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We study a scotogenic model augmented with an additionalUð1Þ gauge and a discrete Z2 symmetry. The
lightest Z2-odd particle in our model becomes the dark matter (DM) candidate while tiny neutrino masses
are realized at one loop. We explore the parameter space of the model for which the DM relic density is
satisfied, and the correct low-energy neutrino observables are reproduced. The extended gauge symmetry
includes a beyond Standard Model (SM) particle spectrum consisting of vectorlike fermions and scalars.
We also highlight possible collider signatures of these particles at the LHC.
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I. INTRODUCTION

The modern era of particle physics has witnessed a
remarkable period of success with the development and
establishment of the Standard Model (SM). The discovery
of a ∼125 GeV Higgs at ATLAS [1] and CMS [2]
completed the search for the particle spectrum of the
SM. Although the SM of particle physics is a highly
successful theoretical framework, it has some limitations as
it cannot give any prediction of the DM present in the
Universe, where it came from, and its nature. Neither can it
explain the matter-antimatter asymmetry in the Universe, so
pertinent to our very existence. Then there is the matter of
gauge hierarchy problem that suggests the existence of
some new physics not far above the electroweak scale and
the nonzero mass of the neutrinos where SM falls short of
expectations. These shortcomings motivate us to explore
new theoretical ideas and their experimental investigations
beyond the SM. Various astrophysical observations, such as
Coma cluster [3], the gravitational lensing effects observed
in the bullet cluster [4] and anomalies in galactic rotation
curves [5,6], have provided compelling evidence for the
existence of DM in the Universe. These observations
indicate that there is additional mass in the Universe that
does not interact with electromagnetic radiation and cannot
be accounted for by the particles described within the SM

of particle physics. In the SM of particle physics, neutrinos
were originally assumed to be massless. However, exper-
imental observations of neutrino oscillations have conclu-
sively demonstrated that neutrinos have nonzero masses
[7,8], which has motivated the need for extensions to the
SM of particle physics. It is to be noted that neutrinos and
DM have distinct properties and behaviors.
We study a scotogenic model, which is augmented with

an additional Uð1Þ gauge symmetry. The success of the
Standard Model being a gauge theory motivates us to
consider BSM particles to be charged under certain gauge
groups. The motivation for Uð1Þ gauge symmetry comes
from grand unified theories (GUT), which contains the SM
gauge group and has a rank greater than four. The
mathematical fact that any theory with SUðNÞ gauge
symmetry, when spontaneously broken by a scalar in the
adjoint representation, has its N − 1 diagonal generators
unbroken, therefore the theory has at least Uð1ÞN−1

symmetry [9]. In special cases when more than one real
component of a scalar multiplet which breaks the SUðNÞ
gauge symmetry becomes equal, there will be a remnant
non-Abelian gauge symmetry, e.g., SOð10Þ and E6 GUT
have gauge symmetry of rank 5 and 6 respectively after
symmetry breaking will give SM gauge group along with
additional Uð1Þ symmetry.
In the Uð1Þ extension of SM, the new Abelian gauge

boson can be a messenger between SM and BSM particles,
even if the SM particles are neutral under the additional
symmetry as the interactions can proceed via gauge kinetic
mixing (GKM) between the SM Uð1ÞY and new Uð1Þ
gauge bosons. The Uð1Þ extended BSM models can solve
many phenomenological problems, e.g., μ problem in the
MSSM (minimal supersymmetric SM) by dynamically
generating the μ term, some flavor nonuniversal coupling
of new gauge boson to lepton and quark sector can induce
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flavor violating loop decay, e.g., μ → eγ, b → sγ and also
can contribute to the anomalous magnetic moment of the
respective particle. Uð1Þ extension of SM can also explain
neutrino mass, DM, matter-antimatter asymmetry of the
universe etc. [9–14].
However, introducing additional particles and new

symmetries into the SM comes with constraints on their
masses and interactions with SM particles, as there is no
convincing experimental evidence of their existence.
Introduction of a new gauge boson, ðZ0Þ would also have
to comply with various constraints such as the Z − Z0
mixing angle, its direct search limits at colliders, etc.
While the precise measurement of the well-established Z
decay widths to SM modes must remain within exper-
imental errors [15], Z0 search in Drell-Yan processes at
LHC [16–18] put strong limits on its mass. To circumvent
these limitations, we adopt a strategy where SM particles
remain neutral under the new gauge symmetry, interacting
with the Z0 solely through the GKM. By maintaining a
small GKM, we can effectively avoid these experimental
constraints.
In this work, we have extended the SM by a Uð1Þ gauge

symmetry with the inclusion of additional Z2 symmetry.
All the BSM particles are charged under the new gauge
symmetry. In the Z2 even sector along with SM particles,
we have one gauge singlet scalar, which is responsible for
breaking the new Uð1Þ gauge symmetry spontaneously. In
the Z2 odd sector, we have SUð2Þ singlet and doublet scalar
fields including vectorlike singlet and doublet fermions. We
propose a scalar DM by making one of the CP-even scalars
to be lightest among the Z2 odd sector particles.
Subsequently, we investigate the phenomenology of the
DM being a SUð2Þ singlet, doublet, and linear combination
of both. By studying the DM phenomenology in the above
scenarios, we aim to understand the model’s viability in
explaining the observed DM abundance in the Universe and
to predict potential signals that can be probed experimen-
tally. In addition, we thoroughly investigate relevant
experimental and theoretical constraints on the model
parameters. By considering these constraints, we can
identify parameter space regions consistent with all avail-
able experimental data and gain insight into the model’s
overall viability and implications for DM phenomenology.
In the singlet and doublet dark matter radiative seesaw

scenario, the dark matter relic density can be achieved near
the Higgs resonance or in the mass region above 600 GeV.
However, most parameter space is constrained by limits
from the Higgs decay width and direct detection experi-
ments. Moreover, neutrino physics imposes additional
restrictions on the available parameter space. Our model
has successfully accounted for nearly all possible ranges of
dark matter masses that satisfy theoretical and experimental
constraints. Furthermore, we have accurately described the
low-energy neutrino observables for both normal and
inverted mass hierarchies. To the best of our knowledge,

these results have not been comprehensively addressed in
previous radiative seesaw models.
The paper is organized as follows: Section II provides a

concise overview of the Uð1Þ extended neutrino DM
model. Section III is dedicated to discussing the relevant
theoretical and experimental constraints associated with the
model. Moving on to Sec. IV, we present the numerical
analysis carried out to explore the model parameters in the
context of neutrino and DM in depth. We discuss the
possible collider search channels at the LHC in Sec. V.
Finally, Sec. VI summarizes the key findings and draw
conclusions based on our study.

II. MODEL

In the proposed model the SM gauge sector is extended
by an Abelian Uð1Þ gauge symmetry. The model also
contains new fields that carry charges under both the SM
gauge group and the new Uð1Þ. A discrete Z2 symmetry is
also included which is responsible for making the lightest
particle odd under this symmetry to act as the DM of the
Universe. The new particles and their corresponding charge
assignment are shown in Table I. The scalar sector of the
SM is extended to include a new doublet ðΦ2Þ and two
complex singlet fields ðS1; S2Þ while the fermion sector has
a new vectorlike doublet (ψ) and singlet fermion (N). The
model provides an explanation for neutrino mass via a
radiative seesaw mechanism [19] while also providing a
viable DM candidate.

A. Scalars

The model contains a new Z2-odd SUð2Þ Higgs doublet
(Φ2) and two complex scalar singlets (S1, S2) where S1 is
Z2-even while S2 is Z2-odd, in addition to the SM Higgs
doublet (Φ1). The kinetic part of the Lagrangian density for
the above-mentioned scalars is given by,

LKE ¼
X
ϕ

ðDμϕÞ†ðDμϕÞ; ð1Þ

where ϕ ¼ Φ1;Φ2; S1; S2 and Dμ represents the covariant
derivatives given by,

TABLE I. Additional particle content and their charge assign-
ments under symmetry groups.

Particles ψ ¼ ðND; E−
1 ÞT N Φ2 S1 S2

SUð2ÞL 2 1 2 1 1
Uð1ÞY −1 0 1 0 0
Uð1ÞX 1 1 1 2 1
Z2 −1 −1 −1 1 −1
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DΦ1
μ ¼ ∂μ − i

g2
2
σa:Wa

μ − i
g1
2
YBμ

DΦ2
μ ¼ ∂μ − i

g2
2
σa:Wa

μ − i
g1
2
YBμ − i

gx
2
XCμ

DS1;2
μ ¼ ∂μ − i

gx
2
XCμ ð2Þ

where σa are the Pauli matrices and Wa
μ are the SUð2ÞL

gauge bosons (a ¼ 1, 2, 3). The Bμ and Cμ are the Uð1ÞY
andUð1ÞX gauge bosons, respectively. The gauge-invariant
scalar potential in the Lagrangian is,

V ¼ V1 þ V2 þ V12; ð3Þ

where,

V1 ¼ −μ2ϕ1
Φ†

1Φ1 − μ2S1S
†
1S1 þ λ1ðΦ†

1Φ1Þ2 þ λ11Φ
†
1Φ1S

†
1S1 þ λs1ðS†1S1Þ2

V2 ¼ μ2ϕ2
Φ†

2Φ2 þ μ2ϕs2
S†2S2 þ λ2ðΦ†

2Φ2Þ2 þ λ22Φ
†
2Φ2S

†
2S2 þ λs2ðS†2S2Þ2

V12 ¼ λ3Φ
†
1Φ1Φ

†
2Φ2 þ λ4Φ

†
1Φ2Φ

†
2Φ1 þ κ1Φ

†
1Φ1S

†
2S2 þ κ2Φ

†
2Φ2S

†
1S1

þ κ3S
†
1S1S

†
2S2 þ ðκ4Φ†

2Φ1S
†
2S1 −

ffiffiffi
2

p
μSS

†
2
2S1 þ μhΦ

†
2Φ1S2 þ H:c:Þ: ð4Þ

In the above potential, the μ’s are the bare masses of the
scalars while the λ’s and κ’s are the quartic couplings.
Among the two Higgs doublets only the Φ1 gets a
vacuum expectation value (VEV) and is responsible for
the electroweak symmetry breaking (EWSB) of SUð2ÞL×
Uð1ÞY → Uð1Þem. Similarly, the Z2-even SM singlet scalar
(S1) gets a VEV and is responsible for the breaking of the
Uð1ÞX gauge symmetry. The scalars can now be written in
their explicit component form as,

Φ1 ¼
� Gþ

ðϕdr1þv1þiG0Þffiffi
2

p

�
; Φ2 ¼

� Hþ
ðϕdr2þiϕdi2Þffiffi

2
p

�
:

and

S1 ¼
ðϕsr1 þ vs þ iϕsi1Þffiffiffi

2
p ; S2 ¼

ðϕsr2 þ iϕsi2Þffiffiffi
2

p :

The minimization conditions for the potential are,

μ2ϕ1
¼1

2
ðλ11v2sþ2λ1v21Þ; μ2S1 ¼

1

2
ð2λs1v2sþλ11v21Þ ð5Þ

The CP-even components, (ϕdr1 and ϕsr1) mix after
EWSB. Using the minimization conditions, we can write
the mass matrix in the (ϕdr1;ϕsr1) basis as,

ðϕdr1ϕsr1Þ
�
Ma11 Ma12

Ma21 Ma22

��
ϕdr1

ϕsr1

�
; ð6Þ

where, Ma11 ¼ 2λ1v21;Ma22 ¼ 2λs1v2s and Ma12 ¼
Ma21 ¼ λ11v1vs. The mass eigenstates are obtained by
diagonalizing the mass matrix in Eq. (6) with a rotation of
the ðϕdr1ϕsr1Þ basis as,

�
h

H

�
¼ZH

�
ϕdr1

ϕsr1

�
; with ZH¼

�
cosα −sinα

sinα cosα

�
ð7Þ

The mixing angle α between the CP-even scalars is given
by,

α ¼ 1

2
arctan

�
2Ma12

Ma22 −Ma11

�
ð8Þ

The masses of the scalars are,

M2
h¼

1

2

h
ðMa22þMa11Þ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMa22−Ma11Þ2þ4M2

a12

q i

M2
H¼1

2

h
ðMa22þMa11Þþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMa22−Ma11Þ2þ4M2

a12

q i

ð9Þ

Here h is considered to be the observed SM-like Higgs
boson with mass mh ≃ 125 GeV and H is a heavy scalar.
The couplings of the h to the known fermions and gauge
bosons get modified depending on the mixing. The CP-odd
scalars of Φ1 and S1 become the Goldstone bosons and get
absorbed to give mass to the neutral gauge bosons, while
the charged component ofΦ1 is absorbed by theW� boson.
The charged component ϕ�

d2 ≡H� of the Z2 odd doublet
does not mix with the other scalar fields and its mass is
given by,

