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We explore an extension of the type-I seesaw framework in which a scalar mediator Φ connects the
Standard Model (SM) to a dark sector consisting of right-handed neutrinos or RHNs (Ni) and a complex
scalar S. The interactions are governed by a phenomenologically viable Z4 × CP symmetry, allowing a
dimension-five effective operator involving the SM lepton doublet, Higgs, RHNs, and Φ. Once Φ acquires
a vacuum expectation value, its couplings to the SM and RHNs affect the standard leptogenesis through Ni

decay, while electroweak symmetry breaking subsequently induces neutrino masses through the same
structure. Furthermore, a Φ-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

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 RHNs [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-I seesaw model by a scalar singlet Φ that
acts like amediator between the neutrino and the DM sector,
primarily via a dimension-five operator, invariant under a
suitably chosen dark symmetry GD while the conventional
tree level Yukawa interaction between the SM lepton,
Higgs, and RHN remains absent. This higher dimensional
operator, after Φ 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 GD ≡ Z2 × Z0

2, or
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equivalently Z4 in our case for reasons to be elaborated in
the main text, through the VEV of Φ. Interestingly, the
VEVofΦ 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 G0

D ≡
GD × 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
(ΩDMh2 ¼ 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 (vs). 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
ρDW ∝ t−1, in contrast to the energy density of matter
(radiation), which scales as ρMðRÞ ∝ a−3ða−4Þ ∝ t−3=2ðt−2Þ,
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. VIII.

II. THE MODEL

As mentioned in the Introduction, our model is an
extension of a type-I seesaw framework by a complex
scalar field S (one of the components of which acts as DM)
and a scalar fieldΦ 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 VðH;Φ; SÞ with Φ, S and the usual SM
Higgs doublet H. Furthermore, we incorporate three

Majorana RHNs (Ni) 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 Zn symmetry, for example, while none of the SM
fields have Zn charge: requiring the Lagrangian to remain
invariant under it. A generic field χ with Zn charge q
transforms as χ → ei2πq=nχ, a prescription that equally
applies to Φ, Ni, and S. The RHNs charged under Zn

prohibit the standard tree level Yukawa interaction l̄ H̃ N.
Further, the Zn symmetry breaks spontaneously by the
VEV of Φ, so that additional symmetries (such as Z0

2 or
Z0

2 × CP) need to be imposed for the stability of the DM
candidate S.
The Lagrangian of the model, invariant under the SM ×

GD symmetry, encapsulates

−L ⊃
Yαi

Λ
lLα

H̃ΦNi þ
Mij

2
Nc

i Nj þ VðH;Φ; SÞ þ H:c::

ð1Þ

Note the presence of an higher dimensional effective
Yukawa interaction (a possible UV completion is discussed
in Appendix E) term in Eq. (1), involving Φ with suitable
charges ofZn symmetry assigned toΦ; S; Ni. Here, the SM
lepton doublet is denoted by lL, H̃ ¼ iσ2H�, Λ sets the
cutoff scale of the theory, while fα ¼ e; μ; τg and fi; j ¼
1; 2; 3g correspond to flavor and generation indices,
respectively. This higher dimensional Yukawa interaction
effectively generates the standard neutrino Yukawa term
after Φ gets VEV, which holds the key to have the seesaw
and leptogenesis. The Yukawa coupling Y is a general
complex 3 × 3 matrix, while the new physics scale Λ must
be heavier than the heaviest RHN. The possible realizations
of the discrete symmetry groups Zn, under which the
Lagrangian of Eq. (1) remains invariant, are listed in
Table I. However, the choice of dark symmetry GD ≡ Z3 ×
Z0

2 (or GD ≡ Z2pþ1 × Z0
2, with Ni transforming nontri-

vially under Z2pþ1) 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
GD ≡ Z2p × Z0

2 (or G
0
D ≡ Z2p × Z0

2 × CP). To accommo-
date the Majorana mass term, the RHNs must carry charge
p under the symmetry Z2p, with p being a positive integer
(p ≥ 1). The invariance of the term, l H̃ΦN, under this
symmetry then requires the field Φ to carry the same
charge p. It is important to note that the irreducible
one-dimensional representations of Z2p correspond to

Z2p ≡ fg; g2;…; g2pg, with the generator g ¼ ei
2π
2p, of

which only g2p ¼ ei2π2p=2p ¼ 1, and gp ¼ ei2πp=2p ¼ −1
are real. Since a real field cannot transform under a
complex one-dimensional representation, Φ can be con-
sidered as a real field only if it transforms under a real
representation of Z2p with characters 1 or −1. In our case,
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Φ → eiπΦ ¼ −Φ, which is a real representation of
Z2p. Hence, one can safely treat Φ as a real scalar
field under this symmetry structure (see also
Refs. [57,58] for analogous arguments in Z4 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.
VðH;Φ; SÞ of Eq. (1) denotes the scalar potential

involving the SM Higgs doublet H and the dark sector
scalars Φ and S. The distinction between different sym-
metries as mentioned in Table I actually arises in
VðH;Φ; SÞ, which we address shortly. Note that once
the Z2p symmetry is spontaneously broken through the
VEVof Φ, the active neutrino masses can be generated via
the dimension-five operator ðY=ΛÞðl H̃ΦNÞ in the
Lagrangian, through the type-I seesaw mechanism after
the electroweak symmetry breaking (EWSB). Thus, the
fieldΦ plays a crucial role in this framework, establishing a
connection between the neutrino sector and the dark sector.
The right-handed neutrino mass matrixM is symmetric and
typically complex. One can choose a basis where M is
diagonal (Mdia ¼ diag½M1;M2;M3�), but in this particular
basis, the Yukawa coupling matrix Y is nondiagonal. It is
important to note further that under the Z2p × Z0

2 and/or
Z2p × Z0

2 × CP symmetry transformation, with the
charges assigned to Ni;Φ, and S as in Table I, certain
renormalizable terms such as NcNΦ, and NcNðSþ S�Þ 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 GD and/or G0

D 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.

A. Choice of symmetry and dark matter stability

To systematically address the optimal choice for the
symmetry, let us first examine the case where the DM
particle is taken to be a real scalar S. The scalar potential,
invariant under Z2p × Z0

2, with real scalar Φ and S is given
in Eq. (A1). After the EWSB, the DM mass takes the form

M2
S ¼ μ2S þ

λSH
2

v2 þ λϕS
2

v2ϕ: ð2Þ

In the presence of the interaction term l H̃ΦN, successful
leptogenesis can only occur after the spontaneous sym-
metry breaking of Z2p by requiring vϕ ≥ 109 GeV [42].
Unbroken Z0

2 ensures the stability of DM. Consequently,
achieving DM mass in the GeV-TeV range necessitates a
highly suppressed coupling, λϕS ≲ 10−12. 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 (Φ) and one
complex scalar (S≡ ðs1 þ iS2Þ=

ffiffiffi
2

p
), invariant under

Z2p × Z0
2, is given by Eq. (A3). In this scenario, after

EWSB, the two components of S acquire masses as

M2
S1;2

¼ μ2S þ
λSH
2

v2 ∓ ðλϕS − jλ0ϕSjÞ
2

v2ϕ: ð3Þ

The component of S with the smaller mass serves as the
DM particle. In the limit λϕS ≫ jλ0ϕSj 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

TABLE I. Charges of BSM fields under the symmetry groups GD (or G0
D) and the corresponding allowed terms in

the Lagrangian. We adopt the convention that, under the discrete symmetry Zn, the fields can carry charge
q∈ f1;…; ng. For the CP symmetry, a field is either invariant (denoted by I ) or transforms into its complex
conjugate (with either þ or − coefficient).

