-ray lines, etc. which we extensively discussed in this part. Then, in the
next part, we adopt the same Majoron dark matter (DM) production channel and connect it
to resonant leptogenesis. In this framework, the near-degeneracy of RHNSs naturally arises
from the model’s construction (with the help of an additionally imposed Z> symmetry),
and the small mass splitting between the RHNSs arises from the same dimension-5 explicit
U (1), breaking terms which are responsible for DM production. Interestingly, contrary to
the usual resonant leptogenesis, which is achieved by O(TeV) scale RHNSs, here, we real-
ize the resonant leptogenesis with a relatively higher RHN masses (> 10° GeV), correlated
with the Majoron DM in the sub-GeV range. This links the generation of dark matter to the
baryon asymmetry of the Universe.

In Chapter 3, we delve into the phenomenology of ALPs, where two of the important
aspects of BSM, the dark matter and baryon asymmetry of the Universe, are addressed. In
the first part of this chapter, following a discussion of misalignment mechanism for dark
matter ALPs, we scrutinize the cosmic evolution of such dark matter ALPs in the presence
of an additional explicit global symmetry-breaking term involving SM Higgs doublet. As a
result, ALP obtains an additional contribution to its mass as the Higgs field gets a vev during
electroweak phase transition. This leads to an alteration of the oscillation frequencies dur-
ing EWSB and consequently modifies the relic density in contrast to the standard misalign-
ment mechanism. Such a modification turns out to be remarkable for the ALP-photon cou-
pling vs ALP mass parameter space which is heavily constrained by astrophysics, various lab
experiments, and cosmology as we obtain a comprehensive amount of allowed parameter
space compared to the standard misalignment scenario. In the other part of this chapter, we
turn our attention from DM to the generation of BAU via spontaneous leptogenesis, where
the lepton asymmetry is generated by incorporating dynamic CPT-violating effects, led by
derivative interaction of ALP with the (B — L) current along with a (B — L) breaking interac-
tion remains in thermal equilibrium. Conventionally, the Weinberg operator is used as the
(B — L) breaking interaction, which is connected to neutrino mass and therefore, confines
the leptogenesis at a very high temperature (> O(10'?) GeV). Aiming to bringing down the
scale of spontaneous leptogenesis, we introduce an additional Weinberg-like dimension-5
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operator, assisted by an IHD. Being unconstrained by the neutrino mass, it enables a much
lower decoupling temperature of (B — L) violating interactions, thereby reducing the scale
of spontaneous leptogenesis and allowing a lower reheating temperature. We also explore
the situation where ALP possesses an initial velocity, which enables a further reduction in
the scale of leptogenesis, accommodating lighter ALPs in the keV-GeV regime that can be
probed in collider and beam-dump experiments.

In Chapter 4, we explored a pivotal role of ALP as a mediator between a Dirac fermionic
DM and the SM sector. To realize it, we consider the ALP-SM effective interactions at low en-
ergy and additionally include an ALP-DM interaction, respecting the ALP shift-symmetry.
Considering a hierarchy where the decay of an ALP into two DM particles is kinematically
allowed, we find that with substantially lower values of ALP decay constant, DM freeze-out
is possible via annihilations into two photons, where both ALPs and DM can be considered
initially in thermal equilibrium. However, the requirement of correct DM relic density and
escaping the stringent indirect detection bounds at the same time turns out to be only pos-
sible in the near resonance region. The interesting consequence of this setup comes from
the invisible decay of the ALP into two DM particles, which can lead to a promising miss-
ing energy signature in the collider. Therefore, we analyze such invisible decay of ALPs at
electron-positron collider, focusing on mono-photon + missing energy final states consider-
ing initial beam polarization. It turns out that the ALP-photon coupling, which is important
to reproduce the DM relic density, can also play a crucial role in segregating the signal and
SM background via the missing energy variable. We further perform a x? analysis, which
shows that the ALP-photon coupling can be measured with about 1% precision under this
setup.

