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We study the phenomenology of a vector darkmatter (VDM) in aUð1ÞX gauged extension of the Standard
Model (SM),which is set in a type II seesaw framework.When thisUð1ÞX symmetry is spontaneously broken
by the vacuum expectation value (VEV) of a newly introduced complex scalar singlet, the gauge boson Z0

becomes massive. The stability of the dark matter (DM) is ensured by the presence of an exact charge
conjugation symmetry resulting from the structure of the Lagrangian. On the other hand, the SUð2ÞL triplet
scalar facilitates light neutrino masses via the type II seesaw mechanism. We have studied the
phenomenology of the usual WIMP DM, considering all possible theoretical and experimental constraints
that are applicable. Due to the presence of a triplet scalar, the present framework can also accommodate the
observed 2σ deviation in h → Zγ decay rate, recently measured at the LHC. The possibility of nonthermal
production of DM from the decay of the singlet scalar has also been briefly discussed.
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I. INTRODUCTION

The existence of a nonluminous, nonbaryonic form of
matter that provides roughly 26% energy density of the
Universe, popularly known as the dark matter (DM), is an
undeniable fact in terms of observational evidence.
Astrophysical and cosmological observational evidence,
notably the study of galaxy clusters by Fritz Zwicky [1], the
rotation curves of galaxy clusters by Vera Rubin [2], and
the observation of bullet cluster by Chandra observatory [3]
have provided compelling evidence for the existence of this
mysterious species in the present Universe. Additionally,
gravitational lensing and anisotropy of cosmic microwave
background radiation (CMBR) measured by several cos-
mological experiments [4–8] have further supported the
need for such enigmatic matter. The DM number density
(ΩDMh2) as reported by WMAP [4] and PLANCK [6]
is precisely measured to be ΩDMh2 ¼ 0.12� 0.001 at 68%
confidence level (CL). However, the nature of DM remains
a mystery. Though the observational evidence tells us about

the gravitational interaction of the DM, the particle origin
of it presents an intriguing possibility. If DM is an
elementary particle, it is expected to exhibit some level
of interaction with the Standard Model (SM). The natural
approach would be to consider the weak interaction of DM
particles with the SM bath. As an interesting fact, weakly
interacting massive particles (WIMPs) of electroweak mass
scale can be produced thermally in the early Universe, and
then they can freeze out leaving the thermal relic density
close to the DM abundance of the present day. This
coincidence is often noted as WIMP miracle [9].
Other than the WIMP scenario, depending on the

interaction strength, DM can be a feebly interacting
massive particle (FIMP) [10] or a strongly interacting
massive particle (SIMP) [11,12] in nature. There are
various other approaches as well namely super WIMP
[13,14], secluded WIMP [15], and forbidden DM [16].
However, due to favorable detection possibilities at direct,
indirect, and collider search experiments, WIMP is the
most popular choice. Direct detection (DD) experiments
like LUX [17], XENONnT [18,19], and PANDAX [20,21]
provide stringent bounds on wide ranges of masses and
couplings of WIMP. Recent bounds from the LZ experi-
ment [22] eliminate larger DM parameter space. The
WIMP scenario has been studied in various types of model
setup. Depending on the choice of model, a WIMP can be a
Dirac or a Majorana fermion, a scalar (pseudoscalar), or a
vector boson. In comparison to fermions and scalars, vector
gauge bosons as DM candidates have received a little lesser
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attention due to the necessity of adding extra gauge
extensions. Vector dark matter (VDM) has been studied
in [23–28] in various gauge extensions. Specifically, VDM
in Uð1Þ extension has been analyzed in [29,30]. In the
above scenario, the dark matter couples to the SM through
the Higgs portal via the mixing between the SM Higgs and
the new scalar singlet. Here, we have discussed the
variation of the VDM parameter space where the scalar
sector has been extended with an additional triplet scalar.
SUð2ÞL triplet Higgs seems to be a very obvious candidate
in this context as the presence of a triplet in the scalar sector
can facilitate neutrino mass, thereby solving another
important question of particle physics. The neutrino mass
generation will be discussed in the next paragraph. The
presence of the extra triplet will provide extra annihilation
channels for the dark matter; thus, it has more control in
tuning of the relic abundance.
Neutrino mass is one of the most compelling reasons to

go beyond the Standard Model (BSM). Neutrino oscillation
data from various experiments confirmed that neutrinos
have tiny mass ∼Oð0.1Þ eV [31,32]. The most popular way
to generate such tiny neutrino mass at tree level is the
seesaw mechanism. Based on the particle contents of the
model, there are three types of seesaw mechanisms. Type I
seesaw [33–36] extends the SM particle spectrum by three
heavy right-handed neutrinos, whereas type II [37–43] adds
a SUð2ÞL triplet scalar, and type III [44–47] adds a SUð2ÞL
triplet fermion. Type I seesaw models with an extra Uð1ÞX
symmetry have been studied in Ref. [48–50] in the context
of dark matter phenomenology. Interestingly, in addition to
the added advantage of vacuum stability, the type II seesaw
mechanism can generate small neutrino masses with a
SUð2ÞL triplet scalar with a very small vacuum expectation
value (VEV) vt, whereas the type I seesaw mechanism
requires three right-handed Majorana neutrinos with
masses in the range 109–1010 GeV. Moreover, if we choose
the triplet VEV vt to be in the range 1–3 GeV
(> 10−4 GeV), we can get a mass range for the doubly
charged and singly charged scalar that can be probed at
colliders [51]. Fermionic DM with type II seesaw in Uð1ÞX
model has been discussed in [52,53].
In this article, we explore the possibility of the existence

of a gauge boson VDM in a general gauged Uð1ÞX
extension of SM where neutrino mass is generated by
the type II seesaw mechanism. In addition to a triplet scalar,
a SUð2ÞL singlet, the only particle that carries the Uð1ÞX
charge, is necessary to break this symmetry spontaneously
resulting in a massive vector boson, Z0, which plays the role
of DM in this model. The stability of DM is ensured by an
exact charge conjugation symmetry, which arises due to
Uð1ÞX invariance. The interaction of the singlet scalar with
the SM Higgs doublet acts as a portal between the dark
sector and the visible sector. Moreover, the presence of a
triplet scalar in this scenario gives rise to interesting DM
phenomenology by mixing with the SM Higgs doublet and

the scalar singlet and finally resulting into an enhanced DM
parameter space. Therefore, we study an interesting sce-
nario that addresses the nonzero neutrino mass and DM
abundance in a unified framework. Another interesting
factor that prompts us to explore this scenario is the recent
combined report by the ATLAS and CMS Collaborations
on the h → Zγ decay channel. Their findings reveal a
combined signal strength μZγ ¼ 2.2� 0.7 [54], indicating a
slight 2σ discrepancy compared to the Standard Model
prediction of μZγ ¼ 1. Some recent studies [55,56] show a
way to accommodate such excess by different model
perspectives. Type II seesaw triplet (the singly charged
and doubly charged component) can also accommodate
nonstandard values of μZγ as shown in various studies
[57,58]. We show that in addition to the dominant con-
tribution of the triplet charged scalar components, the new
couplings introduced by the complex scalar singlet can
affect the signal strengths μγγ and μZγ .
This article is organized as follows. In Sec. II, we

describe the model in detail along with the generation of
neutrino mass by the type II seesaw mechanism. In Sec. III,
the experimental and theoretical constraints on the model
parameters are discussed. In Sec. IV, we finally discuss the
phenomenology of the thermal VDM with the prediction of
possible experimental signature of this allowed model
parameter space from DD. In Sec. V, the possibility of
the freeze-in scenario of the VDM is discussed briefly.
Finally, the conclusion is drawn in Sec. VI.

II. BASIC FRAMEWORK

Let us now introduce the detailed framework of this
model. We are exploring an extension of the SM that
involves an additional triplet (Δ) to the scalar sector to
facilitate the generation of neutrino mass through the type-
II seesaw mechanism via a lepton number nonconserving
interaction. Furthermore, a complex scalar singlet (S) has
been introduced that is charged under an additional abelian
Uð1ÞX gauge symmetry. When S acquires VEV (vs), it
spontaneously breaks Uð1ÞX symmetry and makes the
gauge boson (Z0) massive, which serves as a potential
DM candidate of the universe in this model. The total
Lagrangian of the model is given by

LTot ¼ LSM þ LScalar þ LZ0
Dark

þ LΔ
Yuk; ð1Þ

where, LSM represents the SM Lagrangian without the
scalar sector. The different BSM interaction terms are
analyzed in detail in the following sections.