Symmetry

Charges of BSM fields under the symmetry and allowed terms

Φ Scalar Φ Ni S l̄ H̃ΦN
Λ NcN Scalar DM

Z2 × Z0
2 (GD) (1,2) Real/Complex (1,2) (2,1) ✓ ✓ Real/Complex

Z3 × Z0
2 (GD) (1/2, 2) Complex (2/1, 2) (3, 1) ✓ ✗ Real/Complex

Z4 × Z0
2 (GD) (2, 2) Real/Complex (2, 2) (4, 1) ✓ ✓ Real/Complex

Z2 × Z0
2 × CP (G0

D) ð1; 2; IÞ Real/Complex ð1; 2; IÞ ð2; 1;S → S�= − S�Þ ✓ ✓ Im½S�=Re½S�
Z4 × CP (G0

D) ð2; IÞ Real/Complex ð2; IÞ ð3;S → S�= − S�Þ ✓ ✓ Im½S�=Re½S�
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components of S (either real or imaginary) develops an
induced VEV. This occurs due to the spontaneous breaking
of Z2p symmetry in presence of the interaction terms
λϕSΦ2ðS�SÞ and λ0ϕSΦ2S2 (see Appendix A 2 for details).
Such acquisition of induced VEV by one component of S
inevitably breaks theZ0

2 symmetry, leaving no symmetry to
protect the stability of the remaining component of S
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 → S� (or equivalently S → −S�).
In the presence of the extended symmetry G0

D≡
Z2p × Z0

2 × CP, we can have a DM candidate even in
the parameter space where an induced VEV is acquired by
one component of S (see Appendix A 2 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 G0

D must therefore be Z2 × Z0
2 ×

CP to accommodate a stable scalar DM, or G0
D ≡ Z4 × CP,

which are fully equivalent (for details, checkAppendixA 3),
and we continue the rest of the discussion with it.
The most general scalar potential involving the

SUð2ÞL isodoublet H and Z4 charged real scalar Φ
and complex scalar S (charge assignments shown in
Table I), invariant under Z4 × CP × SM symmetry, is
given by

VðH;Φ; SÞ ¼ −μ2HH†H −
1

2
μ2ϕΦ2 þ μ2SS

�Sþ λHðH†HÞ2

þ 1

4!
λϕΦ4 þ λSðS�SÞ2 þ λS0 ðS4 þ ðS�Þ4Þ

þ λS00 ðS2 þ ðS�Þ2Þ2 þ 1

2
λϕHΦ2H†H

þ λSHðS�SÞH†H þ 1

2
λϕSΦ2ðS�SÞ

þ μϕS
2

ΦðS2 þ S�2Þ: ð4Þ

Here, we choose λH; λϕ > 0 and μ2H; μ
2
ϕ > 0, which ensure

that the scalar potential VðH;Φ; SÞ acquires two stable
minima along the Φ and H directions. For the time
being, we restrict ourselves to the case μ2S > 0. In the
unitary gauge, the scalar fields take the form
H ¼ 1ffiffi

2
p ð 0

Hþ v Þ;Φ ¼ ðΦþ vϕÞ; S ¼ ðs1 þ iS2Þ=
ffiffiffi
2

p
.

Here, v ¼ 246 GeV denotes the VEV of the SM Higgs.
The presence of the μϕSΦðS2 þ S�2Þ term allows one

component of S to acquire induced VEV (vs) as a
consequence of Z4 symmetry breaking. The other (s1
or S2) remains stable due to the imposed CP symmetry
under which s1 → −s1 (or S2 → −S2) 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 s1 to get induced
VEV is given by

−μϕS >
μ2S
vϕ

þ λϕSvϕ
2

: ð5Þ

It is evident from the above expression that, if all the
couplings are real and positive, μϕS must be negative for
s1 to develop an induced VEV. Similarly, the condition
for S2 to acquire an induced VEV is given by

μϕS >
μ2S
vϕ

þ λϕSvϕ
2

: ð6Þ

With μ2S < 0 and all real and positive couplings, it can be
ensured that an induced VEV for S2 results naturally
while s1 does not acquire any VEV [a simultaneous
satisfaction of Eqs. (5) and (6) is not possible] which is a
manifestation of the imposed CP symmetry on S. This
further ensures the stability of s1 making it a viable DM.
The S2 can be expanded around the VEV as

S2 ¼ ðS̃2 þ vsÞ.
The extremization conditions of the potential lead to the

following relations:

μ2H ¼
�
λHv2 þ

λϕH
2

v2ϕ þ
λSH
2

v2s

�
; ð7Þ

μ2ϕ ¼
�
λϕ
6
v2ϕ þ

λϕH
2

v2 þ λSϕ
2

v2s −
μSϕ
2vϕ

v2s

�
; ð8Þ

μ2S ¼
�
μSϕvϕ −

λSH
2

v2 −
λSϕ
2

v2ϕ − λSeffv
2
s

�
: ð9Þ

Here, the quantity λSeff ¼ ðλS þ 2λS0 þ 4λS00 Þ is the effective
quartic coupling for S field. Utilizing the expression for μ2S,
the mass parameter μSϕ can be expressed in terms of DM
mass as

μSϕ ¼ M2
s1 þ 8ðλS0 þ λS00 Þv2s

2vϕ
: ð10Þ

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 ðHΦS̃2ÞT basis:

M2¼

0
BBBB@

2λHv2 λϕHvvϕ λSHvvs

λϕHvvϕ 2

�
λϕ
6
þμSϕ

v2s
4v3ϕ

�
v2ϕ ðλSϕvsvϕ−μSϕvsÞ

λSHvvs ðλSϕvsvϕ−μSϕvsÞ 2λSeffv
2
s

1
CCCCA:
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The following transformation diagonalizes the mass matrix and gives the eigenstates of the physical mass as ðhϕs2ÞT :

0
B@

h

ϕ

s2

1
CA ¼

0
B@

c12c13 s12c13 s13
−s12c23 − c12s13s23 c12c23 − s12s13s23 c13s23
s12s23 − c12s13c23 −c12s23 − s12s13c23 c13c23

1
CA

†0B@
H

Φ
S̃2

1
CA:

The quantum field h corresponds to the Standard Model
Higgs boson with a mass of Mh ¼ 125.35 GeV [66,67].
The mixing angles between the three scalars are denoted by
θ12, θ23, and θ13. For convenience, we use the shorthand
cijðsijÞ ¼ cos θijðsin θijÞ. 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 afterZ4

symmetry breaking in this model, stemming from one
isodoublet, one real scalar singlet, and one complex scalar
singlet,

Before EWSB∶ HðHiggs doubletÞ;Φ; S̃2; and s1;

After EWSB∶ hðSMHiggsÞ;ϕ; s2; and s1ðDMÞ:

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 (TZ4

≫ M1), the
discrete symmetry undergoes spontaneous breaking. As a
result, both Φ and S2 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 M1, lepton
asymmetry is generated through the decay and scattering
processes involving the lightest right-handed neutrino N1.
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 TEW and the Standard Model Higgs
acquires its mass, the dark matter candidate s1 begins to
decouple from the thermal bath, freezing out at a temper-
ature approximately given by Tfo ∼Ms1=25. The dynamics
of leptogenesis in this framework primarily depends on the
parameters fMi; vϕg, while dark-matter phenomenology is

governed by the set of parameters fMs2 ;Ms1 ; vs; cijg. For
the rest of the analysis, we assume that all scalar mixing
angles are equal and remain small, typically of the order
Oð10−2Þ or less (cij ≤ Oð10−2Þ). Under this assumption,
it is justified to take MΦ ¼ Mϕ and MS̃2

¼ Ms2 . 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 Z4 breaking,

Λ ≫ M3 ≫ M2 > M1 > Mϕ > Ms2 ∼Ms1 : ð11Þ

IV. NEUTRINO MASSES

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

mν ¼ v2yνM−1yTν : ð12Þ

Here, the effective coupling yν can be written in terms of Φ
VEV as yναi ≡ ðYαivϕÞ=Λ while the RHN mass matrix M
can be considered as diagonal Mdiag without loss of
generality. This light neutrino mass matrix mν can then
be diagonalized using UPMNS matrix (which embeds the
neutrino oscillation data in terms of three mixing angles)
via mν ¼ U�

PMNSDνUPMNS, where Dν corresponds to the
diagonalized light neutrino mass matrix. Using the Cassas-
Ibarra parametrization, we can express the coupling yν in
terms of low-energy neutrino oscillation data (though
UPMNS and mass-squared differences for hierarchical neu-
trinos) as

yν ¼
ffiffiffi
2

p

v
U�

PMNS

ffiffiffiffiffiffi
Dν

p
RT

ffiffiffiffiffiffiffiffiffiffiffi
Mdiag

p
: ð13Þ

Here, R is the complex 3 × 3 orthogonal matrix para-
metrized by complex angle zR ¼ aþ ib. It is worth
mentioning that a dimension-five operator of the form
Φ2NcN=Λ, consistent with the model’s symmetries, could,

TABLE II. External and Internal parameters of the model.

