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We explore an extension of the type-I seesaw framework in which a scalar mediator @ connects the
Standard Model (SM) to a dark sector consisting of right-handed neutrinos or RHNs (N;) and a complex
scalar S. The interactions are governed by a phenomenologically viable Z, x CP symmetry, allowing a
dimension-five effective operator involving the SM lepton doublet, Higgs, RHNs, and ®. Once ® acquires
a vacuum expectation value, its couplings to the SM and RHNS affect the standard leptogenesis through N;
decay, while electroweak symmetry breaking subsequently induces neutrino masses through the same
structure. Furthermore, a ®-portal interaction induces a vacuum expectation value for real (imaginary)
component of S opening additional annihilation channels for its imaginary (real) component, identified as
dark matter (DM) in the GeV-TeV mass range (excluded in the simplest scalar singlet DM scenario). The
spontaneous breaking of the associated discrete symmetry can lead to domain wall formation, whose
required early annihilation may generate observable gravitational-wave signals, providing a way to ideate

the symmetry-breaking scale and its connection to neutrino mass, baryogenesis, and dark matter.

DOI: 10.1103/syzm-ws8c

I. INTRODUCTION

A wide range of theoretical and experimental observa-
tions point compellingly toward the existence of physics
beyond the Standard Model (BSM), with prominent moti-
vations arising from the origin of tiny neutrino masses, the
observed baryon asymmetry of the Universe (BAU), and
the nature of dark matter, which constitutes about 26% of
the Universe’s energy density and roughly 85% of its matter
content. Despite extensive theoretical developments and
experimental efforts, the lack of conclusive evidence for
new physics (NP) suggests that such phenomena may
lie at high-energy scales or be only weakly coupled to
the SM, often necessitating effective field theory frame-
works [1-12] in which NP manifests through higher-
dimensional operators rather than direct detection. These
challenges have motivated complementary approaches to
probing NP—most notably through gravitational-wave
(GW) observations by ongoing and proposed experiments
such as LISA [13], LIGO [14], and BBO [15]. In parallel,
recent theoretical developments [16—40] have focused on
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minimal extensions of the SM that coherently address
neutrino masses [41], the dark matter (DM) relic abun-
dance, and the BAU, as all three call for modifications to
the electroweak sector; however, meeting these simulta-
neous requirements typically entails a delicate interplay
between heavy BSM states and weakly coupled NP.

A type-I seesaw framework [42-46] with right-handed
neutrinos (RHNs) acts as the minimal model that can
address both neutrino mass generation and baryon asym-
metry of the Universe via leptogenesis [47] or coherent
oscillations of nearly degenerate RHNss [48], first proposed
by Akhmedov, Rubakov and Smirnov mechanism, and DM
in some special circumstances [18,49-52]. In this work, we
extend the type-1 seesaw model by a scalar singlet ® that
acts like a mediator between the neutrino and the DM sector,
primarily via a dimension-five operator, invariant under a
suitably chosen dark symmetry G, while the conventional
tree level Yukawa interaction between the SM lepton,
Higgs, and RHN remains absent. This higher dimensional
operator, after ® gets a vacuum expectation value (VEV),
effectively generates the neutrino Yukawa interaction
making it to be the primary source of neutrino mass
generation. The same operator also enriches the standard
picture of leptogenesis through right-handed neutrino decay
at a high enough scale with additional features.

Building upon the framework developed in [40] where
the DM is a fermion, we address here a scalar DM instead,
by introducing a complex scalar field S. Leptogenesis, DM
genesis, and neutrino mass generation all activate only
after the spontaneous breaking of Gp = 2, x Z’z, or
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equivalently Z, in our case for reasons to be elaborated in
the main text, through the VEV of ®. Interestingly, the
VEV of @ also induces a VEV to S as a result of which both
of its components may not remain stable, in general, at the
cosmological scale. It turns out that the situation can be
improved by enhancing the imposed symmetry to G, =
Gp x CP of the Lagrangian, which keeps one component
of the complex scalar field S stable rendering it as a DM
candidate. We treat this DM as a weakly interacting
massive particle (WIMP) [53] and adopt the standard
thermal production mechanism for its relic abundance
(Qpph? = 0.12 +0.0012 [54]). Our analysis reveals two
distinct scenarios having respective allowed regions of the
parameter spaces where the DM relic density exhibits
different (opposite) dependence on the induced VEV of
S (v,). This turns out to be a salient feature of our work
which has not been reported earlier in the literature.

Spontaneous breaking of a discrete symmetry in the
early Universe can create sheetlike two-dimensional topo-
logical defects known as domain walls (DW) [55]. The
energy density of the DWs scales with cosmic time as
ppw « 71, in contrast to the energy density of matter
(radiation), which scales as pyg) & a7 (a™*) o r73/2(172),
a denoting the scale factor of the Universe. This slower
redshift causes DWs to eventually dominate the energy
density of the Universe (if they are created after inflation),
leading to a cosmological evolution incompatible with
standard observations [56]. This tension is commonly
referred to as the domain wall problem. One can resolve
this issue by introducing a small, explicitly symmetry-
breaking term to the Lagrangian, which will lift the vacuum
degeneracy and make the DW unstable. This will even-
tually help to annihilate the DW network before the
overclosing of the Universe. Crucially, the annihilation
of the DW can produce a stochastic GW background,
potentially detectable by the present and future GW
detectors, as demonstrated for this model.

The paper is organized as follows. Section II introduces
the model. We discuss the scalar potential in Sec. III.
Neutrino masses, leptogenesis, and DM phenomenology
are addressed consequently in Secs. IV-VI. Gravitational-
wave production from domain wall annihilations and
prospects for testing the discrete symmetry scale are
discussed in Sec. VII. We conclude in Sec. VIIIL.

II. THE MODEL

As mentioned in the Introduction, our model is an
extension of a type-l seesaw framework by a complex
scalar field S (one of the components of which acts as DM)
and a scalar field ® as a mediator which connects the DM to
neutrino mass generation and baryogenesis via leptogen-
esis. Hence, the scalar sector of our construction consists of
a scalar potential V(H, ®, S) with @, S and the usual SM
Higgs doublet H. Furthermore, we incorporate three

Majorana RHNs (N;) to generate neutrino masses via a
seesaw mechanism and to explain the observed baryon
asymmetry of the Universe through leptogenesis. The
newly introduced fields are all charged under a generic
discrete Z,, symmetry, for example, while none of the SM
fields have Z, charge: requiring the Lagrangian to remain
invariant under it. A generic field y with Z, charge ¢
transforms as y — e274/"y, a prescription that equally
applies to @, N;, and S. The RHNs charged under Z,
prohibit the standard tree level Yukawa interaction I A N.
Further, the Z, symmetry breaks spontaneously by the
VEV of @, so that additional symmetries (such as 2/, or
Z!, x CP) need to be imposed for the stability of the DM
candidate S.

The Lagrangian of the model, invariant under the SM x
Gp symmetry, encapsulates

yai

—E:)A

M
S NN + V(H.®.5) + He.
(1)

Note the presence of an higher dimensional effective
Yukawa interaction (a possible UV completion is discussed
in Appendix E) term in Eq. (1), involving ® with suitable
charges of Z, symmetry assigned to @, S, N;. Here, the SM
lepton doublet is denoted by I;, H = io,H*, A sets the
cutoff scale of the theory, while {a = e, u, 7} and {i,j =
1,2,3} correspond to flavor and generation indices,
respectively. This higher dimensional Yukawa interaction
effectively generates the standard neutrino Yukawa term
after ® gets VEV, which holds the key to have the seesaw
and leptogenesis. The Yukawa coupling ) is a general
complex 3 x 3 matrix, while the new physics scale A must
be heavier than the heaviest RHN. The possible realizations
of the discrete symmetry groups Z,, under which the
Lagrangian of Eq. (1) remains invariant, are listed in
Table 1. However, the choice of dark symmetry G, = Z5 X
Zh (or Gp = 2,4 X 25, with N; transforming nontri-
vially under Z,,,, ) is not viable, as it forbids the Majorana
mass term for the RHNs. Consequently, the Lagrangian of
Eq. (1) is invariant only under symmetries of the form
Gp = 2Z,, x 2, (or G, = Z,, x 25 x CP). To accommo-
date the Majorana mass term, the RHNs must carry charge
p under the symmetry Z,,, with p being a positive integer
(p > 1). The invariance of the term, 1 H ®N, under this
symmetry then requires the field @ to carry the same
charge p. It is important to note that the irreducible
one-dimensional representations of Z,, correspond to

I, HON; +

2, ={9.9% ....g°"}, with the generator g= e, of
which only ¢?? = ¢?272P/2P = |, and gP = e?"P/?P = —1
are real. Since a real field cannot transform under a
complex one-dimensional representation, ® can be con-
sidered as a real field only if it transforms under a real
representation of Zzp with characters 1 or —1. In our case,
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TABLE L. Charges of BSM fields under the symmetry groups G, (or G,) and the corresponding allowed terms in
the Lagrangian. We adopt the convention that, under the discrete symmetry Z,, the fields can carry charge
g€{l,...,n}. For the CP symmetry, a field is either invariant (denoted by Z) or transforms into its complex
conjugate (with either + or — coefficient).

Charges of BSM fields under the symmetry and allowed terms

Symmetry O Scalar @ N; S % N°N  Scalar DM

Z, x 25 (Gp) (1,2) Real/Complex (1,2) 2,1 v v/ Real/Complex

Z3x 2, (Gp) (172, 2) Complex (2/1, 2) 3, D v X Real/Complex

Z4x 25 (Gp) (2,2) Real/Complex (2, 2) 4, 1) v v Real/Complex

Z,x Z,x CP (G)) (1,2,7) Real/Complex (1,2,Z7) (2,1,S—S"/-S*) v v  Im[S]/Re[S]

Z,x CP (G)p) (2,Z) Real/Complex (2,7) (3,S - S*/ —S%) v v Im[S]/RelS]
® — ¢"® = —®, which is a real representation of A. Choice of symmetry and dark matter stability
2, Hence, one can safely treat @ as a real scalar To systematically address the optimal choice for the
field under this symmetry structure (see also  gymmetry, let us first examine the case where the DM

Refs. [57,58] for analogous arguments in Z, frameworks).
Promoting it to a complex field would introduce an
additional degree of freedom without any essential benefit
and would merely constitute a nonminimal extension of
the setup.

V(H,®,S) of Eq. (1) denotes the scalar potential
involving the SM Higgs doublet H and the dark sector
scalars @ and S. The distinction between different sym-
metries as mentioned in Table I actually arises in
V(H,®,S), which we address shortly. Note that once
the Z,, symmetry is spontaneously broken through the
VEV of ®, the active neutrino masses can be generated via
the dimension-five operator (Y/A)(IH®N) in the
Lagrangian, through the type-I seesaw mechanism after
the electroweak symmetry breaking (EWSB). Thus, the
field @ plays a crucial role in this framework, establishing a
connection between the neutrino sector and the dark sector.
The right-handed neutrino mass matrix M is symmetric and
typically complex. One can choose a basis where M is
diagonal (MY = diag[M, M,, M), but in this particular
basis, the Yukawa coupling matrix ) is nondiagonal. It is
important to note further that under the Z,, x 2 and/or
Z,, x 25 x CP symmetry transformation, with the
charges assigned to N;, ®, and S as in Table I, certain
renormalizable terms such as N°N®, and N°N(S + S*) are
forbidden. The exact choice of the symmetry is elabo-
rated below.

III. SCALAR SECTOR, INDUCED VEV, DARK
MATTER STABILITY, AND CONSTRAINTS

We discuss here the rationale behind the symmetry
chosen for G, and/or G}, from the perspective of induced
VEV and DM phenomenology. The detailed analyses of
most of the possibilities mentioned in Table I are done in
Appendix A. We provide a summary here, indicate the
choice for phenomenological analysis, and the constraints
applicable to the scenario.

particle is taken to be a real scalar S. The scalar potential,
invariant under Z,, x 25, with real scalar ® and S is given
in Eq. (A1). After the EWSB, the DM mass takes the form

AsH Ags
Mé :ﬂ§+7ﬂ2+71}§)

(2)
In the presence of the interaction term [ H ®N, successful
leptogenesis can only occur after the spontaneous sym-
metry breaking of Z,, by requiring vy > 10° GeV [42].
Unbroken Z ensures the stability of DM. Consequently,
achieving DM mass in the GeV-TeV range necessitates a
highly suppressed coupling, Ags < 107'2. Within this
framework, if we aim to study thermal production of
WIMP DM, the scenario effectively resembles to that of
a scalar singlet Higgs portal DM model. However, as
established in earlier studies [59-63], DM direct detection
strongly constrains scalar singlet WIMP dark matter,
pushing the DM mass into the multi-TeV regime and/or
leaving a narrow window of Higgs resonance, where
kinetic decoupling may occur before thermal freeze-
out [64,65].

We now turn to the case where S is taken to be a complex
scalar. The scalar potential with one real scalar (®) and one
complex scalar (S = (s; + iS,)/v/2), invariant under
Z,, x 2}, is given by Eq. (A3). In this scenario, after
EWSB, the two components of S acquire masses as

(Agps — ysl)
L P (3)

A

Mg = ps+ %02 3
The component of § with the smaller mass serves as the
DM particle. In the limit 445 > |4,5| with DM mass in the
GeV-TeV range, both the components of S become nearly
degenerate, and the DM phenomenology essentially
reduces to that of two real scalar singlet DMs. However,
there exists a region of parameter space where one of the
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components of § (either real or imaginary) develops an
induced VEV. This occurs due to the spontaneous breaking
of Z,, symmetry in presence of the interaction terms
Ags®*(S*S) and 2, ®*S* (see Appendix A2 for details).
Such acquisition of induced VEV by one component of §
inevitably breaks the Z/, symmetry, leaving no symmetry to
protect the stability of the remaining component of §
as DM.

An additional symmetry is required to stabilize one of
the components of complex scalar S to became a viable DM
candidate. A natural choice is the CP symmetry under
which S transforms as § — S* (or equivalently S — —S%).
In the presence of the extended symmetry Gp=
Zy, X Z, x CP, we can have a DM candidate even in
the parameter space where an induced VEV is acquired by
one component of § (see Appendix A2 for details).
Importantly, this induced VEV satisfied region allows
for a viable DM candidate with mass in the GeV-TeV
range, which is discussed in Sec. VI. The minimal
symmetry structure for Gj, must therefore be Z, x Z/ x
CP to accommodate a stable scalar DM, or G), = Z, x CP,
which are fully equivalent (for details, check Appendix A 3),
and we continue the rest of the discussion with it.