A. Scalar sector

The most general renormalizable Lagrangian involving a
triplet, a singlet scalar along with the SMHiggs doublet can
be written as
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LScalar ¼ LKin
Scalar − VðΦ;Δ; SÞ; ð2Þ

where the kinetic part of scalar fields is given by

LKin
Scalar ¼ ðDμΦÞ†ðDμΦÞ þ Tr½ðDμΔÞ†ðDμΔÞ�

þ ðDμSÞ�ðDμSÞ; ð3Þ

where

DμΦ ¼ ∂μΦþ ig
2
Wμ

aσaΦþ ig0

2
BμΦ; ð4Þ

DμΔ ¼ ∂μΔþ ig
2
½Wa

μσ
a;Δ� þ ig0BμΔ; ð5Þ

DμS ¼ ∂μSþ igxxsZ0
μS: ð6Þ

Here, gx is the gauge coupling of Uð1ÞX, and xs is the
Uð1ÞX charge of complex scalar singlet S that is taken to be
unity for the whole analysis. The covariant derivative of S
takes an important role in the DM dynamics and has been
discussed in the dark sector. The expressions of the SM
Higgs doubletΦ, the scalar triplet Δ, and the S are given by

Φ¼
�
ϕþ

ϕ0

�
; Δ¼

 Δþffiffi
2

p Δþþ

Δ0 −Δþffiffi
2

p

!
; S¼ðSrþ isiÞ: ð7Þ

The scalar potential is given by

VðΦ;Δ; SÞ ¼ μ2ΦðΦ†ΦÞ þ λðΦ†ΦÞ2 þM2
ΔTr½Δ†Δ� þ λ1ðΦ†ΦÞTr½Δ†Δ�

þ λ2ðTr½Δ†Δ�Þ2 þ λ3Tr½ðΔ†ΔÞ2� þ λ4ðΦ†ΔΔ†ΦÞ þ ½μΦTiσ2Δ†Φþ H:c:�
þ μ2sðS†SÞ þ λsðS†SÞ2 þ λsϕðS†SÞðΦ†ΦÞ þ λSΔðS†SÞTr½Δ†Δ�: ð8Þ

After electroweak symmetry breaking (EWSB), the scalars can be expanded around VEV as

ϕ0¼ 1ffiffiffi
2

p ðvdþh0þ ig0Þ; Δ0¼
1ffiffiffi
2

p ðvtþδ0þ iη0Þ; S¼ 1ffiffiffi
2

p ðvsþsrþ isiÞ: ð9Þ

The scalar kinetic terms of Eq. (3) give rise to the masses of W�, Zμ, and Z0
μ after symmetry breaking as the following:

m2
W ¼ 1

4
g2ðv2d þ 2v2t Þ; m2

Z ¼ 1

4

g2

cos2θW
ðv2d þ 4v2t Þ; M2

Z0 ¼ g2xv2s ; ð10Þ

where θW is the Weinberg angle. The triplet VEV (vt) gives
an additional contribution to both the W� mass and Z
boson mass and in turn contributes to the ρ parameter
(discussed in Sec. III). The minimization of the scalar
potential yields the following relations:

μ2Φ ¼ −
�
v2dλþ

v2t
2
ðλ1 þ λ4Þ þ

v2s
2
λsϕ −

ffiffiffi
2

p
vtμ

�
; ð11Þ

M2
Δ ¼ −

�
v2d
2
ðλ1 þ λ4Þ þ v2t ðλ2 þ λ3Þ þ

v2s
2
λSΔ −

v2dμffiffiffi
2

p
vt

�
;

ð12Þ

μ2s ¼ −
1

2
ðv2dλsϕ þ v2t λSΔÞ − v2sλs: ð13Þ

Using the above minimization conditions, the mass squared
of the doubly charged states Δ�� is given by

m2
H�� ¼ v2dμffiffiffi

2
p

vt
−
v2dλ4
2

− v2t λ3: ð14Þ

The charged scalar mass matrix in the basis of (ϕ�;Δ�) is
noted as

M2
C ¼

 
− v2t λ4

2
þ ffiffiffi

2
p

vtμ
vd
4
ð ffiffiffi

2
p

vtλ4 − 4μÞ
vd
4
ð ffiffiffi

2
p

vtλ4 − 4μÞ − v2d
4vt

ðvtλ4 − 2
ffiffiffi
2

p
μÞ

!
: ð15Þ

The mass eigenstates (G�; H�) in terms of the gauge
eigenstates can be written as

�
G�

H�

�
¼
�

cos θ sin θ

− sin θ cos θ

��
ϕ�

Δ�

�
; ð16Þ

where θ is the mixing angle and reads as

tan θ ¼
ffiffiffi
2

p
vt

vd
: ð17Þ

The charged Goldstone gives mass to W�. The mass
eigenvalue of the physical scalar H� is as follows:
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m2
H� ¼ v2d þ 2v2t

4vt

�
2
ffiffiffi
2

p
μ − vtλ4

�
: ð18Þ

The CP odd mass matrix in the basis of (g0, η0) is given by

M2
A ¼

 
2
ffiffiffi
2

p
vtμ −

ffiffiffi
2

p
vdμ

−
ffiffiffi
2

p
vdμ

v2dffiffi
2

p μ
vt

!
; ð19Þ

where the off-diagonal entry arises from the lepton number
violating term of the scalar potential and introduces mixing
among the states. This matrix can be diagonalized by a
rotation of the states by an orthogonal matrix. The mass
eigenstates can be expressed as

�
ζ

A

�
¼
�

cos β sin β

− sin β cos β

��
g0
η0

�
; ð20Þ

where β is the mixing angle and is given by

tan β ¼ 2vt
vd

: ð21Þ

Here, ζ is the Goldstone mode, which eventually makes
the Z boson massive. A is the physical CP odd Higgs with
mass eigenvalue,

mA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2d þ 4v2tffiffiffi

2
p

vt
μ

s
: ð22Þ

The CP even mass matrix in the basis of (h0, δ0, sr) is
given by

M2
E ¼

0
BBBBB@

2v2dλ vdvt

�
−

4m2

H�
v2dþ2v2t

þ 2m2
A

v2dþ4v2t
þ λ1

�
vdvsλsϕ

vdvt

�
−

4m2

H�
v2dþ2v2t

þ 2m2
A

v2dþ4v2t
þ λ1

�
−2m2

H�� þ v2d

�
4m2

H�
v2dþ2v2t

− m2
A

v2dþ4v2t

�
þ 2v2t λ2 vsvtλSΔ

vdvsλsϕ vsvtλSΔ 2v2sλs

1
CCCCCA: ð23Þ

Gauge basis to mass basis transformation can be obtained by0
B@

h

H1

H2

1
CA ¼ Oα

0
B@

h0
δ0

sr

1
CA; where Oα ¼ R3:R2:R1; ð24Þ

with

R1 ¼

0
B@

cos α1 sin α1 0

− sin α1 cos α1 0

0 0 1

1
CA; R2 ¼

0
B@

cos α2 0 sin α2
0 1 0

− sin α2 0 cos α2

1
CA; R3 ¼

0
B@

1 0 0

0 cos α3 sin α3
0 − sin α3 cos α3

1
CA: ð25Þ

Here, (h, H1, H2) are the mass eigenstates. The gauge
eigenstates in terms of mass eigenstates can be expressed as

h0 ¼ cα1cα2h − ðcα3sα1 þ cα1sα2sα3ÞH1

þ ðsα1sα3 − cα1cα3sα2ÞH2; ð26Þ

δ0 ¼ cα2sα1hþ ðcα1cα3 − sα1sα2sα3ÞH1

− ðcα3sα1sα2 þ cα1sα3ÞH2; ð27Þ

sr ¼ sα2hþ cα2sα3H1 þ cα2cα3H2: ð28Þ

In the above equations, sαi and cαi where i ¼ 1, 2, 3, stand
for sinαi and cos αi, respectively. Scalar potential param-

eters (λs) can be expressed in terms of the physical masses
of the scalars, mixing angles, and VEVs. Such relations,
listed in Appendix A 1, help us to parametrize the model in
terms of physical quantities. So, the set of free parameters
of this model is {sin α1, sin α2, sin α3,mH1

,mH2
,mA,mH�� ,

mH� , vs}. We will later see that the triplet scalar masses
would be almost degenerate from theoretical constraints.
So, the set of free parameters are

fsin α1; sin α2; sin α3; mΔ; mS; vsg;

where mΔ represents masses of the scalars
mH�� ; mH� ; mH1

; mA, which have large triplet component
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in them, and mS is the mass of scalar H2, which is
dominantly singlet.