External parameters Internal parameters

Mϕ;Ms2 ;Ms1 ;Mi;Λ; λS0 ¼ λS00 ; vϕ; vs; θ12 ≡ θ; θ13 ≡ δ; θ23 ≡ ω λH; λS; λϕ; λϕH; λSH; μϕS; λϕS
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in principle, be present. Once Φ 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 ↔ lH, N ↔ l H̄)
and scattering (NΦ ↔ lH, NΦ ↔ l̄ H̄) 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 Φ field acquires VEV.2 This
requirement stems from the necessity of interference
between tree-level and one loop-level diagrams, with the
relevant NlH vertex (appearing in both the loop con-
tributions and in the tree-level scattering NΦ ↔ lH, see
Fig. 1) being generated only after the spontaneous
breaking of the Z4 symmetry. Furthermore, assuming
that the symmetry-breaking temperature satisfies
TZ4

≫ M1, the right-handed neutrino (N1) remains in
thermal equilibrium through inverse decay (lH → N) and
scattering interactions. We can quantify the decay and
scattering-driven CP asymmetry as

εDi ≡ ΓðNi → lHÞ − ΓðNi → l̄ H̄Þ
ΓðNi → lHÞ þ ΓðNi → l̄ H̄Þ ; and

εSi ≡ γðNiΦ → lH̄Þ − γðNiΦ → l̄HÞ
γðNiΦ → lH̄Þ þ γðNiΦ → l̄HÞ : ð14Þ

Here, ΓðNi → lHÞ ¼ ðy†νyνÞM1=16π is the decay width
of N1, and γðab → cdÞ is the reaction density of the
2 ↔ 2 process defined as

γðab → cdÞ ¼ T
512π6

Z
dẼ

jPjjQjffiffiffiffĩ
E

p K1

 ffiffiffiffĩ
E

p

T

!

×
Z

dΩjMj2ab→cd: ð15Þ

In this expression, T denotes the bath temperature, K1 is
the order one modified Bassel’s function of the second
kind, and jMj2 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

frame, respectively, while Ω represents the solid angle.
The integration variable Ẽ ranges from the lower limit
Ẽmin ¼ max½ðma þmbÞ2; ðmc þmdÞ2� to the upper limit
Ẽmax ¼ Λ. Finally,3 we can get simplified analytical forms
for these CP asymmetry parameters as [76],

εD1 ¼
1

8π

X
k≠1

Im½ðy†νyνÞ21k�
ðy†νyνÞ11

�
fvþs

�
M2

k

M2
1

��

≈
3

16π

X
k≠1

1ffiffiffi
x

p Im½ðy†νyνÞ21k�
ðy†νyνÞ11

ðfor x ≫ 1Þ;

and [40]

εS1 ≈
2

16π

X
k≠1

1ffiffiffi
x

p Im½ðy†νyνÞ21k�
ðy†νyνÞ11

ðfor Ẽ ≫ M2
i;k; x ≫ 1Þ:

ð16Þ

Here, fvþs ¼
ffiffiffi
x

p ½1þ 1
1−x þ ð1þ xÞ ln x

1þx� is the loop
function coming from both vertex and self-energy diagrams
with x ¼ M2

k=M
2
1. Below are the relevant coupled

Boltzmann equations to study the number density of Φ,
N1, and ΔL ¼ l − l̄,

FIG. 1. Various tree and one-loop diagrams that contribute to
the CP asymmetry parameters εD and εS.

1Note 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.

2One can have nonzero CP asymmetry generated from the
scattering and three body decay (N ↔ lHΦ, lHΦ ↔ N) proc-
esses before the Z4 breaking, but the asymmetry is highly
suppressed due to the presence of two-loop diagrams.

3Here, 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].
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dYΦ

dz
¼ −

1

sHz

"
γS

�
YNYΦ

Yeq
N Y

eq
Φ
− 1

�
þ γΦ

�
YΦ

Yeq
Φ
− 1

�#

þ shσviΦΦ
Hz

ðY2
Φ − Yeq

Φ
2Þ; ð17Þ

dYN

dz
¼ −

1

sHz

"
γD

�
YN

Yeq
N
− 1

�
þ γS

�
YNYΦ

Yeq
N Y

eq
Φ
− 1

�#
; ð18Þ

dYΔL

dz
¼ 1

sHz

"
γDεD

�
YN

Yeq
N
− 1

�
þ γSεS

�
YNYΦ

Yeq
N Y

eq
Φ
− 1

�#

−
1

sHz
YΔL

2Yeq
L
ðγD þ γSÞ: ð19Þ

Note that the yield is defined by YðeqÞ ¼ nðeqÞ
s , where nðeqÞ

denotes the equilibrium number density, and s ¼
0.44gsT3 is the total entropy density. The Hubble
expansion of the Universe is given by H ¼
1.66 ffiffiffiffiffigρp T2=MPl with gs and gρ representing the relative
effective degrees of freedom for entropy and radiation
energy density, respectively. The dimensionless param-
eter z is defined as z ¼ M1=T, and γΦ denotes the total
reaction density for Φ decaying into Higgs isodoublet
and S̃2 particles (at this era, before the EWSB, H and S̃2
are the relevant fields), i.e., γΦ ¼ γΦHH þ γΦS̃2S̃2

. hσviΦΦ
represents the sum of all the thermal average cross
sections of Φ (ΦΦ → HH; S̃2S̃2; s1s1). All other nota-
tions are the same as [40]. The reaction density γ is
given by

γða → bcÞ ¼ neq
K1ðzÞ
K2ðzÞ

Γða → bcÞ; ð20Þ

where K1;2 are the modified Bessel’s functions of the
second kind. The expressions for the total reaction
density of decay and scattering (for T ≫ Mi) processes
responsible for creating lepton asymmetry are (see
Appendix F)

2γðNiΦ → lHÞ ¼ γS ≈
ðy†νyνÞ
32π2

M4
1

z
fcðM1; vϕ; zÞ;

2γðNi → lHÞ ¼ γD ¼ ðy†νyνÞ
32π2

M4
1

z
K1ðzÞ; ð21Þ

where fcðM1; vϕ; zÞ ¼ M2
1=ðv2ϕπ3z5Þ is the dimensionless

quantity.4 During the freeze-in of the lepton asymmetry,
around z ∼ ð10–20Þ, if the scattering rate γs dominates

over the decay rate γD (γSγD ≈
fcðM1;vϕ;zÞ

K1ðzÞ ≳ 1), a portion of

the produced asymmetry is partially washed out by
scattering processes [see Eq. (19)]. We have shown
jYΔLj as a function of z ¼ M1

T 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 N1 at 5 × 1011 GeV and
vary the value of vϕ, indicated by different colors: blue
(vϕ ¼ 1010 GeV), orange (vϕ ¼ 109 GeV), green
(vϕ ¼ 108 GeV), and red (vϕ ¼ 107 GeV). As the value
of vϕ decreases, the generated lepton asymmetry also
decreases due to the enhancement of the scattering rate
γS, which scales as γS ∝ M2

1=v
2
ϕ from Eq. (21). In the

right panel of Fig. 2, we fix vϕ ¼ 109 GeV and vary M1

over three values: 1010 GeV (cyan), 1011 GeV (brown),
and 1012 GeV (violet). As M1 increases, γS also becomes

FIG. 2. Left: plot for total lepton asymmetry jYΔLj for different vϕ values. The dashed gray line indicates the correct lepton asymmetry
necessary to create the observed baryon asymmetry. Right: plot for total lepton asymmetry jYΔLj for different M1 values.

4Note that while solving Boltzmann Equation (BEQ), we use
the full numerical estimate of γS, 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 M1¼5×1011GeV, we require a minimum
vϕ ∼ 109 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 Mi; vϕ. Since Mϕ ≪ Mi and vs ≪ vϕ, their
contributions to leptogenesis are negligible. Although
variations in vs, Ms1;2 , and Mϕ 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 Ni and Φ, we have verified that the final
asymmetry remains unaffected even if their initial
abundances are set to zero. This is because inverse
decay processes (lH → Ni, HH → Φ) and annihilation
channels (HH → ΦΦ, lH → ΦN) can efficiently pop-
ulate Ni and Φ 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 (ϕ, H, and s2), s1 is likely to stay in
equilibrium with the thermal bath particles, with its
interaction exceeding the Hubble rate at T ¼ Ms1 ,

neqs1 hσvieff ≥ HðT ¼ Ms1Þ; ð22Þ

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)

hσvieff ¼ hσvis1s1→SMSM þ hσvis1s1→ϕϕ þ hσvis1s1→ϕh

þ hσvis1s1→hh þ hσvis1s1→ϕs2 þ hσvis1s1→hs2

þ hσvis1s1→s2s2 ; ð23Þ

where hσviab→cd 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)]:

dns1
dt

þ 3Hns1 ¼ −hσvieffðn2s1 − neq
2

s1 Þ− hΓiϕ→s1s1ðns1 − neqs1 Þ
− hΓih→s1s1ðns1 − neqs1 Þ
− hΓis2→s1s1ðns1 − neqs1 Þ; ð24Þ

where hΓia→bc is the thermal average decay width of the
process a → bc. The relic density of the DM is mostly

independent of the production processes (hΓi�→s1s1) as they
help DM to equilibrate and is inversely proportional to the
effective thermal average of annihilation cross section
as Ωs1h

2 ∝ 1
hσvieff .