M2
H� ¼ μ2ϕ2

þ 1

2
κ1v2s þ

1

2
λ3v21 ð10Þ

The CP-even part of the scalar fields ϕdr2 and ϕsr2 from the
Z2-odd sector also mix. The masses are given by,

M2
H1

¼1

2

h
ðMb22þMb11Þ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMb22−Mb11Þ2þ4M2

b12

q i

M2
H2

¼1

2

h
ðMb22þMb11Þþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMb22−Mb11Þ2þ4M2

b12

q i
;

ð11Þ
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with mixing angle β, where β ¼ 1
2
arctanðð2Mb12Þ=ðMb22 −Mb11ÞÞ. Similarly, the masses of the Z2-odd pseudoscalar

fields are,

M2
A1

¼ 1

2

h
ðMb22 þ 4μSvs þMb11Þ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMb22 þ 4μSvs −Mb11Þ2 þ 4M2

b12

q i

M2
A2

¼ 1

2

h
ðMb22 þ 4μSvs þMb11Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMb22 þ 4μSvs −Mb11Þ2 þ 4M2

b12

q i
; ð12Þ

where,

Mb11 ¼ M2
H� þ 1

2
λ4v21; Mb12 ¼ Mb21 ¼ μhv1 þ

1

2
κ4v1vs

Mb22 ¼ μ2ϕ2s
− 2μSvs þ

1

2
κ3v2s þ

1

2
κ2v21 ð13Þ

It is to be noted that the mixing angle in the CP-odd sector
(δ) is different than the mixing angle in the CP-even sector
(β) due to the presence of an additional term 4μSvs in the
‘22’ component of the mass matrix. The other terms are
same as in Eq. (13). The CP-odd scalar mixing angle δ can
be related with β as,

1

tan 2δ
¼ 1

tan 2β
þ 4μSvs
2Mb12

; ð14Þ

B. Gauge bosons

The model has the SM gauge bosons and an additional
neutral gauge boson because of the new Uð1ÞX gauge
symmetry. As the field strength tensor of an Abelian gauge
field is gauge invariant, we can write a cross term involving
the field strength tensors of the two different Uð1Þ gauge
fields [20,21]. The kinetic term representing all the gauge
fields in the model can be written as,

L ⊃ −
1

4
Ga;μνGa

μν −
1

4
Wb;μνWb

μν −
1

4
BμνBμν −

1

4
CμνCμν

þ 1

2
g̃BμνCμν: ð15Þ

Where, Ga;μν, Wb;μν, Bμν, and Cμν are field strength tensor
for SUð3Þ, SUð2Þ, Uð1ÞY , and Uð1ÞX gauge bosons
respectively.
We redefine the two Abelian gauge fields so that, the

kinetic term will be diagonal.

Bμ ¼ B0μ þ g̃ffiffiffiffiffiffiffiffiffiffiffiffi
1 − g̃2

p C0μ; Cμ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
1 − g̃2

p C0μ: ð16Þ

After spontaneous symmetry breaking, the gauge bosons
corresponding to the broken symmetry become massive.
The mass term of the gauge bosons can be obtained from
the kinetic part of the Z2-even scalar sector as follows,

Lm;gauge ¼
1

4

����
�

g2W3
μ − g1Bμ g2ðW1

μ − iW2
μÞ

g2ðW1
μ þ iW2

μÞ −g2W3
μ − g1Bμ

��
0
v1ffiffi
2

p

�����
2

þ 1

2
g2xv2sCμCμ

¼ 1

4
g22v

2Wþ
μ W−μ þ 1

8
v21

����
�
g2W3

μ − g1B0
μ −

g1g̃ffiffiffiffiffiffiffiffiffiffiffiffi
1 − g̃2

p C0
μ

�����
2

þ g2xv2s
2ð1 − g̃2ÞC

0
μC0μ:

We make the following redefinition of parameters to get a
simple expression for the gauge boson mass matrix,

g0x ¼
g1g̃ffiffiffiffiffiffiffiffiffiffiffiffi
1 − g̃2

p ;
gxffiffiffiffiffiffiffiffiffiffiffiffi
1 − g̃2

p → gx: ð17Þ

From the above Lagrangian, the mass matrix for the neutral
gauge bosons, in the basis of ðB0

μW3
μC0

μÞT is given by,

M2 ¼ 1

4

0
B@

g21v
2 −g1g2v2 g1g0xv2

−g1g2v2 g22v
2 −g2g0xv2

g1g0xv2 −g2g0xv2 g02x v2 þ 4g2xv2s

1
CA: ð18Þ

For the diagonalization of the neutral gauge boson mass
matrix, we first perform an orthogonal transformation in
W3

μ and B0
μ plane.

BARIK, KHAN, and RAI PHYS. REV. D 111, 075023 (2025)

075023-4



0
B@

Aμ

Xμ

C0
μ

1
CA ¼

0
B@

cos θW sin θW 0

− sin θW cos θW 0

0 0 1

1
CA
0
B@

B0
μ

W3
μ

C0
μ

1
CA; ð19Þ

where tan θW ¼ g1
g2
. The mass term for neutral gauge bosons

in the Lagrangian in the above rotated basis is given by,

Lm;gauge ¼
1

8
v21ðgzXμ − g0xC0

μÞ2 þ
1

2
g2xv2sC0

μC0μ; ð20Þ

where gz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g12 þ g22

p
. From the above Lagrangian, we

find that there is no mass term for the Aμ field, which is the
photon field and θW is theWeinberg angle. The mass matrix
in Xμ and C0

μ basis is given by,

M̃2 ¼ 1

4

�
g2zv2 −gzg0xv2

−gzg0xv2 g02x v2 þ 4g2xv2s

�
: ð21Þ

The above mass matrix can be diagonalized by the
following orthogonal transformation,

�
Zμ

Z0
μ

�
¼

�
cos θ0 sin θ0

− sin θ0 cos θ0

��
Xμ

C0
μ

�
; ð22Þ

where

tan 2θ0 ¼ 2gzg0xv2

g02x v2 þ 4g2xv2s − g2zv2
:

The final rotation matrix is given by,

0
B@

Bμ

W3
μ

Cμ

1
CA ¼

0
B@

cos θW − sin θW cos θ0 þ g0x
g1
sin θ0 sin θW sin θ0 þ g0x

g1
cos θ0

sin θW cos θW cos θ0 − cos θW sin θ0

0 sin θ0
ffiffiffiffiffiffiffiffiffiffi
g2
1
þg02x

p
g1

cos θ0
ffiffiffiffiffiffiffiffiffiffi
g2
1
þg02x

p
g1

1
CA
0
B@

Aμ

Zμ

Z0
μ

1
CA:

The masses of the physical gauge bosons are,

M2
Z;Z0 ¼ 1

8
½g2zv2 þ g0xv2 þ 4g2xv2s � ∓ 1

8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðg02x v2 þ g2zv2 þ 4g2xv2sÞ2 − 16g2zg2xv2v2s

q
:

C. Fermions

As the SM fermions are neutral under the new gauge group, the Lagrangian for quarks remains unchanged while the SM
leptons can have additional interaction with BSM fermions. The kinetic and interaction part for the newly added fermions is
given by,

L ¼ iψ̄=Dψψ þ iN̄L=DNNL þ iN̄R=DNNR þMLψ̄ψ þMNN̄LNR

þ YN1
ψ̄LΦ1NR þ YN2

ψ̄RΦ1NL þ YNL
N̄LNc

LS1 þ YNR
N̄RNc

RS1

þ Yfdψ̄LΦ2eR þ Yfxψ̄RS2lL þ YfνlLΦ̃2NR þ H:c: ð23Þ

When the SM Higgs gets VEV the singlet and doublet neutral BSM fermions mix with each other. Due to the presence of the
Majorana mass term, there will be four Majorana fermions. The mass matrix of neutral BSM fermions, in the basis of ψ0 ¼
ðNDL; ND

c
R; NL; Nc

RÞ is given by,

Mn ¼

0
BBBBBBBB@

0 ML 0
YN1

v1ffiffi
2

p

ML 0
YN2

v1ffiffi
2

p 0

0
YN2

v1ffiffi
2

p
ffiffiffi
2

p
YNL

vs MN

YN1
v1ffiffi
2

p 0 MN

ffiffiffi
2

p
YNR

vs

1
CCCCCCCCA

ð24Þ

This matrix can be diagonalized by the unitary (4 × 4) matrix U ij
N with i, j ¼ 1, 2, 3, 4. The new heavy fermionic state χi

is given by,

χi ¼ U ij
Nψ

0
j ð25Þ

For the choices of YN1
¼ YN2

and YNL
¼ YNR

, we get the eigenvalues of the heavy neutrinos as,
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MNi¼1;2
¼ YNR

vsffiffiffi
2

p þ ðML þMNÞ
2

� 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Y2

N2
v21 þ ð

ffiffiffi
2

p
YNR

vs −ML þMNÞ2
q

MNi¼3;4
¼ YNR

vsffiffiffi
2

p −
ðML þMNÞ

2
� 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Y2

N2
v21 þ ð

ffiffiffi
2

p
YNR

vs þML −MNÞ2
q

The ψ� being a Z2 odd charged fermion does not mix with
SM leptons and is a Dirac fermion with mass ML.

III. CONSTRAINTS ON THIS MODEL

The parameter space of our model is subject to various
relevant constraints derived from theoretical considerations
and observational phenomena. These constraints include
absolute vacuum stability, unitarity of the scattering matrix,
and the experimental searches for DM. In addition to these
constraints, recent measurements of the Higgs invisible
decay width and signal strength at the LHC impose further
limitations on the parameter space.
By considering these additional constraints, we aim to

refine our understanding of the viable parameter space for
our model and further elucidate its implications for the
observed phenomena. In the next section, we address these
constraints.

A. Stability of the scalar potential

The scalar potential should be bounded from the below
in such a way that, even for large field values, no other
negative infinity arises along any field direction. Following
the paper [22], the absolute stability condition for the
potential in Eq. (3) are evaluated in terms of the quadratic
couplings. The most stringent conditions are,

λ1 ≥ 0; λ2 ≥ 0; λs1 ≥ 0; λs1 ≥ 0;

λ3 ≥ −2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
; λ3 þ λ4 ≥ −2

ffiffiffiffiffiffiffiffiffi
λ1λ2

p
;

λ11 ≥ −2
ffiffiffiffiffiffiffiffiffiffi
λ1λs2

p
; λ22 ≥ −2

ffiffiffiffiffiffiffiffiffiffi
λ2λs2

p
;

κs2ϕ1
≥ −2

ffiffiffiffiffiffiffiffiffiffi
λ1λs2

p
; κs1ϕ2

≥ −2
ffiffiffiffiffiffiffiffiffiffi
λ2λs2

p
;

κ3 ≥ −2
ffiffiffiffiffiffiffiffiffiffiffiffi
λs2λs2

p
; κs2ϕ1

≥ −2
ffiffiffiffiffiffiffiffiffiffi
λ1λs2

p
; ð26Þ

We also list the other stability conditions following [22]
which are shown in Appendix VII.

B. Unitarity constraints

The unitarity bound on the extended scalar sectors can be
calculated from the scalar-scalar, gauge boson-gauge boson,

and scalar-gauge boson scattering matrix (S-matrix).
The technique was developed in Refs. [23,24]. Using the
Born approximation, the scattering cross section for any
process is given by,

σ ¼ 16π

s

X∞
l¼1

ð2lþ 1ÞjalðsÞj2; ð27Þ

where, s is the Mandelstam variable and alðsÞ are the partial
wave coefficients corresponding to specific angular
momenta l. This leads to the following unitarity constraint:
Re½alðsÞ� < 1

2
[23,24]. At high energy, the dominant con-

tribution to the amplitude alðsÞ of the two-body scattering
processes comes from the diagram involving the quartic
couplings. Far from the resonance, the contributions from
the heavy fields mediated s, t, u-channels are negligibly
small. The equivalence theorem implies that, for
s ≫ 1 TeV, the amplitude of scattering processes involving
longitudinal gauge bosons can be approximated by the
scalar amplitude inwhich gauge bosons are replaced by their
corresponding Goldstone bosons. So, to test the unitarity of
these model parameters, we construct the S-matrix, which
consists of only the scalar quartic couplings. Calculating the
unitary bounds in the physical basis of the scalar fields is
also challenging. The S-matrix, expressed in terms of
physical fields, can be rotated into an S-matrix for the
nonphysical fields (before the EWSB) by making a unitary
transformation.
One can expand the potential in Eq. (3) and get various

quartic couplings in nonphysical bases ϕdr1;ϕdr2;ϕsr1;
ϕsr2;ϕdi1ð≡G0Þ;ϕdi2;ϕsi1;ϕsi2;ϕ�

d1ð≡G�Þ;ϕ�
d2,. They

are given in Appendix VII. The full set of all scattering
processes can be expressed as a 40 × 40 S-matrix. This
matrix is composed of three submatrices of dimensions
16 × 16, 14 × 14, and 10 × 10 which have different initial
and final states. All the matrices are shown in the
Appendix VII. The eigenvalues of these matrices are,

λ11; λ22; λ3; 2λ1; 2λ2; 2λs1; 2λs2; λ3 � λ4; λ3 þ 2λ4; κs2ϕ1
; κs1ϕ2

; κ3; λ1 þ λ2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − λ2Þ2 þ λ24

q
;

3λ1 þ 3λ2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9ðλ1 − λ2Þ2 þ ð2λ3 þ λ4Þ2

q
; 2λs1 þ 2λs2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2s1s2 þ 4ðλs1 − λs2Þ2

q
:
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Throughout the analysis, we consistently apply the bounds
imposed by the unitary constraints of scattering processes,
which require the eigenvalues of the S-matrix to be less
than or equal to 8π.