B. Dark sector

Now let us discuss the role of the additional gauge
boson, which plays the role of DM in our framework. Apart
from the singlet scalar S, no other fields couple to this extra
gauge boson Z0. When the singlet scalar S acquires a VEV
after the spontaneous breaking of Uð1ÞX, Z0 becomes
massive. The mass of the DM is given by

MZ0 ¼ gxvs:

We can choose either gx or vs to be a free parameter. For the
constraints coming from the scalar sector, we would be
using vs, whereas in the DM phenomenology, we will
translate the limit of vs in gx vs MZ0 plane.
The Uð1ÞX invariant Lagrangian enjoys an additional

dark conjugation symmetry [24,59] described as

ZðAÞ
2 ∶ Z0

μ → −Z0
μ; S → S�;

ZðBÞ
2 ∶Z0

μ → −Z0
μ; S → −S�:

If we consider this symmetry to be exact, the kinetic mixing
between the Z0 and B field [Uð1ÞY gauge boson of the SM]
is prohibited consequently. If we relax the symmetry and
allow a gauge kinetic mixing term proportional to ZμνBμν

along with the canonical kinetic term for Z0
μ in LZ0

Dark
, the

kinetic mixing angle needs to be very small to make the Z0 a
viable decaying DM candidate. Nevertheless, we disregard
that scenario and consider the dark charge conjugation
symmetry to be exact in this framework. All SM fields
along with the extra scalar triplet do not carry any Uð1ÞX
charge; hence, they do not couple to the extra gauge boson.
This ensures the stability of this new heavy gauge boson Z0,
rendering it a viable DM candidate in this scenario.

C. Yukawa Lagrangian and neutrino mass

In the present framework, the SM Yukawa Lagrangian is
augmented by a seesaw mass term involving the Higgs
triplet and two lepton doublets as follows:

LΔ
Yuk ¼ −ðYΔÞjkLT

j Ciσ2ΔLk þ H:c:; ð29Þ

where YΔ is the 3 × 3 Yukawa matrix, C is the charge
conjugation matrix, and L is SM lepton doublet. The
following Majorana mass for neutrinos can be generated
from the above Yukawa term,

mν ¼
ffiffiffi
2

p
YΔvt: ð30Þ

Since vt ∼OðGeVÞ in our analysis and the neutrino mass
scale is in the eV range, therefore, YΔ must be very small.

For neutrino mass scale mν ∼ 0.8 eV and vt ∼ 1 GeV,
YΔ ∼ 5.66 × 10−10. Apart from the kinematics, the value
of YΔ controls the decay mode of H��. The partial decay
width of H�� to like-sign dileptons being proportional to
jYΔj2, H�� → l�l� would be highly suppressed for our
choice of vt, which corresponds to very small YΔ, and the
H�� → W�W� channel will dominate consequently.

III. THEORETICAL AND EXPERIMENTAL
CONSTRAINTS ON MODEL PARAMETERS

Now we are ready to discuss the possible experimental
and theoretical constraints on the parameters of this model
that would be used in our analysis.

A. Experimental constraints

(i) ρ parameter constraint: The triplet vacuum expect-
ation value vt contributes to the W� and Z boson
masses at the tree level [see Eq. (10)], thus affecting
the value of the ρ parameter, which is defined in
terms of the VEVs vd and vt of the SM doublet and
triplet scalars, respectively, as

ρ ¼ m2
W

m2
Zc

2
W
¼

1þ 2v2t
v2d

1þ 4v2t
v2d

: ð31Þ

The electroweak precision data constrains the ρ
parameter to be very close to its SM value. From
the latest data, it is constrained as ρ ¼ 1.00038�
0.00020 [31], which signifies that at 3σ level, vt
should be ≲2.6 GeV.

(ii) Experimental limits on singly and doubly charged
scalar masses: This scenario predicts a plethora of
heavy scalars that have been extensively searched at
both eþe− and hadron colliders. The negative search
results at LEP-2 put a limit on the singly charged
mass mH� > 78 (GeV) [60]. On the other hand, the
lower limit on the doubly charged scalar mass mH��

from the LHC is highly model dependent. The decay
modes of the H�� depend on vt and the mass
splitting mH�� −mH� . For vt < 10−4 GeV (large
Yukawa coupling) and assuming degenerate scalars,
H�� decays to like-signed dilepton with almost
100% probability. The decay mode of H�� changes
rather drastically when vt > 10−4 GeV, leading to
various competing channels, like H�H∓, W�W∓,
and W�H∓, if kinematically allowed. From current
analysis at the LHC, mH�� ≳ 1080 GeV [61] is
allowed for H�� → l�l� decay where the branch-
ing ratios to each of the possible leptonic final states
(ee; μμ; ττ; eμ; eτ; μτ) are considered to be equal.
However in a type II seesaw framework, when
H�� → W�W� decay is allowed, doubly charged
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Higgs mass has a lower bound of 420 GeV [51]. In
the following analysis, we have chosen vt ∼
Oð1 GeVÞ and mH�� to be greater than 420 GeV.

(iii) Collider constraints on the neutral scalar masses
and mixing: The Higgs decay width measurement at
LHC can constrain the mixing angle between the
triplet and SM doublet. The upper bound on this
mixing angle sin α1 is ≲0.05 [62], which is con-
sistent with the experimental observation of the
h → WW� branching ratio. A similar bound is
obtained on the mixing angle of the complex scalar
singlet with SM Higgs from theoretical and exper-
imental constraints. The most stringent bound comes
from W mass correction at NLO [63]. For mS in the
range ∼f200–1000g GeV, the upper bound on the
mixing angle sinα2 varies between (0.2–0.3) [64]. In
this model, the value of sin α1 is taken to be < 0.05,
and the maximum value of sinα2 is taken to be 0.1.

(iv) Constraint from lepton flavor violation: The Higgs
triplet in the model induces lepton flavor violating
(LFV) decays at tree level. The branching ratio (BR)
of the process li → ljlklm mediated by a doubly
charged scalar is given by

BRðli → l̄jlklmÞ ¼
jðYΔÞijðYΔÞkmj2
64G2

Fm
4
H��

: ð32Þ

Among all possible combinations from the above-
mentioned branching ratios, the most stringent
bound comes from μ → eee with BRðμ → eeeÞ
≲1.0 × 10−12 from SINDRUM experiment [65].
As Yukawa parameters are inversely proportional
to vt, we can extract a lower limit on vt from the
above expression for a particular mass of H��.
Another lepton flavor violating process, namely
li → ljγ, receives nonstandard contribution via
loop diagrams of charged (singly and doubly)
scalars. The BR of μ → eγ gives the most stringent
bound among these decays, and the corresponding
expression is given by [52]

BRðμ→eγÞ¼ 48π3αem
G2

Fm
2
H��

����ðYΔ
†YΔÞeμ

1

16π2
3

16

����2: ð33Þ

The latest bound on BRðμ → eγÞ (≲4.2 × 10−13) has
been recently reported by MEG collaboration [66].

In this model, YΔ being very small as mentioned
before [see under Eq. (30)], the branching ratios of
the aforementioned processes are way smaller than
the reported experimental bounds.

(v) Constraint from oblique parameters: Dominant
contribution in oblique parameters comes from the
charged Higgs sector of the triplet scalar. The most
stringent bound comes from the T parameter, and it
demands the mass splitting of the doubly charged
and the singly charged scalars to be ≲40 GeV [67].
Our DM sector constraints are insensitive to this
mass splitting, so the triplet scalar masses are taken
to be degenerate for the analysis of the DM part.

(vi) Higgs invisible decay constraint: Current Higgs
searches at the LHC put stringent limits on the
branching fraction of Higgs invisible decay. In our
scenario, SM Higgs can decay to a pair of VDM
through mixing with the singlet scalar when
mh > 2MZ0 . The expression of Higgs invisible
branching ratio is given by

BRðh→ invisibleÞ¼ Γðh→Z0Z0Þ
Γðh→Z0Z0ÞþΓðh→SMSMÞ:

ð34Þ

This ratio is constrained to be ≤ 10.5% by ATLAS
Collaboration [68]. Here, for MZ0 < 62.5 GeV, the
coupling of Higgs to DM will be constrained by this
condition.