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

We focus on the DM phenomenology in the MeV-TeV
mass range. λs1s1ϕ, λs1s1h, λs1s1s2 , λs2s2s2 , and λs2s2h 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 (vs): case-I, where vs is large, and case-II,
where vs is small, as indicated in Table III. For case-I, the
triple coupling λs1s1h [see Eq. (D1)] increases linearly with
vs [due to the first term of the second relation of Eq. (D1)],
whereas for case-II, the same coupling varies inversely with
vs (due to the second term of the same relation). Since the
DM relic depends on λs1s1h as Ωs1h

2 ∝ 1
ðλs1s1hÞ2

, the behavior

of the DM relic density differs between case-I and case-II.
In case-I, the DM relic density decreases with increasing vs,
whereas in case-II, it increases with increasing vs. 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 s2 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 s1.

(i) Region1 (Ms1 < Mh: when DM mass is below the
SM Higgs mass (Mh ¼ 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 Ms1 ¼ Mh

2
due to the Higgs resonance,

which significantly enhances the DM annihilation
cross section, thereby reducing the relic density. A
wider dip near Ms1 ∼ 80 GeV and a shallower dip
near Ms1 ∼ 91 GeV appear in both plots of Fig. 3.
This dips appear due to the presence of s1s1 →
WþW− and s1s1 → ZZ processes which becomes
kinematically accessible from this mass range.

TABLE III. Values of Mϕ, vs and (sij) along with the
corresponding value of λS0 , λS0 for the explanation of the DM
relic for two specific scenarios, case-I and case-II. We fixed the
value of vϕ, i.e., Z4 breaking scale at 109 GeV.

Scenarios Mϕ (GeV) vs (GeV) λS0 ¼ λS00 sij

Case-I 4 × 104 f104–106g 10−4 0.01
Case-II 5 × 104 f102–104g 10−5 0.02
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(ii) Region2 (Mh ≤ Ms1 < Ms2 : the process s1s1 → hh
becomes kinematically favorable when Ms1 ≥ Mh

resulting in a drop near Ms1 ∼Mh in both scenarios.
For both the plots of Fig. 3, this dip becomes
shallower as vs increases. This occurs because the

coupling λSH ≈ M2
s2

vsv
weakens with higher vs. Since

hσvi ∝ λ2SH, the cross section decreases with in-
creasing vs, causing the dip to gradually diminish.

We also observe a second sharp dip near Ms1 ∼
Ms2
2

due to the resonance enhancement of the process
s1s1 → hh mediated by s2 in the s channel inter-

action. A dip near Ms1 ∼
Ms2

þMh

2
is observed due to

the kinematically favorable process s1s1 → s2h.
This dip is more pronounced in case-I for higher
vs values, while in case-II, this effect is negligible
and only mildly visible for vs ¼ 300 GeV. Unlike
the s1s1 → hh process, the effect of this process
becomes prominent at higher vs in case-I, whereas in
case-II, this only appears for lower vs. The s2 pole
plays a more significant role in this process, making
the s2 mediated s channel diagram the dominant
contributor to the cross section, rather than the 4-

point diagram (M4p
s2h

≃ λSH ≈ M2
s2

vsv
). The matrix am-

plitude for the process s1s1 → s2h via s2 mediated s
channel diagram is provided in Eq. (D2). From
Eq. (D2), it is evident that for case-I with Ms2 ¼
400 GeV and vs ≥ 20 TeV the matrix amplitudeM
scales as Ms

s2h
∝ vs. In contrast, for case-II,

Ms
s2h

∝ 1
vs
. This scaling explains the dip near Ms1 ∼

Ms2
þMh

2
in the DM relic density. In case-I, as vs

increases, the matrix amplitude M grows, enhanc-
ing the cross section of the process s1s1 → s2h. This

leads to a more prominent dip at higher vs. Con-
versely, in case-II, Ms

s2h
decreases with increasing

vs, suppressing the cross section and making the dip
vanishing only except for lower vs.

(iii) Region3 (Ms1 ≥ Ms2): here, we should mention that
we vary the DM mass up to 2 TeV and neglect the
effect of heavy scalarMϕ in DM phenomenology for
simplicity. We observe a dip near MS1 ∼MS2 due to
the new contribution from the DM annihilation
process of s1s1 → s2s2. Similar to the s1s1 → s2h
process, in this process, also the more dominant
contribution comes from the s2 mediated s channel
diagram. The matrix amplitude for the s2 mediated s
channel diagram of the process s1s1 → s2s2 isMs

s2s2 .
In case-I, Ms

s2s2 ∝ vs [see Eq. (D3)], while in case-II,
Ms

s2s2 ∝
1
vs
[see Eq. (D3)]. In case-I, the dip becomes more

pronounced at higher vs due to the enhanced cross section,
while in case-II, it diminishes with increasing vs. The
influence of s2 mass on the DM relic is illustrated in Fig. 4,
where Ms2 is varied in three specific ranges for both case I
and case II. For case-I, vs values of 40 TeV (left panel) and
200 TeV (right panel) are shown in the upper row of Fig. 4.
For case-II, vs 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
(MW), most DM annihilation processes occur predomi-
nantly through SM Higgs-mediated s-channel processes.
As a result, the influence of Ms2 on the DM relic is not
significant when Ms1 ≲MW . As discussed above, for a

higher DM mass (Ms1 ≥
Ms2

þMh

2
), the processes s1s1 → s2h

and s1s1 → s2s2 are the dominant DM production chan-
nels. In case-I (where Ms

s2h
ðMs

s2s2Þ ∝ vs), as Ms2

increases, the matrix amplitudes Ms
s2s2 and Ms

s2h
decrease

[see Eqs. (D2) and (D3)] leading to a reduction in the cross

FIG. 3. Variation of the DM relic density with DM mass (Ms1 ) for two cases of our interest. Case-I: large vs on let left. Case-II: small
vs on the right. We also varied the parameter vs for both cases, shown by red, green, and blue representing increasing values of vs.
Parameters kept fixed are mentioned in the heading and inset.

EXPLORING LEPTOGENESIS, WIMP DARK MATTER, AND … PHYS. REV. D 114, 055053 (2026)

055053-9



section. Consequently, the relic density increases for a
higher mass range of s2. A similar pattern is visible in the
right panel of the upper row of Fig 4. In the case of the top
right plot, vs is increased, which leads to a reduction of the
relic abundance, primarily driven by the enhancement of
λSH, which in turn boosts the annihilation cross section. In
case-II (with vs ≤ 104 GeV and Ms2 ≥ 200 GeV), the
second terms of the couplings λs1s1s2 and λs1s1h [see
Eq. (D1)] dominate over the first terms. The matrix

amplitudes Ms
s2s2 ∝

M2
s2

vs
and Ms

s2h
∝ M2

s2
vs

increase with
Ms2 , enhancing the cross section for s1s1 → s2h and
s1s1 → s2s2. This leads to a decrease in relic density
(for Ms2 ≥ Ms1), as clearly shown in the lower row of
Fig. 4. Additionally, a rise in vs (in the lower right panel
plot for case-II) diminishes the coupling λs1s1h [see
Eq. (D1)], reducing the DM annihilation cross section to
SM particles. Consequently, for a fixed Ms1 , 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 Ms1 −Ms2 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, Ms1 is varied across the
range f200 − 1200g GeV. In the left panel of Fig. 5, where
for vs ¼ 40 TeV (shown in blue color), the correct DM
relic density is achieved near the vicinity of the SM Higgs
pole (depicted as the Ms1 ¼ Mh=2) and s1 pole (repre-
sented by Ms1 ¼ Ms2=2 line), complying with Fig. 4.
Across the narrow region on either side of the Ms1 ¼
Ms2=2 line lies the underabundance zone, while the rest of
Ms1 −Ms2 parameter space represents the overabundance
region for vs ¼ 40 TeV. For vs ¼ 200 TeV (represented
by magenta line), apart from the two poles, relic-satisfied
points also emerge near Ms1 ¼ Ms2 line and Ms1 ∼
900 GeV for the parameters used in this analysis (see
the upper right panel of Fig. 4). However, since the cross
section of s1s1 → s2s2 increases with increasing Ms1 this
effect is only observable upto Ms2 ∼ 880 GeV. Also, for

FIG. 4. Plots for relic density as a function of DMmass are shown for different ranges ofMs2 . The upper row illustrates case-I, with the
left (right) panel corresponding to vs ¼ 40ð200Þ TeV. The lower row represents case-II, with the left (right) panel corresponding to
vs ¼ 0.3ð1Þ TeV.
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vs ¼ 400 TeV, an underabundance region appears between
Ms1 ¼ Ms2 and Ms1 ∼ 900 GeV (for Ms1 ≤ 900 GeV),
along with the narrow zones on both sides of the Ms1 ¼
Ms2=2 line. The right panel of Fig. 5 demonstrates the case
II scenario. For vs ¼ 0.3 TeV (shown in blue), a wider V
shape (divided by Ms1 ¼ Ms2=2 line) region is observed
compared to vs ¼ 1 TeV (shown in magenta). This occurs
because in case II, as vs increases, the cross section of the
process s1s1 → s2s2 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 vs ¼ 0.3 TeV, the
overabundance area forms a disclike region near theMs1 ¼
Ms2 line. AsMs2 increases, the cross section of the process
s1s1 → s2s2 also rises, reducing the DM relic density. As a
result for Ms2 ≥ 916 GeV, all regions satisfying Ms1 ≥
Ms2=2 fall into the underabundance category for
vs ¼ 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 XENON1T
[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 (h, ϕ, and s2), as depicted
in Fig. 6.

