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Vector dark matter with Higgs portal in type II seesaw framework
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We study the phenomenology of a vector dark matter (VDM) ina U(1) gauged extension of the Standard
Model (SM), which is set in a type IT seesaw framework. When this U (1), symmetry is spontaneously broken
by the vacuum expectation value (VEV) of a newly introduced complex scalar singlet, the gauge boson Z’
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 SU(2), 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 2o deviation in i — Zy 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
(Qpph?) as reported by WMAP [4] and PLANCK [6]
is precisely measured to be Qpy A% = 0.12 £ 0.001 at 68%
confidence level (CL). However, the nature of DM remains
a mystery. Though the observational evidence tells us about
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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], XENONnNT [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 U(1) 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.
SU(2), 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 ~O(0.1) 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
aSU(2), triplet scalar, and type III [44-47] adds a SU(2),
triplet fermion. Type I seesaw models with an extra U(1)
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
SU(2), triplet scalar with a very small vacuum expectation
value (VEV) v,, whereas the type I seesaw mechanism
requires three right-handed Majorana neutrinos with
masses in the range 10°-10'" GeV. Moreover, if we choose
the triplet VEV wo; to be in the range 1-3 GeV
(> 107* 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 U(1)y
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 U(l)y
extension of SM where neutrino mass is generated by
the type II seesaw mechanism. In addition to a triplet scalar,
a SU(2), singlet, the only particle that carries the U(1)y
charge, is necessary to break this symmetry spontaneously
resulting in a massive vector boson, Z’, 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
U(1)y 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 — Zy decay channel. Their findings reveal a
combined signal strength y;, = 2.2 4 0.7 [54], indicating a
slight 2¢ discrepancy compared to the Standard Model
prediction of uz, = 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 uz, 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 p,, and pz,.

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. 111,
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 (A) 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
U(1)y gauge symmetry. When S acquires VEV (vy), it
spontaneously breaks U(1)y symmetry and makes the
gauge boson (Z') massive, which serves as a potential
DM candidate of the universe in this model. The total
Lagrangian of the model is given by

‘CTot = ‘CSM =+ ‘CScalar + ‘CZka + ‘C%uk’ (1)

where, Lgy 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 SM Higgs doublet can
be written as
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Lscatar = Egciglar - V(®,A,5). (2)
where the kinetic part of scalar fields is given by

LEin = (D”(I))T(DFCI)) + Tr[(D*A)T (D,A)]

Scalar

+ (D*S)*(D,S), (3)
where
9 4 ar 19
D,® = a”¢>+EWM c ¢>+78ﬂ<b, (4)

ig .
D,A=0,A+ 5 [Wio“, Al +igB,A, (5)

D,S = 9,8 + ig.x,Z,S. (6)

Here, g, is the gauge coupling of U(1)y, and x; is the
U(1)y 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 doublet @, the scalar triplet A, and the S are given by

+ A7+A++
¢:<ZO>, A:(ﬁ) M), S=(S,+is;). (7)
Vi

The scalar potential is given by

V(®,A,S) = pz (07 ®) + A(PTD)? + MITr[ATA] + A (OTD)Tr[ATA]
+ A (Tr[ATA])? + L Tr[(ATA)?] + A4 (DTAATD) + [udTic,AT® + H.c.]
+ 12 (STS) + A,(STS)? 4 A4 (STS) (DT D) + Asa (STS) Tr[ATA]. (8)

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

1
Ap=—

1
¢0:ﬁ(vd+ho+igo)7 N

(v, 4680 +ing),

1 .
S:\/—E(vs+s,—|—zs,~). )

The scalar kinetic terms of Eq. (3) give rise to the masses of W+, Z,, and Z;, after symmetry breaking as the following:

Fi+207), mi=

Bl —

2
my =

where 0y is the Weinberg angle. The triplet VEV (v,) gives
an additional contribution to both the W* mass and Z
boson mass and in turn contributes to the p parameter
(discussed in Sec. III). The minimization of the scalar
potential yields the following relations:

v? v?
Mé:—(U%JFZI(/Il +/14)+2/1s¢—\/§711ﬂ)a (11)
v> v? v2u
M3 =~ 2+ ) + 02 (A +43) + =4 —d>,
d=-(F a4 )+ S ha -T2
(12)
1
ui = _5(1}(21/15'(/) + viAsa) — V3 Ay (13)