The most general scalar potential involving the
SU(2), isodoublet H and Z, charged real scalar @
and complex scalar S (charge assignments shown in
Table 1), invariant under Z, x CP x SM symmetry, is
given by

1
V(H,®,S)=-u3H'H — > py®* + psS*S + Ay (H'H)?
1
+ 4—!,1¢q>4 + A(8*S)? + A (S* + (5)%)
1
+ g (S? 4 (8%)%)* + 5/1¢H<D2HTH
1
+ Asu(S*S)HTH + 5/1¢5<I>2(S*S)

+ %(D(Sz + 5%, 4)

Here, we choose 4y, 44 > 0 and p;, g, > 0, which ensure

that the scalar potential V(H,®,S) acquires two stable
minima along the ® and H directions. For the time
being, we restrict ourselves to the case u% > 0. In the
unitary gauge, the scalar fields take the form

H=1d5(3,% ) ®=(®+0y).8= (s +i8))/V2.

Here, v = 246 GeV denotes the VEV of the SM Higgs.
The presence of the ,u¢SCD(S2 + 8§*2) term allows one
component of § to acquire induced VEV (v,) as a
consequence of Z, symmetry breaking. The other (s;
or S,) remains stable due to the imposed CP symmetry
under which s; - —s; (or S, —» —S,) and becomes a
DM. The component which acquires induced VEV
introduces new additional annihilation channels for the

DM, thereby enlarging the DM parameter space in the
GeV-TeV range. The condition for s; to get induced
VEV is given by

2
Hs . AosVo
—fyg > =+ ——. 5
Hes vy 3 (5)
It is evident from the above expression that, if all the
couplings are real and positive, uys must be negative for
s; to develop an induced VEV. Similarly, the condition
for S, to acquire an induced VEV is given by

2
Hs | ApsVy

> 4 =7 6
Heps vy ) (6)

With 4% < 0 and all real and positive couplings, it can be
ensured that an induced VEV for S, results naturally
while s; does not acquire any VEV [a simultaneous
satisfaction of Egs. (5) and (6) is not possible] which is a
manifestation of the imposed CP symmetry on S. This
further ensures the stability of s; making it a viable DM.

The S, can be expanded around the VEV as
S, = (SZ + Us)'

The extremization conditions of the potential lead to the
following relations:

A
Wy = </1HU2 + ﬂv(z/,

ata). o

2

2 ) A
/435 <¢U2 _1_4’5[']1]2_1_‘9‘/{’1)%_”5‘151)2)’ (8)

6 772 2 204 °

A As
Mg = (Ms¢v¢ - % 1)2 - 74) /Ugs - lseffl)?) . (9)
Here, the quantity Ag = (Ag + 24y + 44g) is the effective
quartic coupling for S field. Utilizing the expression for 3,
the mass parameter g, can be expressed in terms of DM
mass as

Mg 482y + Ag)vg
21)45 ’

/’tS(/) = ( 10)

The spontaneous symmetry breaking induces mixing

between the scalar fields with nonzero VEVs, resulting

in the following mass matrix of the scalar sector, expressed

in the (H®S,)” basis:
ZAH’UZ

AprVVg AUV

1 2
M2 — ApHVV 2(%4_”54’:753})”35 (AspVsVp = HspVs)

Asavvy  (AspVsyp — HsyVs) 2’1&””%
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TABLE II.

External and Internal parameters of the model.

External parameters

Internal parameters

M¢,M52,M51,Mi,/\,ﬂ,s/ = A,SH, 1]45,1.)5,912 = 9,913 = (5,923 =w

Aty Ass Ags A Asis Hgss Agps

The following transformation diagonalizes the mass matrix and gives the eigenstates of the physical mass as (hgs,)”:

h C12€13
¢ p—

S> S12523 — C12513C23

—512€23 — €12513523

The quantum field % corresponds to the Standard Model
Higgs boson with a mass of M, = 125.35 GeV [66,67].
The mixing angles between the three scalars are denoted by
012, 053, and 5. For convenience, we use the shorthand
c;j(sij) = cos@,;(sinf;;). The complete list of external and
internal parameters is provided in Table II. Note that the
quartic and cubic couplings in the scalar potential can be
expressed in terms of the scalar masses, their vacuum
expectation values, and the mixing angles among them. Let
us remind finally of the physical scalars that appear after Z,
symmetry breaking in this model, stemming from one
isodoublet, one real scalar singlet, and one complex scalar
singlet,

Before EWSB: H(Higgs doublet), @, S5,
After EWSB: h(SMHiggs), ¢,s,, and

and s,
Sl(DM>

We now offer a brief glimpse into the timeline of the
relevant phenomena, which is examined in detail in the
forthcoming sections. In the early Universe, at a temper-
ature much higher than the RHN mass (Tz, > M), the
discrete symmetry undergoes spontaneous breaking. As a
result, both ® and S, acquire vacuum expectation values.
The phenomenon of discrete symmetry breaking leads to
the formation of domain walls, which can subsequently
annihilate in the presence of a bias term, generating a
stochastic gravitational-wave signal. As the temperature of
the Universe approaches the mass scale of M, lepton
asymmetry is generated through the decay and scattering
processes involving the lightest right-handed neutrino N;.
This lepton asymmetry is converted into the baryon
asymmetry via the nonperturbative sphaleron transitions.
At a later stage, when the temperature falls below the
electroweak scale Tgw and the Standard Model Higgs
acquires its mass, the dark matter candidate s; begins to
decouple from the thermal bath, freezing out at a temper-
ature approximately given by 7'z, ~ M /25. The dynamics
of leptogenesis in this framework primarily depends on the
parameters {M;, v, }, while dark-matter phenomenology is

C12€23 — 812513523

—C12523 — §12513C23

S12€13 S13 H
C13523 D
S>

C€13C23

|

governed by the set of parameters {M, , M , v, c;;}. For
the rest of the analysis, we assume that all scalar mixing
angles are equal and remain small, typically of the order
O(1072) or less (¢;; < O(1072)). Under this assumption,
it is justified to take Mg = M, and Mz, = Mj,. It is also
important to remind of the mass hierarchy that we
adhere to in this setup so that we obtain a thermal
leptogenesis, a thermal DM after EWSB, and a con-
sistent Z, breaking,

A>My> My, >M; >My>Mg, ~M . (11)

IV. NEUTRINO MASSES

We can get the active neutrino mass (m,) from Eq. (1)
using the type-I seesaw mechanism, after @ gets the VEV,
as given by

m, = vy, Myl (12)

Here, the effective coupling y, can be written in terms of @
VEV as y,,; = (Vaivy)/A while the RHN mass matrix M
can be considered as diagonal MY without loss of
generality. This light neutrino mass matrix m, can then
be diagonalized using Upyng matrix (which embeds the
neutrino oscillation data in terms of three mixing angles)
via m, = UpynsD, Upvns, Where D, corresponds to the
diagonalized light neutrino mass matrix. Using the Cassas-
Ibarra parametrization, we can express the coupling y, in
terms of low-energy neutrino oscillation data (though
Upmns and mass-squared differences for hierarchical neu-
trinos) as

2 .
v, :i_Uf,MNS\/D,,RT\/ Mdiag, (13)
v

Here, R is the complex 3 x 3 orthogonal matrix para-
metrized by complex angle zp =a-+ib. It is worth
mentioning that a dimension-five operator of the form
DINN /A, consistent with the model’s symmetries, could,
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in principle, be present. Once @ acquires a VEV, this term
would contribute to the effective light neutrino mass.
However, such a contribution can be absorbed into a
redefinition of M.

V. LEPTOGENESIS FROM DECAY AND
SCATTERING OF HEAVY RHN

The lepton asymmetry in the present scenario is
generated through both the decay (N < I[H, N <> [ H)
and scattering (N® <> [H, N® < [ H) processes,1 sim-
ilar to [40]. It is important to note that the significant
amount of nonzero CP asymmetry from these processes
arises only after the ® field acquires VEV.> This
requirement stems from the necessity of interference
between tree-level and one loop-level diagrams, with the
relevant NIH vertex (appearing in both the loop con-
tributions and in the tree-level scattering N® < [H, see
Fig. 1) being generated only after the spontaneous
breaking of the Z, symmetry. Furthermore, assuming
that the symmetry-breaking temperature satisfies
Tz, > M,, the right-handed neutrino (N;) remains in
thermal equilibrium through inverse decay (/H — N) and
scattering interactions. We can quantify the decay and
scattering-driven CP asymmetry as

['(N; - IH)-T(N; - [ H)
(N, - IH)+T(N; - [H)’
y(N;® — [H) —y(N;® — [H)
y(N® — [H) +y(N,® — [H)’

and

&pi =

£g; = (14)

Here, I'(N; — [H) = (y,y,)M, /167 is the decay width
of Ny, and y(ab — cd) is the reaction density of the
2 <> 2 process defined as

T _|P VE
y(ab — cd) :512716/dE| \U(E;NKI (T)

< [ dQIME, (15)

In this expression, T denotes the bath temperature, K is
the order one modified Bassel’s function of the second
kind, and |[M|? is the squared matrix element of the
scattering amplitude (summed over initial states and
averaged over final states). The symbols P and Q refer
to the initial and final state momenta in the center-of-mass

'Note that there are other 2 — 3 and 2 — 4 processes in the
model which produce negligible CP asymmetry compared to the
decay and scattering processes mentioned here, which we neglect
for simplicity.

One can have nonzero CP asymmetry generated from the
scattering and three body decay (N < [H®, [H® <> N) proc-
esses before the Z, breaking, but the asymmetry is highly
suppressed due to the presence of two-loop diagrams.

FIG. 1. Various tree and one-loop diagrams that contribute to
the CP asymmetry parameters &, and &g.

frame, respectively, while Q represents the solid angle.
The integration variable E ranges from the lower limit
E in = max|(m, + m,)?, (m. + my)?] to the upper limit

E.x = A. Finally,” we can get simplified analytical forms
for these CP asymmetry parameters as [76],

o= Ly O (08
874z (v t\M7
3 1 Im[(yy,)}]

N— - (for x> 1),
167 4 VE ()i

and [40]

2 o~ L Im{(viy,)

£g) N — (for E> M?,, x> 1).
167 = VX (v

(16)

Here, f, s = X[l +75+ (1+x)In{&] is the loop

function coming from both vertex and self-energy diagrams
with x = M37/M3. Below are the relevant coupled
Boltzmann equations to study the number density of @,
Ny, and AL = -1,

*Here, we do not include flavor effects in leptogenesis for
simplicity; for details see [68—72]. Moreover, the reheating
temperature in this scenario is expected to be sufficiently high
to ensure that the heavy seesaw states decay during the radiation-
dominated epoch. If the decays were instead to occur during a
prolonged reheating phase, the standard flavor regimes relevant
for leptogenesis would be altered [73-75].

055053-6



EXPLORING LEPTOGENESIS, WIMP DARK MATTER, AND ...

PHYS. REV. D 114, 055053 (2026)

Mg =40 TeV, M, =5 x 10" GeV, Zr = 0.6367 + 0.28i
T T

1072E

M, =40 TeV, v, =10° GeV, Zp = 0.6367 + 0.28i
T I

— Yy, — Yy,
— v, =10 Gev § M, =5 x 10° GeV
1074k ] 10-4E . 3
— v =10° GeV — M, =5 x 10" GeV
3 3
1075E — v, =10°GeV ] 10-6L — M, =5x102GeV ]
— v, = 107 GeV g |
>~ 1078 \ 1 > 108k 3
4
10710 10-10F ‘\ :
10°12 10-12 E
10714 10-14E E
s !
10° 10! 102
M
1
7= —
T

FIG.2. Left: plot for total lepton asymmetry |Y 5 | for different v, values. The dashed gray line indicates the correct lepton asymmetry
necessary to create the observed baryon asymmetry. Right: plot for total lepton asymmetry |Y,; | for different M, values.

dYe 1 Yo |\, (Yo
dz  sHz|"® YilYe T Yo

5<5”><1><I>
+ H—Z(Y<2D -Yg),

)

(17)

dy 1 Yy YyYo
O P (A SNTe g )8
dz sHz lyD (Yf\? ) Trs <Yf\?Yf§ (18)

=—|ypéep| = — €| —sg—=ea —
dz  sHz |"PP\y 7S\ years

1 Yar
sHz2Y}!

(rp +7s)- (19)

Note that the yield is defined by Y9 =2, \where n(«d)
denotes the equilibrium number density, and s =
0.44¢,T3 is the total entropy density. The Hubble
expansion of the Universe is given by H =
1.66\/g_pT2/Mpl with g, and g, representing the relative
effective degrees of freedom for entropy and radiation
energy density, respectively. The dimensionless param-
eter z is defined as z = M /T, and y4 denotes the total
reaction density for @ decaying into Higgs isodoublet
and S, particles (at this era, before the EWSB, H and S,
are the relevant fields), i.e., Yo = Youn + 705,35, (CV)oo
represents the sum of all the thermal average cross

sections of ® (®D — HH, S,5,,s,s;). All other nota-
tions are the same as [40]. The reaction density y is
given by

K (z)
K> (z)

y(a = bc) = n* I'(a - be), (20)

where K, are the modified Bessel’s functions of the
second kind. The expressions for the total reaction
density of decay and scattering (for 7 > M) processes
responsible for creating lepton asymmetry are (see
Appendix F)

T 4
yoy,) M
2y(N;® - IH) = yg~ (32ﬂ2)71fc(M17 v{/,,z),
T 4
yoy,) M
2y(N; = IH) =yp = 7(32 Z)flKl(Z), (21)
Tz

where f.(My,vy,z) = Mi/(v3n’2’) is the dimensionless
quantity.* During the freeze-in of the lepton asymmetry,
around z ~ (10-20), if the scattering rate y, dominates
over the decay rate yp (;’—Z zf”(AK/I]]i(ZL)"’Z) 2 1), a portion of
the produced asymmetry is partially washed out by
scattering processes [see Eq. (19)]. We have shown
|Yar| as a function of z = % in Fig. 2 as the solution
of the coupled BEQ (19). In the left panel of this figure,
we fix the mass of the RHN N, at 5 x 10! GeV and
vary the value of vy, indicated by different colors: blue
(vy = 10'° GeV), orange (v, = 10° GeV), green
(vy = 10® GeV), and red (v, = 10" GeV). As the value
of v, decreases, the generated lepton asymmetry also
decreases due to the enhancement of the scattering rate

7s» which scales as ys o M}/vj, from Eq. (21). In the
right panel of Fig. 2, we fix vy = 10° GeV and vary M,

over three values: 10'° GeV (cyan), 10! GeV (brown),
and 10'2 GeV (violet). As M, increases, 7 also becomes

*Note that while solving Boltzmann Equation (BEQ), we use
the full numerical estimate of yg, while the approximate analytical
forms highlight the parameter dependence.
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larger [see Eq. (21)], resulting in a decreasing trend of the
lepton asymmetry. Additionally, it is worth mentioning
that for M,=5x10'"'GeV, we require a minimum
Vg~ 10° GeV, as discussed in [40], to successfully repro-
duce the observed baryon asymmetry of the Universe. The
key physical parameters governing leptogenesis in this
scenario are M;, v,. Since My < M; and vy < vy, their
contributions to leptogenesis are negligible. Although
variations in v, M ,, and M, affect the scalar
couplings of the model, these changes have no signifi-
cant impact on leptogenesis as long as all scalars
remain in thermal equilibrium. It is also worth noting
that while Fig. 2 assumes an initial thermal abundance
of both N; and ®, we have verified that the final
asymmetry remains unaffected even if their initial
abundances are set to zero. This is because inverse
decay processes (IH — N;, HH — ®) and annihilation
channels (HH — ®®, [H — ®N) can efficiently pop-
ulate N; and @ during the evolution, allowing them to
quickly reach thermal equilibrium before the asymmetry
freezes in, thanks to their interactions with the thermal
bath via scalar couplings.