(vii) Constraints from h → γγ and h → Zγ : In the SM,
due to the absence of tree level coupling, h → γγ
takes place at one loop level via the exchange of
charged fermions and W� bosons. This particular
decay mode plays a significant role in the discovery
of the SM Higgs at the LHC. Being a loop-mediated
process, it shows high sensitivity to any new
particles that couple to both the SM Higgs and
the photon. Therefore, in the type II seesaw model,
the existence of new heavy H� and H�� scalars has
the potential to supplement the contributions to this
particular channel. The impact of this additional
contribution on the Γðh → γγÞ can vary, either
enhancing or reducing it, depending on the specific
model parameters. The partial decay width with
these spin-0, spin-1=2, spin-1 contribution is given
by [58,69–72]

Γðh → γγÞ ¼ α2GFm3
h

128
ffiffiffi
2

p
π3

����X
f

NcQ2
fghff̄A

h
1=2ðτfÞ þ ghWþW−Ah

1ðτWÞ þ g̃hH�H∓Ah
0ðτH�Þ þ 4g̃hH��H∓∓Ah

0ðτH��Þ
����2; ð35Þ

where α is the fine structure constant,GF is the Fermi coupling constant, and Nc andQf are the color factor and the electric

charge of the fermion in the loop, respectively. τi ¼ m2
h

4m2
i
, where i corresponds to the virtual particles in the loop
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(f;W;H�; H�� here). The expression of the couplings (ghWþW− etc.) and loop functions [Ah
i ðτjÞ etc.] are given in the

Appendix A 2.

The first two terms on the right-hand side denote the SM fermions andW boson contribution in the loop, whereas the last
two terms represent the nonstandard contribution coming from the singly charged (H�) and the doubly charged (H��)
scalars. Except for the coupling and mass dependence, theH�� term has a relative factor of four with respect to theH� term
in the amplitude due to its enhanced charge.
Similarly, the partial decay width of h → Zγ is given by [57,73]

Γðh → ZγÞ ¼ αG2
Fm

2
Wm

3
h

64π2

�
1 −

m2
Z

m2
h

�
3
���� 1

cW

X
f

NcQfð2If3 − 4Qfs2WÞghff̄Ah
1=2ðτfh; τfZÞ

þ cWghWþW−Ah
1ðτWh ; τWZ Þ þ

1

sW
gZH�H∓ g̃hH�H∓Ah

0ðτH
�

h ; τH
�

Z Þ þ 2

sW
gZH��H∓∓ g̃hH��H∓∓Ah

0ðτH
��

h ; τH
��

Z Þ
����2; ð36Þ

where τij ¼ 4m2
i

m2
j
, with i ¼ f;W;H�; H�� and j ¼ h, Z. The

necessary couplings and loop functions are mentioned in
Appendix A 2.
The partial decay width of h → γγ and h → Zγ in the

type II seesaw extended model differs from SM due to the
presence of a triplet scalar. In SM, the W loop interferes
with the top loop destructively. In the presence of triplet
scalars, the doubly charged and singly charged scalars
interfere constructively with theW contribution; as a result,
the decay width enhances. The effect of triplet scalar in the
h → γγ and h → Zγ signal has been discussed in
Ref. [57,58]. Here, as another CP even scalar from the
complex scalar singlet mixes with the Higgs, the coupling
of Higgs to the charged scalars is modified with λΔS, λsϕ
along with mixing angles. The signal strength of h → γγ at
LHC is given by

μγγ ¼
σmodelðpp → h → γγÞ
σSMðpp → h → γγ

¼ Γmodelðh → ggÞ
ΓSMðh → ggÞ

Brðh → γγÞmodel

Brðh → γγÞSM
¼ cos α21 cos α

2
2

Brðh → γγÞmodel

Brðh → γγÞSM
: ð37Þ

Similarly, we can write the signal strength of h → Zγ as

μZγ ¼ cos α21 cos α
2
2

Brðh → ZγÞmodel

Brðh → ZγÞSM
: ð38Þ

The experimental bounds on the signal strengths are men-
tioned in Table I. In Fig. 1, the signal strength for h → γγ is
shown as a function of the triplet mass scale mΔ. In the left
panel, μγγ is plotted as a function ofmΔ for different values of
sin α2. In the right panel, the signal strength of h → γγ is
plotted as a function of mΔ for sin α2 ¼ 0.01 when different

mass gaps between the charged scalars are considered. Here,
we see that as the dominant couplings that contribute to the
decay widths heavily depend on the charged scalar masses,
consideration of the nondegenerate mass of the triplet scalars
provides us with an enlarged parameter space, which is
consistentwith themeasurement of signal strength byATLAS
and CMS. Another important point to note is that consid-
eration of the singlet scalar introduces an important parameter
sin α2 in the signal strength expression, which can affect the
value of signal strength μγγ as shown in the right panel of
Fig. 1. Similar treatment for μZγ is done in Fig. 2. Here,we see
thatwhile nondegeneracyof the charged scalars is considered,
the model parameter space for mΔ up to 600 GeV predicts a
signal strength that is within 1σ deviation of the ATLAS
measurement of signal strength and in 2σ limit of the CMS
measurement of signal strength. Our model parameter space
lies within 2σ limit of a recent combined analysis of ATLAS
and CMS search data that show μZγ ¼ 2.2� 0.7 at the center
of mass energy 13 TeV [54].

B. Theoretical constraints

(i) Vacuum stability conditions: The stability of the
potential demands that the quartic couplings and some
of their combinations must be positive. These con-
ditions ensure that the potential is bounded frombelow
in any direction. The necessary copositivity conditions
imposed on the model parameters are as follows:

TABLE I. Experimental signal strengths of h → γγ and h → Zγ
with uncertainties.

Signal strengths μγγ μZγ

ATLAS 1.04þ0.10
−0.09 [74] 2.0þ1.0

−0.9 [75]
CMS 1.12þ0.09

−0.09 [76] 2.4−0.9þ0.9 [77]
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λ ≥ 0; λs ≥ 0; λ2 þ λ3 ≥ 0; 2λ2 þ λ3 ≥ 0; λsϕ þ 2
ffiffiffiffiffiffi
λλs

p
≥ 0; ð39Þ

λSΔ þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ2 þ λ3Þλs

p
≥ 0; λSΔ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð2λ2 þ λ3Þλs

p
≥ 0; ð40Þ

ðλ1 þ λ4Þ þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ2 þ λ3Þλ

p
≥ 0; λ1 þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðλ2 þ λ3Þ

p
≥ 0; ð41Þ

ð2λ1 þ λ4Þ þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð2λ2 þ λ3Þλ

p
≥ 0;

ffiffiffi
2

p
ðλ2 þ λ3Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ2 þ λ3Þð2λ2 þ λ3Þ

p
≥ 0: ð42Þ

(ii) Perturbative unitarity: It is also important to check
whether the 2 → 2 scattering amplitudes involving the scalar fields satisfy unitarity constraints. Consequently, the
parameters of the scalar potential are constrained from above as the following [78–80]:

FIG. 1. h → γγ signal strength as a function of triplet scale mΔ. In the left panel, signal strength as a function of mΔ
(¼ mH�� ; mH� ; mH1

; mA) for different values of sin α2 mentioned inset. In the right panel, the same plot for sin α2 ¼ 0.01 with
different values of the mass difference between charged scalars is considered. The other parameters are fixed at sin α1 is 0.008,
sin α3 ¼ 0.001, vs ¼ 500 GeV, mS ¼ 200 GeV taken for the plots.

FIG. 2. h → Zγ signal strength as a function of triplet scale mΔ. In the left panel, signal strength as a function of mΔ
(¼ mH�� ; mH� ; mH1

; mA) for different values of sin α2 mentioned inset. In the right panel, the same plot for sin α2 ¼ 0.01 with
different values of the mass difference between charged scalars is considered. The value of sin α1 is 0.008, sin α3 ¼ 0.001,
vs ¼ 500 GeV, mS ¼ 200 GeV taken for the plots.
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fjλj; jλ2j; jλsj; jðλ2 þ λ3Þjg ≤ 4π; fjð2λ1 − λ4Þj; jð2λ1 þ 3λ4Þjg ≤ 16π;n
jλ1j; jðλ1 þ λ4Þj; jð2λ2 − λ3Þj; jλsϕj; jλSΔj; jðλþ λ2 þ 2λ3Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð−λþ λ2 þ 2λ3Þ2 þ λ24

q
j
o
≤ 8π: ð43Þ

The results noted in Eq. (43) have been obtained by a
coupled channel analysis. However, some of the eigenval-
ues cannot be written in closed form. For such cases, we
evaluate the eigenvalues of the coupled channel matrix
numerically and impose the unitarity constraints. The form
of the matrix is noted in Appendix A 3.