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

σSIDD¼
fs1
4π

�
fnμnmn

Ms1v

�
2
�
λs1s1hU11

t−M2
h

þλs1s1s2U13

t−M2
s2

þλs1s1ϕU12

t−M2
ϕ

�
2

¼t→0fs1
4π

�
fnμnmn

Ms1v

�
2
�
λs1s1hU11

M2
h

þλs1s1s2U13

M2
s2

þλs1s1ϕU12

M2
ϕ

�
2

≈
fs1
4π

�
fnμnmn

Ms1v

�
2
�
16s13ðλs0 þλs00 Þvs

�
1

M2
h

þ 1

M2
s2

��
2

;

ð25Þ

where fs1 ¼
Ωs1
ΩDM

is the fractional DM density in our case
fs1 ¼ 1, expressions for all the vertex factor is already
given in Eq. (D1),mn ¼ 0.946 MeV is the mass of neutron,

μn ¼ mnMs1
mnþMs1

is the reduced mass of the DM-neutron

FIG. 5. Plots for parameter space in theMs1 −Ms2 plane satisfying the observed DM relic (ΩDMh2 ¼ 0.1200� 0.0012) for case-I and
case-II. The left panel plot corresponds to case-I with vs ¼ 40 TeV (represented by blue points) and vs ¼ 200 TeV (represented by
magenta points). The right panel plot corresponds to case-II with vs ¼ 0.3 TeV (represented by blue points) and vs ¼ 1 TeV
(represented by magenta points).

FIG. 6. Relevant processes for spin-independent DM-nucleon
scattering.
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system, and fn ¼ 0.308� 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 h;ϕ; s2. While deriving Eq. (25), we assume the
hierarchy of scalar masses Mϕ ≫ Mh;Ms2 and the hier-
archy between the scalar VEVs vϕ ≫ vs.
The dependence of the spin-independent direct detection

cross section, σSIDD, on the parameters Ms2 and vs is clearly
illustrated in Fig. 7. For both case I and case II, σSIDD
increases with increasing vs, while it decreases with
increasing Ms2 , as also evident in Eq. (25). The left panel
of Fig. 7 clearly demonstrates that in case-I, with vs ¼
200 TeV and θij ∼ 10−2, the majority of the parameter
space is excluded by direct detection constraints, leaving
only the higher mass region (Ms2) as experimentally viable.
For vs ¼ 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 θij ∼ 10−4 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 vϕ ¼ 109 GeV.
We have also verified that increasing vϕ does not alter our
conclusions, as the ϕ 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 Z4 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
Z4 symmetry, which is spontaneously broken when the
field Φ acquires a nonzero VEV, hΦi ¼ �vϕ. 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, þvϕ and −vϕ.
The DW energy density, given by ρDW ¼ σ

L ≃
Aσ
t (here, σ is

the surface energy density of the DW), decreases more
slowly than the radiation energy density, ρR ≃ π2

30
gρT4 ∝ 1

t2.
As a result, DWs eventually dominate the Universe’s energy
density when ρDW ≃ 3M2

PH (MP is the reduced Planck

mass), indicating the timescale of the order ofOðM2
P
σ Þ [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 Z4 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

ΔV ¼ μΦ3 þ μϕHΦH†H þ μϕssΦS�Sþ ðλ1Φ3Sþ H:c:Þ

þ ðλ2S�SSΦþ H:c:Þ þ C1

Λ
Φ5 þ C2

Λ
Φ3H†H

þ C3

Λ
ΦðH†HÞ2 þ � � � ; ð26Þ

where μ; μϕH, and μϕss are the couplings with mass
dimension, while λ1 and λ2 can generally be complex
quantities. In our analysis, we showed that we need vϕ ≥
109 GeV to obtain the correct order of the asymmetry,
as predicted by PLANCK. The parameter vs plays a
crucial role in WIMP-like DM phenomenology of
our model. We can have the correct DM relic with

FIG. 7. The relic allowed parameter space is represented in Ms1 − σSINs1 plane for both case-I and case-II scenarios.

5Although we remain agnostic about the origin of the domain-
wall bias term, one can get it from higher-dimensional operators
(with cutoff scale, ΛQG ≥ 1017 GeV) induced by quantum-
gravity effects that explicitly break discrete symmetries [88,89].
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300 GeV ≤ vs ≤ 106 GeV. This indicates that in our
model we have the condition vs ≪ vϕ. With the assumption
of Ci very small, we can safely drop dimension-five
nonrenormalizable terms from Eq. (26). Now, we can write
the energy bias term as

Vbias ≡ μv3ϕ þ 2Re½λ1�v3ϕvs: ð27Þ

As long as μ ≈ 2Re½λ1�vs, we have to take into account
both the term in Eq. (27) while performing gravitational-
wave signal analysis. However, for μ ≫ Re½λ1�vs the peak
amplitude and peak frequency of the GW will predomi-
nantly depend on two parameters vϕ and μ. Below the
electroweak scale, the presence of ðλ1Φ3Sþ H:c:Þ and
ðλ2ðS�SÞSΦþ H:c:Þ terms will make DM unstable (Z2

breaking term). With the introduction of these terms, DM s1
can decay to ϕ; s2 and SM Higgs (h). Assuming the SM
Higgs is the lightest scalar, the most dominant decay
process will be s1 → hh. To make the DM stable during
the Universe’s timescale, we have to satisfy the condition

Γs1→hh ≤
1

τ
× 6.58 × 10−25 GeV; ð28Þ

where τ is the lifetime of the Universe (τ ≈ 4.3 × 1017

seconds). From Eq. (28), we get an upper bound of the
coupling λ1 which is depicted in Fig. 8 (for simplicity, we
take λ1 ¼ λ2 ¼ λ). For the left panel (of Fig. 8), we consider
the VEVof Φ, hΦi ¼ 109 GeV, increasing vϕ will increase
the decay width Γs1→hh which will eventually decrease the
upper bound on the coupling λ1 as depicted in the right
panel of Fig. 8. Introducing Vbias will resolve the vacuum
degeneracy and make the DW unstable. The energy differ-
ence between the two minima will create a volume pressure
force, pV ∼ Vbias, which acts upon the walls, causing the
negative VEV (hϕi ¼ −vϕ) region to shrink. When the
volume pressure force overcomes the tension force pT 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 (ΩGWh2) and the peak frequency (fpeak) of
the GWs at the current time can be expressed as [90–93]

Ωpeakh2 ≃ 1.5 × 10−10 ×

�
ϵ̃GW
0.7

��
A
1.41

�
4
�
107 GeV4

Vbias

�
2
�

σ1=3

107 GeV

�
12

; ð29Þ

fpeak ≃ 1.4 × 10−5 Hz ×

�
1.41
A

�
1=2
�

Vbias

107 GeV4

�
1=2
�
107 GeV

σ1=3

�
3=2

: ð30Þ

The area parameter is selected as A ¼ 1.41� 0.3 based on the axion model N ¼ 4 [94]. In the scaling regime, the
efficiency factor ϵ̃ ¼ 0.7 [90] is treated as constant and extracted from the numerical simulation. The surface energy density,

FIG. 8. The above plots depict the upper bound on λ imposed by the dark matter stability condition, considering the Universe’s
lifetime. In the left panel, different shaded regions represent different mixing angles with vϕ fixed at 109 GeV, while in the right panel,
they correspond to different values of vϕ, with the scalar mixing angles (θ, δ, ω) fixed at 10−4.