VI. WIMP DARK MATTER AND THE ROLE OF
INDUCED VEV

Owing to the sizeable coupling between the scalar DM
(s1) and other scalars (¢, H, and s,), s, is likely to stay in
equilibrium with the thermal bath particles, with its
interaction exceeding the Hubble rate at T = M,

ng (ov) e > H(T = M), (22)

and freezes out, yielding a WIMP like DM. The effective
annihilation cross section of DM is obtained by summing
over all the final state particles that it can annihilate to (see
the diagrams in Appendix D, Fig. 11)

<O-U>eff = <Gv>slsl—>SMSM + <Gv>sls]—>¢zf) + <G”>slsl—>¢h
+ <6U>slsl—>hh + <61}>sls1—>¢sz + <Gv>sls1—>hs2
F(00)55,5,5, (23)
where (60),,_,.4 denotes the thermal average cross section

of the process ab — cd. To obtain the freeze-out of DM
(s1), one needs to solve the following BEQ [53] [Eq. (24)]:

T4 3Hn,, = ~{on)u (= 1) = (D)o, (s, —19)
= (D hosys, (15, = 1)
= (D)syss, (15, = 1), (24)
where (I'),,_, . is the thermal average decay width of the

process a — bc. The relic density of the DM is mostly

independent of the production processes (<l“>*_,sls1 ) as they
help DM to equilibrate and is inversely proportional to the
effective thermal average of annihilation cross section

2 1
as Qq h” o .

A. Effect of the induced VEV on the dark matter
relic abundance

We focus on the DM phenomenology in the MeV-TeV
mass range. As s g As s hs As;s;s,0 Asys,s,0 a0 Ag g, are the
relevant vertex factors associated with the DM annihilation
cross sections used in the computation of the DM relic
density. Approximated analytical forms of these vertex
factors are provided in Appendix D. We investigate the DM
relic abundance in two different parameter regimes of the
model, showcasing contrasting dependencies on the
induced VEV (v,): case-I, where v, is large, and case-II,
where v, is small, as indicated in Table III. For case-I, the
triple coupling /s, , [see Eq. (D1)] increases linearly with
v, [due to the first term of the second relation of Eq. (D1)],
whereas for case-1I, the same coupling varies inversely with
v, (due to the second term of the same relation). Since the

DM relic depends on g g, as € h? « ﬁ, the behavior
S]Sl

of the DM relic density differs between case-I and case-II.
In case-I, the DM relic density decreases with increasing vy,
whereas in case-lIl, it increases with increasing v,. This
phenomenon is illustrated in Fig. 3. The left and right
panels of Fig. 3 correspond to case-I and case-II, respec-
tively, with the mass of s, fixed at 400 GeV. For both
scenarios, we investigate the variation of the DM relic
density across three distinct mass regimes of the DM
candidate s.

(i) Regionl (Mg, < My: when DM mass is below the
SM Higgs mass (M; = 125.1 Gev), all DM anni-
hilation cross sections to SM processes are mediated
dominantly by SM Higgs. A sharp dip occurs in the
relic line at My, = % due to the Higgs resonance,
which significantly enhances the DM annihilation
cross section, thereby reducing the relic density. A
wider dip near Mg, ~ 80 GeV and a shallower dip
near Mg ~ 91 GeV appear in both plots of Fig. 3.
This dips appear due to the presence of s;s; —
W*TW~ and s;s; = ZZ processes which becomes
kinematically accessible from this mass range.

TABLE III. Values of M,, v, and (s;;) along with the
corresponding value of Ag, Ag for the explanation of the DM
relic for two specific scenarios, case-I and case-II. We fixed the
value of vy, i.e., Z, breaking scale at 10° GeV.

Scenarios M, (GeV) v, (GeV) Ag = Agr Sij
Case-1 4 x 10* {10%-10%} 107 0.01
Case-II 5% 10* {10%-10*} 107 0.02
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FIG. 3. Variation of the DM relic density with DM mass (M) for two cases of our interest. Case-IL: large v, on let left. Case-II: small

v, on the right. We also varied the parameter v, for both cases, shown by red, green, and blue representing increasing values of v,.

Parameters kept fixed are mentioned in the heading and inset.

(i) Region2 (M, <M, < My : the process 8| — hh
becomes kinematically favorable when My > M,
resulting in a drop near M, ~ M), in both scenarios.
For both the plots of Fig. 3, this dip becomes

shallower as v, increases. This occurs because the
2

. M2 T .
coupling Agy ~ -2 weakens with higher v. Since
(ov) «x A2,, the cross section decreases with in-
creasing v, causing the dip to gradually diminish.

. M,
We also observe a second sharp dip near Mg ~ —*
due to the resonance enhancement of the process
$1S; — hh mediated by s, in the s channel inter-

M

action. A dip near M ~ %M’ is observed due to
the kinematically favorable process s;s; — S)/.
This dip is more pronounced in case-I for higher
v, values, while in case-II, this effect is negligible
and only mildly visible for v, = 300 GeV. Unlike
the s;s; — hh process, the effect of this process
becomes prominent at higher v, in case-I, whereas in
case-II, this only appears for lower v,. The s, pole
plays a more significant role in this process, making
the s, mediated s channel diagram the dominant
contributor to the cross section, rather than the 4-

point diagram (/\/l‘stz’7 W~ Asy 1114_55) The matrix am-
plitude for the process ;8| — S,/ via s, mediated s
channel diagram is provided in Eq. (D2). From
Eq. (D2), it is evident that for case-I with My, =
400 GeV and v, > 20 TeV the matrix amplitude M
scales as /\/lg2 » & vg. In contrast, for case-II,
Mg, % This scaling explains the dip near Mg, ~

M, +M, . . .
—2—" in the DM relic density. In case-I, as v,

increases, the matrix amplitude M grows, enhanc-
ing the cross section of the process s|s; — s, /. This

leads to a more prominent dip at higher v,. Con-
versely, in case-II, M;z , decreases with increasing
v, suppressing the cross section and making the dip
vanishing only except for lower v.
Region3 (M, > My,): here, we should mention that
we vary the DM mass up to 2 TeV and neglect the
effect of heavy scalar M, in DM phenomenology for
simplicity. We observe a dip near Mg ~ Mg, due to
the new contribution from the DM annihilation
process of s;S; — $,8,. Similar to the s;s; — s,h
process, in this process, also the more dominant
contribution comes from the s, mediated s channel
diagram. The matrix amplitude for the s, mediated s
channel diagram of the process s;s; — 8,8, is Mg .
In case-I, Mg, o« v, [see Eq. (D3)], while in case-II,
Mg s, Ul [see Eq. (D3)]. In case-I, the dip becomes more

(iii)

pronounced at higher v, due to the enhanced cross section,
while in case-II, it diminishes with increasing v,. The
influence of s, mass on the DM relic is illustrated in Fig. 4,
where M, is varied in three specific ranges for both case I
and case II. For case-I, v, values of 40 TeV (left panel) and
200 TeV (right panel) are shown in the upper row of Fig. 4.
For case-Il, v, values of 0.3 TeV (left panel) and 1 TeV
(right panel) are displayed in the lower row of Fig. 4. For
both cases, when the DM mass is below W boson mass
(My), most DM annihilation processes occur predomi-
nantly through SM Higgs-mediated s-channel processes.
As a result, the influence of M, on the DM relic is not
significant when Mg < My. As discussed above, for a

. M, +M,

higher DM mass (M, > —2%—), the processes 85| — S,/
and s;S; — s,8, are the dominant DM production chan-
nels. In case-I (where Mg, (Mgys,) oxvy), as M,

increases, the matrix amplitudes Mg s, and M , decrease

[see Egs. (D2) and (D3)] leading to a reduction in the cross
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FIG. 4. Plots for relic density as a function of DM mass are shown for different ranges of My, . The upper row illustrates case-I, with the
left (right) panel corresponding to v, = 40(200) TeV. The lower row represents case-II, with the left (right) panel corresponding to

vy =0.3(1) TeV.

section. Consequently, the relic density increases for a
higher mass range of s,. A similar pattern is visible in the
right panel of the upper row of Fig 4. In the case of the top
right plot, v, is increased, which leads to a reduction of the
relic abundance, primarily driven by the enhancement of
Asy, which in turn boosts the annihilation cross section. In
case-Il (with v, < 10* GeV and M, > 200 GeV), the
second terms of the couplings As g, and g, [see
Eq. (D1)] dominate over the first terms. The matrix
amplitudes Mg, ocﬂ/lv—sj2 and Mg , o<ﬂ/lv—%2 increase with
Ms,, enhancing the cross section for .5151 — S,h and
S1S; — $58,. This leads to a decrease in relic density
(for My, > My, ), as clearly shown in the lower row of
Fig. 4. Additionally, a rise in v, (in the lower right panel
plot for case-Il) diminishes the coupling Agg;, [see
Eq. (D1)], reducing the DM annihilation cross section to
SM particles. Consequently, for a fixed My, the DM relic
density is higher in the right panel plot of case-II compared
to the left one.

In Fig. 5, we present the correct relic-allowed points in
the My — M, plane for both case-I (left panel) and case-II
(right panel). All other parameters are fixed as previously
mentioned to explain Fig. 4. Here, M, is varied across the
range {200 — 1200} GeV. In the left panel of Fig. 5, where
for v, =40 TeV (shown in blue color), the correct DM
relic density is achieved near the vicinity of the SM Higgs
pole (depicted as the Mg = M,/2) and s, pole (repre-
sented by M, = M, /2 line), complying with Fig. 4.
Across the narrow region on either side of the M =
M, /2 line lies the underabundance zone, while the rest of
M, — Mg, parameter space represents the overabundance
region for v, = 40 TeV. For v, = 200 TeV (represented
by magenta line), apart from the two poles, relic-satisfied
points also emerge near Mg = M, line and M, ~
900 GeV for the parameters used in this analysis (see
the upper right panel of Fig. 4). However, since the cross
section of s;8; — §,8, increases with increasing My, this
effect is only observable upto My, ~ 8380 GeV. Also, for
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v, = 400 TeV, an underabundance region appears between
My, =M, and M, ~900 GeV (for Mg <900 GeV),
along with the narrow zones on both sides of the M
My, /2 line. The right panel of Fig. 5 demonstrates the case
IT scenario. For v, = 0.3 TeV (shown in blue), a wider V
shape (divided by My = M, /2 line) region is observed
compared to v, = 1 TeV (shown in magenta). This occurs
because in case II, as v, increases, the cross section of the
process $1S; — S$,8, decreases [see Eq. (D3)] leading to an
increase in relic density. Inside this V shaped zone lies the
underabundance region similar to case-I, while the over-
abundance region lies outside. For v, = 0.3 TeV, the
overabundance area forms a disclike region near the My =
M, line. As M, increases, the cross section of the process
S1S| — S8, also rises, reducing the DM relic density. As a
result for Mg, > 916 GeV, all regions satisfying Mg, >
M, /2 fall into the underabundance category for
vy, = 0.3 TeV.

B. Direct detection prospects

Direct detection (DD) experiments provide a powerful
avenue to probe thermal DM through its elastic scattering
with nucleons or electrons in the underground detectors.
Although no positive signal has been observed so far,
stringent upper bounds on the DM-nucleon scattering cross
section have been set by experiments such as XENONIT
[77], XENONNT [78], LUX-ZEPLIN [79], and the pro-
jected sensitivities of DARWIN/XLZD [80] and PandaX-
xT [81]. In our model, DM interactions with nucleons
relevant to direct detection primarily proceed via spin-
independent (SI) scattering, mediated by t-channel
exchange of three scalar particles (%, ¢, and s,), as depicted
in Fig. 6.

The spin-independent DM-nucleon scattering cross sec-
tion is [82—-84]

GSI :& fnﬂnmn 2 ’Islsthll_f_’lslslszUIS /1515]{/,(]12 2
PP dan \ Mg, v 1=M; o i=MZ =M}
r;()]i Futtamy \? ﬂsls,hUn_i_ﬂslslszUm /lsls]qSUlQ 2
dr \ Mg v M%l Mgz Mi
Isi (fubtamy\? L TP
R—|——— ] |16s13(Ay + Ay —+— |,
A Mslv S13( st As )vs M%_FMEZ
(25)
where fg = g};‘w is the fractional DM density in our case

fs, = 1, expressions for all the vertex factor is already
givenin Eq. (D1), m,, = 0.946 MeV is the mass of neutron,

m, Mg .
u, = ——=1 1is the reduced mass of the DM-neutron
n m,ﬁ-Msl
S1
S1
N
1
1
I
: h7 ¢7 So
I
1
1
I
n
n

FIG. 6. Relevant processes for spin-independent DM-nucleon
scattering.
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FIG. 7. The relic allowed parameter space is represented in My — aﬁ}sl plane for both case-I and case-II scenarios.

system, and f, = 0.308 4 0.018 [85] is the nucleon form
factor. Also, U is the unitary matrix [see Eq. (11)] that
diagonalizes the mass matrix and gives the physical mass to
the scalars 4, ¢, s,. While deriving Eq. (25), we assume the
hierarchy of scalar masses My > M, M, and the hier-
archy between the scalar VEVs v, > v.