To put in a nutshell, this thesis focuses on the phenomenology of two very well-known
PNGBs, the Majoron and ALPs, addressing some of the key issues of particle physics and
cosmology. Therefore, in an expected way, explicit symmetry breaking interactions (espe-
cially at higher orders) have played a major role across this thesis. To be specific, we demon-
strated that such explicit breaking terms not only provide Goldstone bosons a light mass,
but also make a substantial contribution in solving the key issues in several ways. For exam-
ple, in chapter 2, dimension-5 explicit breaking terms open up new production channels for
Majoron DM, and moreover, help to achieve a high-scale resonant leptogenesis by inducing
a mass difference between the RHNs. In a similar way, in chapter 3, a dimension-6 U(1)
breaking operator results in an enlarged ALP DM parameter space and furthermore, the in-
troduction of a dimension-5 lepton number violating operator helps in achieving a low-scale
spontaneous leptogenesis scenario. Therefore, such explicit breaking terms can help in solv-
ing the SM shortcomings while maintaining the particle physics models minimal in terms
of the additional fields. Finally, in chapter 4, we explore a direct way to probe the ALP-
photon interaction in e*e™ collider (correlated with a DM scenario) utilizing low-energy
ALDP effective field theory.

To conclude this thesis, we outline some of the possible aspects for future exploration,
inspired by the works presented here. So far, Majoron DM has been connected to a high-
scale resonant leptogenesis. However, an usual low-scale resonant leptogenesis (for RHNs
with masses of O(TeV) or less), correlated with Majoron DM would be more compelling
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possibility from detection point of view. Additionally, connecting ALPs (or even QCD ax-
ions) with cosmological phase transition could be an exciting possibility, which might gen-
erate detectable gravitational waves, offering novel insights of early Universe dynamics. In
analogy with the ALP—photon coupling, the Majoron-neutrino interaction, characterized by
lepton number violation, can be explored in colliders, which can provide indirect insights
into Majoron models. Furthermore, both Majorons and ALPs can leave distinct cosmologi-
cal imprints, such as affecting the effective number of neutrino species, Neg, which is further
linked to issues such as the Hubble tension. Thus, the light and feeble-interacting nature of
the pNGBs make them highly attractive not only from theoretical standpoint but also from
experimental perspectives. With more and more data from colliders, beam-dump, helio-
scopes as well as gravitational wave detectors, and future neutrino and dark matter search
experiments to come, our understandings of the Universe and the role of pNGBs within it
will be more transparent.
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Appendix

Appendix related to chapter 2

A.1 Appendix related to scenario B
A.1.1 CP violating couplings

In this appendix, we discuss what happens if the CP symmetry is not conserved, in other
words, unequal couplings of ® and ®* in the Yukawa interaction of Eq. 2.41 are present. For
example, one can make the Yukawa interaction of Eq. 2.41 non-uniform between ® and ®*
by considering an additional parameter « as

(1-a)
Jan X

which induces additional Majoron production channel such as ¢, H — Nyx. However, the

(P + ad¥)

Yol Lo HNo D iWa2lna HNy

(A1)

presence of the Yukawa coupling y,2 < O(1) in front along with (1 — a) < 1 suggests that
this contribution would remain comparable or less compared to main production channel
of Majoron N; N; — xx.

On the other hand, the presence of « also enables Majoron to decay (hence, may cause in-
stability) into two light neutrinos via active-sterile mixing. The corresponding decay width
can be approximated as )

A e (A2)
which turns out to be suppressed compared to the similar decay of Majoron (already used
to constrain the parameter space) as in Eq. 2.11, due to the additional suppression resulting
from the appearance of (1 — «)? in numerator and A (> v,) in the denominator. Hence,
in nutshell, the CP symmetry considered for ® seems useful in restricting Majorons not to
communicate with the N, (via Yukawa interaction of dimension-5) and the SM lepton sector

(first two terms of Eq. 2.41 as well).

A.1.2 Constraints on the parameter space satisfying both Majoron DM and resonant leptogene-
sis

It is interesting to explore the constraints from monochromatic neutrino search experiments,

X-ray and gamma-rays observation on the parameter spaces in Fig. 2.14, which simultane-

ously satisfies correct relic density for Majoron DM and resonant leptogenesis. Following
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the discussions as in subsection 2.2.4, here we show the sensitivity of the neutrino and 7-line
searches on the parameter spaces we obtained in Fig. 2.14.
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Figure A.1: Constraints from monochromatic various neutrino search experiments (as indicated in the figure)
on DM and resonant leptogenesis satisfied parameter space in m, — vy plane.
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Figure A.2: v-ray line emission constraints for DM and resonant leptogenesis satisfied parameter space in
(Ey) — 'y~ plane. The colored regions indicate the range of different X-ray and ~-ray observations, e.g.,
COMPTEL/EGRET (cyan), INTEGRAL (green), HEAO (purple), XMM (red), Chandra (Yellow).