C. Constraints from electroweak precision experiments

New physics contributions beyond the electroweak scale
have the potential to impact the electroweak precision
bounds. These contributions primarily manifest through
vacuum polarization corrections, which involve virtual
particles in loop diagrams. These parameters were intro-
duced and extensively studied in the works of Peskin and

Takeuchi [25], Altarelli et al. [26], and Baak et al. [27]. The
electroweak precision experiments utilize parameters
known as S, T, and U to impose constraints on the new
physics contributions. The S parameter characterizes new
physics contributions to the neutral weak current, while the
T parameter quantifies the contributions to the difference
between the neutral and charged weak currents. On the
other hand, the U parameter is solely sensitive to the mass
and width of the W-boson. The contributions from beyond
the BSM physics can arise from the presence of additional
scalar and fermion doublets. One can add the new physics
contributions to the SM as,

S ¼ SSM þ ΔSSD þ ΔSFD; T ¼ TSM þ ΔTSD þ ΔTFD; U ¼ USM þ ΔUSD þ ΔUFD;

where, SD stands for scalar doublet whereas FD refers fermionic doublet contributions. The contribution from the Z2-odd
scalar doublet are given by,

ΔSSD ¼ 1

2π

�
1

6
ln
M2

Hd

M2
H�

−
5

36
þ M2

Hd
M2

Ad

3ðM2
Ad

−M2
Hd
Þ2 þ

M4
AðM2

Ad
− 3M2

Hd
Þ

6ðM2
Ad

−M2
Hd
Þ3 ln

M2
Ad

M2
Hd

�
; ð28Þ

ΔTSD ¼ 1

32π2αv2
½FðM2

H� ;M2
Hd
Þ þ FðM2

H� ;M2
Ad
Þ − FðM2

Ad
;M2

Hd
Þ�: ð29Þ

and ΔUSD is neglected in this case due to small mass differences MA1
−MH1

and MH� −MH1
of the inert fields [28,29].

The loop function

Fðx; yÞ ¼
8<
:

xþy
2

− xy
x−y ln

�
x
y

	
x ≠ y

0 x ¼ y
:

The fermionic contributions to S and T while considering the electric charge neutral BSM singlet and doublet fermions
mixing is given by,

πΔSFD ¼ 1

6
− 2b2ðML;ML; 0Þ þ

X4
j;k¼1

ðjUN1j
j2jUN1k

j2 þ jUN2j
j2jUN2k

j2Þb2ðMNj
;MNk

; 0Þ

þ
X4
j;k¼1

ℜðUN1j
U�
N1k

UN2j
U�
N2k

ÞfðMNj
;MNk

Þ ð30Þ

4πs2wc2wM2
ZΔTFD ¼ −2

X4
k¼1

ðjUN1k
j2 þ jUN2k

j2Þb3ðMNk
;ML; 0Þ þ 2M2

Lb1ðML;ML; 0Þ

þ 2
X4
k¼1

MLMNk
ℜðUN1k

UN2k
Þb0ðML;MNk

; 0Þ

−
X4
j;k¼1

ℜðUN1j
U�
N1k

UN2j
U�
N2k

ÞMNj
MNk

b0ðMNj
;MNk

; 0Þ

þ
X4
j;k¼1

ðjUN1j
j2jUN1k

j2 þ jUN2j
j2jUN2k

j2Þb3ðMNj
;MNk

; 0Þ; ð31Þ
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where

b0ðM1;M2; q2Þ ¼
Z

1

0

log

�
Δ
Λ2

�
dx; b1ðM1;M2; q2Þ ¼

Z
1

0

x log

�
Δ
Λ2

�
dx;

b2ðM1;M2; q2Þ ¼
Z

1

0

xð1 − xÞ log
�
Δ
Λ2

�
dx; b3ðM1;M2; 0Þ ¼

M2
2b1ðM1;M2; 0Þ þM2

1b1ðM1;M2; 0Þ
2

;

Δ ¼ M2
2xþM2

1ð1 − xÞ − xð1 − xÞq2; ð32Þ

Λ is the regularization scale, and

fðM1;M2Þ ¼ M1M2

M4
2 −M4

1 þ 2M2
1M

2
2 logðM

2
1

Λ2 Þ − 2M2
1M

2
2 logðM

2
2

Λ2 Þ
2ðM2

1 −M2
2Þ3

:

To impose constraints on the new parameters, we utilize
the next-to-next-to-leading order (NNLO) global electro-
weak fit results obtained by the Gfitter group [30]. The
results from their study provide significant limitations on
the parameter space. The key constraints extracted from the
fit [30] at 95% CL are,

ΔSBSM < 0.04� 0.11; TBSM < 0.09� 0.14;

ΔUBSM < −0.02� 0.11:

In this model, we have checked that a small mass
difference between the charged and neutral fermions of
the doublet, with MNi

≥ 200 GeV and a heavy singlet
charged fermion mass of Oð1Þ TeV, is considered to evade
these constraints, i.e., the contributions from the new
vectorlike fermions ΔSFD ≈ 0;ΔTFD ≈ 0 [31].

D. LHC signal strength constraints

In the presence of an additional Z2-even scalar singlet
(S1), the tree-level couplings of a Higgs-like scalar h to SM
fermions and gauge bosons undergo modifications due to
the mixing. It leads to changes in the coupling strengths.
Furthermore, the Higgs h loop-induced decays are also
affected by the extra charged scalar (H�) and fermion (E�

1 ).
The combined effects result in altered signal strength for
the Higgs-like scalar h compared to its standard behavior.
For the production cross section σðpp → hÞ and decay
width h → χ, we have,

κ2p ¼ σðpp → hÞBSM
σðpp → hÞSM

; κ2χ ¼
Γðh → χÞBSM
Γðh → χÞSM

; ð33Þ

where χ stands for the final state bb̄; τ−τþ;W−Wþ; ZZ; Zγ
and γγ. It is possible to impose significant constraints on the
scalar mixing from these channels. The most stringent
constraints arise from the Zγ and γγ channels. The safest
bound on the mixing angle is cosα > 0.995 [32,33]. The
loop-induced processes, mainly diphoton Higgs signal

strength, put the most stringent constraints. The Higgs to
diphoton strength, under the narrow width approximation,
can be expressed as follows,

μγγ ≈ κ2γγ ¼
σðgg → hÞBSM
σðgg → hÞSM

Brðh → γγÞBSM
Brðh → γγÞSM

: ð34Þ

The production of the Higgs boson through gluons is much

larger than the fermions. We can write σðgg→hÞBSM
σðgg→hÞSM ¼

cos2 α ≈ 1, hence,

μγγ ¼
ΓTotal
SM

ΓTotal
BSM

Γðh → γγÞBSM
Γðh → γγÞSM

: ð35Þ

If the mass of the extra BSM particles is lighter than Mh
2
,

then it will contribute to the invisible decay width of the
Higgs boson. We find that such an invisible allowed
branching ratio is much less than 10% [34,35]. Hence,

the ratio ΓTotal
SM

ΓTotal
BSM

could vary 0.9–1. However for new particle’s

masses Mh
2
>, one can write ΓTotal

SM

ΓTotal
BSM

≈ 1
cos2 α ≈ 1, hence,

μγγ ¼ Γðh→γγÞBSM
Γðh→γγÞSM . At one-loop level, the physical charged

Higgs H� and fermion E�
1 add extra contribution to the

decay width Γðh → γγÞBSM as,

Γðh → γγÞBSM ¼ α2M3
h

256π3v21

����Q2
H�

v1ghHþH−

2M2
H�

F0ðτH�Þ

þQ2
E�
1

ghEþ
1
E−
1
F1=2ðτE�

1
Þ þ CSM

����; ð36Þ

where CSM is the SM particle’s contributions,

CSM ¼
X
f

Nc
fQ

2
fyfF1=2ðτfÞ þ yWF1ðτWÞ

with τx ¼ M2
h

M2
x
. Q stands for the electric charge of particles,

and Nc
f denotes the color factor. The loop functions
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Fð0;1=2;1ÞðτÞ can be found in Ref. [36]. The coupling
strengths are,

ghHþH− ¼ −ðcos αλ3v1Þ þ κϕ1s2 sin αvs; ghEþ
1
E−
1
¼ 0

at tree level.

E. Z0 searches at LHC

The presence of Z0 in the particle content which mixes
with SM gauge boson Z will lead to the constraints on,
Z − Z0 mixing angle, which should be less than 10−3, so
that well-measured Z decay width to various SM modes,
does not modify much [15]. Drell-Yan dilepton (e, μ)
resonance of Z0 constraint from LHC [16–18] must also be
considered. In this model the SM particle contents are
neutral under the new gauge symmetry and they only
couple to Z0 through the GKM. The above collider bounds
can be evaded by keeping a small GKM, so that the
production cross section of dilepton pairs via Z0 resonance
at LHC lies below the current experimental limit.

F. Lepton flavor violation constraints

In the SM, lepton flavors (electron, muon, and tau) are
conserved, meaning that charged leptons only interact with
their corresponding neutrinos and do not change flavors.
However, neutrino oscillations data predict the possibility
of lepton flavor violation (LFV), where a neutrino of one
flavor can transform into another. LFV processes can also
occur through the exchange of new particles. In this model,
the presence of dark sector scalars and fermions introduces
new interactions that couple to all the SM-charged leptons,
potentially leading to lepton flavor-violating processes,
e.g., μ → eγ, τ → μγ, μ → 3e, etc. The magnetic momen-
tum of SM-charged leptons is also affected by these
couplings. The possible processes are shown in Fig. 1.
The YXi;di;νi ∼ 0.1 with MEi

¼ Oð1Þ TeV lead to large
LFV which is excluded by present data BRðμ → eγÞ <
4.2 × 10−−13 [37], BRðτ → eγÞ < 3.3 × 10−−8 and
BRðτ → μγÞ < 4.4 × 10−−8 [38]. However, by utilizing

the first or second-generation Yukawa couplings (i ¼ 1 or
2), with values below 10−3, while keeping other couplings at
the order ofmagnitudeOð1Þ, one can effectively circumvent
the constraints imposed by LFV. We also find that
large Yukawa couplings (YXi;di;νi > 4π; i ¼ 1, 2, 3 with
MEi

¼ Oð1Þ TeV) are required to explain the current muon
anomalous magnetic moment δaμ ¼ ð2.49� 0.48Þ × 10−9

[39–41]. Hence muon anomalous magnetic moment cannot
be explained within the perturbative regime. Although the
measurement of the muon g − 2 shows a 5.1σ deviation
[39,42] from the Standard Model prediction [43], there is
tension in determining the hadronic vacuum polarization
contribution due to discrepancies between lattice QCD
calculations [44–55] and experimental data from e−eþ →
π−πþ processes [56]. If we consider the hadronic vacuum
polarization contribution from the lattice QCD computation
the deviation of ðg − 2Þμ from SM prediction significantly
decreased. Therefore, we will not address the muon g − 2
puzzle in this work.
It is also to be noted that contributions to the lepton

electric dipole moment (EDM) can indeed arise through
one or more loops depending on the CP-violation [57–59]
term in the scalar potential. In this model, we do not have
such a term in the scalar sector. The contributions from new
fermions are significantly suppressed by the masses of the
new fermions and scalars in the loop. Additionally, the
suppression is further enhanced by the chosen small
value of the new Yukawa couplings. We have considered
real couplings throughout our analysis except in the table in
Table III. Using the masses of the new scalars and fermions,
Yfν, Yfx values given in Table III. We find that with
Yfd2 ¼ Yfd3 ¼ 10−3 the electric dipole moment for the μ
and τ to be ≤ Oð10−25Þ e. cm, for both the BPs. For
electron there is no EDM generated at one loop. The current
limit on the EDM for e,μ and τ areOð10−30Þ,Oð10−19Þ and
Oð10−17Þ e. cm respectively [60–64]. Therefore these BPs
are allowed from the present experimental constraints.