The dependence of the spin-independent direct detection
cross section, oy, on the parameters My, and v, is clearly
illustrated in Fig. 7. For both case I and case II, opy,
increases with increasing v,, while it decreases with
increasing M, , as also evident in Eq. (25). The left panel
of Fig. 7 clearly demonstrates that in case-I, with v, =
200 TeV and 6;; ~ 1072, the majority of the parameter
space is excluded by direct detection constraints, leaving
only the higher mass region (M) as experimentally viable.
For v, =40 TeV, we have a larger parameter space
allowed by DD experiments, but future experiments can
also rule out most of that. A viable approach to evade the
DD constraints in case-I is to consider smaller mixing
angles, such as 6;; ~ 10~ or lower [see Eq. (25)]. This
region of parameter space will be particularly relevant when
we investigate the gravitational-wave signatures arising
from domain wall annihilation. It is worth mentioning that
the DM analysis has been carried out with v, = 10° GeV.
We have also verified that increasing v, does not alter our
conclusions, as the ¢ field, being heavier, decays entirely
into other scalars of the model well before the DM freeze-
out, rendering it irrelevant to the DM relic abundance.

VII. DOMAIN WALL ANNIHILATION AND
GRAVITATIONAL-WAVE SIGNALS

This section examines the phenomenological conse-
quence of discrete Z, symmetry breaking and its potential
as a probe to test the model via gravitational-wave signals.
As mentioned earlier, initially our model respects a global
Z, symmetry, which is spontaneously broken when the
field @ acquires a nonzero VEV, (®) = +v,. Spontaneous
breaking of the discrete symmetry leads to the formation of

a network of domain walls [55,56,86]. These walls were
formed at the boundaries that separate the regions where
the field settles into different vacuum states, +v, and —v,.

The DW energy density, given by ppy = ¢ ~ % (here, o is

the surface energy density of the DW), decreases more

slowly than the radiation energy density, pg =~ % g,T" .

As a result, DWs eventually dominate the Universe’s energy
density when ppw ~3M%H (Mp is the reduced Planck
mass), indicating the timescale of the order of O(MT?’) [87] for
the domination of DW to begin. This alters the Universe’s
evolution, which is in contrast with CMB observation.

One possible approach to resolving the stable DW
problem is to incorporate soft Z, breaking terms, which
will create an energy difference between these minima. The
inclusion of the energy bias term makes the DW unstable,
leading to its eventual collapse before overclosing the
Universe. With the three scalar fields in our hands, we
can have various combinations for the energy bias term.
One of the cases is the one below,5

AV = ud®3 —|—y¢H®H+H + Upss @SS + (4, @3S + H.c.)
&

A

C
+- 1S+ 2o’HTH

+ (A,8"SS® + He.) + 1

c
+X3¢(HTH)2 4,

(26)
where p, pyy, and g are the couplings with mass
dimension, while A; and 1, can generally be complex
quantities. In our analysis, we showed that we need vy >
10° GeV to obtain the correct order of the asymmetry,
as predicted by PLANCK. The parameter v, plays a
crucial role in WIMP-like DM phenomenology of
our model. We can have the correct DM relic with

3 Although we remain agnostic about the origin of the domain-
wall bias term, one can get it from higher-dimensional operators
(with cutoff scale, Apg > 10" GeV) induced by quantum-
gravity effects that explicitly break discrete symmetries [88,89].
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The above plots depict the upper bound on A imposed by the dark matter stability condition, considering the Universe’s

lifetime. In the left panel, different shaded regions represent different mixing angles with v, fixed at 10° GeV, while in the right panel,
they correspond to different values of v, with the scalar mixing angles (¢, 8, w) fixed at 107,

300 GeV < v, < 10° GeV. This indicates that in our
model we have the condition v, < v,,. With the assumption
of C; very small, we can safely drop dimension-five
nonrenormalizable terms from Eq. (26). Now, we can write
the energy bias term as

Vhias = MU‘; +2 Re[ﬁl}v;ys. (27)

As long as u ~2Re[4,]v,, we have to take into account
both the term in Eq. (27) while performing gravitational-
wave signal analysis. However, for u > Re[4,]v, the peak
amplitude and peak frequency of the GW will predomi-
nantly depend on two parameters v, and u. Below the
electroweak scale, the presence of (1,®3S + H.c.) and
(A,(8*S)S® + H.c.) terms will make DM unstable (2,
breaking term). With the introduction of these terms, DM s
can decay to ¢, s, and SM Higgs (h). Assuming the SM
Higgs is the lightest scalar, the most dominant decay
process will be s; — hh. To make the DM stable during
the Universe’s timescale, we have to satisfy the condition

Queach? = 1.5 x 10710 x <€GW) <

0.7

1
[,mnn £ =% 6.58 X 1072 GeV, (28)
T

where 7 is the lifetime of the Universe (7= 4.3 x 10!7
seconds). From Eq. (28), we get an upper bound of the
coupling 4; which is depicted in Fig. 8 (for simplicity, we
take A; = 4, = 2). For the left panel (of Fig. 8), we consider
the VEVof @, (@) = 10° GeV, increasing v will increase
the decay width I'g _,;, which will eventually decrease the
upper bound on the coupling 4; as depicted in the right
panel of Fig. 8. Introducing V;,, will resolve the vacuum
degeneracy and make the DW unstable. The energy differ-
ence between the two minima will create a volume pressure
force, py ~ Vi, Which acts upon the walls, causing the
negative VEV ({¢) = —v,) region to shrink. When the
volume pressure force overcomes the tension force py of
the wall, the domain walls begin to collapse and annihilate,
producing a significant amount of GW, which may persist
as a stochastic background in the current Universe. The
peak amplitude (Qgwh?) and the peak frequency (f, peak) Of
the GWs at the current time can be expressed as [90-93]

A /3

47107 GeV*\ 2 12
1.41)< Viias )(107 GeV> ’

(29)

V..
bias (30)

141\ 1/2 12 (107 GeV\3/2
~ -5 — 1/3
fpeak ~ 1.4 x 107 Hz x < ) <107 GCV4> ( ol/3 ) ’

A

The area parameter is selected as .4 = 1.41 £ 0.3 based on the axion model N = 4 [94]. In the scaling regime, the
efficiency factor € = 0.7 [90] is treated as constant and extracted from the numerical simulation. The surface energy density,
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FIG.9. Wefixed v, = 10° GeV for the top left, top right, and bottom left panels. Bottom right panel: 1, = 107!, 4 = 107'® GeV. For

all of the above plots, we fixed M, =4 x 10* GeV.

denoted as ¢ and also known as the tension of the domain

3

wall, is expressed as ¢ = @ While calculating the
above expressions [Egs. (29), (30)], we consider two
crucial assumptions. DWs collapse during the radiation-
dominated epoch of the Universe, and the collapse happens
instantaneously. The shape of the GW spectrum can be
approximately represented by the broken power law, as
demonstrated in the following equation [95,96]:

(a+p)
(axﬂ/r +/}x—a/y)7 ’

QGth = gzpeakh2 (3 1)

f

Jpeak
representing the spectral slopes of the GWs at f < f ek
and f > f .., respectively. The parameter y represents the
width around the peak of the GW. Although a = 3 is fixed
from causality, we need help from numerical simulations to
determine £ and y. Recent studies suggest f~y ~ 1 [90].
The GW signals corresponding to various choices of model
parameters are shown in Fig. 9. The experimental sensi-
tivities of SKA [97], GAIA [98], EPTA [99], THEIA [98],

where x = and a, f are the two real positive numbers,

uARES [100], LISA [13], DECIGO [101-103], BBO
[15,104,105], ET [106-109], CE [110,111], and LIGO
[110,112,113] are represented by shaded regions in differ-
ent colors. The region shaded in red is excluded from N
[114-116].°

We have fixed the scalar mixing angles 0 = o =6 =
10~* and set v, = 10° GeV for the two panels in the upper
row and the left panel in the lower row of Fig. 9. Mg, =
200 GeV and My = 40 TeV are taken as constant for all

®The energy density of the GW (pgyw) varies with the scale
factor (a) of the Universe as, pgw o« a~* [117]. Hence, GW can
act as an extra relativistic species (in addition to those of the SM)
in the radiation-dominated era, and pgyw should be less than 20%
of the total energy density of the Universe at Big Bang
Nucleosynthesis (BBN) (Tgpy ~ 0.1 MeV). This constraint can
be written as

7(4\3
Qg < QY (H>SANeff = 5.6 x 1075 AN,

where the superscript O indicates the value of the quantity at
present time, and €2, is the photon relic density of the Universe.
Here, we use AN < 0.2 from the PLANCK 2018 [114] data.
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FIG. 10. Parameter space of the model to simultaneously explain neutrino masses, baryon asymmetry, and dark matter abundance, for
M, =5x10" GeV, u = 1078, and A, = 102!, The solid gray lines represent JSpeak contours for the GW, whereas the dashed lines
signify the sensitivity curves of various gravitational-wave detection experiments (current and future). The black region is excluded due
to overproduction of GWs, which is incompatible with the BBN prediction. In the blue region, N¢ scatterings can be neglected, while
the gray and red shaded regions are excluded by BBN and leptogenesis, respectively.

the plots of Fig. 9. In the top-left panel, we show the effect
of varying the coupling 4 = 4, while keeping the model
parameters fixed at y = 107! GeV and v, = 10° GeV.
Changing A, affects the bias term (Vy;,,) but does not alter
the surface energy density (o) of the domain wall (DW),

. . M, . .
since v, is fixed and 4; L—f also remains constant. With
¢

increasing A;, Vyi,s Will also increase, which in turn leads
to lower Q... as predicted by Eq. (30) and observed in

this plot. In contrast, with increasing 4y, fpex also
increases [see Eq. (29)], as is evident from the plot.
Similar reasoning applies to the cases of varying u and vy,
as illustrated in the top-right and bottom-left panels of
Fig. 9. In the bottom-right panel of the plot, the solid and
dashed lines correspond to v, = 10° TeV and
vy, = 200 TeV, respectively. The blue and red curves
represent v, = 10° GeV and v, = 10'" GeV, respec-
tively. In Fig. 10, as v, increases, both Vi, and o
increase. However, since €., is primarily governed by o,
scaled as ¢, a larger vy corresponds to a higher Qp.,, as
shown in the graph. Depending on the specific combina-
tions of {4;,u,v,,v,}, the gravitational-wave spectrum
lies within the sensitivity range of current and upcoming
GW experiments. Figure 10 depicts the parameter space
allowed for our model that is accessible to current and
upcoming GW detectors. The sensitivity curves for vari-
ous GW experiments are shown as dashed lines in the
vy — v, plane with y and 2, fixed at 107'® GeV and 1072,

respectively. Gray colored contour lines indicate different
GW peak frequencies across the parameter space. As
discussed earlier, the plot further confirms that below a
certain value of v, (where u>>2Re[l;|v,) the peak
frequencies of the GW become independent of v, and
depend only on v, [see Eq. (27)]. The blue region on the
right denotes the high v, regime where N® scattering
becomes negligible, effectively restoring the canonical type-
I leptogenesis. The red region on the left indicates param-
eter values incapable of generating the observed baryon
asymmetry due to strong washout from N¢ scatterings for
low vy [see Eq. (21)]. These exclusion regions correspond
to the specific choice of M, =5 x 10'! GeV. For larger
(smaller) M, these regions shift to higher (lower) values of
vy, since for fixed vy, the reaction density yg grows with
M, enhancing scattering-induced washout [see Eq. (21)].
In Fig. 10, we show three benchmark points (listed in
Table IV) that simultaneously account for DM

TABLE IV. Set of benchmark values of vy, vy, Mg, and Mg,
that satisfy the observed baryon asymmetry as well as the
corresponding DM mass that reproduces the observed DM relic
abundance and also satisfied the direct detection bound.

Benchmarks v, (GeV) vy (GeV) Mg, (GeV) Mg, (GeV)
BPI 5.8 x 10° 10° 335 400
BP2 57 x 10* 1.6 x 10'° 395 328
BP3 3.4x10° 1.5x 102 180 354
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abundance, neutrino mass, and baryon asymmetry. BP1
and BP2 inherits the effect of scattering in achieving
correct lepton asymmetry, whereas BP3 stands for usual
decay dominated leptogenesis scenario. We would also
like to mention that different sensitivity curves for
different GW detectors in Fig. 10 have been evaluated
using the signal-to-noise ratio (¢ = 20) [118,119],

Foo Qo (F\2]1/2
0= |:ndettobs/. df(ggiléj:))) :| . (32)

VIII. SUMMARY AND CONCLUSIONS

We propose a unified framework that simultaneously
accounts for neutrino mass generation, baryogenesis via
leptogenesis, and dark matter production by extending the
type-1 seesaw mechanism with a scalar mediator ® that
couples a complex dark scalar S to right-handed neutrinos
N;. In particular, two features make this model special, one
an effective dimension-five term [ A ®N and two the scalar
potential [V(H,®, S)]. The model inherits a dark sector
symmetry, which governs the form V(H, ®, S) and dictates
the phenomenology of the model. One of the most
interesting choices of the symmetry can be Z; x CP,
which spontaneously gets broken by the VEV of @ (v,),
which in turn instigates neutrino mass generation, and
lepton number asymmetry. v, induces a VEV to the
complex scalar (v,), keeping one component s; stable,
as the DM candidate due to the imposed CP symmetry,
while allowing a rich phenomenology beyond the simplest
Higgs portal framework.

DM phenomenology is crucially dictated by v,. When we
assume the DM to be a thermal WIMP, the annihilation
cross sections are dictated by the triple scalar couplings,
which depend on v,. When v, is large, the contribution to
the couplings are directly proportional to »,, whereas when
v, 1s small, the effect comes from inverse dependence,
marking a sharp distinction between these cases. As a result,
relic density plus direct search allowed parameter space
favors small v, < 10* GeV, while the larger v, region
partially lies within exclusion limits. Leptogenesis, on the
other hand, is governed by the standard RHN decay, as well
as the scattering term involving @ which contributes to
washout. Importantly, the saturation of lepton asymmetry is
also crucially governed by the VEV of @ (v,). To address
the observed baryon asymmetry, we achieve a lower limit on
vy 2 10° GeV. Neutrino mass generation relies on the Z,
symmetry breaking, although the active neutrino masses do
not pertain to a specific v, having the Yukawa coupling
on board.