C. Effect of constraints on model parameter space

The experimental and theoretical conditions described in
Sec. III put stringent constraints on the model parameter
space. The aforementioned constraints on quartic cou-
plings, in turn, can be translated on the physical parameters
like masses and mixing, and in the following, we present
such model parameter space.
The conditions on λ parameters prefer near mass degen-

eracy among the triplet dominated scalars. Figure 3 shows
the allowed parameter space from unitarity and vacuum
stability in the mΔ vs sin α1 plane. Here, we consider sin α2
and sin α3 to be zero, implying that S is completely
decoupled from the triplet and the SM doublet. The
magenta (cyan) colored points correspond to the case when
vt ¼ 2 (vt ¼ 1) GeV. The choice of vt has been made

keeping it consistent with the ρ parameter constraint. We
see in this plot that for a specific value of sinα1 corre-
sponding to each value of vt, all values of mΔ are allowed
where sin α1 ∼ ð2vt=vdÞ. For other values of sinα1,
mΔ ≤ 300 GeV. This feature also has been observed in
Ref. [81]. As mH1

≤ 300 GeV is already excluded for the
degenerate triplet dominated scalars from charged Higgs
searches (see Sec. III A) (shown by the shaded region) and
we are interested in the whole mass range of the triplet
scalar for the analysis of DM phenomenology, we set sin α1
as 0.008 for vt ¼ 1 GeV for the rest of this article.
In Fig. 4, we analyze the parametric dependence of sin α3

and mΔ on mS vs sin α2 plane coming from unitarity and
vacuum stability constraints. In the left panel (right), mΔ
has been fixed at 450 GeV (750 GeV). The different colors
in the figure correspond to different values of sin α3. It is
evident that with higher values of mixing angle sin α3, the
allowed masses of H2 (mS) become close to the mass scale
of H1 (mΔ). As for example, in the left (right) panel, the
allowed masses of mS are close to 450 (750) GeV, which is
the scale of the triplet mass when sin α3 ¼ 0.01.
In Fig. 5, we observe the effect of mixing angle sin α3 in

jmS −mΔj vs mS plane under the same theoretical con-
straints. Points with dark cyan color (dark red) correspond
to sin α3 ¼ 0.001 (sin α3 ¼ 0.01). We see that the unitarity
and vacuum stability constraints allow a mass difference
jmS −mΔj≲ 100 GeV when sinα3 ¼ 0.01, whereas for
sin α3 ¼ 0.001, the allowed mass difference is jmS −mΔj≲
1000 GeV.
Now we will study the effect of vs on our model

parameter space. In Fig. 6, allowed parameter space from
theoretical constraints is shown in mS vs sin α2 plane. The
allowed region in mS diminishes with smaller values of vs
for all possible values of mixing angle, sin α2. λS, λsϕ, and
λSΔ become smaller as vs increases [see Eq. (A 1)].
Consequently, the unitarity constraints on such quartic
parameters are automatically satisfied for higher values
of vs. This has been reflected in larger allowed regions in
mS vs sinα2 plane for larger values of vs. The shaded
region shown in Figs. 4 and 6 comes from the exclusion
limit of the mixing angle of a scalar singlet with SM Higgs
from the LHC as mentioned in Sec. III A.

IV. DM PHENOMENOLOGY

Now we are equipped to discuss the DM phenomenol-
ogy in this model. As a consequence of dark charge
conjugation symmetry, Z0 becomes stable and plays the
role of DM in this framework. For a sizable value of new

FIG. 3. Parameter space allowed from unitarity and vacuum
stability conditions in mΔ vs sin α1 plane. The points with dark
cyan color (dark red) correspond to vt ¼ 1 ðvt ¼ 2Þ GeV. Here,
mS ¼ 200 GeV and vs ¼ 1000 GeV, while the value of sin α2
and sin α3 are taken to be zero.
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gauge coupling gx, Z0 can be present in the thermal bath of
the early Universe via its interaction (mediated by S)
with the SM fields. However, this is possible only when
S itself is in thermal equilibrium with the SM fields.
Thermalization of S is dominantly controlled by λsϕ. The
annihilation channels that are responsible for keeping Z0
and S in the thermal bath with the SM are shown in Fig. 7.
We have chosen the model parameters in such a way that

the λsϕ ≳ 10−4 and gx vary between (0–1). Such a choice of
parameters ensures the thermalization of Z0 in the early
Universe. DM phenomenology is sensitive to the mass of
DM (M0

Z), Uð1ÞX gauge coupling (gx), the mass of the
singlet component dominated scalar (mS), the mixing
angles (sin α2; sin α3), and the mass of the triplet sca-
lar (mΔ).
The Boltzmann equation governing the comoving num-

ber density of Z0 is given by

FIG. 4. Parameter space allowed from unitarity and vacuum stability conditions in mS vs sin α2 plane. The different colors correspond
to different values of sin α3 (mentioned inset). The value of vs taken here is 1 TeV. For the left panel, mΔ ¼ 450 GeV, whereas for the
right panel, mΔ ¼ 750 GeV. sin α1 is set to be 0.008 corresponding to vt ¼ 1 GeV.

FIG. 5. Parameter space allowed from unitarity and vacuum
stability conditions in jmS −mΔj vs mS plane. The points with
dark cyan (dark red) color correspond to sin α3 ¼ 0.001
(sin α3 ¼ 0.01). The value of mΔ taken here is 200 GeV and
vs ¼ 1000 GeV, while the value of sin α1 and sin α3 are taken to
be 0.008 and 0, respectively.

FIG. 6. Parameter space allowed from unitarity and vacuum
stability conditions in mS vs sin α2 plane. The points with
different colors correspond to different values of vs. The value
of mΔ taken here is 430 GeV and sin α3 ¼ 0.001.
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dYZ0

dz
¼ −hσZ0Z0→XXvreli

βs
Hz

ðY2
Z0 − Yeq

Z0
2Þ; ð44Þ

where YZ0 ¼ nZ0=s, the ratio of the number density of Z0
and the entropy density of the visible sector and z ¼ mS=T.

β is defined as β ¼ g1=2� ðTÞ
ffiffiffiffiffiffiffiffi
gρðTÞ

p
gsðTÞ , where gs and gρ are degrees

of freedom associated with entropy and energy densities,
respectively, and g1=2� ¼ gsffiffiffiffi

gρ
p ð1þ 1

3
T
gs

dgs
dT Þ. The Hubble

expansion rate H is given by

H ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
π2g⋆ρ
90

s
T2

MPl
;

where g⋆ρ is the total relativistic degrees of freedom at
temperature T contributing to energy density, and
MPl ¼ 2.4 × 1018 GeV. hσZ0Z0→XXvreli corresponds to the
thermal average of annihilation cross section of Z0 to SM
fields and H1; A0; H2; H��; H�. The relic density ΩZ0h2

and DD cross sections used in this analysis are calculated
with the package micrOMEGAs (v5.3.41) [82] in

conjunction with FeynRules [83]. In the left panel of
Fig. 8, we show how the relic abundance depends on MZ0 .
The color bar represents the impact of gx. mΔ and mS have
been fixed at 400 GeV and 600 GeV, respectively.
σZ0Z0→SMSM is greatly enhanced at MZ0 ¼ mh=2; mH1

=2
and mH2

=2, due to s-channel resonances (see Fig. 7).
Consequently, relic density falls sharply at these values of
MZ0 , as shown in Fig. 8. One can also note that relic density
decreases with increasing gx due to the enhanced annihi-
lation rate of DM, which is the usual behaviour of WIMPs.
In the right panel of Fig. 8, we show the effect of mixing

angles in the variation of relic density as a function of MZ0 .
The masses of mS and mΔ are set at 400 GeV and
1000 GeV, respectively. The three colored lines in the
figure correspond to three different choices of mixing
angles sinα2 and sin α3. With the increment of the mixing
angles sinα2 and sin α3, the S component increases in the
physical scalars h and H1. Consequently, the rate of
annihilation of DM via the mediation of these physical
scalars increases, resulting in lower relic abundance of Z0.
We see that for every line when M0

Z crosses the mass of S,
relic density falls due to the opening up of the dominant

FIG. 7. Feynman diagrams that contribute to the thermalization of DM Z0. X and Y represent SM particles along with S (H2) and triplet
dominated scalars (H1; A0; H��; H�). ϕ denotes h;H1; H2.