G. Constraints from the neutrino low energy variables

The Yukawa Lagrangian given in Eq. (23) indicates that
the mass of SM neutrinos cannot be obtained at the tree
level. Instead, the neutrino mass arises through loop
diagrams involving the Z2 odd neutral fermions and scalars
(see Fig. 2). We are able to generate the neutrino oscillation
observables [65,66], shown in Table II. The phases α and δ

FIG. 1. Feynman diagrams contributing to l−i → l−k γði ≠ kÞ
process at one loop order.

FIG. 2. Neutrino masses diagram at one loop when Hj=Aj
(j ¼ d, s) and Ni (i ¼ 1, 2, 3, 4).
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are still unconstrained from the experiment. These exper-
imental data restrict the parameters involved in generating
neutrino mass and mixing angles. We discuss the detailed
parameters in the numerical section.

H. Constraints from dark matter

The combined results from the Wilkinson Microwave
Anisotropy Probe (WMAP) satellite, along with other
cosmological measurements, have provided constraints
on the DM relic density as Ωh2 ¼ 0.1198� 0.0012 [67].
Recent direct-detection experiments, such as Xenon-1T
[68], LUX-ZEPLIN (LZ) [69], and PANDAX [70], have
searched for the presence of weakly interacting massive
particles (WIMPs) as potential DM candidates and put
stringent bound on DM-nucleon scattering cross-secton.
We consider a scalar DM scenario in this model and
therefore we shall consider the constraints on the spin-
independent (SI) cross section for direct detection in our
analysis. In this model, the contribution to SI cross section
comes from only the Higgs (light and heavy CP-even)
mediated channel. For the DM mass of Oð10–1000Þ GeV
the stringent bound comes from recent XENON-1T [68]
experiment with Oð10−46–10−45Þ cm2. The null results
from these experiments and data from collider experiments
that include the invisible Higgs decay (into DM) and the Z
boson decay width, put constraints on the couplings and
mass of the DM.
In this work, we first use FeynRules [71] to build the model

and then take the help of micrOMEGAs [72] to compute the
relic density of the scalar DM. We also verified these using
SARAH-4.14.3 [73,74] including Spheno-4.0.3 [75] mass spec-
trum in micrOMEGAs. We present a detailed discussion on
DM in the next numerical analysis section.

IV. NUMERICAL ANALYSIS

In this section, we present our numerical results for the
neutrino sector and DM phenomenology that will provide
an insight on the characteristics of these elusive particles
and their interaction properties.

A. Light neutrino masses and mixing angles

The nature of the neutrino mass term generated at one
loop (see Fig. 2) from the Lagrangian (Eq. (23) is Majorana,
and its magnitude is determined by the Yukawa
couplings, namely Yfx, Yfν and the masses of Z2 odd
charge neutral scalars and fermions. The detailed expression
for neutrino mass matrix at one loop level is given by [19],

ðMνÞij ¼
X
k

X
l

M2
Hl
Mkhlikh

l
jk ln


M2
Hl

M2
k

�
16π2ðM2

Hl
−M2

kÞ

−
X
k

X
l

M2
Al
Mkalika

l
jk ln


M2
Al

M2
k

�
16π2ðM2

Al
−M2

kÞ
ð37Þ

where hlik and alik are coupling of Z2 odd CP-even and odd
scalar fields with BSM neutral fermions and neutrinos
respectively, are given by,

hlik ¼
1ffiffiffi
2

p ðUNk2
ZHl2

Yfxi − UNk4
ZHl1

YfνiÞ;

alik ¼
1ffiffiffi
2

p ðUNk2
ZAl2

Yfxi − UNk4
ZAl1

YfνiÞ:

The scalar mixing parameters ZH and ZA are given in
Sec. II A, while the fermionic mixing matrix UN is shown
inEq. (25).Note that to achieve anonzeroneutrinomass at the
one-loop level, it is crucial to have a mass difference between
the scalar (Hl) and pseudoscalar (Al) particles. This mass
difference is generated by the trilinear scalar termμS shown in
Eq. (5). To get the neutrino mass eigenvalues, we have to
diagonalize the above mass matrix using thewell-established
Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix as
mdiag ¼ U†

PMNSMνUPMNS. It is also essential to ensure that
the choice of Yukawa couplings and other parameters
involved in light neutrino masses are consistent with the
current neutrino oscillation data. The neutrinomasses depend
onvarious parameters from the scalar as well as the fermionic
sectors. A small change in one of the sectors can lead to
altering the neutrino masses and mixing angles. We present
two benchmark points in Table III, that give the correct
neutrino mass squared differences and mixing angles.
In BP1, the mass difference between the CP-even and

CP-odd sectors of the Z2-odd scalar particle is extremely
small [OðMeVÞ], which helps us get the observed neutrino
data for Oð0.1 − 10−3Þ Yukawa couplings. We will see that
such choices of nearly degenerate scalar masses leads to a
considerable increase in coannihilation processes in the
DM sector, ultimately resulting in a reduced relic density of
DM. We also find that even with a significantly larger mass
gap between the scalar particles, as shown in BP2, one can
still generate all the correct neutrino mass differences and
mixing angles, provided the relevant Yukawa couplings are
chosen much smaller.

TABLE II. Neutrino oscillation data within 3σ range. The CP phase δ and Majorana phase α are still
unconstrained from the experiment [65,66].

Δm2
21ð10−5 eV2Þ Δm2

31ð10−3 eV2Þ θ12 θ13 θ23

6.82–8.04 2.430–2.593 31.27°–35.87° 8.25°–8.98° 39.7°–50.9°
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B. Dark matter analysis

In our analysis, we assume that H1 is the lightest neutral
component among the Z2-odd particles which is a potential
DM candidate and can give observed relic density of the
Universe. Depending on the mixing angle β in the Z2 odd
scalar sector, the DM candidate H1 can belong to the
doublet, singlet or be a linear combination of both. The
parameter space of the model determines the correct DM
relic density, which depends on the annihilation, coanni-
hilation, and decay processes. The condition for a decay or
a scattering process to be in thermal equilibrium is Γ

HðTÞ ≥ 1,

where Γ is the rate of the relevant process. For a decay
process, Γ is the decay width of the decaying particle for
that process, while for the annihilation process Γ ¼ neqhσvi
[76] where neq stands for the equilibrium number density
[77] and HðTÞ is the Hubble parameter [76]. We now
discuss the DM phenomenology for the freeze-out mecha-
nism, considering all the constraints discussed earlier. The
DM annihilation occurred in the early Universe when it was
in thermal equilibrium with other particles. As the
Universe’s temperature drops below the DM mass, its
production from the bath particles gets suppressed. The
DM freezes out when the effective annihilation rate of DM
becomes less than the expansion rate of the Universe,
resulting in a density determined by the specific parameter
ranges. In this model, the observed DM relic density can be
obtained through annihilation processes shown in Figs. 3

and 4 which depend upon the Higgs portal couplings and
the Yukawa couplings Yfd, Yfν and Yfx. We will study the
scenarios, where the DM scalar belongs dominantly to the
SUð2Þ doublet and when it is dominantly an SM singlet.
We will also consider the scenario where the DM has a
reasonable doublet-singlet admixture. Finally, we study the
role of the new gauge boson Z0 in achieving the correct DM
relic density.
In the pure doublet scenario (cos β ¼ 1), if we remove

the new fermion and gauge particle effects, the DM behaves
like the DM of an inert Higgs doublet model (IHDM) with
the absence of the λ5ðΦ†

1Φ2Þ2 þ H:c: term (see Ref. [78]),
which means that MH1

¼ MA1
. This would mean that we

never achieve observed relic density due to the large
coannihilation contribution mediated by the SM Z boson.
In order to control this large coannihilation, we need a mass
splitting between the Z2-odd CP-even and CP-odd scalar
that suppresses the process. In this model such a splitting
will be induced by the ð ffiffiffi

2
p

μSS22S1 − μhΦ
†
2Φ1S2 þ H:c:Þ

terms in the scalar potential [Eq. (5)]. The larger the mass
splitting, the more the coannihilation rate is suppressed.
Thus, this mass splitting can be adjusted to achieve the
desired coannihilation rate and match the observed DM relic
density. In scenarios where the mass differences between the
DM and the other dark sector particles are large, the
coannihilation processes become inefficient for producing
the correct DM relic density. In such cases, we rely on DM
pair annihilation through the scalar mediators (h and H),

TABLE III. Two BPs satisfying the neutrino oscillation data. In BP1, mass difference between CP-even and CP-odd scalars are small
hence Yukawa of Oð10−4–10−3Þ are required to satisfy neutrino observables, while for BP2, mass gap between CP-even and CP-odd
scalars are larger therefore, smaller Yukawa coupling need to satisfy neutrino oscilation data.

BP1 BP2

MN ¼ 1
2
YN1

vs (GeV) 500 500
ML (GeV) 1000 1000
MH1

(GeV) 460.0012 479
MH2

(GeV) 400 400
MA1

(GeV) 460 480
MA2

(GeV) 400.0012 580
cos β 0.710 0.910

Yfνi 2.87061 × 10−4 9.5653 × 10−7

ð3.22832 − 0.457563iÞ × 10−3 ð1.277þ 0.0884iÞ × 10−5

1.8424 × 10−3 3.751 × 10−6

Yfxi 3.366 × 10−4 1.8174 × 10−5

ð3.0277 − 0.462412iÞ × 10−3 ð−4.5597þ 0.919iÞ × 10−6

ð1.61062 − 0.0321793iÞ × 10−3 ð−1.909þ 1.533iÞ × 10−6

Δm2
21ð10−5 eV2Þ 7.62246 7.4539

Δm2
31ð10−3 eV2Þ 2.44989 2.5468

θ12 33.4605° 33.4605°
θ13 8.6192° 8.6192°
θ23 42.1304° 42.1304°
α 80° 75°
δ 200° 200°
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interacting via scalar portal couplings ghH1H1
and gHH1H1

,
respectively. However, to satisfy relic density we would need
very large Higgs coupling strength with the DM,

ghH1H1
∼ cos2 βðλ3 þ λ4Þv1 −

2 cos2 β sin2 βðM2
H2

−M2
H1
Þ

v1
− cos β sin βκ4vs þ κ1 sin2 βv1:

In such a scenario, most of these points will be excluded by
either the direct detection (DD) experiments or Higgs
invisible decay width data that depend on the very same
large couplings. Near, MDM ≈ Mh

2
, DM can resonantly

annihilate to SM Higgs which then decays to SM particles.
In the resonance region, a significantly smaller Higgs portal
coupling will be sufficient to generate a large annihilation
rate that leads to the correct DM relic density. As the

FIG. 3. The DM annihilation diagrams give the relic density. The vertical axis represents time.

FIG. 4. The coannihilation and annihilation diagrams of the DM and the other Z2-odd fermion fields. The vertical axis represents time.
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couplings are now suppressed, this would help evade the DD
constraint and Higgs invisible decay bound.
Note that the coannihilation channels become crucial for

determining the relic density of DM in the regions below
and aboveMDM ≈ Mh

2
. The above-mentioned coannihilation

channel is most dominant when the DM annihilates with
the CP-odd scalar through the SM Z boson, particularly
when their combined mass is near the Z resonance. We find
that MH1

þMA1
−MZ ≃ 25 GeV also results in dominant

coannihilation. Table IV presents a couple of representative
benchmark points whereMDM ¼ 45, 53 GeV, that highlight
the contribution of this coannihilation process in achieving
the correct DM relic density. We have set the mixing angle
cos β to 0.9 that leads to a scalar DM whose dominant
composition comes from the Z2-odd scalar doublet. Since
the DM belongs to the SUð2ÞL scalar doublet, we avoid
mass regions with MH1

þMA1
< MZ to prevent any alter-

ation to the well-measured Z boson decay width and
branching ratio to SM particles. It is worth pointing
out that in the above mentioned benchmark points, with

MA1
¼ 54.7 GeV and 61.7 GeV, the two A1 particles also

annihilate via off-shell SM Higgs to bb̄, effectively reduc-
ing the total number density of the Z2 odd sector and
contributing to the DM relic density.
Similar to the SM Z resonance, one can also exploit the

resonant region due to the SM Higgs that leads to large rate
for DM pair annihilation. We show two benchmark
points near the Higgs resonance region in Table V with
MH1

¼ 58.82 and 62.77 GeV. We choose smaller
Higgs portal couplings (ghH1H1

) to get annihilation rate
hσvi ∼ 2 × 10−26 cm3=s which gives exact relic density.
These two points also comply with the Higgs invisible
decay branching fraction constraint and bounds from
DD experiments. Another important observation is that
DM, being doubletlike, efficiently annihilates into gauge
bosons such as WW� and ZZ� via the contact vertex
and through the Z2 odd sector particles in the t-channel.
These DM annihilation channels significantly contribute
to the DM relic density in these two representative
points.

TABLE IV. Dominated (Co)annihilation processes. H1 is mostly coming from CP-even component of Z2-odd scalar doublet. The
fermionic t, u-channel contributions almost zero due to small Yukawa couplings.