The discrete symmetry breaking creates cosmological
domain walls that can over close the energy budget of
the Universe, so that we need to incorporate soft Z,
breaking terms to annihilate domain walls. This in turn

create gravitational-wave signals which also therefore
depend on v, and v,. The detectability of such GW
signals at future experimental sensitivities may provide
crucial indication to such symmetry breaking mecha-
nism to govern the simultaneous existence of baryon
asymmetry and DM. The extended scalar sector, apart
from the DM and SM Higgs, particularly s, having
mass in the GeV-TeV range, can, in principle, be
probed at the future colliders, which in turn may
provide a complementarity to the GW probe for the
model. We will address some such features in our future
endeavors.
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APPENDIX A: SCALAR POTENTIAL FOR REAL
AND COMPLEX SCALAR DM INVARIANT
UNDER G, or G,

In this appendix section, we outline the various possible
structures of the scalar potential that remain invariant under
the G = 2,, x Z), (or G, = 2Z,, x Z), x CP) symmetry
group structure. The charge assignments of the newly
introduced fields under this group structure is already
specified in Table 1.

1. SM with two real singlet scalars

If two real singlet scalars (@ and S) are added with the
SM Higgs, the resulting scalar potential invariant under
Z,, X Z}, can be expressed as follows:

2
V(H,@,S) = —H%iHTH_f_ﬂH(H'TH)Z _%qﬂ
A A A .
ot o262 S ga | MOH g
+4,¢ + usS +4!S +-3 ®H'H

A

A + q
+%S2H1H+$q>252. (A1)

Here and through the other scalar potentials discussed in
the Appendix, we impose 4,4, >0 and ug,u3 > 0,
which ensure that the scalar potential V(H , @, S) acquires
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two stable minima along the ® and H directions. In
addition, we restrict ourselves to the case ,ué > 0.

Once @ acquires the VEV through the spontaneous
breaking of the Z,, symmetry, the scalar § may also
develop an induced VEV. The condition for S to get an
induced VEV is given by
If the parameter space satisfies above inequality, the Z

symmetry will also be broken via the induced VEV of S,
|

and as a result, S no longer possesses any residual
stabilizing symmetry to become a viable DM candidate.

2. SM with one real singlet and
one complex singlet scalar

If instead of introducing two real singlet scalars, the
scalar sector is extended by one real (®) and one complex

scalar singlet (S = (s, + iS,)/+/2) in addition to the SM
Higgs, then the corresponding scalar potential, preserving
the Z,, x Z/, can be written as

:“%ssz

2
- . . Iz A
V(H, ®.S) = 2 H H + Ay (H H)? —7%2 + 200t 1 42850S + {TJF H.c.]

4!

j, / A, " l
+ Ag(S*S)2 + [75 (5%5)82 +H.c} + {is“ +H.c} +%¢2HTH

. ! A A
+ Ay (S*S)H'H + FSTH HHS? + H.c} + ?qﬂ(S*S) + [? D282 + H.c.] ,

where the mass coupling ugs and the dimensionless
couplings Ay, Agr, A5y and Ay can, in general, take com-
plex values. For the above scalar potential, the viable DM
candidate is identified as the component of S that attains the
smallest mass after the electroweak (EW) symmetry break-
ing, which can be quantified as

(Ags = gsl)

A
SRLLPR 3. (A4)

L 5
In deriving the above expression for the DM mass, we have
assumed that |ugg < v,|. This condition naturally follows
from the leptogenesis requirement, which imposes the
constraint v, > 10° GeV [40] in order to achieve success-
ful leptogenesis.

Once ® acquires a VEV, here also arises the possibility
that one of the components of § (either its real or imaginary
part) develops an induced VEV as a consequence of the
spontaneous breaking of Z, ,, driven by the presence of the
interaction terms 1,5®(S*S) and 2,¢®*S*. In particular,

the condition for real component of S to acquire induced
VEV after ® obtains it VEV is given by

—2(u5 + Relugs]) — (445 + Reldyg]) > 0. (AS)

2
V(H,®,8) = —pu}H'H + Ay(H'H)* — ’%qﬂ +

41

(A3)

|
At first glance, one might expect that the remaining
component of S, which does not develop an induced
VEV, could serve as a viable DM candidate. However,
this possibility is ruled out by the presence of terms
containing s;S, (arising from S?+ H.c. terms). Once
one of the component of S gets induced VEV, this s;5,
term introduce bilinear mixing between the remaining
components of S (which does not develop induced VEV)
with the other scalars that acquire VEV. Consequently, the
remaining component of S can decay into the other scalars,
thus disqualifying it as a candidate for DM. This outcome
arises because the acquisition of a VEV by one component
of S breaks the Z), symmetry, leaving no residual symmetry
to stabilise either s; or S, in the regions of parameter space
where the induced VEV condition is satisfied.

From the above two examples, it becomes evident that if
the induced VEV condition is satisfied, S cannot serve as
viable DM candidate under the Z,, x 2 symmetry, regard-
less of whether it is real or complex. In the case of a complex
scalar, an additional symmetry is required to stabilize one of
its component. A natural choice is the CP symmetry under
which S transforms as S — S* (or S - —S). In presence of
Z,, x 245 x CP, the scalar potential given in Eq. (A3) is
modified and takes the following form:

A o B3 .
4—4!’(134+u§S S+%(S2+ (5%)2)

ﬂ, v /1 " /1
+ A5(5*S)? + 73 (S7S)(S% + (8%)2) + 22 (8* + (5)4) + %(IJQHTH

X 2 b
+ ds(S"S)H'H + =L HYH(S + (5°)?) + 205 @2(575) + fqﬂ(sz +(57)2).

41

: (46)
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Here, the condition for real component of S to acquire
induced VEV is given by

=2(u5 + 2455) = (Ags + Ays) > 0. (A7)
Owing to the imposed CP symmetry, only terms of the form
(8% + (5*)?) and (S* + (S*)*) are permitted in the scalar
potential. This restriction forbids the appearance of s;5,
term, thereby preventing any mixing between the real and
imaginary components, s; and S,. Even if the Z/, symmetry

is broken through the induced VEV, the remaining CP
|

. . . 1
V(H,®,S) = —u%,H H + Ay (H H)* - Eﬂgqﬂ +

symmetry ensures that one component of S remains stable,
allowing it to serve as a DM candidate.

3. Equivalence between Z, x Z), and Z, for the cases of
one real and one complex scalar

In this subsection of the appendix, we demonstrate that
the Z, symmetry leads to a situation analogous to that
obtain under Z, x Z/, when considering one real (®) and
one complex scalar (S). The charge assignments for BSM
fields under Z, is provided in Table I. The corresponding
scalar potential, invariant under this Z,, takes the form

1

T Ay ®* + p3S*S + Ag(S*S)?

A .
+ (A (5%5)S? + Hee.) + (AgrS* + He.) + %CDQH'H + Agy (S*S)H'H

2

where the couplings Ay, Agr and pyg can, in general, take
complex values. Once the Z, symmetry is spontaneously
broken through the VEV of @, our Lagrangian retains a
remnant Z, symmetry under which § is odd (transform as
S — —5). This residual symmetry ensures that the lighter
component of S serves as the DM candidate, in exact
analogy with the Z, x Z} case. The corresponding DM
mass is given by

Ast 2+@

M5 = p5 + 5 Ut vy = lugslvg,  (A9)

which is structurally identical to Eq. (A4), with the only
Ays|vg
2

difference being that the term is replaced by [p,|vy.

j'() D,
+ 5 @2 (575) + (’% DS? + H.c.> ,

(A8)

As in the Z, x Z), case, there exists the possibility that
one component of S develops an induced VEV following
the spontaneous breaking of Z, via v,. The condition for
the real component of S to acquire such an induced VEV is

_2/”?5‘ - (ZRG[M{/)S] + l(/,sv(/,)v(/, > 0, (A]O)

which closely resembles the condition in Eq. (A5). Once
one of the component of S develops induced VEV, the
remnant Z, symmetry inherited from parent Z, sym-
metry is also broken. Therefore, as in the previous, an
additional symmetry (in our framework, a CP symmetry)
is required to ensure the stability of the DM candidate
[see Eq. (4)].

APPENDIX B: EXPRESSIONS FOR QUARTIC COUPLINGS ASSOCIATED WITH Z, x CP
SYMMETRIC SCALAR POTENTIAL

Below, we present the expressions for the scalar couplings in terms of the external parameters listed in Table II,

:M§+M§5+2M§2+2(M§1—M

2)€2n0cts + (My + My — 2M3,)c2,5

A , B1
" 8v? (B1)
o 6M7; + OM, + AMZ, — 64(Ag + 2451 )3 — 2(M3; + M3 — 2M3 ) (c2y3 + 2¢13¢223) (82)
S 32072 '
P —2(Mp — M3)(1 + 243 = 3¢23 + ¢293¢213) 215 — 8(My — M3)52155253513 (B3)
S pu—

2

32072 '
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6(M%_1 - Mé)’[](,; + 4M£2’U{/, - 8/4(/)51]% - 2(M%1 + Mé - ZMEZ)(CQ,B - 2C%3C223)1}4,

Ay = , B4
i’ 1603 (B4)

2(M%{ - Mi))(c2136'223 - 3C223 - 2C%3)C2]211¢ + 8(M%1 - M?p)U¢S212S223S13
/1(/72 = 3 ’ (BS)

16y,

1= c13[s210¢03 (M7, — M) + {2M3, — My — M + (M — M7;)c215}513553) (B6)

oH 20w, '
Jon — craleass13{2M5, — M, — My + (M, — My;)c2y,} — (M3, — M3;)521553)] (B7)

SH 20y '
_ $203[2¢13(2M3, — M, — M) + c215(Mj — M) (c2y3 = 3))] (BS)

s Svsyqz, ’
Bugsvy — 4(Mj, — M3y) 235215513
Apsa = (/8 ; Aps = Aps1 + Aps2. (B9)
’UXU(/,
/IS - /IS1 +/152, /1¢ - 3(ﬂ¢] +/1¢2), (BIO)
where cos 0;; = ¢;;, sin0;; = 5,5, c08260;; = c2;; = c%j - sizj, and sin20;; = 52;; = 25;;¢;;.

APPENDIX C: THEORETICAL AND EXPERIMENTAL CONSTRAINTS OF THE MODEL

This section outlines the theoretical and experimental constraints on the model parameters that are pertinent to our
analysis.
(i) Stability criteria of the scalar potential To ensure that the scalar potential V(H, ®, §) remains bounded from below,
the quartic couplings must satisfy the following copositivity conditions [120-123]:

Ay >0, Ay 20, As,; 20, Apr = Apm + 24/ Audy > 0,

zSH = Agy + 2 /11.1/15eff >0, ZS(]S = AS(p +2 /1¢/15eff 20,

\ Adphs, + dprnAs. + AspN A + Asun ) Ap + ) LprAsadsy = 0 (C1)

(i) Unitarity constraint The perturbative unitarity constraint on the quartic couplings of the model can be derived by
analyzing the scattering amplitude of all possible 2 — 2 scalar processes. Ensuring that these amplitudes remain
within the perturbative regime imposes an upper bound on the scalar couplings, thereby maintaining the consistency
of the theory at high energies. We compute the perturbative bounds on the quartic couplings of the scalar potential,
which are summarized below [124-126],

AH < 877,', ﬂSeff’ < 87[, ﬂl(pH < 877:, /1SH < 87'[, )‘S(]ﬁ < 871', and X123 < 16r. (CZ)
Here, 45, = (4s — 64y —44sr) and x) 53 are the roots of the following equation:

2% = x2(120 — 6, = s, , + Ag) + X(36AAs,, + 3hghs,, + 12ls,,
+ Aghs,, + OAphy = 2034 — I3y = 403y) + 62udsy — Mgusuhsy + 2ghey

— 18Aydgls,, + 60545, — Odudghs , + 2232 (C3)

eff’ *
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(iii) Collider constraints on scalar mixing angles and
Higgs invisible decay Scalar extensions of the
Standard Model can alter the SM Higgs couplings
to the SM particles at tree level through scalar
mixing, characterized by angles 6;;. Combined
analyses from the ATLAS [127] and CMS [128]
Collaborations, incorporating multiple decay chan-
nels (yy, ZZ, WW, yZ, bb, uu, 77), have placed a
stringent upper bound on this mixing, yielding
| sin 8] < 0.29 [129] under the assumption of a single
scalar mixing with the SM Higgs. In our framework,
three independent mixing angles (6;; here
i,j={1,2,3}) arise due to the mixing among three
scalar fields. For consistency with current experi-
mental constraints, we adopt a conservative ap-
proach by keeping all mixing angles small,
typically sin6;; < O(107%), ensuring that our sce-
nario safely abides by the constraint.

APPENDIX D: APPROXIMATE EXPRESSIONS
FOR VERTEX FACTORS AND MATRIX
AMPLITUDES

This section of the Appendix provides the approximate
expressions of the vertex factors essential for evaluating
various DM annihilation cross sections, as well as the
corresponding approximations for the matrix amplitudes
involved in these processes. Using Eq. (11) in the scalar
potential [Eq. (A3)] part of the Lagrangian, we obtain the
following list of interaction vertices involving three scalars
(h, ¢, s,) and the DM s;:

si s o
N
N e
N e
\\ y
N e
N e
\\ 527¢7h 4
ST N ¢7527h_ ______
’ N
4 N
4 N
4 N
// \\
4 N
’
S1 N So
S1 AN /h7¢752 S1+
N ’ N
N L N
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N /7 AN ¢5527h
X e T
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7 Y 7
4 Ay 4
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’ \ ’
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FIG. 11.