EXPLORING LEPTOGENESIS, WIMP DARK MATTER, AND … PHYS. REV. D 114, 055053 (2026)

055053-13



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

wall, is expressed as σ ¼
ffiffiffiffiffi
8λϕ

p
v3ϕ

3
. While calculating the

above expressions [Eqs. (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]:

ΩGWh2 ¼ Ωpeakh2
ðαþ βÞγ

ðαxβ=γ þ βx−α=γÞγ ; ð31Þ

where x ¼ f
fpeak

and α, β are the two real positive numbers,

representing the spectral slopes of the GWs at f ≪ fpeak
and f ≫ fpeak, respectively. The parameter γ represents the
width around the peak of the GW. Although α ¼ 3 is fixed
from causality, we need help from numerical simulations to
determine β and γ. Recent studies suggest β ≃ γ ≃ 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],

μARES [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 Neff
[114–116].6
We have fixed the scalar mixing angles θ ¼ ω ¼ δ ¼

10−4 and set vϕ ¼ 109 GeV for the two panels in the upper
row and the left panel in the lower row of Fig. 9. MS2

¼
200 GeV and Mϕ ¼ 40 TeV are taken as constant for all

FIG. 9. We fixed vϕ ¼ 109 GeV for the top left, top right, and bottom left panels. Bottom right panel: λ1 ¼ 10−21, μ ¼ 10−16 GeV. For
all of the above plots, we fixed Mϕ ¼ 4 × 104 GeV.

6The energy density of the GW (ρGW) varies with the scale
factor (a) of the Universe as, ρGW ∝ a−4 [117]. Hence, GW can
act as an extra relativistic species (in addition to those of the SM)
in the radiation-dominated era, and ρGW should be less than 20%
of the total energy density of the Universe at Big Bang
Nucleosynthesis (BBN) (TBBN ∼ 0.1 MeV). This constraint can
be written as

h2Ω0
GW ≤ h2Ω0

γ
7

8

�
4

11

�4
3

ΔNeff ¼ 5.6 × 10−6ΔNeff ;

where the superscript 0 indicates the value of the quantity at
present time, and Ωγ is the photon relic density of the Universe.
Here, we use ΔNeff ≤ 0.2 from the PLANCK 2018 [114] data.
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the plots of Fig. 9. In the top-left panel, we show the effect
of varying the coupling λ ¼ λ1, while keeping the model
parameters fixed at μ ¼ 10−16 GeV and vs ¼ 106 GeV.
Changing λ1 affects the bias term (Vbias) but does not alter
the surface energy density (σ) of the domain wall (DW),

since vϕ is fixed and λϕ ∝
M2

ϕ

v2ϕ
also remains constant. With

increasing λ1, Vbias will also increase, which in turn leads
to lower Ωpeak, as predicted by Eq. (30) and observed in
this plot. In contrast, with increasing λ1, fpeak also
increases [see Eq. (29)], as is evident from the plot.
Similar reasoning applies to the cases of varying μ and vs,
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 vs ¼ 103 TeV and
vs ¼ 200 TeV, respectively. The blue and red curves
represent vϕ ¼ 109 GeV and vϕ ¼ 1010 GeV, respec-
tively. In Fig. 10, as vϕ increases, both Vbias and σ
increase. However, since Ωpeak is primarily governed by σ,
scaled as σ4, a larger vϕ corresponds to a higher Ωpeak, as
shown in the graph. Depending on the specific combina-
tions of fλ1; μ; vs; vϕg, 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
vϕ − vs plane with μ and λ1 fixed at 10−18 GeV and 10−21,

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 vs (where μ ≫ 2Re½λ1�vs) the peak
frequencies of the GW become independent of vs and
depend only on vϕ [see Eq. (27)]. The blue region on the
right denotes the high vϕ regime where NΦ 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 Nϕ scatterings for
low vϕ [see Eq. (21)]. These exclusion regions correspond
to the specific choice of M1 ¼ 5 × 1011 GeV. For larger
(smaller) M1, these regions shift to higher (lower) values of
vϕ, since for fixed vϕ, the reaction density γS grows with
M1, enhancing scattering-induced washout [see Eq. (21)].
In Fig. 10, we show three benchmark points (listed in
Table IV) that simultaneously account for DM

FIG. 10. Parameter space of the model to simultaneously explain neutrino masses, baryon asymmetry, and dark matter abundance, for
M1 ¼ 5 × 1011 GeV, μ ¼ 10−8, and λ1 ¼ 10−21. The solid gray lines represent fpeak 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, Nϕ scatterings can be neglected, while
the gray and red shaded regions are excluded by BBN and leptogenesis, respectively.

TABLE IV. Set of benchmark values of vs; vϕ;MS1
, and MS2

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 vs (GeV) vϕ (GeV) MS1
(GeV) MS2 (GeV)

BP1 5.8 × 105 109 335 400
BP2 5.7 × 104 1.6 × 1010 395 328
BP3 3.4 × 106 1.5 × 1012 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 (ϱ ¼ 20) [118,119],

ϱ ¼
�
ndettobs

Z
fmax

fmin

df
�
ΩsignalðfÞ
ΩnoiseðfÞ

�
2
�
1=2

: ð32Þ

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-I seesaw mechanism with a scalar mediator Φ that
couples a complex dark scalar S to right-handed neutrinos
Ni. In particular, two features make this model special, one
an effective dimension-five term l̄ H̃ΦN and two the scalar
potential [VðH;Φ; SÞ]. The model inherits a dark sector
symmetry, which governs the form VðH;Φ; SÞ and dictates
the phenomenology of the model. One of the most
interesting choices of the symmetry can be Z4 × CP,
which spontaneously gets broken by the VEV of Φ (vϕ),
which in turn instigates neutrino mass generation, and
lepton number asymmetry. vϕ induces a VEV to the
complex scalar (vs), keeping one component s1 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 vs. When we

assume the DM to be a thermal WIMP, the annihilation
cross sections are dictated by the triple scalar couplings,
which depend on vs. When vs is large, the contribution to
the couplings are directly proportional to vs, whereas when
vs is 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 vs ≲ 104 GeV, while the larger vs 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 Φ which contributes to
washout. Importantly, the saturation of lepton asymmetry is
also crucially governed by the VEV of Φ (vϕ). To address
the observed baryon asymmetry, we achieve a lower limit on
vϕ ≳ 109 GeV. Neutrino mass generation relies on the Z4

symmetry breaking, although the active neutrino masses do
not pertain to a specific vϕ 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 Z4

breaking terms to annihilate domain walls. This in turn

create gravitational-wave signals which also therefore
depend on vϕ and vs. 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 s2 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 GD or G0
D

In this appendix section, we outline the various possible
structures of the scalar potential that remain invariant under
the GD ≡ Z2p × Z0

2 (or G0
D ≡ Z2p × Z0

2 × CP) symmetry
group structure. The charge assignments of the newly
introduced fields under this group structure is already
specified in Table I.

1. SM with two real singlet scalars

If two real singlet scalars (Φ and S) are added with the
SM Higgs, the resulting scalar potential invariant under
Z2p × Z0

2, can be expressed as follows:

ṼðH;Φ; SÞ ¼ −μ2HH†H þ λHðH†HÞ2 − μ2ϕ
2
Φ2

þ λϕ
4!

Φ4 þ μ2SS
2 þ λS

4!
S4 þ λϕH

2
Φ2H†H

þ λSH
2

S2H†H þ λϕS
4

Φ2S2: ðA1Þ

Here and through the other scalar potentials discussed in
the Appendix, we impose λH; λϕ > 0 and μ2H; μ

2
ϕ > 0,

which ensure that the scalar potential ṼðH;Φ; SÞ acquires
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two stable minima along the Φ and H directions. In
addition, we restrict ourselves to the case μ2S > 0.
Once Φ acquires the VEV through the spontaneous

breaking of the Z2p symmetry, the scalar S may also
develop an induced VEV. The condition for S to get an
induced VEV is given by

−2μ2S − λϕSv2ϕ > 0: ðA2Þ

If the parameter space satisfies above inequality, the Z0
2

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 (Φ) and one complex
scalar singlet (S≡ ðs1 þ iS2Þ=

ffiffiffi
2

p
) in addition to the SM

Higgs, then the corresponding scalar potential, preserving
the Z2p × Z0

2 can be written as

ṼðH;Φ; SÞ ¼ −μ2HH†H þ λHðH†HÞ2 − μ2ϕ
2
Φ2 þ λϕ

4!
Φ4 þ μ2SS

�Sþ
�
μ2SSS

2

2
þ H:c:

�

þ λSðS�SÞ2 þ
�
λS0

2
ðS�SÞS2 þ H:c:

�
þ
�
λS00

4!
S4 þ H:c:

�
þ λϕH

2
Φ2H†H

þ λSHðS�SÞH†H þ
�
λ0SH
2

H†HS2 þ H:c:

�
þ λϕS

2
Φ2ðS�SÞ þ

�
λ0ϕS
4

Φ2S2 þ H:c:

�
; ðA3Þ

where the mass coupling μSS and the dimensionless
couplings λS0 ; λS00 ; λ0SH and λ0ϕS 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

M2
S ¼ μ2S þ

λSH
2

v2 þ ðλϕS − jλ0ϕSjÞ
2

v2ϕ: ðA4Þ

In deriving the above expression for the DMmass, we have
assumed that jμSS ≪ vϕj. This condition naturally follows
from the leptogenesis requirement, which imposes the
constraint vϕ ≥ 109 GeV [40] in order to achieve success-
ful leptogenesis.
Once Φ acquires a VEV, here also arises the possibility

that one of the components of S (either its real or imaginary
part) develops an induced VEV as a consequence of the
spontaneous breaking of Z2p, driven by the presence of the
interaction terms λϕSΦ2ðS�SÞ and λ0ϕSΦ2S2. In particular,
the condition for real component of S to acquire induced
VEV after Φ obtains it VEV is given by

−2ðμ2S þ Re½μ2SS�Þ − ðλϕS þ Re½λ0ϕS�Þ > 0: ðA5Þ

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 s1S2 (arising from S2 þ H:c: terms). Once
one of the component of S gets induced VEV, this s1S2
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 Z0

2 symmetry, leaving no residual symmetry
to stabilise either s1 or S2 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 Z2p × Z0

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
Z2p × Z0

2 × CP, the scalar potential given in Eq. (A3) is
modified and takes the following form:

ṼðH;Φ; SÞ ¼ −μ2HH†H þ λHðH†HÞ2 − μ2ϕ
2
Φ2 þ λϕ

4!
Φ4 þ μ2SS

�Sþ μ2SS
2

ðS2 þ ðS�Þ2Þ

þ λSðS�SÞ2 þ
λS0

2
ðS�SÞðS2 þ ðS�Þ2Þ þ λS00

4!
ðS4 þ ðS�Þ4Þ þ λϕH

2
Φ2H†H

þ λSHðS�SÞH†H þ λ0SH
2

H†HðS2 þ ðS�Þ2Þ þ λϕS
2

Φ2ðS�SÞ þ λ0ϕS
4

Φ2ðS2 þ ðS�Þ2Þ: ðA6Þ
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Here, the condition for real component of S to acquire
induced VEV is given by

−2ðμ2S þ 2μ2SSÞ − ðλϕS þ λ0ϕSÞ > 0: ðA7Þ

Owing to the imposed CP symmetry, only terms of the form
ðS2 þ ðS�Þ2Þ and ðS4 þ ðS�Þ4Þ are permitted in the scalar
potential. This restriction forbids the appearance of s1S2
term, thereby preventing any mixing between the real and
imaginary components, s1 and S2. Even if the Z0

2 symmetry
is broken through the induced VEV, the remaining CP

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

3. Equivalence betweenZ2 ×Z0
2 andZ4 for the cases of

one real and one complex scalar

In this subsection of the appendix, we demonstrate that
the Z4 symmetry leads to a situation analogous to that
obtain under Z2 × Z0

2 when considering one real (Φ) and
one complex scalar (S). The charge assignments for BSM
fields under Z4 is provided in Table I. The corresponding
scalar potential, invariant under this Z4, takes the form

ṼðH;Φ; SÞ ¼ −μ2HH†H þ λHðH†HÞ2 − 1

2
μ2ϕΦ2 þ 1

4!
λϕΦ4 þ μ2SS

�Sþ λSðS�SÞ2

þ ðλS0 ðS�SÞS2 þ H:c:Þ þ ðλS00S4 þ H:c:Þ þ λϕH
2

Φ2H†H þ λSHðS�SÞH†H

þ λϕS
2

Φ2ðS�SÞ þ
�
μϕS
2

ΦS2 þ H:c:

�
; ðA8Þ

where the couplings λS0 ; λS00 and μϕS can, in general, take
complex values. Once the Z4 symmetry is spontaneously
broken through the VEV of Φ, our Lagrangian retains a
remnant Z2 symmetry under which S is odd (transform as
S → −S). This residual symmetry ensures that the lighter
component of S serves as the DM candidate, in exact
analogy with the Z2 × Z0

2 case. The corresponding DM
mass is given by

M2
S ¼ μ2S þ

λSH
2

v2 þ λϕS
2

v2ϕ − jμϕSjvϕ; ðA9Þ

which is structurally identical to Eq. (A4), with the only

difference being that the term
jλ0ϕSjv2ϕ

2
is replaced by jμϕSjvϕ.

As in the Z2 × Z0
2 case, there exists the possibility that

one component of S develops an induced VEV following
the spontaneous breaking of Z4 via vϕ. The condition for
the real component of S to acquire such an induced VEV is

−2μ2S − ð2Re½μϕS� þ λϕSvϕÞvϕ > 0; ðA10Þ

which closely resembles the condition in Eq. (A5). Once
one of the component of S develops induced VEV, the
remnant Z2 symmetry inherited from parent Z4 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 Z4 × CP
SYMMETRIC SCALAR POTENTIAL

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

λH ¼ M2
H þM2

ϕ þ 2M2
s2 þ 2ðM2

H −M2
ϕÞc212c213 þ ðM2

H þM2
ϕ − 2M2

s2Þc213
8v2

; ðB1Þ

λS1 ¼
6M2

H þ 6M2
ϕ þ 4M2

s2 − 64ðλS0 þ 2λS00 Þv2ϕ − 2ðM2
H þM2

ϕ − 2M2
s2Þðc213 þ 2c13c223Þ

32v2s
; ðB2Þ

λS2 ¼
−2ðM2

H −M2
ϕÞð1þ c213 − 3c213 þ c223c213Þc212 − 8ðM2

H −M2
ϕÞs212s223s13

32v2s
; ðB3Þ
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λϕ1
¼ 6ðM2

H −M2
ϕÞvϕ þ 4M2

s2vϕ − 8μϕSv2s − 2ðM2
H þM2

ϕ − 2M2
s2Þðc213 − 2c213c223Þvϕ

16v3ϕ
; ðB4Þ

λϕ2
¼ 2ðM2

H −M2
ϕÞðc213c223 − 3c223 − 2c213Þc212vϕ þ 8ðM2

H −M2
ϕÞvϕs212s223s13

16v3ϕ
; ðB5Þ

λϕH ¼ c13½s212c23ðM2
ϕ −M2

HÞ þ f2M2
s2 −M2

ϕ −M2
H þ ðM2

ϕ −M2
HÞc212gs13s23�

2vvϕ
; ðB6Þ

λSH ¼ c13½c23s13f2M2
s2 −M2

ϕ −M2
H þ ðM2

ϕ −M2
HÞc212g − ðM2

ϕ −M2
HÞs212s23�

2vvS
; ðB7Þ

λϕS1 ¼
s223½2c213ð2M2

s2 −M2
ϕ −M2

HÞ þ c212ðM2
ϕ −M2

HÞðc213 − 3Þ�
8vSvϕ

; ðB8Þ

λϕS2 ¼
8μϕSvϕ − 4ðM2

ϕ −M2
HÞc223s212s13

8vsvϕ
; λϕS ¼ λϕS1 þ λϕS2; ðB9Þ

λS ¼ λS1 þ λS2 ; λϕ ¼ 3ðλϕ1
þ λϕ2

Þ; ðB10Þ

where cos θij ≡ cij, sin θij ≡ sij, cos 2θij ≡ c2ij ¼ c2ij − s2ij, and sin 2θij ≡ s2ij ¼ 2sijcij.