Similar to the correlation plot in Fig. 2.14, in Figs. A.1 and A.2, we consider the same
values of 0 for two benchmark choices of f and Tru/vg. For f = 0.1 and Tru/vs = 0.5,
the left panel of Fig. A.1 demonstrates that neutrino-search experiments are sensitive for
my 2 20 MeV for the gray colored parameter space only (fr = 0.78 4 0.017), while the
region for other two choices of fr remains unconstrained. Similarly, the left panel of Fig. A.2
indicates that the parameter space involving m, 2 O(1) MeV falls within the exclusion limit
of y-ray emission lines for the choice of fr = 0.78+4-0.017 (gray) and 6z = 0.78+4-0.1¢ (purple).
However, for the line corresponding to 6z = 0.78+4-0.42: (black) remains unconstrained from
these observations. On the other hand, from the right panel of Fig. A.1 (for f = 0.005 and
Tru/ve = 0.1), one can observe that the region with fr = 0.78+0.1¢ (purple) falls within the
sensitiveness of the neutrino experiments for m, 2 0.3 MeV, and hence disallowed, while the
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gray region (g = 0.784-0.01¢) is almost unconstrained due to higher values of vy. Similarly,
the right panel of Fig. A.2 illustrates that the parameter space involving m, 2 O(100) MeV is
excluded by v-ray observations for both choices of §r = 0.78 +0.17 (purple) and 0.78 4-0.42¢
(black).
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Appendix related to chapter 3

B.1 Appendix related to scenario A
B.1.1 Origin of dimension-6 operator

Here, we present a possible origin of dimension-6 global U(1) symmetry breaking opera-
tor of our kind using the fact that any global symmetry is expected to be explicitly broken
by gravity at Mp; [248-251,253]. For this purpose, we consider the following Lagrangian
(relevant part only)

|H |

—L D pd2e¢ +
ju ¢ Mo,

+ Hec.. (B.1)

Here, ® is our U(1) symmetry breaking complex scalar field having charge +1 under U(1)
while ¢ is a heavy (mass M) complex SM singlet scalar field carrying charge -2 such that
the first term respects the U(1) symmetry. The dimensionful coupling . can naturally be of
order Mpj. The second term being a dimension-5 operator can be thought of a soft symmetry
breaking one resulting due to the explicit breaking of the U(1) by gravity at Mp;. Consid-
ering the hierarchy of mass scales as: My < p = Mp, integrating out the heavy field ¢ at
energies below M results into the following dimension-6 term [473]

1 .
W‘H‘4q)2€la + HC (B2>
¢

Identifying M. with the scale A, we obtain the operator considered in our analysis. Note that
such a construction would not allow any other dimension-6 operator such as “X—f dlel®+ H.c.

which could otherwise be present.

B.1.2 Phenomenology in presence of two dimension-6 operators

For completeness purpose, we will briefly discuss here how the phenomenology changes if
we include the other possible dimension-6 operator (i.e. without restricting to the possible
origin of such operator as outlined in Appendix-B.1.1)

|H?

y?@leia + H.c., (B.3)
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104 Scan with additional symmetry breaking term (Case A)
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Figure B.1: DM parameter space satisfying correct DM relic density comparison between case A (T < Trw)
and standard case in (mq — fa) plane in presence of two dimension-6 U (1) breaking terms. Here, the variation
of A is shown in the color bar and y = 10~ % is employed.

where y is a dimensionless coupling. With both the explicit breaking terms present (via Egs.

3.10 and B.3) and considering a = 7, ALP will acquire a bigger mass (in comparison to Eq.