Sl. No. Mixing cos β
MDM
(GeV)

MH2

(GeV)
MA1

(GeV)
MH�

(GeV) Y1;3
fd;ν Y1;3

fx ΩDMh2 DD Cross (cm3=s) Contributions

D-type BP-1 0.9 45.0 86.9 54.71 130.0 10−4 10−4 0.1205 5.5 × 10−48 A1A1 → bb̄ 15%
H1A1 → qq̄ 54%
H1A1 → ll̄ 9%
H1A1 → νlν̄l 21%

D-type BP-2 0.9 53.0 92.50 61.777 133.5 10−4 10−4 0.1199 5.4 × 10−48 A1A1 → bb̄ 18%
H1A1 → qq̄ 50%
H1A1 → ll̄ 9%
H1A1 → νlν̄l 21%
H1H1 → WW� 1%

D-type BP-3 0.9 72.5 128.14 84.206 152.5 10−4 10−4 0.1198 5.4 × 10−48 H1H1 → WW� 80%
H1H1 → ZZ� 5%
H1A1 → qq̄ 10%
H1A1 → νlν̄l 5%

TABLE V. Dominated annihilation processes.H1 is mostly coming from CP-even component of Z2-odd scalar doublet. The fermionic
t, u-channel contributions almost zero.

Sl. No. Mixing cos β
MDM
(GeV)

MH2

(GeV)
MA1

(GeV)
MH�

(GeV) Y1;3
fd;ν Y1;3

fx ΩDMh2 DD Cross (cm3=s) Contributions

D-type BP-4 0.9 58.82 144.44 77.419 138.82 10−4 10−4 0.1196 3.3 × 10−48 H1H1 → bb̄ 72%
H1H1 → qq̄ 5%
H1H1 → ll̄ 3%
H1H1 → WW� 17%
H1H1 → ZZ� 2%

D-type BP-5 0.9 62.77 148.41 80.995 142.77 10−4 10−4 0.1196 2.8 × 10−48 H1H1 → bb̄ 59%
H1H1 → qq̄ 4%
H1H1 → ll̄ 3%
H1H1 → WW� 29%
H1H1 → ZZ� 3%
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In this model, similar to the inert doublet model [78], for
doublet-type DM in region 72.5 GeV < MDM < 400 GeV
the processes H1H1 → VV (V ¼ W and Z) become domi-
nant andannihilate through standard gauge couplings.A large
negative Higgs portal coupling is required to reduce the
effective annihilation rate. However, direct detection data
rules out such a large Higgs portal coupling, making it
impossible to achieve the observed relic density in this region.
For doublet type DM with MH1

> 400 GeV, the relic
density can be precisely obtained while satisfying various
experimental constraints when the mass of the DM particle
and other Z2-odd particles is approximately equal, which
leads to an enhancement of the coannihilation of DM with

other dark sector particles. We show a few benchmark
points to highlight our results in Table VI . Additionally, we
have shown a plot of the DM relic density versus its mass in
Fig. 5. Note that the long break in the relic density curve for
the mass range 72.5 GeV < MH1

< 400 GeV corresponds
to the case where the DM relic density cannot be satisfied
due to the large annihilation rates of DM pair to SM gauge
bosons, as discussed above. For MH1

> 400 GeV, the DM
relic density is primarily satisfied due to the contributions
coming from coannihilation processes. In this plot, the
mixing angle is again fixed at cos β ¼ 0.9, and the mass of
the other Z2 odd particles are chosen to be close to the DM

TABLE VI. Dominated (Co)annihilation processes. H1 is mostly coming from CP-even component of Z2-odd scalar doublet. The
fermionic t, u-channel contributions almost zero.

Sl. No.
Mixing
cos β

MDM
(GeV)

MH2

(GeV)
MA1

(GeV)
MH�

(GeV) Y1;3
fd;ν Y1;3

fx ΩDMh2
DD Cross
(cm3=s) Contributions

D-type BP-6 0.9 420.0 420.01 420.002 420.1 10−4 10−4 0.1137 2.2 × 10−49 H�H� → WW 18%
A1A1 → WW 9%

H�A1 → γW 9%
A1A1 → ZZ 8%

H�H� → γγ 8%
H�H1 → γW 7%

H�H� → γZ 6%
H1H1 → WW 6%
H1H1 → ZZ 6%
H1H2 → WW 4%
H1H2 → ZZ 3%

D-type BP-7 0.9 500.0 500.01 500.002 500.1 10−4 10−4 0.1161 4.0 × 10−49 H�H� → WW 13%
A1A1 → WW 7%

H�A1 → γW 6%
A1A1 → ZZ 6%

H�H� → γγ 6%
H�H1 → γW 5%

H�H� → γZ 4%
H1H1 → WW 4%
H1H1 → ZZ4%
H1H2 → WW 3%
H1H2 → ZZ 2%

H1H1 → ll̄ 1%
H�H� → ll̄ 13%

D-type BP-8 0.9 700.0 701.61 700.303 701.605 10−4 10−4 0.1137 2.2 × 10−49 H�H� → WW 3%
A1A1 → WW 14%

H�A1 → γW 2%
A1A1 → ZZ 5%

H�H1 → γW 2%
H1H1 → WW 9%
H2H2 → WW 7%
H2H1 → WW 13%
H1H1 → ZZ 5%
H1H2 → WW 4%
H1H2 → ZZ 3%

H�H� → γγ 1%
H�H� → γZ 1%
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mass. The heavy fermion masses are fixed as
ðMN1

;MN2
;MN3

;MN4
;Mψ�Þ¼ð1.0;1.0;1.05;1.5;1.1ÞTeV

in Fig. 5. A small dip appears around DM mass
MDM ¼ 750 GeV. It is due to the resonance channel
HiHj → WW;ZZ; hhði; j ¼ 1; 2Þ via heavy CP-even

Higgs H, with mass MH ¼ 1500 GeV. This indicates that
the presence of an extra channel for DM annihilation
requires decreasing the coannihilation contribution by
increasing the mass difference between the DM and other
dark sector particles.

So far, we have neglected any contributions from BSM
fermions to the DM relic density by choosing relevant
Yukawa couplings to be small. However, if we introduce
these new fermionic interaction terms for doublet-type DM,
we can achieve the correct DM relic density in the low DM
mass region without relying on the SM Higgs resonance.
This can be understood as follows: in the absence of new
fermions, a significantly large Higgs portal coupling would
be required to achieve the exact relic density. However,
such a coupling is largely ruled out due to constraints
from the invisible decay width of the Higgs boson and
direct detection experiments. The terms YfdψLΦ2eR þ
YfνlLΦ̃2NR þ H:c: in the Lagrangian (23) induce annihi-
lation processes, H1H1 → ll through these new fermions
in the t-channel. These interactions can greatly impact the
overall DM relic density. Here, l stands for SM leptons.
Corresponding Feynman diagrams are shown in Fig. 4. We
have shown a few corresponding benchmark points in the
Table VII of this type. The term YfxψRS2lL þ H:c: in the
Lagrangian (Eq. (23) can contribute to DM relic density for
the doublet type of DM scenario via the mixing of CP-even
scalar in the Z2 odd sector through the above mentioned
processes. We minimise the contribution of this term to the
relic density by keeping Yfx small.
One can see that the dominant contribution to the relic

density in the low mass region mostly comes from the t
channels annihilation processes with the BSM fermions in
the propagator. For MDM > 40 GeV, the DM begins to
annihilate into the SM gauge bosons via contact vertex. As
these contributions become large, we need smaller Yukawa
coupling to satisfy the DM relic density. This effect can be
seen for the (D-type; BP-13) benchmark in the table.
We have plotted the DM mass against the new Yukawa

couplings Yfd ≡ Yfν in Fig. 6. The red line gives the correct
relic density (Ωh2 ¼ 0.1198� 0.0012) within 3σ and is

FIG. 5. We varied DM (doublet type, i.e., mixing angle
cos β ¼ 0.9) mass and next-lightest Z2 odd particle mass MH2

.
The DM Yf ¼ 0. Fermion masses ∼1 TeV, MZ0 ¼ 1 TeV. The
blue line gives relic density Ωh2 ¼ 0.1198� 0.0012 within 3σ,
its also allowed by the direct detection experimental data. The
other region is ruled out either from direct detection and or
invisible decay width data or cannot satisfy the exact relic density.

TABLE VII. Dominated annihilation processes. H1 is mostly coming from CP-even component of Z2-odd scalar doublet. The
fermionic t, u-channel contributions large.

Sl. No. Mixing cos β MDM (GeV) MH2
(GeV) MA1

(GeV) Y1;3
fd;ν Y1;3

fx ΩDMh2 DD Cross (cm3=s) Contributions

D-type BP-9 0.9 10.0 110.0 310 0.335 10−4 0.1198 8.7 × 10−47 H1H1 → ll 96%
H1H1 → νlν̄l 4%

D-type BP-10 0.9 30.0 130.0 330 0.3256 10−4 0.1198 1.2 × 10−47 H1H1 → ll̄ 96%
H1H1 → νlν̄l 4%

D-type BP-11 0.9 50.0 150.0 350 0.324 10−4 0.1198 5.5 × 10−48 H1H1 → ll̄ 96%
H1H1 → νlν̄l 4%

D-type BP-12 0.9 70.0 170.0 370 0.288 10−4 0.1198 2.5 × 10−48 H1H1 → ll̄ 68%
H1H1 → νlν̄l 3%
H1H1 → WW� 34%
H1H1 → ZZ� 4%

D-type BP-13 0.9 74.0 173.8 373.8 0.1 10−4 0.1138 1.2 × 10−48 H1H1 → ll̄ 16%
H1H1 → WW� 77%
H1H1 → ZZ� 6%
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also allowed by the invisible decay width constraints
coming from the Higgs observation. The points on the
curve are also consistent with the direct detection exper-
imental data.
The singlet-type DM scenario is realized for a small

mixing angle, cos β ∼ 0. For MDM < 50 GeV, the correct
DM relic density can be again achieved through the Higgs
portal coupling, where sin β ∼ 1:

ghH1H1
∼ cos2 βðλ3 þ λ4Þv1 −

2 cos2 β sin2 βðM2
H2

−M2
H1
Þ

v1
− cos β sin βκ4vs þ κ1 sin2 βv1 ∼ κ1v1:

As before, there will be strong constraints on the strength of
the Higgs portal coupling, coming from the invisible decay
width of the SM Higgs boson as well as DD experiments.
So we again rely on the contributions coming from the
Higgs resonance region, i.e., at MDM ≈Mh=2, that leaves
the possibility of a small Higgs portal coupling which can
give hσvi ∼ 2 × 10−26 cm3=s. This can produce the correct
relic density while remaining consistent with Higgs decay
and DD constraints. The annihilation could also occur via
the additional heavy CP-even scalar field H which couples
with the DM through

gHH1H1
∼
4μ2ϕs2

þ 2κϕ1s2v
2
1 − 3M2

H1
−M2

A2

2vs
:

Due to this heavy Higgs, an additional resonance region
can appear near MH1

¼ MH=2. It is important to note that
achieving relic density is possible across a spectrum of DM

masses, specifically within the 65 < MH1
< 650 GeV.1

This outcome is contingent upon the specific value of
the heavy Higgs mass (MH). We illustrated the relic density
(dominated by s- channel and cross-channels only, see
Fig. 3) for the low as well as the high-DM mass region in
κϕ1s2 −MH1

plane in Fig. 7. The solid red-blue band shows
the relic density Ωh2 ¼ 0.1198� 0.0012 within 3σ.
The red band is, however, excluded from the Higgs
invisible decay or DD constraints as a large Higgs portal
coupling is needed to get the correct DM relic density. In
this plot two funnel like region appear near MDM ≈ Mh

2
and

MDM ≈ MH
2
withMH ¼ 500 GeV, which corresponds to the

DM annihilation through the h and H resonance respec-
tively. In these two funnel regions, the dominant channel is
H1H1 → bb̄ for the low-DM mass range, whereas the
high-mass region is dominated by H1H1 → χχ channels.
χ represents W, Z, t and h particles. The process
H1H1 → HH also starts to contribute to the DM annihi-
lation process nearMH1

≈MH. Hence a dip appears around
MDM ¼ 500 GeV. The vicinity of the DM mass at
950 GeV experiences a notable impact stemming from
the coannihilation effect involving new heavy fermions,
where the masses of these fermions are approximately
1 TeV. In this context, the DM annihilation through the t
and u-channel BSM fermion exchange is negligible due to
the choice of small new Yukawa couplings Y1;3

fd;ν;x ≈ 10−4.
We present corresponding benchmark points for all the

FIG. 7. We varied DM (mostly singlet type, i.e., mixing angle
cos β ¼ 0.05) mass and Higgs portal coupling κϕ1s2 with
Yf;x;d;ν ¼ 0, Fermion masses ∼1 TeV, MZ0 ¼ 1.5 TeV,
MH ¼ 500 GeV. The red-blue line gives relic density Ωh2 ¼
0.1198� 0.0012 within 3σ. The red line excluded from Higgs
Invisible decay width and/or the direct detection cross section.