FIG. 8. Variation of relic abundance with the mass of DM. In the left panel, the value ofmΔ taken is 400 GeVandmS is 600 GeV. The
value of mixing angles are sin α2 ¼ 0.001 and sin α3 ¼ 0.01. The color bar corresponds to the variation of gx. In the right panel, the value
of mΔ taken is 1000 GeV and mS is 400 GeV. gx is taken to be 0.7. The different colored line corresponds to different mixing angles
which are mentioned inset.
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Z0Z0 → H2H2 annihilation channel. For sin α2=3 ¼ 0.001,
the effect of Z0Z0 → HþþH−−=HþH−=H1H1 channels are
not observed, but for increasing mixing angles, the effect of
these channels comes into play. The magenta line, which
corresponds to mixing angles of 0.01, shows another low
relic region just afterMZ0 > mΔ, but the sin α2=3 ¼ 0.1 line
shows another interesting effect from the annihilation
channel Z0Z0 → H1H2 when 2MZ0 becomes larger than
the sum of masses of H2 anf H1 (mΔ þmS). Additional
channels start to contribute to the annihilation of Z0
significantly when we increase the mixing angles.
In Fig. 9, we show a comparison between the standard

Uð1ÞX extended vector dark matter model and our scenario
from a dark matter perspective. The scalar sector of the
former model consists of the SMHiggs doublet and a scalar
singlet, whereas our scenario accommodates another
SUð2ÞL triplet scalar along with the above-mentioned
particles. In Fig. 9, in the left panel, allowed parameter
space for correct relic abundance is shown for a fixedmass of
mS andmΔ inMZ0 vs gx plane. The blue points correspond to
the standard VDMwith only an extra singlet scalar, whereas
the red points correspond to our scenario (with an additional
triplet). The first two resonance funnels in the plot
appear due to SMHiggs and singlet scalar resonance, which
are the same for the two scenarios. However, when
MZ0 > 700 GeV, due to the opening of the extra channel
Z0Z0 → SΔ in our scenario, relic density is satisfied for a
lesser value of gx. So, the allowed range of gx for a particular
value of MZ0 increases. That result is also reflected in the
right panel. The allowed parameter space from relic density
constraint is shown by dark blue colored points (dark red
points) for the minimal vector dark matter model (our
scenario). We observe that the parameter space is larger

for our case, allowing lower values of gx for higherDMmass
ranges. This is due to the fact that adding an extra triplet
Higgs in the scalar sector increases the parameter space by
adding an extra resonance funnel region (see Fig. 8) along
with providingnewannihilation channels. sinα3 ¼ 0.01 and
sin α2 ¼ 0.1 are considered for both the plots.

A. Detection aspects of DM

Dark matter detection can be classified broadly into three
categories namely direct search, indirect search, and
collider search. Direct search experiments measure the
cross section of elastic scattering between DM and nucle-
ons inside the detector material. Z0, in the present scenario,
scatters off the nucleons via the mixing of S with SM
Higgs. The Feynman diagram of the elastic scattering of
DM to nucleons is shown in Fig. 10. The approximate
expression of the cross section of this t-channel process is
given by [23]

σZ0N ≃
μ2XN
π

�
gx sin α2 cos α2mp

vd

�
2
�

1

m2
h

−
1

m2
S

�
2

f2p; ð45Þ

where μXN ¼ MNMZ0
MNþMZ0

is reduced nucleon-DM mass, and

fp ¼Pq¼u;d;s f
p
q þ 2=9ð1 −Pq¼u;d;s f

p
qÞ ≃ 0.468 [84].

Here, the effect of H1 has been neglected in the formula
of the DD cross-section. H1, which is dominantly triplet,
does have interaction with the nucleons or the DM sup-
pressed by small factors involving mixing angles. As a
result, the effective DM-nucleon scattering amplitude
mediated by H1 is proportional to sinα1 sin α3.
Therefore, in the small sin α limit, the effect of H1 can
be neglected in the DM nucleon scattering cross section.

FIG. 9. Parameter space from relic density constraint inMZ0 vs gx plane. In the left panel, parameter space for correct relic abundance
is shown for a fixed mass of mS and mΔ (mentioned inset). The dark blue points correspond to the conventional vector dark matter
model, which has an extra SM singlet in the scalar sector, whereas the red points correspond to our scenario, which is extended by
another SUð2ÞL scalar triplet in comparison to the former one. In the right panel, a similar plot has been shown when
mS ∈ ð200–3000Þ GeV and mΔ ∈ ð400–3000Þ GeV. sin α2 ¼ 0.1 is considered for both panels.
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As given in the Eq. (45), the direct search cross section is
sensitive to the parameters MZ0 , gx, sin α2, and mS. The
product of gx and sin α2 act as the effective coupling here.
By imposing the collider bound on sin α2, we can have an
upper bound on the maximum allowed value of gx from DD
limits. In Fig. 11, we show the bound on gx for a particular
sin α2 over a model parameter space satisfying all other
constraints mentioned. In the left panel of Fig. 11, we show
the relic density satisfied parameter space in MZ0 vs gx
plane for a range of scalar masses allowed by vacuum
stability and unitarity for sinα2 ¼ 0.1. It is observed that
the maximum allowed value of gx is ∼0.3 in this case from
all constraints. The DD cross section from the LZ experi-
ment gives the most stringent bound and XENON con-
straints next to it. The other bounds include Higgs invisible
decay width, and the bound on vs from unitarity though
their effect becomes important for smaller sin α2. In the

right panel of Fig. 11, we show the parameter space for
sin α2 ¼ 0.01 in the same plane. Here, one can see that by
lowering the value of sinα2 by 1 order, the constraint on gx
is significantly relaxed from DD.
Indirect search provides a complementary way to look

for DM in the Universe. WIMP annihilation in the galactic
center, nearby galaxies, or the sun can produce observable
fluxes of SM particles (photons, electrons, neutrinos, etc.),
which can be detected at various telescopes, giving us
information about DM distribution. Fermi-LAT, a satellite-
based experimental facility, studies cosmic gamma-ray
fluxes coming from the Galactic center. It provides the
strongest bound on the rate of DM annihilation to photons
for DM masses up to few hundreds of GeV [85]. In the
present framework, the generation of monoenergetic and
diffused photons from DM annihilation is driven by the
processes Z0Z0 → H2 → γγ at one loop level and via
Z0Z0 → H2 → W�W�; H�H∓; H��H∓∓; ff̄ (with pho-
tons emitted from all external charged particles) if kine-
matically possible. However, the process Z0Z0 → H2 → γγ
is not only loop suppressed but also subject to mixing angle
suppression. The other channels are solely affected by
mixing angle suppression. Consequently, due to the com-
bined effects of loop and mixing angle suppression, both
the line and diffuse gamma-ray fluxes resulting from dark
matter annihilation in our model are significantly smaller
than the limits indicated by Fermi-LAT data in the GeV
mass ranges. Other important constraints as mentioned in
[86] come from different experiments like CMB measure-
ment by Planck, the Fermi detection of photons from the
dwarf galaxies, the positron data from AMS-02, etc.
However, in our model, as DM annihilates to nonstandard
Higgses dominantly, so the direct production cross section
of SM particles is well below the observed bounds.
Before we conclude this section, let us very briefly

comment on the search prospect of the VDM at the LHC.

FIG. 10. Feynman diagram showing spin-independent elastic
scattering of dark matter Z0 with nucleons via CP even scalar ϕ
where ϕ ¼ h,H1,H2.

FIG. 11. Parameter space with all mentioned constraints in MZ0 vs gx plane for sin α2 ¼ 0.1 in the left panel. The colored region
corresponds to exclusion from different constraints. In the right panel, the same plot for sin α2 ¼ 0.01.
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Unfortunately, the direct production of a Z0 pair in pp
collision is prohibited by conservation of Uð1ÞX charge. Z0
pair can arise from the decay ofH2, which can be produced
in association with a Z boson at the LHC. In the allowed
range of model parameters (mH2

; gx; sin α2) from the
constraints mentioned, the cross section is significantly
small due to sin α2 suppression. Another possible Z0

signature can arise from the production of H�� in asso-
ciation with H∓ followed by the decays of H�� → W�W�
and H∓ → W∓H2 and further followed by H2 → Z0Z0.
This final state would eventually result into two dilepton þ
di-jetþ missing energy signature. This cross section is also
very small due to the tiny H∓ → W∓H2 suppressed
branching ratio for allowed values of mH2

at the LHC. It
seems that the detection of our VDM at the LHC is very
challenging unless a more innovative method is devised.