Using the above minimization conditions, the mass squared
of the doubly charged states A** is given by

2 2
ml., = Vg vy 3
H V2vu, 2

g
cos?y,

I
4

2

(v + 40?), M2, = gv?, (10)

The charged scalar mass matrix in the basis of (¢*, AT) is
noted as

(V20,0 = 4p)

v2)
— 420
M> :< 2 ’ ) (15)
_4_;(1’[14 —2V2y)

v (\/zvz}m —4y)

The mass eigenstates (G*, HF) in terms of the gauge

eigenstates can be written as
sin +
J(&) oo
cosd ) \ A*

(Gi>_(cos9
H*) \ —sin®

where 6 is the mixing angle and reads as

2
ng = V20 (17)
Va

The charged Goldstone gives mass to W=*. The mass
eigenvalue of the physical scalar H* is as follows:
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2 054207
, =4t
i 4v,

(2V2u - v,dy). (18)

The CP odd mass matrix in the basis of (g, 7y) is given by

2V20p =V 2w
Mi == 9’

V2 u
V2w
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

(19)

where f is the mixing angle and is given by

2
tanﬂ:i.

(21)
Va

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

V3 + 4v?

rotation of the states by an orthogonal matrix. The mass my = (22)
eigenstates can be expressed as V2,
<C> — < CO.Sﬂ sm[;’) <go>’ (20) The CP even mass matrix in the basis of (hgy, dy, §,) is
A —sinf cosf /) \no given by
|
5 4m? -
2vd}' Vabe| =2 +21/2 + 2-5—4172 T4 Udv»‘)’“f’
M2 = 4m 4m? 23
: ”dvf< 2+2DZ + 2+4L2 +4 ) —2my.. + vy <v2,+f§~,2 T +4 ) +207h v dsa @)
/Udvs/ls(/) UsvtlSA 21}%/1v
Gauge basis to mass basis transformation can be obtained by
h ho
Hl = Oa 50 s where Oa = R3.R2.R1, (24)
H2 S,
with
cosa; sina; O cosa, 0 sinm 1 0 0
R, = | —sina; cosa; O |, R, = 0 1 0 , Ry=1|0 cosa; sinog (25)
0 0 1 —sina, 0 cosa, 0 —sinay cosa;

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

hO = Cal cazh - (Ca3sa] + Ca] sazsa3)Hl

+ (S(l] Say — Cay Cay S(lz)Hz, (26)

50 = cazsalh + (Cal Cay — Salsazsa3)H1
- (Ca3sa1sa2 + Calsag)HZ’ (27)
Sy = S(lzh + cazSa;Hl + C(12C{13H2' (28)

In the above equations, Sa, and Cq, where i = 1, 2, 3, stand
for sin@; and cos a;, respectively. Scalar potential param-

eters (4s) 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 ay, sin a,, sinaz, my, , my,, my, My,
mpy=, vs}. We will later see that the triplet scalar masses
would be almost degenerate from theoretical constraints.
So, the set of free parameters are

{sinay, sinay, sinas, my, mg, v},

where m, represents masses of the scalars
M=, My=, my , my, which have large triplet component
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in them, and myg is the mass of scalar H,, 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 Z'. When the singlet scalar S acquires a VEV
after the spontaneous breaking of U(l)y, Z' becomes
massive. The mass of the DM is given by

MZ’ = GxUs-

We can choose either g, or v, to be a free parameter. For the
constraints coming from the scalar sector, we would be
using v,, whereas in the DM phenomenology, we will
translate the limit of v, in g, vs M, plane.

The U(1)y invariant Lagrangian enjoys an additional
dark conjugation symmetry [24,59] described as

A)

Wz, -7, S8,
2Pz, - -7,  S—-S.