FIG. 6. We varied DM (doublet type, i.e., mixing angle 0.9
(red)mass and new Yukawa coupling Yfd ¼ Yfν with
Yfx ¼ 0. Fermion masses ∼1 TeV, MZ0 ¼ 1 TeV. The red line
gives relic density Ωh2 ¼ 0.1198� 0.0012 within 3σ, its also
allowed by the invisible decay width and direct detection
experimental data.

1This region is ruled out in pure singlet scenario from direct
detection experiments [79].
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region discussed above and the contributions of different
annihilation channels in Table VII.
Let us now examine how the BSM Yukawa couplings

influence the computations of the relic density. The
presence of the term Yfxψ̄RS2lL þ H:c: in the
Lagrangian [Eq. (23)] significantly enhance the annihila-
tion rate of singlet-type DM as the DM can annihilate to
SM leptons via t-channel diagram (see Fig. 4). For this
scenario, we keep Y1;3

fx ¼ Oð0.1Þwhile ensuring the second
component of Yfx ≈Oð10−4Þ to address potential issues
related to LFV, particularly the constraints from the
branching ratio of μ → eγ. Due to the presence of above
mentioned Yukawa couplings (Y1;3

fx ) the observed relic can
be achieved for a relatively low mass of DM
(∼Oð10Þ GeV). These couplings compensate for the DM
annihilation rate through the Higgs portal couplings by
enabling new fermions-mediated channels. Therefore, for

MDM < Mh
2
, the correct DM relic density can be achieved

while satisfying all relevant constraints, including the
Higgs invisible decay width and direct detection
constraints. We show a few benchmark points for the
singlet-type DM scenario with the corresponding contri-
butions of different annihilation channels for them in
Table XIII. From the table, we observe that achieving
the exact relic density is feasible solely through t-channel
DM annihilation to the SM leptons mediated by these BSM
fermions. For MH1

> 100 GeV, the annihilation processes
of H1H1 intoWW, ZZ, and hh arising due to the exchange
of dark sector scalars or through contact vertex can
contribute to the relic density as depicted in the table.
We illustrate a permissible range of relic density within

the Yfx −MH1
parameter space, as depicted in Fig. 8. The

plots have been produced for two distinct heavy Higgs
mass values, namely MH ¼ 1.5 TeV and MH ¼ 3 TeV
while the mass of the newly introduced fermions is 1 TeV.

TABLE VIII. Dominated annihilation processes. H1 is mostly coming from CP-even component of Z2-odd scalar singlet. The
fermionic t, u-channel contributions almost zero, coannihilation present depending on mass. The Fermion masses ∼1 TeV,
MZ0 ¼ 1.5 TeV.

Sl. No.
Mixing
cos β

MDM
(GeV)

MH2

(GeV)
MA1

(GeV)
MH�

(GeV) κϕ1s2 Y1;3
fd;ν;x ΩDMh2

DD Cross
(cm3=s) Contributions

S-type BP-1 0.05 56.0 356.0 356.0 656.0 0.00135 10−4 0.1196 5.2 × 10−47 H1H1 → bb̄ 77%
H1H1 → WW� 13%
H1H1 → cc̄ 6%
H1H1 → ll̄ 4%
H1H1 → ZZ� 1%

S-type BP-2 0.05 62.9 360.9 360.9 660.9 0.001 10−4 0.1203 3.1 × 10−47 H1H1 → bb̄ 71%
H1H1 → WW� 19%
H1H1 → cc̄ 5%
H1H1 → ll̄ 3%
H1H1 → ZZ� 2%

S-type BP-3 0.05 230.0 300.0 300.0 330.0 0.044 10−4 0.1199 3.4 × 10−46 H1H1 → tt̄ 7%
H1H1 → WW 45%
H1H1 → ZZ 21%
H1H1 → hh 27%

S-type BP-4 0.05 400.0 470.0 470.0 500.0 0.115 10−4 0.1211 6.1 × 10−46 H1H1 → tt̄ 6%
H1H1 → WW 46%
H1H1 → ZZ2 3%
H1H1 → hh 24%

S-type BP-5 0.05 950.0 1020.0 1020.0 1050.0 0.260 10−4 0.1211 3.3 × 10−46 H1H1 → WW 32%

H1H1 → ZZ 16%
H1H1 → hh 16%
H1H1 → HH 6%

H1H� → hW 4%

H1H� → HW 3%

S-type BP-6 0.05 995.0 1060.0 1060.0 1095.0 10−4 10−4 0.1211 5.1 × 10−47 N1E�
1 → ZW� 45%

N1E�
1 → hW� 16%

N1N1 → Zh 9%
E1E1 → EE 13%
H1H1 → WW 2%
A1A1 → WW 1%
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The funnel regions appear due to the CP-even scalar
resonance in the annihilation channel, which would mean
a dip in the contributions coming from the fermionic
channels and therefore smaller values (dips in the figure)
for the Yukawa couplings.
We also conduct a parameter scan involving variations in

the Higgs portal coupling, new Yukawa coupling Yfx, and
DM mass. The results of this scan are presented in Fig. 9.
The plot highlights regions in the coupling strengths of
both fermionic and scalar interactions with the DM that
contribute together to give the correct relic density. The
definitive breakup of the regions where each are dominant
has been discussed earlier. This plot is aimed at showing the

wide range of the parameter choices that can achieve the
correct relic density while satisfying all experimental
constraints in the model. In our analysis, we have main-
tained certain parameters fixed, specifically setting
Yfd ¼ Yfν ≈ 0, fermion masses at approximately 1 TeV,
MH ¼ 3 TeV, and MZ0 ¼ 3 TeV. The color points in the
plot represent parameter combinations that satisfy the
current relic density bound while adhering to all relevant
theoretical and experimental constraints. Conversely, the
empty region in the plot indicates parameter combinations
that violate at least one of the imposed bounds. It could be
due to the inconsistencies in DM relic density, detection
experiments, Higgs decay width when the DM mass is less

TABLE IX. Higgs portal coupling is tiny. H1 is mostly coming from CP-even component of Z2-odd scalar doublet. The fermionic t,
u-channel contributions large.

Sl. No.
Mixing
cos β

MDM
(GeV)

MH2

(GeV)
MA1

(GeV)
MH�

(GeV) Y1;3
fd;ν Y1;3

fx ΩDMh2
DD Cross
(cm3=s) Contributions

S-type BP-7 0.05 10.0 110.0 109.81 130.0 10−4 0.2696 0.1198 2.9 × 10−45 H1H1 → ll̄ 67%
H1H1 → νlν̄l 32%

S-type BP-8 0.05 45.0 145.0 144.75 155.0 10−4 0.2629 0.1198 1.4 × 10−46 H1H1 → ll̄ 65%
H1H1 → νlν̄l 34%

S-type BP-9 0.05 100.0 200.0 199.70 180.0 10−4 0.2631 0.1196 2.6 × 10−47 H1H1 → ll̄ 64%
H1H1 → νlν̄l 33%
H1H1 → WW 2%

S-typeBP-10 0.05 200.0 300.0 299.64 280.0 10−4 0.2687 0.1198 5.7 × 10−49 H1H1 → ll̄ 68%
H1H1 → νlν̄l 30%
H1H1 → WW 1%

S-typeBP-11 0.05 600.0 700.0 699.56 680.0 10−4 0.2924 0.1198 1.8 × 10−47 H1H1 → ll̄ 56%
H1H1 → νlν̄l 30%
H1H1 → WW 7%
H1H1 → ZZ 4%
H1H1 → hh 4%

FIG. 8. We varied DM (mostly singlet type, i.e., mixing angle cos β ¼ 0.05) mass and new Yukawa coupling Yfx with Yf;d;ν ¼ 0,
Fermion masses ∼1 TeV, MH ¼ 1.5 TeV and MH ¼ 3 TeV. The blue line gives relic density Ωh2 ¼ 0.1198� 0.0012 within 3σ.
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than half of the Higgs mass or any other theoretical or
experimental constraints considered in the analysis.
So far, we have discussed the role of scalar portal couplings

and Yukawa couplings of the DM in achieving the observed
DM relic density. When these couplings are very small, the
DM annihilation is not efficient enough for obtaining the
correct relic density. In such cases, we rely on the DM
annihilation channels involving the new gauge boson Z0 and
the coupling gx, as depicted in Fig. 10. TheZ0 directly couples
to theDMparticle, facilitating its production and annihilation

processes in the early Universe and determining its relic
density. Let us first consider the case where the DM mass
(MDM) is less than MZ0 . In this scenario, DM can annihilate
through the processes H1H1 → Z0�Z0�ðZ0� → ff̄Þ and/or
H1A1 → Z0 → ff̄. Here, A1 represents the singlet-type
pseudoscalar component, and f denotes the SM fermions.
The coannihilation ofMH1

andMA1
to SM fermions becomes

significant nearMH1
þMA1

∼MZ0 due to a resonance effect
in the channelH1A1 → Z0 → ff̄, that helpsDM relic density
to be satisfied. This effect is illustrated in Fig. 11 for
MZ0 ¼ 500, 800GeV,where a nonzero value of gauge kinetic
mixing g0x ¼ 5 × 10−3 is considered.

FIG. 9. We varied DM mass, Higgs portal coupling κϕ1s2 and
Yukawa couplings Yfx here. All the blue shaded region provides
relic density Ωh2 ¼ 0.1198� 0.0012 within 3σ, also satisfy all
the theoretical and experimental constraints.

(a) (b) (c)

(d)

FIG. 10. Diagrams: DM annihilation into the new gauge bosons and fermions via gauge couplings. H1 is the DM candidate, can be
doublet or singlet type or admixture of these depending on the mixing angle β.

FIG. 11. We varied DM mass in the first plot for fixed MZ0 ¼
0.5 and 0.8 TeV. The kinetic mixing g0x ¼ 5 × 10−3 and
MA −MH1

¼ 10 GeV. All the Higgs portal couplings are zero
in this plot.
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When the mass of DM exceeds the MZ0 , the annihilation
process of DM into Z0Z0 becomes possible kinematically,
leading to an increase in the total annihilation cross section.
Therefore, in this region we rely on the DM annihilation
process H1H1 → Z0Z0 to obtain the correct abundance of
the DM in the Universe.
We estimate the contributions of the diagrams for the

above process in the limit where only the gauge inter-
actions are considered. Hence, only diagrams (a) and (b)
of Fig. 10 contribute to the DM annihilation. We show
some benchmark points for this scenario and the corre-
sponding contributions of the annihilation channels in
Table X.
We present the observed 3σ band of the DM relic density

in the gx-MDM plane for three different values of nf, in
Fig. 12(a), where nf ¼ MZ0=MDM. The plot can be inter-
preted in the following manner: for a given value of MDM,
increasing the Z0 mass suppresses the DM annihilation
cross section. A larger gx value will then be needed to
enhance the hσvi. Therefore the three curves representing
the different ratios of the DM mass and Z0 illustrate that

heavier the DM mass, larger the gauge coupling gx helps
satisfy the correct relic density.
We now examine how the presence of scalar portal

coupling of the DM changes the DM relic density compu-
tation in the region MDM > MZ0 . We consider the scenario
with the heavy Higgs-mediated channels alongside the
above mentioned channels. This also allows DM to
annihilate into two Z0 bosons via the heavy scalar H in
an s-channel process. Figure 12(b) illustrates the influence
of these extra channels on DM relic density, with
MH ¼ 1.5 TeV. The dip in gx around MDM ≈ 750 GeV
is a result of the heavy scalar resonance. Due to the
presence of this additional annihilation channels for DM,
a smaller gx is required compared to Fig. 12(a) to achieve
the correct DM relic density. We show some benchmark
points of this type and corresponding contribution of the
annihilation channels in Table XI.

V. COLLIDER SIGNATURE

We now briefly discuss some collider signatures of
the model. Besides the usual signatures of a Z0 at colliders

(a) (b)

FIG. 12. We varied DM mass, gauge coupling gx. The line gives relic density Ωh2 ¼ 0.1198� 0.0012 within 3σ, also satisfy all the
theoretical and experimental constraints.

TABLE X. Higgs portal coupling is tiny. H1 is mostly coming from CP-even component of Z2-odd scalar singlet, cos β ¼ 0.05. The
gauge kinetic mixing gk;mix is taken to be zero. The heavy scalar mass at MH ¼ 3.0 TeV.