MZ
‘- 16(}“5’ + ﬂs”)”s) ’
v

N

Asys,¢ X (C12823 + 5125136’23)(

M2
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33
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2 [ €13623 13
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2 2 3 .2 3
C13CH: S C57C712C128 Ci; —C
13923923 23¢13¢12°13 13 13
/’lszszh & 2M32 + + .
Vg Vg v

(D1)

The matrix amplitude for the process sis; — s,/ via s,
mediated s channel diagram is

A 5.5 25501 M?
;zh = slsl;/;35232 ~ <16(ﬂ\’ +/1y”>’us - 52>
2 N

2 2 3 .2 3
C72C5, 8 C52C72C12 S Ci, —C
1323923 23¢13%12°13 13 13
x (B2 B + . (D2)

Uy Uy v

Similarly, the matrix amplitude for the process s;s; — S5,
via s, mediated s channel diagram is

M _ /1515152&525252
$28y T

2
M,
MG\ (che3y s
S 13
~ | 16(Ay + Ag v, ——2 | B 22 (D3)
Vg Uy v
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The above diagrams contribute to the DM relic after EWSB in Z, x CP invariant scenario.
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APPENDIX E: UV COMPLETION OF THE EFT
OPERATOR

On top of the BSM fields (N;, ®, and S with same Z4
charge) present in our framework, we add three BSM
vectorlike heavy neutral fermion F; g, ~ (1,1,0) (where
p varies from 1 to 3) singlets under the SM gauge group and
also transform trivially under the Z, symmetry. The
Lagrangian responsible for generating the active neutrino
mass in this model is given by

~L, D Yoyl H Fr, + KT, ON; + My Fp Fro

Mij—
+ 2 Ni{N;+H.c.. (E1)

The discrete Z, symmetry breaks before EWSB at a
much earlier stage of the Universe via the VEV of the ®
field. The mass terms involving v;, F;, Fr, and N can be
expressed as

1

L, =5(m 7L N FG)
0 0 0 mp v
0 0 m M F¢
x . =1 (B2
0 my M O N

mh M7 0 0 ) \F

where mp = Yv/y/2 and my = [Kv, are the Dirac mass
terms for v and N, respectively. After the block diagonal-
ization of this mass matrix, one can find form of active
neutrino mass matrix as

myV ~vo, YMT'KM KT (M) TYT. (E3)
It is important to note that in this model we assume the
following mass hierarchy: M > M > myg > mp. After
integrating out the heavy degrees of fields F, one can

get the desired dimension-5 operator (I H ®N) with the
corresponding matching condition (see Fig. 12).

YK
y_yK (E4)
A M
(1) (H)
VL > : HK—> X% K< : < vr
Fr FrvN N Fr. Fr

(@) (@)

FIG. 12. Tree-level diagram of active neutrino mass generation
for the UV complete model.

APPENDIX F: APPROXIMATED FORM OF THE
REACTION DENSITY y3 AND COMPARISON
BETWEEN VARIOUS AL =1 PROCESSES

Starting from Eq. (15), the reaction density for the
scattering process N;® — [H can be expressed as

/A EM,M2
5126%% /dE ¢

x K, (g) (E+ M} - M3, (F1)

where A(a, b, c) = (a — b — c¢)? — 4bc denotes the Kiillén
function. In obtaining Eq. (F1), we have used the center-of-

( ¢—>ZH)

mass momenta of the initial and final states, |P| =

\//1(75, M3, M})/AE and |Q| = \/E/4, together with the
angular integration of the squared matrix element,
JIM|dQ = {(yly,);/v3}HE + M? = M3)z [40]. In the
high-temperature regime 7 > M;, corresponding to
z=M;/T <« 1, and for M, < M;, the dominant contri-
bution to the integral arises from the region of center-of-

mass energies VE~T>M ;- In this limit, the mass
dependence of the kinematic factors becomes negligible,
and the total reaction density, including the CP-conjugate
process, reduces to the following form:

rs =y(N® - LH) +y(N®

/ dE E*?K, <\/T_

/ dx 3K (x). (F2)

- LH)

i

(yl/yl/)ll
102471

_ (yvyu)iiT
51270 vé

For M, < M;, the lower limit of the E integral is
E i~ M?. Upon introducing x = VE /T, this corresponds
to Xyin = M;/T = z, which approaches zero in the high-
temperature regime 7 > M. Thus, the lower limit of the x
integration can be approximated by x,;, ~ 0, with this the
integral reduces to a standard Bessel-function integral,
J¢&° dx x*K,(x) = 16. The scattering reaction density con-
sequently takes the simplified analytical form

, )T (yiyu)uwi(yiyy)%“f (My.0,.2)
S¥T30503 3w R2a? g 0

(F3)
where  f.(My,vy,2) = Mi/(v;7°2°). ys has been

expressed in this form to facilitate a direct comparison
with the corresponding decay reaction density, yp. The left
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M,y =40 TeV, v, = 1.5 X 10° GeV, M, =5 x 10" GeV, Zg = 0.6367 + 0.285i
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FIG. 13.

M, =40 TeV, M, =5 x 10" GeV, Zg = 0.6367 + 0.285i
T T T

— 45 (vy = 1.5 x 10'° GeV) ]
== s (vp = 1.5 x 10° GeV)
- s (Vs = 1.5 X 10° GeV)
<+ s (vg = 1.5 X 107 GeV)

AL=1 AL=1
. T I T Wy Y

10%

Left: comparison of the analytical form of the scattering reaction density (green dashed line), valid in the high-temperature

limit z <« 1, with the corresponding reaction density obtained from the full numerical integration (green solid line). Right: comparison of
the reaction densities for different AL = 1 scattering processes. The processes involving quarks and SU(2) ® U(1) gauge bosons are
shown by the magenta dot-dashed and dashed lines, respectively. At the same time, the purple curves represent the N® — [H scattering

processes for different v, as mentioned in the legend.

panel of Fig. 13 compares the analytical high-temperature
approximation, y§', with the full numerical result, y§". The
analytical result agrees well with the numerical evaluation in
the z < 1 regime, confirming the validity of the high-temper-
ature approximation. Nevertheless, in solving the Boltzmann
equations for leptogenesis, we retain the full numerical
reaction density throughout, thereby avoiding the high-
temperature approximation outside its regime of validity.
One may wonder why, in deriving the BEQ for AL [see
Eq. (19)], we retain only the N® — [H scattering con-
tribution while neglecting the other AL =1 processes
involving SM quarks and SM gauge bosons. These
include, for instance, N Q —tl,Nl - tQ, and the
gauge-boson-involved processes NA — [H,NI — AH,
and NH — IA, with A = B,.Wi. To verify that this
approximation does not affect the resulting lepton
asymmetry, we compare the corresponding reaction
densities in the right panel of Fig. 13, normalized in

units of sH. The quark- and gauge-boson-involved
AL =1 processes are shown by the magenta dot-
dashed (y$L=') and dashed (y3L=") curves, respectively,
while the N® — [H contribution, yg, is shown by the
purple curves for different values of v, indicated in the
figure legend. The comparison clearly shows that yg
dominates over the other AL = 1 scattering contribu-
tions (across most of our scattering-dominated lepto-
genesis parameter space). Also note that, within the range
z€([1,10], where the washout of the generated lepton
asymmetry is most effective, the contributions from the
quark- and gauge-boson-involved processes remain sub-
dominant to the RHN decay contribution, y,, (depicted as
the red line in Fig. 13). Their impact on the evolution of
Y is therefore negligible, justifying their omission from
the BEQ. The reaction densities of the various AL =1
scattering processes are evaluated using the corresponding
cross sections given in Refs. [130,131].

[1] W. Buchmuller and D. Wyler, Effective Lagrangian analy-
sis of new interactions and flavor conservation, Nucl. Phys.
B268, 621 (1986).

[2] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek,
Dimension-six terms in the standard model Lagrangian, J.
High Energy Phys. 10 (2010) 085.

[3] E. Masso, An effective guide to beyond the standard model
physics, J. High Energy Phys. 10 (2014) 128.

[4] C. Englert and M. Spannowsky, Effective theories and
measurements at colliders, Phys. Lett. B 740, 8
(2015).

[5] L. Calibbi and G. Signorelli, Charged lepton flavour
violation: An experimental and theoretical introduction,
Riv. Nuovo Cimento 41, 71 (2018).

[6] J. Aebischer, W. Dekens, E. E. Jenkins, A.V. Manohar,
D. Sengupta, and P. Stoffer, Effective field theory

055053-22


https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1007/JHEP10(2014)128
https://doi.org/10.1016/j.physletb.2014.11.035
https://doi.org/10.1016/j.physletb.2014.11.035
https://doi.org/10.1393/ncr/i2018-10144-0

EXPLORING LEPTOGENESIS, WIMP DARK MATTER, AND ...

PHYS. REV. D 114, 055053 (2026)

interpretation of lepton magnetic and electric dipole
moments, J. High Energy Phys. 07 (2021) 107.

[7]1 A. Azatov, R. Contino, C.S. Machado, and F. Riva,
Helicity selection rules and noninterference for BSM
amplitudes, Phys. Rev. D 95, 065014 (2017).

[8] J. A. A. Saavedra et al., Interpreting top-quark lhc mea-
surements in the standard-model effective field theory,
arXiv:1802.07237.

[9] T. C. Collaboration et al. (CMS Collaboration), Search
for new physics in top quark production with additional
leptons in proton-proton collisions at /s = 13 TeV
using effective field theory, J. High Energy Phys. 03
(2020) 095.

[10] C. Degrande, N. Greiner, W. Kilian, O. Mattelaer, H.
Mebane, T. Stelzer, S. Willenbrock, and C. Zhang, Effec-
tive field theory: A modern approach to anomalous
couplings, Ann. Phys. (Amsterdam) 335, 21 (2013).

[11] L. Coito, C. Faubel, J. Herrero-Garcia, A. Santamaria, and
A. Titov, Sterile neutrino portals to Majorana dark matter:
Effective operators and UV completions, J. High Energy
Phys. 08 (2022) 085.

[12] A.B. Beneito, I, J. Gargalionis, J. Herrero-Garcia, A.
Santamaria, and M. A. Schmidt, An EFT approach to
baryon number violation: Lower limits on the new physics
scale and correlations between nucleon decay modes, J.
High Energy Phys. 07 (2023) 004.

[13] P. Amaro-Seoane et al., Laser interferometer space an-
tenna, arXiv:1702.00786.

[14] B. P. Abbott et al. (LIGO Scientific Collaboration), LIGO:
The Laser Interferometer gravitational-wave observatory,
Rep. Prog. Phys. 72, 076901 (2009).

[15] J. Crowder and N.J. Cornish, Beyond LISA: Exploring
future gravitational wave missions, Phys. Rev. D 72,
083005 (2005).

[16] S. Bhattacharya, 1. de Medeiros Varzielas, B. Karmakar,
S.F. King, and A. Sil, Dark side of the Seesaw, J. High
Energy Phys. 12 (2018) 007.

[17] T. Asaka, S. Blanchet, and M. Shaposhnikov, The
nuMSM, dark matter and neutrino masses, Phys. Lett. B
631, 151 (2005).

[18] A. Datta, R. Roshan, and A. Sil, Imprint of the Seesaw
mechanism on feebly interacting dark matter and the
baryon asymmetry, Phys. Rev. Lett. 127, 231801
(2021).

[19] S. Bhattacharya, R. Roshan, A. Sil, and D. Vatsyayan,
Symmetry origin of baryon asymmetry, dark matter, and
neutrino mass, Phys. Rev. D 106, 075005 (2022).

[20] J. Herrero-Garcia, G. Landini, and D. Vatsyayan, Asym-
metries in extended dark sectors: A cogenesis scenario, J.
High Energy Phys. 05 (2023) 049.

[21] A. Falkowski, J. T. Ruderman, and T. Volansky, Asym-
metric dark matter from leptogenesis, J. High Energy Phys.
05 (2011) 106.

[22] A. Dutta Banik, R. Roshan, and A. Sil, Neutrino mass and
asymmetric dark matter: Study with inert Higgs doublet
and high scale validity, J. Cosmol. Astropart. Phys. 03
(2020) 037.

[23] H. An, S.-L. Chen, R.N. Mohapatra, and Y. Zhang,
Leptogenesis as a common origin for matter and dark
matter, J. High Energy Phys. 03 (2009) 124.

[24] N. Cosme, L. Lopez Honorez, and M.H.G. Tytgat,
Leptogenesis and dark matter related?, Phys. Rev. D 72,
043505 (2005).

[25] E.J. Chun, Minimal dark matter and leptogenesis, J. High
Energy Phys. 03 (2011) 098.

[26] B. Barman, D. Borah, and R. Roshan, Nonthermal lepto-
genesis and UV freeze-in of dark matter: Impact of
inflationary reheating, Phys. Rev. D 104, 035022 (2021).

[27] E. Ma, Common origin of neutrino mass, dark matter, and
baryogenesis, Mod. Phys. Lett. A 21, 1777 (2006).

[28] T. Hambye, K. Kannike, E. Ma, and M. Raidal, Emana-
tions of dark matter: Muon anomalous magnetic moment,
radiative neutrino mass, and novel leptogenesis at the TeV
scale, Phys. Rev. D 75, 095003 (2007).

[29] P--H. Gu and U. Sarkar, Radiative neutrino mass, dark
matter and leptogenesis, Phys. Rev. D 77, 105031 (2008).

[30] P.-H. Gu, M. Hirsch, U. Sarkar, and J. W. E. Valle, Neutrino
masses, leptogenesis and dark matter in hybrid seesaw,
Phys. Rev. D 79, 033010 (2009).

[31] M. Aoki, S. Kanemura, and O. Seto, Neutrino mass,
dark matter and baryon asymmetry via TeV-scale phys-
ics without fine-tuning, Phys. Rev. Lett. 102, 051805
(2009).

[32] M. Aoki, S. Kanemura, and O. Seto, A model of TeV scale
physics for neutrino mass, dark matter and baryon asym-
metry and its phenomenology, Phys. Rev. D 80, 033007
(2009).

[33] F.-X. Josse-Michaux and E. Molinaro, A common frame-
work for dark matter, leptogenesis and neutrino masses,
Phys. Rev. D 84, 125021 (2011).

[34] J. Herrero-Garcia, G. Landini, and T.T. Yanagida, Dark
matter in the high-scale seesaw leptogenesis paradigm,
Phys. Rev. D 111, 075033 (2025).

[35] D. K. Ghosh, P. Ghosh, K. Mukherjee, and N. Narendra, A
singlet scalar assisted n, leptogenesis and pseudo-scalar
dark matter, Eur. Phys. J. C 85, 1217 (2025).

[36] T. Brune, Leptogenesis in a Majoron plus triplet model,
Phys. Rev. D 111, 115001 (2025).

[37] A. Datta, S.K. Manna, and A. Sil, Spontaneous lepto-
genesis with sub-GeV axionlike particles, Phys. Rev. D
110, 095035 (2024).