If we consider this symmetry to be exact, the kinetic mixing
between the Z" and B field [U(1), gauge boson of the SM]
is prohibited consequently. If we relax the symmetry and
allow a gauge kinetic mixing term proportional to Z,, B*”
along with the canonical kinetic term for Z, in LZBM’ the
kinetic mixing angle needs to be very small to make the Z" 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 U(1)y
charge; hence, they do not couple to the extra gauge boson.
This ensures the stability of this new heavy gauge boson Z’,
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:

LYy = —(Ya) 4L Cioy AL, +H.c., (29)

where Y, is the 3 x 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,

m, = V2Y sv,. (30)

Since v, ~ O(GeV) in our analysis and the neutrino mass
scale is in the eV range, therefore, Y, must be very small.

For neutrino mass scale m, ~0.8 eV and v, ~1 GeV,
YA ~5.66x 10710 Apart from the kinematics, the value
of Y, controls the decay mode of H**. The partial decay
width of H** to like-sign dileptons being proportional to
|Yal?, H** — £%¢* would be highly suppressed for our
choice of »,, which corresponds to very small Y,, 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

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

2 1 +ZL’2
2

P = nz/le = :;2' (31)
MzCw  1+-+
d

The electroweak precision data constrains the p
parameter to be very close to its SM value. From
the latest data, it is constrained as p = 1.00038 +
0.00020 [31], which signifies that at 30 level, v,
should be <2.6 GeV.

(1) Experimental limits on singly and doubly charged
scalar masses: This scenario predicts a plethora of
heavy scalars that have been extensively searched at
both e e~ and hadron colliders. The negative search
results at LEP-2 put a limit on the singly charged
mass my: > 78 (GeV) [60]. On the other hand, the
lower limit on the doubly charged scalar mass m1-«
from the LHC is highly model dependent. The decay
modes of the H** depend on v, and the mass
splitting myss —my+. For v, < 107* 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 », > 107 GeV, leading to
various competing channels, like H*HF, WEWT,
and W*HT, if kinematically allowed. From current
analysis at the LHC, mpyz= 2 1080 GeV [61] is
allowed for H** — #*¢* decay where the branch-
ing ratios to each of the possible leptonic final states
(ee,up, 7, ey, er, ur) 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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(iii)

(iv)

Higgs mass has a lower bound of 420 GeV [51]. In
the following analysis, we have chosen v, ~
O(1 GeV) and my:+ to be greater than 420 GeV.
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 sina; 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 mg in the
range ~{200-1000} GeV, the upper bound on the
mixing angle sin a, varies between (0.2-0.3) [64]. In
this model, the value of sin «; is taken to be < 0.05,
and the maximum value of sin a, is taken to be 0.1.
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 ¢; — ¢;,¢,, mediated by a doubly
charged scalar is given by

(Ya)ij(Ya) i

64G12¢m‘;1ii

Among all possible combinations from the above-
mentioned branching ratios, the most stringent
bound comes from p — eee with BR(u — eee)
<1.0x 1072 from SINDRUM experiment [65].
As Yukawa parameters are inversely proportional
to v;, we can extract a lower limit on v, from the
above expression for a particular mass of H**.
Another lepton flavor violating process, namely
¢i — €}y, receives nonstandard contribution via
loop diagrams of charged (singly and doubly)
scalars. The BR of 4 — ey gives the most stringent
bound among these decays, and the corresponding
expression is given by [52]

2

. (33)

4873a,,,

2.2
GFmHii

1 3

BR(M_)67> = e”Fn'zl_6

(YaTY4)

The latest bound on BR(u — ey) (<4.2 x 10713) has
been recently reported by MEG collaboration [66].
|

I'h -

a*Gpm;
)= m s
12827

)

(vi)

(vii)

In this model, Y, 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.

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 7 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.
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
my, > 2M,. The expression of Higgs invisible
branching ratio is given by

I'h—>2'7)
[(h—>Z'Z")+T(h—SMSM)
(34)

BR(h — invisible) =

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

Constraints from h — yy and h — Zy : In the SM,
due to the absence of tree level coupling, 7 — yy
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 I'(h — yy) 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]

2

ZNCQ;'ghffA;]l/z(Tf) + Guww-AL(Tw) + Gure =AY (Tis) + 4G = AG (Tge) | . (35)
f

where a is the fine structure constant, G is the Fermi coupling constant, and N, and Q are the color factor and the electric

charge of the fermion in the loop, respectively. 7; =

2

mh
2y

4m;
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(f, W, H*, H** here). The expression of the couplings (gj+w- etc.) and loop functions [Af-’(rj) etc.] are given in the

Appendix A 2.