V. POSSIBILITY OF FREEZE-IN

In the previous section, we explored a scenario where the
DMwas initially in thermal equilibriumwith the SMparticle
bath, but at a later time, it froze out as the interaction rate
dropped below the expansion rate of the universe (H). Due
to such interaction with the SMparticles, it can be probed by
different DD experiments as we have shown earlier.
However, the null results of all theDD experimentsmotivate
us to explore another possibilitywhere the interaction ofDM
with SM is so feeble that it never reaches the thermal
equilibrium in the early universe. Rather, it could be
produced from the decay or annihilation of the bath particles.
Small value of coupling necessary for such feeble interaction
can be naturally generated in a number of ways as shown in
Ref. [87] in a flavor model context. Due to such feeble
interactions, DM can evade the stringent DD constraints and

collider constraints. In this model, Z0 can gain its number
density in the early Universe from the decay of singlet scalar
S (H2) or annihilation of S (H2). As S can be thermally
produced through its interactionwith SMHiggs, if the gauge
coupling ofUð1ÞX, gx is very small, typically in the order of
Oð10−12Þ, then Z0 can never attain thermal equilibrium with
the SMbath.With negligible initial abundance,DMgains its
number density gradually from the decay of S. The decay of
S is dictated by the vertex factor corresponding to
SZ0μZ0

μ ∼ g2xvS, whereas the annihilation of S is controlled
by the vertex factor of S�SZ0μZ0

μ ∼ g2x. As the annihilation of
S is suppressed by a vs factor with respect to the decay at the
vertex factor level, the decay term gives a dominant
contribution to DM production. The mixing of S to other
scalars being negligible S can be identified with mass
eigenstateH2. To find out theDMnumber density evolution,
we need to solve the Boltzmann equation for the number
density of Z0. The Boltzmann equation in terms of DM
comoving number density YZ0 is given by

dYZ0

dz
¼ hΓS→Z0Z0 i

Hz
Yeq
S ðzÞ; ð46Þ

where z is MS
T , YZ0 is the ratio of the comoving number

density of DM to the entropy density of the visible sector,
and Yeq

S is the equilibrium co-moving number density of S,
which is given by

Yeq
S ¼ 45

4π4
gs
g�s

ðMS=TÞ2K2ðMS=TÞ: ð47Þ

In the left panel of Fig. 12, we discuss the density evolution
of our nonthermal DM candidate Z0 by solving the
Boltzmann equation. The solid lines correspond to the

FIG. 12. Comoving number density evolution of DM and parent particle with z ¼ ðMS=TÞ in the left panel. The mass of Z0 and S are
mentioned inset. The solid lines correspond to DM number density YZ0 for different values of coupling gx, whereas the dash-dotted line
corresponds to the parent particle following the thermal bath. Allowed DM parameter space in MS vs MZ0 plane in the right panel. The
color bar corresponds to the contribution of our DM candidate in total relic density in a percentage format.
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DMnumber densities for different values ofUð1ÞX coupling
gx. As the coupling gx decreases, the decay width of S
decreases; therefore, the final DMdensity achieved from the
decay of S reduces. The dash-dotted line shows the number
density of parent particle S, which follows thermal equilib-
rium. The DM abundance in this current era can be obtained
as

ΩZ0h2 ¼ ð2.755 × 108Þ MZ0

GeV
Y today
Z0 ; ð48Þ

Now comoving number density of DM Z0, YZ0 can be
analytically expressed as [10]

Y today
Z0 ≈

135gS
8π3ð1.66Þg�s ffiffiffiffiffi

g�
p MPL

M2
S
ΓS→Z0Z0 ; ð49Þ

which matches with our solution from the Boltzmann
equation. In the right panel of Fig. 12, we show a region
in MS vs M0

Z plane where Z0 can contribute to the relic
density through the decay of scalar S for gx ¼ 10−12. The
color bar corresponds to the percentage of relic density
contribution of our DM candidate Z0. The region under the
allowed parameter space is overabundant, whereas the upper
region is excluded by kinematics (2MZ0 ≥ mS).

VI. CONCLUSION

To summarize, we have studied the phenomenology of a
VDM in a gauged Uð1ÞX extension of the SM set in a type
II seesaw framework. The light neutrino masses are
generated via the type-II seesaw mechanism by the intro-
duction of an additional Higgs triplet (Δ). In the context of
such a model, we investigate the possibility of a VDM, Z0,
which is stabilized by an exact dark conjugation symmetry.
Z0 becomes massive when a complex scalar singlet S
acquires VEV breaking the Uð1ÞX symmetry spontane-
ously. We studied the possibility of both thermal and
nonthermal production of Z0 in the early Universe.
Thermalization of Z0 in the early Universe can be achieved
for a sizable range of values of gx (0–1) along with a
comparatively smaller value of λsϕ [Oð10−4Þ], the mixing
between SM Higgs, and the additional singlet scalar (S).
This mixing acts as a portal between the dark sector and the
visible sector. To begin with, we have estimated the density
of Z0 in the present epoch by implementing our model in
micromega. We have then shown a comparison between the
relic density satisfied parameter space of our scenario and

that of the Uð1ÞX extended minimal VDM model. We
found out that our scenario allows lower gx values for larger
mass of DM due to the presence of newer annihilation
channels with respect to the minimal model. The resulting
relic density has been compared with available data
reported by the PLANCK satellite. We have shown the
implications of such a WIMP DM in light of the current
limits of DD experiments like XENON and LZ. Due to the
presence of the triplet scalar, necessary for neutrino mass
generation, the vacuum stability and unitarity constraints on
λ parameters are restrictive. Our model parameter space
satisfies constraints from vacuum stability, perturbative
unitarity, ρ parameter, oblique parameters, lepton flavor
violation from charged scalars, and Higgs invisible decay.
This framework can also accommodate the existing 2σ
deviation observed in the h → Zγ decay rate over a wide
range of parameter space. We have shown that after
considering all the aforementioned constraints, the upper
limit of gx is nearly 0.3 for DM masses in the range (100–
1000) GeV when sinα2 ¼ 0.1. However, such an upper
limit on gx crucially depends on sin α2 and becomes weaker
for lower values of sin α2 as evident from Fig. 11. In the
end, we briefly discussed the possibility of nonthermal
production of Z0 from the decay of the complex scalar S.
For the values of gx as small as 10−12, the allowed mass
range of DM varies between (100–300) GeV when Z0
contributes 100% to the relic density.
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APPENDIX

1. Expression for λ parameters

The λ parameters in terms of masses of physical scalars
and mixing angles can be expressed as

λ ¼ 1

2v2d

�
m2

hc
2
α1c

2
α2 þ s2α1ðm2

H1
c2α3 þm2

H2
s2α3Þ þ c2α1s

2
α2ðm2

H1
s2α3 þm2

H2
c2α3Þ − ðm2

H2
−m2

H1
Þcα1sα1sα2s2α3

	
; ðA1Þ
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λ1 ¼
1

vdvt
fm2

hcα1sα1c
2
α2 −m2

H1
ðsα1cα3 þ cα1sα2sα3Þðcα1cα3 − sα1sα2sα3Þ

þm2
H2
ðsα1sα2cα3 þ cα1sα3Þðcα1sα2cα3 − sα1sα3Þg þ 2



2m2

H�

v2d þ 2v2t
−

m2
A

v2d þ 4v2t

�
; ðA2Þ

λ2 ¼
1

2v2t
fm2

hs
2
α1c

2
α2 þm2

H1
ðcα1cα3 − sα1sα2sα3Þ2 þm2

H2
ðcα1sα3 þ sα1sα2cα3Þ2g

þ v2d
2v2t



m2

A

v2d þ 4v2t
−

4m2
H�

v2d þ 2v2t

�
þm2

H��

v2t
; ðA3Þ

λ3 ¼
1

v2t



2v2dm

2
H�

v2d þ 2v2t
−m2

H�� −
v2dm

2
A

v2d þ 4v2t

�
ðA4Þ

λ4 ¼
4m2

A

v2d þ 4v2t
−

4m2
H�

v2d þ 2v2t
ðA5Þ

μ ¼
ffiffiffi
2

p
m2

A0vt
v2d þ 4v2t

ðA6Þ

λs ¼
1

2v2s
fm2

hs
2
α2 þ c2α2ðm2

H1
s2α3 þm2

H2
c2α3Þg;

λsϕ ¼ cα2
vdvs

fðm2
H2

−m2
H1
Þsα1sα3cα3 þ cα1sα2ðm2

h −m2
H1
s2α3 −m2

H2
c2α3Þg; ðA7Þ

λSΔ ¼ cα2
vtvs

fðm2
H1

−m2
H2
Þcα1sα3cα3 þ sα1sα2ðm2

h −m2
H1
s2α3 −m2

H2
c2α3Þg: ðA8Þ

2. h → γγ and h → Zγ accessories

The loop functions for the spin-0, spin-1=2 and spin-1
particles are given by

Ah
0ðτÞ ¼ −½τ − fðτÞ�τ−2; ðA9Þ

Ah
1=2ðτÞ ¼ 2½τ þ ðτ − 1ÞfðτÞ�τ−2; ðA10Þ

Ah
1ðτÞ ¼ −½2τ2 þ 3τ þ 3ð2τ − 1ÞfðτÞ�τ−2; ðA11Þ

where

fðτÞ ¼
8<
:

½sin−1ð ffiffiffi
τ

p Þ�2 ðτ ≤ 1Þ
− 1

4

h
log
�
1þ
ffiffiffiffiffiffiffiffiffi
1−τ−1

p

1−
ffiffiffiffiffiffiffiffiffi
1−τ−1

p


− iπ

i
2 ðτ > 1Þ:

ghff̄ and ghWþW− correspond to the relative coupling of
mass eigenstate h to the SM Higgs coupling. The relative
couplings in terms of our set of free parameters can be
written as

ghff̄ ¼ cos α1 cos α2
cos β0

;

ghWþW− ¼ 2vt sin α1 cos α2
vd

þ cos α1 cos α2: ðA12Þ

Here, we can see that when sin α2 tends to zero, we get back
our pure type II seesaw couplings (see Ref. [58]). In the
limit, sinα1 → 0, sin α2 → 0 and vt ≪ vd, cos β0 → 0 and
the relative couplings become one; hence, the SM Higgs
coupling are restored. The scalar trilinear couplings g̃hH�H∓
and g̃hH��H∓∓ are given by

g̃hHþþH−− ¼ mw

gm2
H��

ghHþþH−− ; g̃hHþH− ¼ mw

gm2
H�

ghHþH− ;

ðA13Þ

with ghHþþH−− and ghHþH− given by

NANDINI DAS, TAPOJA JHA, and DIBYENDU NANDA PHYS. REV. D 109, 115020 (2024)

115020-16



ghHþþH−− ¼ λ1vd cos α1 cos α2 þ 2λ2vt sin α1 cos α2 þ λΔSvs sin α2

ghHþH− ¼ 1

2



4ðλ2 þ λ3Þvtcos2β0 cos α2 þ 2λ1vtsin2β0 sin α1 cos α2 þ

1ffiffiffi
2

p λ4vd sin 2β0 sin α1 cos α2

þ cos α1 cos α2ð4λvdsin2β0 þ ð2λ1 þ λ4Þvdcos2β0 þ ð4μ −
ffiffiffi
2

p
λ4vtÞ cos β0 sin β0Þ

þ 2 sin α2ðλΔScos2β0 þ λsϕsin2β0Þ
�
: ðA14Þ

The terms including λΔS and λΔS come from the extra complex singlet scalar sector, and a factor of cos α2 appears with the
rest of the part due to its mixing with the SM doublet. In the limit sin α2 → 0, these couplings reduce to doublet triplet Higgs
model couplings as mentioned in [88]. The necessary loop functions and couplings for h → Zγ are mentioned below. The
loop factors for particles with different spins are given by

Ah
0ðτh; τZÞ ¼ I1ðτh; τZÞ

Ah
1=2ðτh; τZÞ ¼ I1ðτh; τZÞ − I2ðτh; τZÞ
Ah
1ðτh; τZÞ ¼ 4ð3 − tan2 θWÞI2ðτh; τZÞ þ ½ð1þ 2τ−1h Þ tan2 θW − ð5þ 2τ−1h Þ�I1ðτh; τZÞ; ðA15Þ

where the I1 and I2 are given by

I1ðτh; τZÞ ¼
τhτZ

2ðτh − τZÞ
þ τ2hτ

2
Z

2ðτh − τZÞ2
½f½τ−1h � − f½τ−1Z �� þ τ2hτZ

ðτh − τZÞ2
½gðτ−1h − gðτ−1Z ÞÞ�;

I2ðτh; τZÞ ¼ −
τhτZ

2ðτh − τZÞ
½f½τ−1h � − f½τ−1Z ��: ðA16Þ

Here, the function gðτÞ is given by

gðτÞ ¼
8<
:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ−1 − 1

p
sin−1ð ffiffiffi

τ
p Þ ðτ < 1Þ

1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − τ−1

p h
log
�
1þ
ffiffiffiffiffiffiffiffiffi
1−τ−1

p

1−
ffiffiffiffiffiffiffiffiffi
1−τ−1

p


− iπ

i
2 ðτ ≥ 1Þ:

The function fðτÞ, couplings ghff̄ and ghWþW− are given in Eq. (A12). The coupling gZHþH− and gZHþþH−− are given by

gZHþH− ¼ − tan θW; gZHþþH−− ¼ 2 cot 2θW: ðA17Þ

3. Unitarty constraints

The unitary bounds of the model are extracted from the amplitude matrix (2 → 2 scattering amplitude) where the basis
eigenvector is made of all possible two particle states. Each eigenvalue of this matrix should be less than 8π to satisfy
unitarity. The amplitude matrix can be decomposed into nine charge neutral, 14 singly charged, and nine doubly charged
two particle states. We have calculated the conditions following the prescription of Ref. [89], which have been mentioned in
the main text. However, the amplitude matrix corresponding to the charge neutral scatterings does not give the closed form
of eigenvalues and therefore we solve the matrix numerically. The charge neutral two particle states with identical particles
are given by

jΔþþΔ−−i; jΔþΔ−i; jϕþϕ−i; jg0g0i; jη0η0i; jh0h0i; jδ0δ0i; jsrsri; jsisii:

The amplitude matrix in the above basis is given by
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M ¼

0
BBBBBBBBBBBBBBBBBBBBBBBB@

4ðλ2 þ λ3Þ 2ðλ2 þ λ3Þ λ1 þ λ4
λ1ffiffi
2

p λ1ffiffi
2

p
ffiffiffi
2

p
λ2

ffiffiffi
2

p
λ2

λΔsffiffi
2

p λΔsffiffi
2

p

2ðλ2 þ λ3Þ 4λ2 þ λ3
2

λ1 þ λ4
2

2λ1þλ4
2
ffiffi
2

p 2λ1þλ4
2
ffiffi
2

p
ffiffiffi
2

p ðλ2 þ λ3Þ
ffiffiffi
2

p ðλ2 þ λ3Þ λΔsffiffi
2

p λΔsffiffi
2

p

λ1 þ λ4 λ1 þ λ4
2

4λ
ffiffiffi
2

p
λ

ffiffiffi
2

p
λ λ1ffiffi

2
p λ1ffiffi

2
p λΦsffiffi

2
p λΦsffiffi

2
p

λ1ffiffi
2

p 2λ1þλ4
2
ffiffi
2

p
ffiffiffi
2

p
λ 3λ λ λ1þλ4

2
λ1þλ4

2
λΦsffiffi
2

p λΦsffiffi
2

p

λ1ffiffi
2

p 2λ1þλ4
2
ffiffi
2

p
ffiffiffi
2

p
λ λ 3λ λ1þλ4

2
λ1þλ4

2
λΦsffiffi
2

p λΦsffiffi
2

pffiffiffi
2

p
λ2

ffiffiffi
2

p ðλ2 þ λ3Þ λ1ffiffi
2

p λ1þλ4
2

λ1þλ4
2

3ðλ2 þ λ3Þ λ2 þ λ3
λΔs
2

λΔs
2ffiffiffi

2
p

λ2
ffiffiffi
2

p ðλ2 þ λ3Þ λ1ffiffi
2

p λ1þλ4
2

λ1þλ4
2

λ2 þ λ3 3ðλ2 þ λ3Þ λΔs
2

λΔs
2

λΔsffiffi
2

p λΔsffiffi
2

p λΦsffiffi
2

p λΦs
2

λΦs
2

λΔs
2

λΔs
2

3λs λs
λΔsffiffi
2

p λΔsffiffi
2

p λΦsffiffi
2

p λΦs
2

λΦs
2

λΔs
2

λΔs
2

λs 3λs

1
CCCCCCCCCCCCCCCCCCCCCCCCA

: ðA18Þ

4. Decay widths

The partial decay width of SM Higgs h and singlet scalar H2 to the gauge boson Z0 is given by

Γðh → Z0Z0Þ ¼ g2x sin2 α2
8π

M2
Z0

mh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
Z0

m2
h

s �
2þ m4

h

4M4
Z0

�
1 −

2M2
Z0

m2
h

�
2
�
; ðA19Þ

ΓðH1 → Z0Z0Þ ¼ g2x cos2 α2 sin2 α3
8π

M2
Z0

mH1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
Z0

m2
H1

s �
2þ m4

H1

4M4
Z0

�
1 −

2M2
Z0

m2
H1

�
2
�
; ðA20Þ

ΓðH2 → Z0Z0Þ ¼ g2x cos2 α2 cos2 α3
8π

M2
Z0

mH2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
Z0

m2
H2

s �
2þ m4

H2

4M4
Z0

�
1 −

2M2
Z0

m2
H2

�
2
�
: ðA21Þ

5. Interaction rates

The thermally averaged decay width of S is given by

hΓS→Z0Z0 i ¼ K1ðMS=TÞ
K2ðMS=TÞ

ΓS→Z0Z0 : ðA22Þ
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