Sl. No.
MDM
(GeV)

MH2

(GeV)
MA1

(GeV)
MH�

(GeV)
MZ0

(GeV) gx gk;mix ΩDMh2
DD Cross
(cm3=s) Contributions

S-type BP-12 300.0 700.0 600.0 500.0 0.50MDM 0.1350 0.0 0.1198 <10−60 H1H1 → Z0Z0 100%
S-type BP-13 300.0 700.0 600.0 500.0 0.75MDM 0.2103 0.0 0.1198 <10−60 H1H1 → Z0Z0 100%
S-type BP-14 300.0 700.0 600.0 500.0 0.90MDM 0.2626 0.0 0.1198 <10−60 H1H1 → Z0Z0 100%
S-type BP-15 800.0 1000.0 900.0 850.0 0.50MDM 0.2794 0.0 0.1198 <10−60 H1H1 → Z0Z0 100%
S-type BP-16 800.0 1000.0 900.0 850.0 0.75MDM 0.3863 0.0 0.1198 <10−60 H1H1 → Z0Z0 100%
S-type BP-17 800.0 1000.0 900.0 850.0 0.90MDM 0.4497 0.0 0.1198 <10−60 H1H1 → Z0Z0 100%
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[80–84], the presence of a new fermionic sector which
contains an SUð2Þ doublet and SM singlet in addition to
being odd under a discrete Z2 symmetry, can lead to many
interesting signatures of the model at collider experiments.
Because of the Z2 symmetry, these fermions when pro-
duced will always lead to signatures with missing energy in
the final state. We highlight only a few of the signals here
that give the monolepton and dileptonþ=ET with or without
jets, multijet þ=ET , etc. final states at the LHC. The
production channels of these BSM scalars and fermions

at LHC have been listed in Tables XII and XIII along with
their possible decay channels.
We now discuss how the above final states are realized at

LHC. The process pp → ψþψ−, where ψ� represent the
new charged fermions. These fermions can subsequently
decay as ψ� → W�N1, with N1 being the lightest BSM
neutral fermion, followed by the decay N1 → H1νi which
is a completely invisible decay channel sinceH1 is the DM.
Thus the pair production of ψþψ− will lead to WþW− and
large missing energy in the final state. Therefore this

TABLE XI. Higgs portal coupling is tiny. H1 is mostly scalar singlet-type DM. The gauge kinetic mixing gk;mix is zero with
MH ¼ 1.5 TeV.

Sl. No.
MDM
(GeV)

MH2

(GeV)
MA1

(GeV)
MH�
(GeV)

MZ0
(GeV) gx gk;mix ΩDMh2

DD Cross
(cm3=s) Contributions

S-type
BP-18

300.0 700.0 600.0 500.0 0.50MDM 0.1194 0.0 0.1198 3.0 × 10−46 H1H1 → Z0Z0 54%
H1H1 → WW 21%
H1H1 → hh 13%
H1H1 → ZZ 9%
H1H1 → tt̄ 4%

S-type
BP-19

300.0 700.0 600.0 500.0 0.75MDM 0.1831 0.0 0.1198 2.8 × 10−46 H1H1 → Z0Z0 51%
H1H1 → WW 22%
H1H1 → hh 13%
H1H1 → ZZ 10%
H1H1 → tt̄ 4%

S-type
BP-20

300.0 700.0 600.0 500.0 0.90MDM 0.2250 0.0 0.1198 2.7 × 10−46 H1H1 → Z0Z0 49%
H1H1 → WW 23%
H1H1 → hh 14%
H1H1 → ZZ 10%
H1H1 → tt̄ 4%

S-type
BP-21

800.0 1000.0 900.0 800.0 0.50MDM 0.0414 0.0 0.1198 3.0 × 10−46 H1H1 → Z0Z0 5%
H1H1 → WW 46%
H1H1 → hh 24%
H1H1 → ZZ 20%
H1H1 → tt̄ 4%

S-type
BP-22

800.0 1000.0 900.0 800.0 0.75MDM 0.0621 0.0 0.1198 2.8 × 10−46 H1H1 → Z0Z0 3%
H1H1 → WW 46%
H1H1 → hh 25%
H1H1 → ZZ 20%
H1H1 → tt̄ 4%

S-type
BP-23

800.0 1000.0 900.0 800.0 0.90MDM 0.0746 0.0 0.1198 2.7 × 10−46 H1H1 → Z0Z0 2%
H1H1 → WW 47%
H1H1 → hh 25%
H1H1 → ZZ 20%
H1H1 → tt̄ 4%

TABLE XII. The production channels of the dark sector scalars at LHC and their decay channels.

Processes Mediators Decay

pp → HþH− γ; Z; Z0 H� → l�N1;ψ�ν;W�H1

pp → H1H� W� H� → l�N1;ψ�ν;W�H1

pp → H1A1 Z, Z0 A1 → νN1; ZH1; Z0�H1;ψ�l∓
pp → H2A2 Z0 H2 → ψ�l∓; νN1, A2 → ψ�l∓; νN1; Z0�H2

TABLE XIII. The production channels of the dark sector fermions at LHC and their decay channels.

Processes Mediators Decay

pp → ψþψ− γ; Z; Z0 ψ� → l�H1;W�N1

pp → ψ�N1 W� ψ� → l�H1; W�N1, N1 → νH1
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channel with the above decay sequences gives rise to
dileptonþ =ET , monoleptonþ dijetþ =ET or 4 jetsþ =ET

final states. The charged fermion ψ� can also decay via
ψ� → H1l for a given range of parameters. As H1 is
invisible, this decay sequence leads to the dileptonþ =ET
signature.
Consider the process pp → ψ�N1 which is mediated by

the W boson. Following the sequence of decays discussed
above, the ψ� → H1l;W�N1, both modes lead to
monoleptonþ =ET signature. Additionally, when the ψ�

decays to W�N1, and W decays hadronically, we get the
dijetþ =ET final state as our signal.
The scalar production mode given by the process

pp → HþH−, with the fermionic decay channels of H�
as shown Table XII, also leads to the same final states as
discussed above, with the only difference being the primary
production channel of HþH− giving additional sources of
missing energy in the cascades. Similarly, the process
pp → H1H� with H� → W�H1 can give rise to dijetþ
ET and monoleptonþ ET final state. It is worth noting that
these channels can exhibit a significant production cross
section at the LHC as these BSM particles have electro-
weak interactions. Moreover, as these particles are charged
under the new gauge symmetry an additional diagram can
contribute to the BSM scalar and fermion production at
LHC via the Z0 boson by introducing a nonzero gauge
kinetic mixing. The Z0 exchange in the s-channel can lead
to a significant enhancement if the Z0 is produced at
resonance. In the process pp → A1;2H1;2 the pseudoscalar
A1;2 can subsequently decay as A1;2 → Z=Z0H1;2, where
Z=Z0 denotes either the Standard Model Z boson or a new
neutral gauge boson. The Z=Z0 boson further decays in the
visible channel as Z=Z0 → ll or dijet, where l represents the
SM charged lepton. Once again, this decay chain will result
in the dilepton=dijetþ ET signature.
It is worth noting that the discussion on the collider

signal has been limited to a very specific mass hierarchy in
the particle spectrum in our current discussion (see Fig. 13).
While there are indeed additional signals possible through
various decay cascades of the produced particles in this

model, a comprehensive analysis of these model particles
and their properties is left for future work. These studies
will aim to extract meaningful information about the
properties of new particles, their interactions, and their
role in the context of neutrino and DM including other
constraints.

VI. CONCLUSIONS

In this study, we consider an additional Uð1Þ gauge
symmetry alongwith the SMgauge symmetry. In addition to
the standard model particles, our model incorporates vector-
like doublet and singlet fermions, as well as two complex
singlets and one doublet scalar field, which are charged
under this new Uð1Þ gauge symmetry. All the SM particle
contents are neutral under the newAbelian gauge symmetry.
We explore the neutrino masses, mixing, and scalar dark
matter in this model. We successfully achieve neutrino
oscillation parameters and DM density within the expected
range by selecting this field content. The neutrino mass and
mixing angles are influenced significantly by the new
Yukawa couplings and the mass differences between the
Z2-oddCP-even andCP-odd scalar particles. These param-
eters need to be extremely small to explain the observed
neutrino properties. Interestingly, these same parameters are
also directly linked to the DM abundance in the Universe.
When the mass gap between these scalar particles is small,
coannihilation processes become more prominent, while
smaller Yukawa couplings result in reduced annihilation
rates. We have examined these parameters extensively
through careful analysis and discovered a significant
region within the parameter space that yields interesting
results.
To account for the observed relic density, we consider

annihilation and coannihilation processes involving other
particles in the model. Moreover, the new Yukawa terms
enable the DM to annihilate into standard model particles
through cross-channel, t-channel, and u-channel inter-
actions. The interplay between these channels, character-
ized by constructive or destructive interference, effectively
modifies the annihilation cross section. Consequently, our
model obtains the correct relic density for the DM.
The Z0 boson is crucial in obtaining the correct DM relic

density as the DM is charged under the new gauge
symmetry. Even in the absence of other portal coupling,
we find that the new gauge coupling provides correct DM
density obeying all the experimental and theoretical
bounds.
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FIG. 13. The specific mass hierarchy for which collider signal
has been discussed.
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APPENDIX

1. Stability constraints

The additional copositivity criteria [25] to have scalar potential bounded from below all the way.

If ðλ3 þ λ4Þ < 0 & λ11 < 0; λ1κs1ϕ2
− ðλ3 þ λ4Þλ11 ≥

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ1λ2 − ðλ3 þ λ4Þ2Þð4λ1λs2 − λ211Þ

q
;

If ðλ3 þ λ4Þ < 0 & λ22 < 0; λ2κs2ϕ1
− ðλ3 þ λ4Þλ22 ≥

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ1λ2 − ðλ3 þ λ4Þ2Þð4λ2λs2 − λ222Þ

q
;

If ðλ3 þ λ4Þ < 0 & κs2ϕ1
< 0; λ1λ22 − ðλ3 þ λ4Þκs2ϕ1

≥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ1λ2 − ðλ3 þ λ4Þ2Þð4λ1λs2 − κ2s2ϕ1

Þ
q

;

If ðλ3 þ λ4Þ < 0 & κs1ϕ2
< 0; λ2λ11 − ðλ3 þ λ4Þκs1ϕ2

≥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ1λ2 − ðλ3 þ λ4Þ2Þð4λ2λs2 − κ2s1ϕ2

Þ
q

;

If λ11 < 0 & κs2ϕ1
< 0; λ1κ3 − λ11κs2ϕ1

≥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ1λs2 − λ211Þð4λ1λs2 − κ2s2ϕ1

Þ
q

;

If κs1ϕ2
< 0 & λ22 < 0; λ2κ3 − λ22κs1ϕ2

≥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ2λs2 − λ222Þð4λ2λs2 − κ2s1ϕ2

Þ
q

;

If λ22 < 0 & κs1ϕ2
< 0; λ2κ3 − λ22κs1ϕ2

≥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ2λs2 − λ222Þðλ2λs2 − κ2s1ϕ2

Þ
q

;

If λ11 < 0 & κs1ϕ2
< 0; ðλ3 þ λ4Þλs2 − λ11κs1ϕ2

≥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ1λs2 − λ211Þð4λ2λs2 − κ2s1ϕ2

Þ
q

;

If λ11 < 0 & κ3 < 0; λs2κs2ϕ1
− λ11κ3 ≥

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ1λs2 − λ211Þð4λs2λs2 − κ23Þ

q
;

If κs1ϕ2
< 0 & κ3 < 0; λ22λs2 − κ3κs1ϕ2

≥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ2λs2 − κ2s1ϕ2

Þð4λs2λs2 − κ23Þ
q

If κ3 < 0 & κs1ϕ2
< 0; λ22λs2 − κ3κs1ϕ2

≥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ2λs2 − κ2s1ϕ2

Þð4λs2λs2 − κ23Þ
q

;

If λ22 < 0 & κs2ϕ1
< 0; ðλ3 þ λ4Þλs2 − λ22κs2ϕ1

≥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ2λs2 − λ222Þð4λ1λs2 − κ2s2ϕ1

Þ
q

;

If λ22 < 0 & κ3 < 0; λs2κs1ϕ2
− λ22κ3 ≥

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ2λs2 − λ222Þð4λs2λs2 − κ23Þ

q
;

If κ3 < 0 & κs2ϕ1
< 0; λ11λs2 − κ3κs2ϕ1

≥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λs2λs2 − κ23Þð4λ1λs2 − κ2s2ϕ1

Þ
q

;

If λ11 < 0 & κs1ϕ2
< 0; ðλ3 þ λ4Þλs2 − λ11κs1ϕ2

≥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ1λs2 − λ211Þð4λ2λs2 − κ2s1ϕ2

Þ
q

;

2. Unitarity constraints

Various quartic couplings in nonphysical bases ϕdr1;ϕdr2;ϕsr1;ϕsr2;ϕdi1ð≡ ¼ G0Þ;ϕdi2;ϕsi1;ϕsi2, ϕ�
d1ð≡ ¼ G�Þ;ϕ�

d2,.