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 VðH;Φ; SÞ remains bounded from below,
the quartic couplings must satisfy the following copositivity conditions [120–123]:

λH ≥ 0; λϕ ≥ 0; λSeff ≥ 0; λ̃ϕH ≡ λϕH þ 2
ffiffiffiffiffiffiffiffiffiffi
λHλϕ

q
≥ 0;

λ̃SH ≡ λSH þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
λHλSeff

q
≥ 0; λ̃Sϕ ≡ λSϕ þ 2

ffiffiffiffiffiffiffiffiffiffiffiffi
λϕλSeff

q
≥ 0;ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

λHλϕλSeff

q
þ λϕH

ffiffiffiffiffiffiffiffi
λSeff

q
þ λSϕ

ffiffiffiffiffiffi
λH

p
þ λSH

ffiffiffiffiffi
λϕ

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2λ̃ϕHλ̃SH λ̃Sϕ

q
≥ 0 ðC1Þ

(ii) 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],

λH < 8π; λSeff0 < 8π; λϕH < 8π; λSH < 8π; λSϕ < 8π; and x1;2;3 < 16π: ðC2Þ

Here, λSeff0 ¼ ðλS − 6λS0 − 4λS00 Þ and x1;2;3 are the roots of the following equation:

2x3 − x2ð12λH − 6λSeff − 2λSeff0 þ λϕÞ þ xð36λHλSeff þ 3λϕλSeff þ 12λHλSeff0

þ λϕλSeff0 þ 6λHλϕ − 2λ2ϕH − λ2Sϕ − 4λ2SHÞ þ 6λHλSϕ − 4λϕHλSHλsϕ þ 2λϕλ
2
SH

− 18λHλϕλSeff þ 6λ2ϕλSeff − 6λHλϕλSeff0 þ 2λ2ϕλSeff0 : ðC3Þ

EXPLORING LEPTOGENESIS, WIMP DARK MATTER, AND … PHYS. REV. D 114, 055053 (2026)

055053-19



(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 θij. Combined
analyses from the ATLAS [127] and CMS [128]
Collaborations, incorporating multiple decay chan-
nels (γγ, ZZ, WW, γZ, bb̄, μμ, ττ), have placed a
stringent upper bound on this mixing, yielding
j sin θj ≤ 0.29 [129] under the assumption of a single
scalar mixing with the SM Higgs. In our framework,
three independent mixing angles (θij here
i; j≡ f1; 2; 3g) 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 sin θij ≤ Oð10−2Þ, 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, ϕ, s2) and the DM s1:

λs1s1ϕ ∝ ðc12s23 þ s12s13c23Þ
�
M2

ϕ

vs
− 16ðλs0 þ λs00 Þvs

�
;

λs1s1h ∝ ðc12c23s13 þ s12s23Þ
�
16ðλs0 þ λs00 Þvs −

M2
h

vs

�
;

λs1s1s2 ∝
�
16ðλs0 þ λs00 Þvs −

M2
s2

vs

�
;

λs2s2s2 ∝ −3M2
S2

�
c313c

3
23

vs
þ s13

v

�
;

λs2s2h ∝ 2M2
s2

�
c213c

2
23s23
vs

þ c323c
2
13c12s13
vs

þ c313 − c13
v

�
:

ðD1Þ

The matrix amplitude for the process s1s1 → s2h via s2
mediated s channel diagram is

Ms
s2h

¼ λs1s1s2λs2s2h
M2

s2

≈
�
16ðλs0 þ λs00 Þvs −

M2
s2

vs

�

×

�
c213c

2
23s23
vs

þ c323c
2
13c12s13
vs

þ c313 − c13
v

�
: ðD2Þ

Similarly, the matrix amplitude for the process s1s1 → s2s2
via s2 mediated s channel diagram is

Ms
s2s2 ¼

λs1s1s2λs2s2s2
M2

s2

≈
�
16ðλs0 þ λs00 Þvs −

M2
s2

vs

��
c313c

3
23

vs
þ s13

v

�
: ðD3Þ

FIG. 11. The above diagrams contribute to the DM relic after EWSB in Z4 × CP invariant scenario.
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APPENDIX E: UV COMPLETION OF THE EFT
OPERATOR

On top of the BSM fields (Ni;Φ, and S with same Z4

charge) present in our framework, we add three BSM
vectorlike heavy neutral fermion FLβ ;Rβ

∼ ð1; 1; 0Þ (where
β varies from 1 to 3) singlets under the SM gauge group and
also transform trivially under the Z4 symmetry. The
Lagrangian responsible for generating the active neutrino
mass in this model is given by

−Lν ⊃ Y αβlLα
H̃FRβ

þ KβiFLβ
ΦNi þMβγFLβ

FRγ

þMij

2
Nc

i Nj þ H:c:: ðE1Þ

The discrete Z4 symmetry breaks before EWSB at a
much earlier stage of the Universe via the VEV of the Φ
field. The mass terms involving νL, FL, FR, and N can be
expressed as

−Lν ¼
1

2

	
νL FL NC FC

R




×

0
BBBB@

0 0 0 mD

0 0 mK M

0 mT
K M 0

mT
D MT 0 0

1
CCCCA

0
BBBB@

νCL
FC

L

N

FR

1
CCCCA; ðE2Þ

where mD ¼ Yv=
ffiffiffi
2

p
and mK ¼ Kvϕ are the Dirac mass

terms for ν and N, respectively. After the block diagonal-
ization of this mass matrix, one can find form of active
neutrino mass matrix as

mUV
ν ≃ vvϕYM−1KM−1KTðM−1ÞTY T: ðE3Þ

It is important to note that in this model we assume the
following mass hierarchy: M ≫ M > mK ≫ mD. After
integrating out the heavy degrees of fields F , one can
get the desired dimension-5 operator (l̄ H̃ΦN) with the
corresponding matching condition (see Fig. 12).

Y
Λ
≡ YK

M
: ðE4Þ

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

Starting from Eq. (15), the reaction density for the
scattering process NiΦ → lH can be expressed as

γðNiϕ → lHÞ ¼ T
512π6

ðy†νyνÞii
v2ϕ

Z
dẼ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðẼ;M2

ϕ;M
2
i Þ

q
4
ffiffiffiffĩ
E

p

× K1

 ffiffiffiffĩ
E

p

T

!
ðẼþM2

i −M2
ϕÞπ; ðF1Þ

where λða; b; cÞ≡ ða − b − cÞ2 − 4bc denotes the Källén
function. In obtaining Eq. (F1), we have used the center-of-

mass momenta of the initial and final states, jPj ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðẼ;M2

1;M
2
ϕÞ=4Ẽ

q
and jQj ¼

ffiffiffiffiffiffiffiffi
Ẽ=4

p
, together with the

angular integration of the squared matrix element,R jMjdΩ ¼ fðy†νyνÞii=v2ϕgðẼþM2
i −M2

ϕÞπ [40]. In the
high-temperature regime T ≫ Mi, corresponding to
z ¼ Mi=T ≪ 1, and for Mϕ ≪ Mi, the dominant contri-
bution to the integral arises from the region of center-of-

mass energies
ffiffiffiffĩ
E

p
∼ T ≫ Mi. 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:

γS ¼ γðNΦ → LHÞ þ γðNΦ → L̄ H̄Þ

≈
ðy†νyνÞiiT
1024π5v2ϕ

Z
dẼ Ẽ3=2K1

 ffiffiffiffĩ
E

p

T

!

¼ ðy†νyνÞiiT6

512π5v2ϕ

Z
dx x4K1ðxÞ: ðF2Þ

For Mϕ ≪ Mi, the lower limit of the Ẽ integral is

Ẽmin ≃M2
i . Upon introducing x ¼

ffiffiffiffĩ
E

p
=T, this corresponds

to xmin ¼ Mi=T ¼ z, which approaches zero in the high-
temperature regime T ≫ Mi. Thus, the lower limit of the x
integration can be approximated by xmin ≃ 0, with this the
integral reduces to a standard Bessel-function integral,R∞
0 dx x4K1ðxÞ ¼ 16. The scattering reaction density con-
sequently takes the simplified analytical form

γS ≈
ðy†νyνÞiiT6

32π5v2ϕ
¼ ðy†νyνÞiiM6

i

32π5v2ϕz
6
¼ ðy†νyνÞ

32π2
M4

1

z
fcðM1; vϕ; zÞ;

ðF3Þ

where fcðM1; vϕ; zÞ ¼ M2
1=ðv2ϕπ3z5Þ. γS has been

expressed in this form to facilitate a direct comparison
with the corresponding decay reaction density, γD. The left

FIG. 12. Tree-level diagram of active neutrino mass generation
for the UV complete model.
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panel of Fig. 13 compares the analytical high-temperature
approximation, γanS , with the full numerical result, γnuS . 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 ΔL [see

Eq. (19)], we retain only the NΦ → lH scattering con-
tribution while neglecting the other ΔL ¼ 1 processes
involving SM quarks and SM gauge bosons. These
include, for instance, NQ̄ → tl̄; Nl → tQ, and the
gauge-boson-involved processes NA → lH;Nl → AH̄,
and NH̄ → lA, with A ¼ Bμ;Wa

μ. 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
ΔL ¼ 1 processes are shown by the magenta dot-
dashed (γΔL¼1

Y ) and dashed (γΔL¼1
A ) curves, respectively,

while the NΦ → lH contribution, γS, is shown by the
purple curves for different values of vϕ indicated in the
figure legend. The comparison clearly shows that γS
dominates over the other ΔL ¼ 1 scattering contribu-
tions (across most of our scattering-dominated lepto-
genesis parameter space). Also note that, within the range
z∈ ½1; 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, γD (depicted as
the red line in Fig. 13). Their impact on the evolution of
YΔL is therefore negligible, justifying their omission from
the BEQ. The reaction densities of the various ΔL ¼ 1
scattering processes are evaluated using the corresponding
cross sections given in Refs. [130,131].
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