3.14) after EWSB, without altering the potential minimum (6,,;, = 0), as follows
2 o v dyfiv®

ma:ma0+F+ A2

(B4)

Apart from inducing a sizeable contribution to the final mass of ALP, the new term (Eq. B.3)
also allows a dominant production of ALPs through decay (and annihilation) of the Higgs
tield after EWSB. As a result, a possible freeze-in production of ALPs remains viable in addi-
tion to the production through misalignment mechanism. Such a possibility although pre-
vails with the other dimension-6 operator (we comment on this in the conclusion section),
here with the additional one via Eq. B.3, the freeze-in of ALP may proceed with larger cou-
pling strength (between two ALPs and the Higgs field) proportional to v f2 /A2, in contrary
to the other case (with Eq. 3.10 only), where f, was replaced by the Higgs vev v (f, > v).
Hence, freeze-in can be significantly enhanced by inclusion of the operator in Eq. B.3. Addi-
tionally, it may lead to the possibility of ALP thermalisation if v f2 /A% happens to be of order
O(1075) or more. To alleviate such possibilities, we find that restricting y by y < O(107%),
ALP can favourably be produced through misalignment mechanism only.

Therefore, considering the presence of both the dimension-6 operators withy < O(107%),
we showcase the relic allowed parameter space in Fig. B.1. Here mg,o > O(10713) GeV is
taken so that the conventional ALP oscillation starts prior to EWSB. As the operator of Eq.
B.3 adds a substantial contribution to ALP mass via Eq. B.4, a lower value of f, is required
to achieve the correct relic density as evident from Eq. 3.21, which is also observed in Fig.
B.1. We notice that with the choice of y = 104, the relic allowed parameter space is shifted
beyond m, 2 O(100) eV, where the leftmost boundary is dictated by the choice of A < Mp;.
Hence it turns out that after imposing all the relevant cosmological and astrophysical bounds
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(as outlined in section 3.2.3), only a tiny fraction of the parameter space remains viable to
achieve the correct relic density through misalignment mechanism in this case.

B.1.3 Transition of ALP mass across EWSB

Transition of ALP mass across EWSB
1.0 T T

160 155 150 145 140
T [GeV]

Figure B.2: Transition of ALP mass across Tgw = 150 GeV with x = 1. The dashed gray gridline corresponds
toT = Trw.

In connecting the evolution of the ALP field 6 across Txw, an apparent discontinuity is
felt due to the sudden change in the mass of ALP: from mqg at T < Trw to m, at T = Trw
(representative of a step function at Trw). To retain the continuity of the ALP field while
passing through the EWPT, we propose to make the transition of m,o to m, a smooth one
by introducing logistic function for the mass m, (1) [474] defined as

me(T) — mao
1 + e—QH(TEw—T) Y

ma(T) = mao + (B.5)
across ' = Tgw. Here,  is a parameter which controls the abruptness involved in the
transition (a large « indicates a more sharper transition). Since the EWPT happens within a
finite range of temperature AT, such an approximation is justified provided the the change of
ALP mass extends over that period AT. A schematic presentation of such an approximation
is exhibited in Fig. B.2 with k = 1is employed. This is for the illustration purpose in case one
tries to track the evolution of the 6 field via Eq. 3.17. While evaluating the energy density of
the ALP field, we use the sudden approximation in line with Eq. 3.18.

B.2 Appendix related to scenario B
B.2.1 Relationship among chemical potentials in presence of IHD

Here, we proceed to evaluate first the effective chemical potential ;.5 contributing toward
the equilibrium number density of B — L charges n}5 ; in presence of the inert Higgs dou-
blet (IHD) in section B.2.1. Although the basic prescription can be found in [364,384], the
inclusion of IHD would alter the final result.

During the evolution of the Universe, fundamental particles participating in an interac-
tion (say, i + j + ... <> a + b+ ..) remains in chemical equilibrium as long as the respective
interaction rate becomes comparable to the Hubble expansion rate of the Universe. When in
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equilibrium, the associated chemical potentials of the participating particles would follow a
relation

i+ pj A+ o+ g+ pp + .o = 0. (B.6)

As a consequence, one can have inter-relations among chemical potentials of different par-
ticles leading to an estimate for pip_1, as discussed below.