The first two terms on the right-hand side denote the SM fermions and W 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, the H** term has a relative factor of four with respect to the H* term

in the amplitude due to its enhanced charge.

Similarly, the partial decay width of 7 — Zy is given by [57,73]

aGrmy,m; m% 3 p ~
I(h— Zy) = ez 1= o ZN 0y (28] = 4Qp5%) 91 7AL 1 (71 7h)
_ 2 _
+ Cwnwrw- Al (Th 772/) + S_QZHinthiH*Ag (T;Ztv Tgi) + S_QZHﬁHWthﬁHWAg (Tffﬁv THH) (36)
w w

where 7} = 42,w1thz—fWHi H** and j = h, Z. The
necessary codplmgs and loop functions are mentioned in
Appendix A 2.

The partial decay width of & — yy and h — Zy 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 the W contribution; as a result,
the decay width enhances. The effect of triplet scalar in the
h—yy and h — Zy 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 A5g, 444
along with mixing angles. The signal strength of 7 — yy at
LHC is given by

_ Omodel (PP = h = 17)
7 osm(pp = h =y
_ Uinodel (= 99) Br(h = 77) model
Csm(h = gg9) Br(h = y7)sm

Br(h
= cos a3 cos a3 Br(h = 77)nose : (37)
Br(h = 77)sm

Similarly, we can write the signal strength of h — Zy as

Jiz, = COS aj COS azw. (38)
Br(h — Zy)sm
The experimental bounds on the signal strengths are men-
tioned in Table I. In Fig. 1, the signal strength for 4 — yy is
shown as a function of the triplet mass scale m,. In the left
panel, p,, is plotted as a function of m, for different values of
sina,. In the right panel, the signal strength of & — yy is
plotted as a function of m, for sin @, = 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
consistent with the measurement of signal strength by ATLAS
and CMS. Another important point to note is that consid-
eration of the singlet scalar introduces an important parameter
sin @, in the signal strength expression, which can affect the
value of signal strength 4, as shown in the right panel of
Fig. 1. Similar treatment for y17, is done in Fig. 2. Here, we see
that while nondegeneracy of the charged scalars is considered,
the model parameter space for m, up to 600 GeV predicts a
signal strength that is within 1o deviation of the ATLAS
measurement of signal strength and in 2¢ limit of the CMS
measurement of signal strength. Our model parameter space
lies within 2o limit of a recent combined analysis of ATLAS
and CMS search data that show pz, = 2.2 4 0.7 at the center
of mass energy 13 TeV [54].

B. Theoretical constraints

(1) 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 from below
in any direction. The necessary copositivity conditions
imposed on the model parameters are as follows:

TABLEI Experimental signal strengths of # — yy and h — Zy
with uncertainties.

Signal strengths Hyy Hzy
ATLAS 1047043 1741 2.0%59 [75]

CMS 1.1230% [76] 24705 1771
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- T 1.6
— sina,=0.01 — sina,=0.01
— sina,=0.1 L4 © |my-my|<10 GeV
L1 — sina,=0.2 R ’ + 10 GeV<|my--my|<20 GeV

20 GeV<|my--my;|<30 GeV
30 GeV <|my--my|<40 GeV

07 L ) 0.4 L L
200 500 1000 2000 200 500 1000 2000

m, (GeV) m, (GeV)

FIG. 1. h — yy signal strength as a function of triplet scale m,. In the left panel, signal strength as a function of my,
(= my+s,my=, my ,my) for different values of sina, mentioned inset. In the right panel, the same plot for sina, = 0.01 with
different values of the mass difference between charged scalars is considered. The other parameters are fixed at sina; is 0.008,
sinaz = 0.001, vy, =500 GeV, mg = 200 GeV taken for the plots.