fϕdr1ϕdr1ϕdr1ϕdr1g ¼ 6λ1; fϕsi1ϕsi1ϕsi2ϕsi2g ¼ κ3; fϕþ
d1ϕ

−
d1ϕsr1ϕsr1g ¼ λ11;

fϕdr2ϕdr2ϕdr2ϕdr2g ¼ 6λ2; fϕdr1ϕdr1ϕdi1ϕdi1g ¼ 2λ1; fϕþ
d1ϕ

−
d1ϕsr2ϕsr2g ¼ κs2ϕ1

;

fϕsr1ϕsr1ϕsr1ϕsr1g ¼ 6λs1; fϕdr1ϕdr1ϕdi2ϕdi2g ¼ λ3 þ λ4; fHþϕ−
d2ϕdr1ϕdr1g ¼ λ22;

fϕsr2ϕsr2ϕsr2ϕsr2g ¼ 6λs2; fϕdr1ϕdr1ϕsi1ϕsi1g ¼ λ11; fHþϕ−
d2ϕdr2ϕdr2g ¼ λ3;

fϕdi1ϕdi1ϕdi1ϕdi1g ¼ 6λ1; fϕdr1ϕdr1ϕsi2ϕsi2g ¼ κs2ϕ1
; fHþϕ−

d2ϕsr1ϕsr1g ¼ 2λ2;

fϕdi2ϕdi2ϕdi2ϕdi2g ¼ 6λ2; fϕdr2ϕdr2ϕdi1ϕdi1g ¼ λ3 þ λ4; fHþϕ−
d2ϕsr2ϕsr2g ¼ κs1ϕ2

;

fϕsi1ϕsi1ϕsi1ϕsi1g ¼ 6λs1; fϕdr2ϕdr2ϕdi2ϕdi2g ¼ 2λ2; fϕþ
d1ϕ

−
d1ϕdi1ϕdi1g ¼ 2λ1;

fϕsi2ϕsi2ϕsi2ϕsi2g ¼ 6λs2; fϕdr2ϕdr2ϕsi1ϕsi1g ¼ κs1ϕ2
; fϕþ

d1ϕ
−
d1ϕdi2ϕdi2g ¼ λ3;

fϕdr1ϕdr1ϕdr2ϕdr2g ¼ λ3 þ λ4; fϕdr2ϕdr2ϕsi2ϕsi2g ¼ λ22; fϕþ
d1ϕ

−
d1ϕsi1ϕsi1g ¼ 6λ11;
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fϕdr1ϕdr1ϕsr1ϕsr1g ¼ λ11; fϕsr1ϕsr1ϕdi1ϕdi1g ¼ λ11; fϕþ
d1ϕ

−
d1ϕsi2ϕsi2g ¼ κs2ϕ1

;

fϕdr1ϕdr1ϕsr2ϕsr2g ¼ κs2ϕ1
; fϕsr1ϕsr1ϕdi2ϕdi2g ¼ κs1ϕ2

; fHþϕ−
d2ϕdi1ϕdi1g ¼ λ3;

fϕdr2ϕdr2ϕsr1ϕsr1g ¼ κs1ϕ2
; fϕsr1ϕsr1ϕsi1ϕsi1g ¼ 2λs1; fHþϕ−

d2ϕdi2ϕdi2g ¼ 2λ2;

fϕdr2ϕdr2ϕsr2ϕsr2g ¼ λ22; fϕsr1ϕsr1ϕsi2ϕsi2g ¼ κ3; fHþϕ−
d2ϕsi1ϕsi1g ¼ κs1ϕ2

;

fϕsr1ϕsr1ϕsr2ϕsr2g ¼ κ3; fϕsr2ϕsr2ϕdi1ϕdi1g ¼ κs2ϕ1
; fHþϕ−

d2ϕsi2ϕsi2g ¼ λ22;

fϕdi1ϕdi1ϕdi2ϕdi2g ¼ λ3 þ λ4; fϕsr2ϕsr2ϕdi2ϕdi2g ¼ λ22; fϕþ
d1ϕ

−
d1ϕ

þ
d1ϕ

−
d1g ¼ 4λ1;

fϕdi1ϕdi1ϕsi1ϕsi1g ¼ λ11; fϕsr2ϕsr2ϕsi1ϕsi1g ¼ κ3; fϕþ
d1ϕ

−
d1H

þϕ−
d2g ¼ λ3 þ λ4;

fϕdi1ϕdi1ϕsi2ϕsi2g ¼ κs2ϕ1
; fϕsr2ϕsr2ϕsi2ϕsi2g ¼ 2λs2; fHþϕ−

d2H
þϕ−

d2g ¼ 4λ2;

fϕdi2ϕdi2ϕsi1ϕsi1g ¼ κs1ϕ2
; fϕþ

d1ϕ
−
d1ϕdr1ϕdr1g ¼ 2λ1; fHþϕ−

d2ϕsi1ϕsi2g ¼ 2κ4;

fϕdi2ϕdi2ϕsi2ϕsi2g ¼ λ22; fϕþ
d1ϕ

−
d1ϕdr2ϕdr2g ¼ λ3;

fHþϕ−
d2ϕsr1ϕsr2g ¼ 2κ4; fHþϕ−

d2ϕsr1ϕsi2g ¼ 2iκ4;

The first 16 × 16 submatrix, corresponds to scattering processes whose initial and final states are one of ϕþ
d1ϕdi1, ϕ

þ
d1ϕdi2,

ϕþ
d1ϕsi1, ϕ

þ
d1ϕsi2, ϕ

þ
d1ϕdr1, ϕ

þ
d1ϕdr2, ϕ

þ
d1ϕsr1, ϕ

þ
d1ϕsr2, Hþϕdi1, Hþϕdi2, Hþϕsi1, Hþϕsi2, Hþϕdr1, Hþϕdr2, Hþϕsr1, and

Hþϕsr2 can be written as,

M1¼

0
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@

2λ1 0 0 0 0 0 0 0 0 λ4
2

0 0 0 −1
2
ðiλ4Þ 0 0

0 λ3 0 0 0 0 0 0 λ4
2

0 0 0 iλ4
2

0 0 0

0 0 λ11 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 κs2ϕ1
0 0 0 0 0 0 0 1

2
κ4 0 0 0 1

2
iκ4

0 0 0 0 2λ1 0 0 0 0 iλ4
2

1
2
κ4 0 0 λ4

2
1
2
iκ4 0

0 0 0 0 0 λ3 0 0 −1
2
ðiλ4Þ 0 0 0 λ4

2
0 0 0

0 0 0 0 0 0 λ11 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 κs2ϕ1
0 0 0 −1

2
iκ4 0 0 0 1

2
κ4

0 λ4
2

0 0 0 iλ4
2

0 0 λ3 0 −1
2
iκ4 0 0 0 1

2
κ4 0

λ4
2

0 0 0 −1
2
ðiλ4Þ 0 0 0 0 2λ2 0 0 0 0 0 0

0 0 0 1
2
κ4 0 0 0 −1

2
iκ4 0 0 κs1ϕ2

0 0 0 0 0

0 0 1
2
κ4 0 0 0 −1

2
iκ4 0 0 0 0 λ22 0 0 0 0

0 −1
2
ðiλ4Þ 0 0 0 λ4

2
0 0 0 0 0 0 λ3 0 0 0

iλ4
2

0 0 0 λ4
2

0 0 0 0 0 0 0 0 2λ2 0 0

0 0 0 1
2
iκ4 0 0 0 1

2
κ4 0 0 0 0 0 0 κs1ϕ2

0

0 0 1
2
iκ4 0 0 0 1

2
κ4 0 0 0 0 0 0 0 0 λ22

1
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA

; ðA1Þ

with eigenvalues: κs2ϕ1
, κs1ϕ2

, 2λ1, λ11, λ22, 2λ2, λ3, λ3 � λ4, λ1 þ λ2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ21 − 2λ2λ1 þ λ22 þ λ24 þ 4κ24

p
.

The second 14 × 14 submatrix, corresponds to scattering processes whose initial and final states are one of ϕþ
d1ϕ

−
d2,

ϕ−
d1ϕ

þ
d2, ϕdi1ϕdi2, ϕdi1ϕsi1, ϕdi1ϕsi2, ϕdi2ϕsi1, ϕdi2ϕsi2, ϕsi1ϕsi2, ϕdr1ϕdr2, ϕdr1ϕsr1, ϕdr1ϕsr2, ϕdr2ϕsr1, ϕdr2ϕsr2, and

ϕsr1ϕsr2 is given by,
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M2¼

0
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@

λ3þλ4 0 λ4
2

0 0 0 0 1
2
κ4

λ4
2

0 0 0 0 1
2
κ4

0 λ3þλ4
λ4
2

0 0 0 0 1
2
κ4

λ4
2

0 0 0 0 1
2
κ4

λ4
2

λ4
2

λ3þλ4 0 0 0 0 1
2
κ4 0 0 0 0 0 1

2
κ4

0 0 0 λ11 0 0 1
2
κ4 0 0 0 0 0 −1

2
κ4 0

0 0 0 0 κs2ϕ1

1
2
κ4 0 0 0 0 0 1

2
κ4 0 0

0 0 0 0 1
2
κ4 κs1ϕ2

0 0 0 0 1
2
κ4 0 0 0

0 0 0 1
2
κ4 0 0 λ22 0 0 −1

2
κ4 0 0 0 0

1
2
κ4

1
2
κ4

1
2
κ4 0 0 0 0 κ3

1
2
κ4 0 0 0 0 0

λ4
2

λ4
2

0 0 0 0 0 1
2
κ4 λ3þλ4 0 0 0 0 0

0 0 0 0 0 0 −1
2
κ4 0 0 λ11 0 0 1

2
κ4 0

0 0 0 0 0 1
2
κ4 0 0 0 0 κs2ϕ1

1
2
κ4 0 0

0 0 0 0 1
2
κ4 0 0 0 0 0 1

2
κ4 κs1ϕ2

0 0

0 0 0 −1
2
κ4 0 0 0 0 0 1

2
κ4 0 0 λ22 0

1
2
κ4

1
2
κ4

1
2
κ4 0 0 0 0 0 1

2
κ4 0 0 0 0 κ3

1
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA

; ðA2Þ

having eigenvalues: κs2ϕ1
, κs1ϕ2

, κ3, λ3, λ3 þ λ4, λ3 þ 2λ4, λ11, λ22,12 ðλ11 þ λ22 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ11 − λ22Þ2 þ 4κ24

p
Þ,

1
2
ðκs2ϕ1

þ κs1ϕ2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðκs2ϕ1

− κs1ϕ2
Þ2 þ 4κ24

q
Þ,1
2
ðλ3 þ 2λ4 þ κs1s2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8κ24 þ ðλ3 þ 2λ4 − κs1s2Þ2

q
Þ.

The third and most-stringent 10 × 10 submatrix M3, corresponds to scattering fields ϕ−
d1ϕ

þ
d1, ϕ

−
d2H

þ, ϕdi1ϕdi1ffiffi
2

p , ϕdi2ϕdi2ffiffi
2

p ,
ϕsi1ϕsi1ffiffi

2
p , ϕsi2ϕsi2ffiffi

2
p , ϕdr1ϕdr1ffiffi

2
p , ϕdr2ϕdr2ffiffi

2
p , ϕsr1ϕsr1ffiffi

2
p and ϕsr2ϕsr2ffiffi

2
p . The factor 1ffiffi

2
p has appeared due to the statistics of identical particles.M3 is,

M3¼

0
BBBBBBBBBBBBBBBBBBBBBBBBBBB@

4λ1 λ3þλ4
ffiffiffi
2

p
λ1

λ3ffiffi
2

p λ11ffiffi
2

p κs2ϕ1ffiffi
2

p
ffiffiffi
2

p
λ1

λ3ffiffi
2

p λ11ffiffi
2

p κs2ϕ1ffiffi
2

p

λ3þλ4 4λ2
λ3ffiffi
2

p
ffiffiffi
2

p
λ2

κs1ϕ2ffiffi
2

p λ22ffiffi
2

p λ3ffiffi
2

p
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2

p
λ2

κs1ϕ2ffiffi
2

p λ22ffiffi
2

p
ffiffiffi
2

p
λ1

λ3ffiffi
2

p 3λ1
1
2
ðλ3þλ4Þ λ11

2
1
2
κs2ϕ1

λ1
1
2
ðλ3þλ4Þ λ11

2
1
2
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p
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p
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1
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1
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; ðA3Þ

The eigenvalues cannot be calculated analytically. We get the analytical values for the choice of
λ11 ¼ λ22 ¼ κs2ϕ1

¼ κs1ϕ2
¼ 0. The eigenvalues are now: 2λ1, 2λ2, 2λs1, 2λs2, λ1 þ λ2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − λ2Þ2 þ λ24

p
,

3λ1 þ 3λ2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9ðλ1 − λ2Þ2 þ ð2λ3 þ λ4Þ2

p
, and 2λs1 þ 2λs2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2s1s2 þ 4ðλs1 − λs2Þ2

q
.
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