e The gauge interactions come into equilibrium at very early Universe where the elec-
troweak symmetry remain unbroken. In this unbroken phase, the gauge bosons re-
main massless leading to vanishing chemical potentials, up = pw = pg = 0. As a
consequence, the components of the electroweak and color multiplets will have the
same chemical potentials i.e. j1g = ftu;, = ftd,, i = v, = ey, and pg = pig+ = pigo.
Similarly, the chemical potential of the additional IHD also follows po = pie+ = pigo-

e IHD being a scalar, has self interactions (consistent with its Z5 odd property for being
a dark matter candidate) as well as portal interactions with the Standard Model (SM)
Higgs doublet [121,393,394]. One such term in these portal interactions is \(®TH)?
whose chemical equilibration leads to ue = pp. As a consequence, the hypercharge
neutrality condition takes the form

Iq + 2 — ftd — pu — HE + ;;fuﬂ =0, (B.7)
where fi, 4p) are the chemical potential of the SM singlet right handed quarks (lep-
tons). Here N; (=3 in SM) represents the number of generations of the quarks and
leptons.

e Since we include a low reheating temperature (Tgy < 10'% GeV) in the study, all Ny
generations of Yukawa interactions are considered to be in equilibrium'. This leads to
the following relations

P = ftq + pH,  Pd = fiq = BH, B = [0 — JH- (B.8)

o At T < 10'2 GeV, electroweak (EW) sphalerons enter in thermal equilibrium [388],
enforcing 31, + 4y = 0. This is going to be modified in presence of CPT violating

interactions as discussed below.

In our framework, the CPT violating interaction of the form % 9,aJ% (in a time dependent
and homogeneous ALP background) induces [384] an additional effective chemical poten-
tial fiws to the chemical potential relation describing the EW-sphaleron process, originated
from chiral anomaly, given by

Sptq + p = —flws- (B.9)

Furthermore, the same CPT violation also modifies the chemical potential relation associ-

1For an extended reheating phase, see [321,322] for details.
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ated to the B — L violating operator (1,{;,®®/A (when in equilibrium) as [384]:

g = f g = — g (B.10)

eq

Given all the SM leptons and baryons are in thermal and chemical equilibria, ng ; can

then be calculated from n%' ;| = pp-— 1 T%/6 , where up_, takes the form

pB—1 = pB — L = (24 + pu + pa) Ny — (20 + pp) Ny (B.11)
4 13 16

= Nt [ == fiws + —fi0 + — B.12

f( 3uws+3ue+3uf1>, (B.12)

obtained by employing Eqs. (B.8)-(B.10). Finally, rewriting py in terms of fiws and fi,
through Eq. (B.7), we obtain the equilibrium pp_1, in terms of fiws and iy as

4Nf(1+Nf)_ Nf(lle—l?))
b, = s T
3+ 5Ny (3+5Nf)

pB-L = — fie- (B.13)
However, as shown in [384], with proper rotations on the quarks and leptons, we can trans-
form the basis to {/iws, fie} — {Ows, 0} with dys = 6, the non-zero ALP velocity [364]. In the

new basis, pp_ 1, can be re-written as

4N¢(1 4 Ny)

Sys- B.14
3+5N; 7 (B.14)

HB—-L =

B.2.2 Construction of the Boltzmann equation

The modified Boltzmann equation relevant for the B— L asymmetry evolution is constructed
here. To study the evolution of the produced B — L asymmetry across the decoupling of
B — L violating interaction (associated to £1,¢;,®®/A), a Boltzmann equation for np_j, can
be constructed having the following form,

. il 7/
-1+ 3Hnp-r = AZ?’(M,- + oy + 2p) = 187 (u + o), (B.15)
1,]=

assuming flavour-universal interaction rate density v, for different leptons. In the r.h.s of
the Boltzmann equation, ;;; and p1g can be expressed in terms of np and n, as

24(1 + Nf)?’LL — 3anB

- B.16

H 2N (6 + 5N[)T2 (B.16)
12nL — QTLB

= LB B.17

HH = 56+ 5N,) T2 (B17)

The np and ny, can be further related to the chemical potential of the weak sphaleron 4,
and np_1, by employing Egs. (B.7)-(B.10) and can be denoted as