13 T " 2
— sina,=0.01
— sina,=0.01 L7k © |my-my|<10 GeV
L2 — sina,=0.1 ’ + 10 GeV<|my--my-|<20 GeV
— sina,=0.2 + 20 GeV<|my--my|<30 GeV
sk + 30 GeV <|my--my|<40 GeV

0.8 !

200 500 1000 2000 200 500 1000 2000
m, (GeV) m, (GeV)

FIG. 2. h — Zy signal strength as a function of triplet scale m,. In the left panel, signal strength as a function of m,
(= mypes, my=, my ,my) for different values of sina, mentioned inset. In the right panel, the same plot for sina, = 0.01 with

different values of the mass difference between charged scalars is considered. The value of sina; is 0.008, sina; = 0.001,
vy, = 500 GeV, mg = 200 GeV taken for the plots.

220, 2,20, M+A 20, 244320, Ay+ 2/ >0, (39)
Asa + 24/ (A + 243)45 2 0, Asa + V222 + 23)4; 2 0, (40)

(A +24) +2v/(a +243)4 20, A +2/A(h +13) 20, (41)
(241 + A4) +24/2(24 + 43)A 2 0, V2(ha + 43) + /(h + 43) (24 + 43) > 0. (42)

(i1) 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]:
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{14 12l 145] [(A2 + 43) 1} < 4,

{Im

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.

(A + 44)

(22 = 13)

5 ) 3 7ASA’

Asg

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 A 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 m, vs sin @; plane. Here, we consider sin a,
and sina; to be zero, implying that § is completely
decoupled from the triplet and the SM doublet. The
magenta (cyan) colored points correspond to the case when
v; =2 (v, =1) GeV. The choice of v, has been made

2000 T T l
- =
) )
QO &}
~ i
I ]
Dy By
1000 - 1

m, (GeV)

sinq

FIG. 3. Parameter space allowed from unitarity and vacuum
stability conditions in m, vs sina; plane. The points with dark
cyan color (dark red) correspond to v, = 1 (v, = 2) GeV. Here,
mg = 200 GeV and v, = 1000 GeV, while the value of sina,
and sin @3 are taken to be zero.

{1241 = 4], [(24; + 344)|} < 16,

(A Iy o+ 205) &\ (A4 2y + 2052 + 731} <8x. (43)

|
keeping it consistent with the p parameter constraint. We
see in this plot that for a specific value of sina; corre-
sponding to each value of v,, all values of m, are allowed
where sina; ~ (2v,/v,). For other values of sinay,
my < 300 GeV. This feature also has been observed in
Ref. [81]. As my, <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 a;
as 0.008 for v, = 1 GeV for the rest of this article.

In Fig. 4, we analyze the parametric dependence of sin a3
and m, on myg vs sina, plane coming from unitarity and
vacuum stability constraints. In the left panel (right), m,
has been fixed at 450 GeV (750 GeV). The different colors
in the figure correspond to different values of sinas. It is
evident that with higher values of mixing angle sin a3, the
allowed masses of H, (mg) become close to the mass scale
of H; (my). As for example, in the left (right) panel, the
allowed masses of mg are close to 450 (750) GeV, which is
the scale of the triplet mass when sina; = 0.01.

In Fig. 5, we observe the effect of mixing angle sin as in
|mg — ma| vs mg plane under the same theoretical con-
straints. Points with dark cyan color (dark red) correspond
to sinaz = 0.001 (sinaz = 0.01). We see that the unitarity
and vacuum stability constraints allow a mass difference
|mg —my| < 100 GeV when sinaz = 0.01, whereas for
sinaz = 0.001, the allowed mass difference is |mg — mp| <
1000 GeV.