[38] K. Kasai, M. Kawasaki, and K. Murai, Affleck-Dine
leptogenesis scenario for resonant production of sterile
neutrino dark matter, J. Cosmol. Astropart. Phys. 08 (2024)
008.

[39] D. Borah, A. Dasgupta, M. Knauss, and 1. Saha, Baryon
asymmetry from dark matter decay in the vicinity of a
phase transition, Phys. Rev. D 108, L091701 (2023).

[40] S. Bhattacharya, N. Mondal, R. Roshan, and D. Vatsyayan,
Leptogenesis, dark matter and gravitational waves from
discrete symmetry breaking, J. Cosmol. Astropart. Phys.
06 (2023) 029.

[41] M. Aker et al. (KATRIN Collaboration), Direct neutrino-
mass measurement based on 259 days of KATRIN data,
Science 388, adq9592 (2025).

[42] P. Minkowski, 4 — ey at a rate of one out of 10’ muon
decays?, Phys. Lett. 67B, 421 (1977).

[43] M. Gell-Mann, P. Ramond, and R. Slansky, Complex
spinors and unified theories, Conf. Proc. C 790927, 315
(1979).

055053-23


https://doi.org/10.1007/JHEP07(2021)107
https://doi.org/10.1103/PhysRevD.95.065014
https://arXiv.org/abs/1802.07237
https://doi.org/10.1007/JHEP03(2021)095
https://doi.org/10.1007/JHEP03(2021)095
https://doi.org/10.1016/j.aop.2013.04.016
https://doi.org/10.1007/JHEP08(2022)085
https://doi.org/10.1007/JHEP08(2022)085
https://doi.org/10.1007/JHEP07(2024)004
https://doi.org/10.1007/JHEP07(2024)004
https://arXiv.org/abs/1702.00786
https://doi.org/10.1088/0034-4885/72/7/076901
https://doi.org/10.1103/PhysRevD.72.083005
https://doi.org/10.1103/PhysRevD.72.083005
https://doi.org/10.1007/JHEP12(2018)007
https://doi.org/10.1007/JHEP12(2018)007
https://doi.org/10.1016/j.physletb.2005.09.070
https://doi.org/10.1016/j.physletb.2005.09.070
https://doi.org/10.1103/PhysRevLett.127.231801
https://doi.org/10.1103/PhysRevLett.127.231801
https://doi.org/10.1103/PhysRevD.106.075005
https://doi.org/10.1007/JHEP05(2023)049
https://doi.org/10.1007/JHEP05(2023)049
https://doi.org/10.1007/JHEP05(2011)106
https://doi.org/10.1007/JHEP05(2011)106
https://doi.org/10.1088/1475-7516/2021/03/037
https://doi.org/10.1088/1475-7516/2021/03/037
https://doi.org/10.1007/JHEP03(2010)124
https://doi.org/10.1103/PhysRevD.72.043505
https://doi.org/10.1103/PhysRevD.72.043505
https://doi.org/10.1007/JHEP03(2011)098
https://doi.org/10.1007/JHEP03(2011)098
https://doi.org/10.1103/PhysRevD.104.035022
https://doi.org/10.1142/S0217732306021141
https://doi.org/10.1103/PhysRevD.75.095003
https://doi.org/10.1103/PhysRevD.77.105031
https://doi.org/10.1103/PhysRevD.79.033010
https://doi.org/10.1103/PhysRevLett.102.051805
https://doi.org/10.1103/PhysRevLett.102.051805
https://doi.org/10.1103/PhysRevD.80.033007
https://doi.org/10.1103/PhysRevD.80.033007
https://doi.org/10.1103/PhysRevD.84.125021
https://doi.org/10.1103/PhysRevD.111.075033
https://doi.org/10.1140/epjc/s10052-025-14937-w
https://doi.org/10.1103/tbsx-7ffr
https://doi.org/10.1103/PhysRevD.110.095035
https://doi.org/10.1103/PhysRevD.110.095035
https://doi.org/10.1088/1475-7516/2024/08/008
https://doi.org/10.1088/1475-7516/2024/08/008
https://doi.org/10.1103/PhysRevD.108.L091701
https://doi.org/10.1088/1475-7516/2024/06/029
https://doi.org/10.1088/1475-7516/2024/06/029
https://doi.org/10.1126/science.adq9592
https://doi.org/10.1016/0370-2693(77)90435-X

BHATTACHARYA, MONDAL, and SIL

PHYS. REV. D 114, 055053 (2026)

[44] R.N. Mohapatra and G. Senjanovic, Neutrino mass and
spontaneous parity nonconservation, Phys. Rev. Lett. 44,
912 (1980).

[45] J. Schechter and J. W.F. Valle, Neutrino masses in
SU(2) x U(1) theories, Phys. Rev. D 22, 2227 (1980).

[46] J. Schechter and J. W. E. Valle, Neutrinoless Double beta
Decay in SU(2) x U(1) Theories, Phys. Rev. D 25, 2951
(1982).

[47] M. Fukugita and T. Yanagida, Baryogenesis without grand
unification, Phys. Lett. B 174, 45 (1986).

[48] E. K. Akhmedov, V.A. Rubakov, and A.Y. Smirnov,
Baryogenesis via neutrino oscillations, Phys. Rev. Lett.
81, 1359 (1998).

[49] X.-D. Shi and G. M. Fuller, A new dark matter candidate:
Nonthermal sterile neutrinos, Phys. Rev. Lett. 82, 2832
(1999).

[50] L. Canetti, M. Drewes, and M. Shaposhnikov, Sterile
neutrinos as the origin of dark and baryonic matter, Phys.
Rev. Lett. 110, 061801 (2013).

[51] D. Gorbunov, D. Kalashnikov, and G. Krugan, Playing
with lepton asymmetry at the resonant production of sterile
neutrino dark matter, Phys. Lett. B 868, 139750
(2025).

[52] K. Akita, K. Hamaguchi, and M. Ovchynnikov, Maximal
parameter space of sterile neutrino dark matter with lepton
asymmetries, Phys. Rev. Lett. 136, 111001 (2026).

[53] E. W. Kolb and M. S. Turner, The Early Universe (Taylor
and Francis, London, 2019) Vol. 69.

[54] S. Navas et al. (Particle Data Group Collaboration),
Review of particle physics, Phys. Rev. D 110, 030001
(2024).

[55] A. Vilenkin and E.P.S. Shellard, Cosmic Strings and
Other Topological Defects (Cambridge University Press,
Cambridge, England, 2000).

[56] Y. B. Zeldovich, 1. Y. Kobzarev, and L. B. Okun, Cosmo-
logical consequences of the spontaneous breakdown of
discrete symmetry, Zh. Eksp. Teor. Fiz. 67, 3 (1974).

[57] S. Centelles Chulia, E. Ma, R. Srivastava, and J. W. F.
Valle, Dirac neutrinos and dark matter stability from lepton
quarticity, Phys. Lett. B 767, 209 (2017).

[58] J. Kim, S.-S. Kim, H.M. Lee, and R. Padhan, Small
neutrino masses from a decoupled singlet scalar field,
Phys. Lett. B 861, 139243 (2025).

[59] A. Beniwal, J. Herrero-Garcia, N. Leerdam, M. White, and
A. G. Williams, The ScotoSinglet model: A scalar singlet
extension of the scotogenic model, J. High Energy Phys.
06 (2020) 136.

[60] P. Athron et al. (GAMBIT Collaboration), Global analyses
of Higgs portal singlet dark matter models using GAMBIT,
Eur. Phys. J. C 79, 38 (2019).

[61] J.M. Cline, K. Kainulainen, P. Scott, and C. Weniger,
Update on scalar singlet dark matter, Phys. Rev. D 88,
055025 (2013); 92, 039906(E) (2015).

[62] C.P. Burgess, M. Pospelov, and T. ter Veldhuis, The
minimal model of nonbaryonic dark matter: A singlet
scalar, Nucl. Phys. B619, 709 (2001).

[63] M. Escudero Abenza and T. Hambye, The simplest dark
matter model at the edge of perturbativity, Phys. Lett. B
868, 139696 (2025).

[64] T. Binder, T. Bringmann, M. Gustafsson, and A. Hryczuk,
Early kinetic decoupling of dark matter: When the standard
way of calculating the thermal relic density fails, Phys.
Rev. D 96, 115010 (2017); 101, 099901(E) (2020).

[65] M. Di Mauro, C. Arina, N. Fornengo, J. Heisig, and D.
Massaro, Dark matter in the Higgs resonance region, Phys.
Rev. D 108, 095008 (2023).

[66] G. Aad et al. (ATLAS Collaboration), Observation of a
new particle in the search for the standard model Higgs
boson with the ATLAS detector at the LHC, Phys. Lett. B
716, 1 (2012).

[67] S. Chatrchyan et al. (CMS Collaboration), Observa-
tion of a new boson at a mass of 125 GeV with the
CMS experiment at the LHC, Phys. Lett. B 716, 30
(2012).

[68] A. Abada, S. Davidson, F.-X. Josse-Michaux, M. Losada,
and A. Riotto, Flavor issues in leptogenesis, J. Cosmol.
Astropart. Phys. 04 (2006) 004.

[69] E. Nardi, Y. Nir, E. Roulet, and J. Racker, The importance
of flavor in leptogenesis, J. High Energy Phys. 01 (2006)
164.

[70] S. Blanchet and P. Di Bari, Flavor effects on leptogenesis
predictions, J. Cosmol. Astropart. Phys. 03 (2006) 018.

[71] P.S.B. Dev, P. Di Bari, B. Garbrecht, S. Lavignac, P.
Millington, and D. Teresi, Flavor effects in leptogenesis,
Int. J. Mod. Phys. A 33, 1842001 (2018).

[72] A. Datta, R. Roshan, and A. Sil, Scalar triplet flavor
leptogenesis with dark matter, Phys. Rev. D 105, 095032
(2022).

[73] A. Datta, R. Roshan, and A. Sil, Effects of reheating on
charged lepton Yukawa equilibration and leptogenesis,
Phys. Rev. Lett. 132, 061802 (2024).

[74] A. Datta, R. Roshan, and A. Sil, Flavor leptogenesis during
the reheating era, Phys. Rev. D 108, 035029 (2023).

[75] R. Roshan and S. Show, Delayed charged lepton yukawa
equilibration and thermal leptogenesis, arXiv:2510.23712.

[76] L. Covi, E. Roulet, and F. Vissani, CP violating decays in
leptogenesis scenarios, Phys. Lett. B 384, 169 (1996).

[77] E. Aprile et al. (XENON Collaboration), Dark matter
search results from a one ton-year exposure of XENONIT,
Phys. Rev. Lett. 121, 111302 (2018).

[78] E. Aprile et al. (XENON Collaboration), First dark matter
search with nuclear recoils from the XENONnT experi-
ment, Phys. Rev. Lett. 131, 041003 (2023).

[79] J. Aalbers et al. (LZ Collaboration), First dark matter
search results from the LUX-ZEPLIN (LZ) experiment,
Phys. Rev. Lett. 131, 041002 (2023).

[80] L. Baudis, DARWIN/XLZD: A future xenon observatory
for dark matter and other rare interactions, Nucl. Phys.
B1003, 116473 (2024).

[81] A. Abdukerim er al. (PANDA-X, PandaX Collaborations),
PandaX-xT—A deep underground multi-ten-tonne liquid
xenon observatory, Sci. China Phys. Mech. Astron. 68,
221011 (2025).

[82] G. Jungman, M. Kamionkowski, and K. Griest, Super-
symmetric dark matter, Phys. Rep. 267, 195 (1996).

[83] G. Bertone, D. Hooper, and J. Silk, Particle dark matter:
Evidence, candidates and constraints, Phys. Rep. 405, 279
(2005).

055053-24


https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.25.2951
https://doi.org/10.1103/PhysRevD.25.2951
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1103/PhysRevLett.81.1359
https://doi.org/10.1103/PhysRevLett.81.1359
https://doi.org/10.1103/PhysRevLett.82.2832
https://doi.org/10.1103/PhysRevLett.82.2832
https://doi.org/10.1103/PhysRevLett.110.061801
https://doi.org/10.1103/PhysRevLett.110.061801
https://doi.org/10.1016/j.physletb.2025.139750
https://doi.org/10.1016/j.physletb.2025.139750
https://doi.org/10.1103/d2qg-clrz
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1016/j.physletb.2017.01.070
https://doi.org/10.1016/j.physletb.2025.139243
https://doi.org/10.1007/JHEP06(2021)136
https://doi.org/10.1007/JHEP06(2021)136
https://doi.org/10.1140/epjc/s10052-018-6513-6
https://doi.org/10.1103/PhysRevD.88.055025
https://doi.org/10.1103/PhysRevD.88.055025
https://doi.org/10.1103/PhysRevD.92.039906
https://doi.org/10.1016/S0550-3213(01)00513-2
https://doi.org/10.1016/j.physletb.2025.139696
https://doi.org/10.1016/j.physletb.2025.139696
https://doi.org/10.1103/PhysRevD.96.115010
https://doi.org/10.1103/PhysRevD.96.115010
https://doi.org/10.1103/PhysRevD.101.099901
https://doi.org/10.1103/PhysRevD.108.095008
https://doi.org/10.1103/PhysRevD.108.095008
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1088/1475-7516/2006/04/004
https://doi.org/10.1088/1475-7516/2006/04/004
https://doi.org/10.1088/1126-6708/2006/01/164
https://doi.org/10.1088/1126-6708/2006/01/164
https://doi.org/10.1088/1475-7516/2007/03/018
https://doi.org/10.1142/S0217751X18420010
https://doi.org/10.1103/PhysRevD.105.095032
https://doi.org/10.1103/PhysRevD.105.095032
https://doi.org/10.1103/PhysRevLett.132.061802
https://doi.org/10.1103/PhysRevD.108.035029
https://arXiv.org/abs/2510.23712
https://doi.org/10.1016/0370-2693(96)00817-9
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.131.041003
https://doi.org/10.1103/PhysRevLett.131.041002
https://doi.org/10.1016/j.nuclphysb.2024.116473
https://doi.org/10.1016/j.nuclphysb.2024.116473
https://doi.org/10.1007/s11433-024-2539-y
https://doi.org/10.1007/s11433-024-2539-y
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2004.08.031

EXPLORING LEPTOGENESIS, WIMP DARK MATTER, AND ...