T2 12(1 + Ny)np—r — 6wsT?Ny(6 + 5Ny)
= 24N = : B.18
"B = gt Ha 39 + 33N, ’ (B.18)
T2 39+ TNf)np_r + O0wsT?Ns(6 + 5Ny)
— 2 - . B.19
np =~ Ny(2u + pp) 30 1 33N, (B.19)
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Finally, substituting Eqs. (B.18) and (B.19) in both the Egs. (B.16) and (B.17), we obtain the

final form of the Boltzmann equation as

6(3+5Nf) 71 4Nf(1+Nf)

wp_1 + 3Hnp_ = —18 —~ |np_ SwsT?] B.20
R N;13+ 1IN, T3 |75 T T6(3 + 5N) (B.20)
= —FqL)(nB_L —n% ), (B.21)
where F%’ is given by, 5553
+oNy) M
Iy = = B.22
r Ny(13 + 11N;) T3 (B.22)

Note that with Ny = 3, Eqs. (B.14) and (B.22) become pp_1 = —%9 and F‘IL? = %4;—% ~

324 613

55 3.5z respectively, which we used in our analysis.
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C.1 UV Completion of ALP-DM Coupling Without ALP-SM Fermion Interac-
tions

Here, we outline a minimal UV-complete model where ALP couples to a Dirac fermionic
DM, while remaining decoupled from the SM fermions. To do so, we consider a global axial
U (1) symmetry that is spontaneously broken at a scale f, by the vev of a complex scalar field
®, which can be parameterized as

1

V2

where p is the massive radial degree of freedom and « is the ALP, which emerges as the

® (fa+ p)ei®/fe (C1)

PNGB of the broken symmetry. We also consider a Dirac fermionic DM candidate ¥ and
heavy vector like fermions (VLF) @, which are charged under U (1) symmetry and transform
as

d — e, U ll@/DBy QD5 (C.2)

Here, we further consider the VLFs () to be charged under the SM electroweak symmetry
as well. Importantly, the SM fermions are assumed to be singlets under U(1), and thus do
not couple directly to the ALP. Therefore, the relevant UV Lagrangian for the U (1) sector is

LD [0,V (®) + Vig¥ + QidQ + (ye @V ¥R + yoPQLQr + H.c.) (C.3)

where, yo(~ O(1)) > yy is assumed. After the spontaneous symmetry breaking, (®) =
fa/V/2, the Lagrangian provides

LD —mq/@L\IlRem/f“, (C4.)
where, my = yy fu/V2. The et/ fa jn Eq. C.4 can be removed via a field redefinition such as

U — W/ (2fa), (C.5)
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Such field redefinition in turn generates the standard ALP-DM interaction once we invoke
Eq. C.5 into the DM kinetic term in Eq. C.3, which yields

1
2fa

where the shift-symmetry of ALP is maintained. This is the standard derivative coupling

L= D, aVyH s, (C.6)

expected for pseudo-Goldstone bosons. Also, by expanding the €%/« in Eq. C.4, one can get
an alternate ALP-DM interaction term as

L= —i%a@%\ll, (C.7)
which is, however, not a shift symmetric term for ALP. Similarly, the heavy exotic quarks will
also obtain a mass as mqg = yg fa/V/2. However, as @ fields are also charged under the SM
electroweak symmetry, a similar field redefinition on @) such as in Eq. C.5 generates effective
ALP couplings to the SM electroweak gauge bosons through the axial anomaly. Therefore,
at energies well below f,, the effective interactions of ALPs can be generated as written in
Eq. 4.3 where these exotic quarks appear as the intermediate states. On the other hand,
ALP-SM fermion couplings do not appear in the scenario as the SM fermion fields do not
couple to ¢ and carry no U(1) charge. This setup, resembling the KSVZ model [164,165] in
the context of QCD axion, allows for ALP-mediated dark matter interactions and anomaly
induced couplings relevant for astrophysical and cosmological probes, while maintaining
consistence with flavor and collider bounds.

C.2 Differential cross-section

Associate productions of ALPs are an important mechanism for phenomenological stud-
ies. The relevant Feynman diagram is shown in Fig. 4.3. The amplitude of the process

et (p2)e™ (p1) = Y(k2)a(k1) is given by

€0Gavyy " o _*U
M = S5 (p)y u(p1) ey k¢ (R) (C8)

with ¢ = (p1 + p2) and k = (q¢ — k1). eg denotes the U(1)gm charge and €, is the anti-
symmetric tensor. The differential cross section for ALPs produced in association with a y
is given by

do(ete” —~ya) o , m?2 5 9
dQ —6749(1,)/,}/ — ? (]. + cos 9) y (C9>

where o = €2 /4 is the fine structure constant.
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