Now we will study the effect of v, on our model
parameter space. In Fig. 6, allowed parameter space from
theoretical constraints is shown in mg vs sin @, plane. The
allowed region in mg diminishes with smaller values of v
for all possible values of mixing angle, sina,. Ag, 4,4, and
Asa become smaller as v, increases [see Eq. (A 1)].
Consequently, the unitarity constraints on such quartic
parameters are automatically satisfied for higher values
of v,. This has been reflected in larger allowed regions in
mg vs sina, plane for larger values of v,. 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, Z’' becomes stable and plays the
role of DM in this framework. For a sizable value of new
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mp=450 GeV

m; (GeV)

107 107 0.01 0.1 1
sina,

my=750 GeV

sina,=10"
sina=10"

m; (GeV)

FIG. 4. Parameter space allowed from unitarity and vacuum stability conditions in mg vs sin a, plane. The different colors correspond
to different values of sin a; (mentioned inset). The value of v, taken here is 1 TeV. For the left panel, m, = 450 GeV, whereas for the
right panel, m, = 750 GeV. sinq; is set to be 0.008 corresponding to v, = 1 GeV.

sina;=0.01
10* - sina=0.001

0.01}

10724 oo =
200 500 1000 2000
mg (GeV)
FIG. 5. Parameter space allowed from unitarity and vacuum

stability conditions in |mg — my| vs mg plane. The points with
dark cyan (dark red) color correspond to sinaz = 0.001
(sinaz = 0.01). The value of m, taken here is 200 GeV and
vy, = 1000 GeV, while the value of sin @; and sin @3 are taken to
be 0.008 and 0, respectively.

gauge coupling g,, Z' 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 4,4. The
annihilation channels that are responsible for keeping Z’
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

sina;=0.001

200
107

FIG. 6. Parameter space allowed from unitarity and vacuum
stability conditions in mg vs sina, plane. The points with
different colors correspond to different values of »,. The value
of m, taken here is 430 GeV and sinaz = 0.001.

the 4,4 2 10~* and g, vary between (0-1). Such a choice of
parameters ensures the thermalization of Z’ in the early
Universe. DM phenomenology is sensitive to the mass of
DM (M), U(1)y gauge coupling (g,), the mass of the
singlet component dominated scalar (mg), the mixing
angles (sina,,sinaz), and the mass of the triplet sca-
lar (mpy).

The Boltzmann equation governing the comoving num-
ber density of Z' is given by
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L
H
H

\ / “~

FIG.7. Feynman diagrams that contribute to the thermalization of DM Z’. X and Y represent SM particles along with S (H,) and triplet

dominated scalars (H,, Ay, H™*, HT). ¢ denotes h, H,, H,.

dYZI ﬁs
dz = —(627-xXVre1) H_z (Yé - YCZ‘}Z )

(44)

where Y, = ny /s, the ratio of the number density of Z’
and the entropy density of the visible sector and z = mg/T.

. _ 92(10)\/9,(T)
pisdefinedas ff = i

of freedom associated with entropy and energy densities,

respectively, and gi/? = \j’g_/(l —i—%gl’%) The Hubble

expansion rate H is given by

o [P T2

where g,, is the total relativistic degrees of freedom at
temperature 7 contributing to energy density, and
Mp = 2.4 x 10" GeV. (6,7 _xxVs1) corresponds to the
thermal average of annihilation cross section of Z' to SM
fields and H,,A,, H,, H**, H*. The relic density Q, h?
and DD cross sections used in this analysis are calculated
with the package micrOMEGAs (v5.3.41) [82] in

, where g, and g, are degrees

my=400 GeV, ms=600 GeV

10°

10°

QK

-3
10°F  sina,=0.001,

sina;=0.01

10°° L
10 100 1000

My (GeV)

conjunction with FeynRules [83]. In the left panel of
Fig. 8, we show how the relic abundance depends on M.
The color bar represents the impact of g,. m, and mg have
been fixed at 400 GeV and 600 GeV, respectively.
077 susm 1s greatly enhanced at My = m;,/2,my /2
and my,/2, due to s-channel resonances (see Fig. 7).
Consequently, relic density falls sharply at these values of
M 7, as shown in Fig. 8. One can also note that relic density
decreases with increasing g, 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 M.
The masses of mg and m, are set at 400 GeV and
1000 GeV, respectively. The three colored lines in the
figure correspond to three different choices of mixing
angles sin a, and sin a3. With the increment of the mixing
angles sina, and sin a3, the S component increases in the
physical scalars & and H;. Consequently, the rate of
annihilation of DM via the mediation of these physical
scalars increases, resulting in lower relic abundance of Z'.
We see that for every line when M /z crosses the mass of S,
relic density falls due to the opening up of the dominant