PHYS. REV. D 114, 055053 (2026)

[84] P. Ghosh, A.K. Saha, and A. Sil, Study of electroweak
vacuum stability from extended Higgs portal of dark matter
and neutrinos, Phys. Rev. D 97, 075034 (2018).
[85] M. Hoferichter, P. Klos, J. Menéndez, and A. Schwenk,
Improved limits for Higgs-portal dark matter from LHC
searches, Phys. Rev. Lett. 119, 181803 (2017).
[86] T. W. B. Kibble, Topology of cosmic domains and strings,
J. Phys. A 9, 1387 (1976).
[87] Y. Gouttenoire, S. F. King, R. Roshan, X. Wang, G. White,
and M. Yamazaki, Cosmological consequences of domain
walls biased by quantum gravity, Phys. Rev. D 112,
075007 (2025).
[88] R. Kallosh, A.D. Linde, D. A. Linde, and L. Susskind,
Gravity and global symmetries, Phys. Rev. D 52, 912
(1995).
[89] L.F. Abbott and M.B. Wise, Wormholes and global
symmetries, Nucl. Phys. B325, 687 (1989).
[90] T. Hiramatsu, M. Kawasaki, and K. Saikawa, On the
estimation of gravitational wave spectrum from cos-
mic domain walls, J. Cosmol. Astropart. Phys. 02
(2013) 031.
[91] T. Hiramatsu, M. Kawasaki, and K. Saikawa, Gravitational
waves from collapsing domain walls, J. Cosmol. Astropart.
Phys. 05 (2010) 032.
[92] Z. A. Borboruah, D. Borah, L. Malhotra, and U. Patel,
Minimal Dirac seesaw dark matter, Phys. Rev. D 112,
015022 (2025).
[93] Z. A. Borboruah and U. A. Yajnik, Left-right symmetry
breaking and gravitational waves: A tale of two phase
transitions, Phys. Rev. D 110, 043016 (2024).
[94] M. Kawasaki, K. Saikawa, and T. Sekiguchi, Axion dark
matter from topological defects, Phys. Rev. D 91, 065014
(2015).
[95] C. Caprini, K. Hamaguchi, and K. Nakayama, Detecting
gravitational waves from cosmological phase transitions
with LISA: An update, J. Cosmol. Astropart. Phys. 03
(2019) 024.
[96] A. Afzal et al. (NANOGrav Collaboration), The NANO-
Grav 15 yr data set: Search for signals from new physics,
Astrophys. J. Lett. 951, L11 (2023).
[97] A. Weltman et al., Fundamental physics with the square
kilometre array, Pub. Astron. Soc. Aust. 37, 002 (2020).
[98] J. Garcia-Bellido, H. Murayama, and G. White, Exploring
the early Universe with Gaia and Theia, J. Cosmol.
Astropart. Phys. 12 (2021) 023.
[99] C.J. Moore, S.R. Taylor, and J. R. Gair, Estimating the
sensitivity of pulsar timing arrays, Classical Quantum
Gravity 32, 055004 (2015).
[100] A. Sesana et al., Unveiling the gravitational Universe
at u-Hz frequencies, Exp. Astron. 51, 1333 (2021).
[101] N. Seto, S. Kawamura, and T. Nakamura, Possibility of
direct measurement of the acceleration of the Universe
using 0.1-Hz band laser interferometer gravitational wave
antenna in space, Phys. Rev. Lett. 87, 221103 (2001).

[102] S. Kawamura et al., The Japanese Space gravitational wave
antenna DECIGO, Classical Quantum Gravity 23, S125
(2006).

[103] K. Yagi and N. Seto, Detector configuration of DECIGO/
BBO and identification of cosmological neutron-star

binaries, Phys. Rev. D 83, 044011 (2011); 95, 109901
(E) (2017).

[104] V. Corbin and N.J. Cornish, Detecting the cosmic gravi-
tational wave background with the big bang observer,
Classical Quantum Gravity 23, 2435 (2006).

[105] G. M. Harry, P. Fritschel, D. A. Shaddock, W. Folkner, and
E.S. Phinney, Laser interferometry for the big bang
observer, Classical Quantum Gravity 23, 4887 (2006);
23, 7361(E) (2006).

[106] M. Punturo et al., The Einstein telescope: A third-gen-
eration gravitational wave observatory, Classical Quantum
Gravity 27, 194002 (2010).

[107] S. Hild et al., Sensitivity studies for third-generation
gravitational wave observatories, Classical Quantum Grav-
ity 28, 094013 (2011).

[108] B. Sathyaprakash et al., Scientific objectives of Einstein
telescope, Classical Quantum Gravity 29, 124013 (2012);
30, 079501(E) (2013).

[109] M. Maggiore et al., Science case for the Einstein telescope,
J. Cosmol. Astropart. Phys. 03 (2019) 050.

[110] B. P. Abbott et al. (LIGO Scientific Collaboration), Explor-
ing the sensitivity of next generation gravitational wave
detectors, Classical Quantum Gravity 34, 044001 (2017).

[111] D. Reitze et al., Cosmic explorer: The U.S. Contribution to
gravitational-wave astronomy beyond LIGO, Bull. Am.
Astron. Soc. 51, 035 (2019).

[112] J. Aasi et al. (LIGO Scientific and Virgo Collaborations),
Characterization of the LIGO detectors during their sixth
science run, Classical Quantum Gravity 32, 115012 (2015).

[113] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Upper limits on the stochastic gravitational-wave
background from Advanced LIGO’s first observing run,
Phys. Rev. Lett. 118, 121101 (2017); 119, 029901(E)
(2017).

[114] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020); 652, C4(E) (2021).

[115] R. H. Cyburt, B. D. Fields, K. A. Olive, and T.-H. Yeh, Big
bang nucleosynthesis: 2015, Rev. Mod. Phys. 88, 015004
(2016).

[116] K. Abazajian et al., CMB-s4 science case, reference
design, and project plan, arXiv:1907.04473.

[117] C. Caprini and D. G. Figueroa, Cosmological backgrounds
of gravitational waves, Classical Quantum Gravity 35,
163001 (2018).

[118] M. Maggiore, Gravitational wave experiments and early
Universe cosmology, Phys. Rep. 331, 283 (2000).

[119] B. Allen and J. D. Romano, Detecting a stochastic back-
ground of gravitational radiation: Signal processing strat-
egies and sensitivities, Phys. Rev. D 59, 102001 (1999).

[120] J. Elias-Miro, J. R. Espinosa, G. F. Giudice, H. M. Lee, and
A. Strumia, Stabilization of the electroweak vacuum by a
scalar threshold effect, J. High Energy Phys. 06 (2012)
031.

[121] K. Kannike, Vacuum stability of a general scalar potential
of a few fields, Eur. Phys. J. C 76, 324 (2016); 78, 355(E)
(2018).

[122] J. Chakrabortty, P. Konar, and T. Mondal, Copositive
criteria and boundedness of the scalar potential, Phys.
Rev. D 89, 095008 (2014).

055053-25


https://doi.org/10.1103/PhysRevD.97.075034
https://doi.org/10.1103/PhysRevLett.119.181803
https://doi.org/10.1088/0305-4470/9/8/029
https://doi.org/10.1103/7zmx-v16z
https://doi.org/10.1103/7zmx-v16z
https://doi.org/10.1103/PhysRevD.52.912
https://doi.org/10.1103/PhysRevD.52.912
https://doi.org/10.1016/0550-3213(89)90503-8
https://doi.org/10.1088/1475-7516/2014/02/031
https://doi.org/10.1088/1475-7516/2014/02/031
https://doi.org/10.1088/1475-7516/2010/05/032
https://doi.org/10.1088/1475-7516/2010/05/032
https://doi.org/10.1103/y9ts-2nkg
https://doi.org/10.1103/y9ts-2nkg
https://doi.org/10.1103/PhysRevD.110.043016
https://doi.org/10.1103/PhysRevD.91.065014
https://doi.org/10.1103/PhysRevD.91.065014
https://doi.org/10.1088/1475-7516/2020/03/024
https://doi.org/10.1088/1475-7516/2020/03/024
https://doi.org/10.3847/2041-8213/acdc91
https://doi.org/10.1017/pasa.2019.42
https://doi.org/10.1088/1475-7516/2021/12/023
https://doi.org/10.1088/1475-7516/2021/12/023
https://doi.org/10.1088/0264-9381/32/5/055004
https://doi.org/10.1088/0264-9381/32/5/055004
https://doi.org/10.1007/s10686-021-09709-9
https://doi.org/10.1103/PhysRevLett.87.221103
https://doi.org/10.1088/0264-9381/23/8/S17
https://doi.org/10.1088/0264-9381/23/8/S17
https://doi.org/10.1103/PhysRevD.83.044011
https://doi.org/10.1103/PhysRevD.95.109901
https://doi.org/10.1103/PhysRevD.95.109901
https://doi.org/10.1088/0264-9381/23/7/014
https://doi.org/10.1088/0264-9381/23/15/008
https://doi.org/10.1088/0264-9381/23/24/C01
https://doi.org/10.1088/0264-9381/27/19/194002
https://doi.org/10.1088/0264-9381/27/19/194002
https://doi.org/10.1088/0264-9381/28/9/094013
https://doi.org/10.1088/0264-9381/28/9/094013
https://doi.org/10.1088/0264-9381/29/12/124013
https://doi.org/10.1088/0264-9381/30/7/079501
https://doi.org/10.1088/1361-6382/aa51f4
https://doi.org/10.1088/0264-9381/32/11/115012
https://doi.org/10.1103/PhysRevLett.118.121101
https://doi.org/10.1103/PhysRevLett.119.029901
https://doi.org/10.1103/PhysRevLett.119.029901
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1103/RevModPhys.88.015004
https://doi.org/10.1103/RevModPhys.88.015004
https://arXiv.org/abs/1907.04473
https://doi.org/10.1088/1361-6382/aac608
https://doi.org/10.1088/1361-6382/aac608
https://doi.org/10.1016/S0370-1573(99)00102-7
https://doi.org/10.1103/PhysRevD.59.102001
https://doi.org/10.1007/JHEP06(2012)031
https://doi.org/10.1007/JHEP06(2012)031
https://doi.org/10.1140/epjc/s10052-016-4160-3
https://doi.org/10.1140/epjc/s10052-018-5837-6
https://doi.org/10.1140/epjc/s10052-018-5837-6
https://doi.org/10.1103/PhysRevD.89.095008
https://doi.org/10.1103/PhysRevD.89.095008

BHATTACHARYA, MONDAL, and SIL

PHYS. REV. D 114, 055053 (2026)

[123] S. Bhattacharya, S. Chakraborti, and D. Pradhan, Electro-
weak symmetry breaking and WIMP-FIMP dark matter, J.
High Energy Phys. 07 (2021) 091.

[124] S. Bhattacharya, P. Ghosh, A. K. Saha, and A. Sil, Two
component dark matter with inert Higgs doublet: Neutrino
mass, high scale validity and collider searches, J. High
Energy Phys. 03 (2019) 090.

[125] G. Bhattacharyya and D. Das, Scalar sector of two-Higgs-
doublet models: A minireview, Pramana 87, 40 (2016).

[126] J. Horejsi and M. Kladiva, Tree-unitarity bounds for THDM
Higgs masses revisited, Eur. Phys. J. C 46, 81 (2006).

[127] G. Aad et al. (ATLAS Collaboration), A detailed map of
Higgs boson interactions by the ATLAS experiment ten

years after the discovery, Nature (London) 607, 52 (2022);
612, E24 (2022).

[128] A. Tumasyan et al. (CMS Collaboration), A portrait of the
Higgs boson by the CMS experiment ten years after the
discovery, Nature (London) 607, 60 (2022); 623, E4
(2023).

[129] S.D. Lane, I. M. Lewis, and M. Sullivan, Resonant multi-
scalar production in the generic complex singlet model in
the multi-TeV region, Phys. Rev. D 110, 055017 (2024).

[130] M. Plumacher, Baryogenesis and lepton number violation,
Z. Phys. C 74, 549 (1997).

[131] A. Pilaftsis, CP violation and baryogenesis due to heavy
Majorana neutrinos, Phys. Rev. D 56, 5431 (1997).

055053-26


https://doi.org/10.1007/JHEP07(2022)091
https://doi.org/10.1007/JHEP07(2022)091
https://doi.org/10.1007/JHEP03(2020)090
https://doi.org/10.1007/JHEP03(2020)090
https://doi.org/10.1007/s12043-016-1252-4
https://doi.org/10.1140/epjc/s2006-02472-3
https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-05581-5
https://doi.org/10.1038/s41586-022-04892-x
https://doi.org/10.1038/s41586-023-06164-8
https://doi.org/10.1038/s41586-023-06164-8
https://doi.org/10.1103/PhysRevD.110.055017
https://doi.org/10.1007/s002880050418
https://doi.org/10.1103/PhysRevD.56.5431

	Exploring leptogenesis, WIMP dark matter, and gravitational waves in an extended scalar framework
	I. INTRODUCTION
	II. THE MODEL
	III. SCALAR SECTOR, INDUCED VEV, DARK MATTER STABILITY, AND CONSTRAINTS
	A. Choice of symmetry and dark matter stability

	IV. NEUTRINO MASSES
	V. LEPTOGENESIS FROM DECAY AND SCATTERING OF HEAVY RHN
	VI. WIMP DARK MATTER AND THE ROLE OF INDUCED VEV
	A. Effect of the induced VEV on the dark matter relic abundance
	B. Direct detection prospects

	VII. DOMAIN WALL ANNIHILATION AND GRAVITATIONAL-WAVE SIGNALS
	VIII. SUMMARY AND CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: SCALAR POTENTIAL FOR REAL AND COMPLEX SCALAR DM INVARIANT UNDER GD or GD&prime;
	1. SM with two real singlet scalars
	2. SM with one real singlet and one complex singlet scalar
	3. Equivalence between Z2&times;Z2&prime; and Z4 for the cases of one real and one complex scalar

	APPENDIX B: EXPRESSIONS FOR QUARTIC COUPLINGS ASSOCIATED WITH Z4&times;CP SYMMETRIC SCALAR POTENTIAL
	APPENDIX C: THEORETICAL AND EXPERIMENTAL CONSTRAINTS OF THE MODEL
	APPENDIX D: APPROXIMATE EXPRESSIONS FOR VERTEX FACTORS AND MATRIX AMPLITUDES
	APPENDIX E: UV COMPLETION OF THE EFT OPERATOR
	APPENDIX F: APPROXIMATED FORM OF THE REACTION DENSITY &gamma;S AND COMPARISON BETWEEN VARIOUS &Delta;L=1 PROCESSES
	References