£:=0.7, m,=1000 GeV, ms=400 GeV

—  sina,=sina;=0.001
——  sina,=sina;=0.01
——  sina,=sina;=0.1

1000

Quy h?=0.12

10- 1 L
10 100 1000

M; (GeV)

FIG. 8. Variation of relic abundance with the mass of DM. In the left panel, the value of m, taken is 400 GeV and mg is 600 GeV. The
value of mixing angles are sin a, = 0.001 and sin a3 = 0.01. The color bar corresponds to the variation of g,. In the right panel, the value
of m, taken is 1000 GeV and myg is 400 GeV. g, is taken to be 0.7. The different colored line corresponds to different mixing angles

which are mentioned inset.
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FIG. 9. Parameter space from relic density constraint in Mz vs g, plane. In the left panel, parameter space for correct relic abundance
is shown for a fixed mass of mg and m, (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 SU(2), scalar triplet in comparison to the former one. In the right panel, a similar plot has been shown when
mg € (200-3000) GeV and m, € (400-3000) GeV. sina, = 0.1 is considered for both panels.

7'7' — H,H, annihilation channel. For sina,,; = 0.001,
the effect of 2’2’ - HY"H~~/H"H~/H,H, 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 after M7 > m,, but the sina, /3 = 0.1 line
shows another interesting effect from the annihilation
channel Z'Z' - H H, when 2M, becomes larger than
the sum of masses of H, anf H; (m, + mg). Additional
channels start to contribute to the annihilation of Z’
significantly when we increase the mixing angles.

In Fig. 9, we show a comparison between the standard
U(1)y extended vector dark matter model and our scenario
from a dark matter perspective. The scalar sector of the
former model consists of the SM Higgs doublet and a scalar
singlet, whereas our scenario accommodates another
SU(2), 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 fixed mass of
mg and m, in M, vs g, plane. The blue points correspond to
the standard VDM with 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 SM Higgs and singlet scalar resonance, which
are the same for the two scenarios. However, when
M, > 700 GeV, due to the opening of the extra channel
Z'7Z" — SA in our scenario, relic density is satisfied for a
lesser value of g,. So, the allowed range of g, for a particular
value of M, 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 g, for higher DM mass
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 providing new annihilation channels. sin a3 = 0.01 and
sina, = 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. Z’, in the present scenario,
scatters off the nucleons via the mixing of § 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 7-channel process is
given by [23]

2 i 2 2

o _Hxy (9xSina;cosaym,, 1 B 1 5

Z'N = v 2 2 P’
/4 d my  mg

MyM, .
where uyy = MNA;MZ,Z/ is reduced nucleon-DM mass, and

fp = Zq:u,d.s ffl) + 2/9(1 - Zq:u.d.x fg) ~0.468 [84].
Here, the effect of H; has been neglected in the formula
of the DD cross-section. H, 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 H; is proportional to sinaq;sinas.
Therefore, in the small sina limit, the effect of H, can
be neglected in the DM nucleon scattering cross section.

(45)
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FIG. 10. Feynman diagram showing spin-independent elastic
scattering of dark matter Z' with nucleons via CP even scalar ¢
where ¢ = h,H,,H,.

As given in the Eq. (45), the direct search cross section is
sensitive to the parameters M, g,, sina,, and mg. The
product of g, and sina, act as the effective coupling here.
By imposing the collider bound on sin a,, we can have an
upper bound on the maximum allowed value of g, from DD
limits. In Fig. 11, we show the bound on ¢, for a particular
sina, 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 M, vs g,
plane for a range of scalar masses allowed by vacuum
stability and unitarity for sina, = 0.1. It is observed that
the maximum allowed value of g, 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 v, from unitarity though
their effect becomes important for smaller sin@,. In the

sina,=0.1

M (GeV)

FIG. 11.

right panel of Fig. 11, we show the parameter space for
sina, = 0.01 in the same plane. Here, one can see that by
lowering the value of sin a, by 1 order, the constraint on g,
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-L AT, 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 Z'Z' — H, — yy at one loop level and via
7'7' - Hy, » W*W* H*HT H**HTF_ff (with pho-
tons emitted from all external charged particles) if kine-
matically possible. However, the process Z'Z' — H, — yy
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.

sina,=0.01

!
10 100 1000

My (GeV)

Parameter space with all mentioned constraints in M, vs g, plane for sina, = 0.1 in the left panel. The colored region

corresponds to exclusion from different constraints. In the right panel, the same plot for sina, = 0.01.
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Unfortunately, the direct production of a Z’' pair in pp
collision is prohibited by conservation of U(1)y charge. Z'
pair can arise from the decay of H,, which can be produced
in association with a Z boson at the LHC. In the allowed
range of model parameters (my,,g,,sina,) from the
constraints mentioned, the cross section is significantly
small due to sina, suppression. Another possible Z’
signature can arise from the production of H** in asso-
ciation with H¥ followed by the decays of H** — W*W*
and HT - W¥H, and further followed by H, — Z'Z'.
This final state would eventually result into two dilepton +
di-jet+ missing energy signature. This cross section is also
very small due to the tiny HT — WTH, suppressed
branching ratio for allowed values of my, 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
DM was initially in thermal equilibrium with the SM particle
bath, but at a later time, it froze out as the interaction rate
dropped below the expansion rate of the universe (). Due
to such interaction with the SM particles, it can be probed by
different DD experiments as we have shown -earlier.
However, the null results of all the DD experiments motivate
us to explore another possibility where the interaction of DM
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

M=500 GeV, Mz =150 GeV
T T T T T T

T T
I Ys — g=10"
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6| ) 4
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!
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!
!
|
107 - s L I - | Hi L
10 10 1000

1
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collider constraints. In this model, Z’' can gain its number
density in the early Universe from the decay of singlet scalar
S (H,) or annihilation of S (H,). As S can be thermally
produced through its interaction with SM Higgs, if the gauge
coupling of U(1)y, g, is very small, typically in the order of
O(107'2), then Z' can never attain thermal equilibrium with
the SM bath. With negligible initial abundance, DM gains its
number density gradually from the decay of S. The decay of
S is dictated by the vertex factor corresponding to
SZ'Z), ~ g*vs, whereas the annihilation of S is controlled
by the vertex factor of $*SZ'*Z), ~ g%. As the annihilation of
S is suppressed by a v, 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
eigenstate H,. To find out the DM number density evolution,
we need to solve the Boltzmann equation for the number
density of Z'. The Boltzmann equation in terms of DM
comoving number density Y is given by

dYZ’ _ <FS—>Z’Z’> ye

=) (46)

where 7 is % Y, is the ratio of the comoving number
density of DM to the entropy density of the visible sector,
and Y (;q is the equilibrium co-moving number density of S,
which is given by

A 9

yud — 295
S d4ntg,

(Ms/T)*Ky(M/T). (47)
In the left panel of Fig. 12, we discuss the density evolution

of our nonthermal DM candidate Z' by solving the
Boltzmann equation. The solid lines correspond to the

=10-12

1000 B -
[
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800 Qz/Q (%)

M; (GeV)

200

200 500 1000 2000
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FIG. 12. Comoving number density evolution of DM and parent particle with z = (Mg/T) in the left panel. The mass of Z' and S are
mentioned inset. The solid lines correspond to DM number density Y, for different values of coupling g,, whereas the dash-dotted line
corresponds to the parent particle following the thermal bath. Allowed DM parameter space in Mg vs M, 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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DM number densities for different values of U(1)y coupling
g.- As the coupling g, decreases, the decay width of S
decreases; therefore, the final DM density 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

M,
Q,h? = (2.755 x 108) @ZV Yo, (48)

Now comoving number density of DM Z’, Y, can be
analytically expressed as [10]

today _, 1359S MPL
Z T 813(1.66) 9.\ /7, M3

Csozz, (49)

which matches with our solution from the Boltzmann
equation. In the right panel of Fig. 12, we show a region
in Mg vs M’, plane where Z' can contribute to the relic
density through the decay of scalar S for g, = 107!2. The
color bar corresponds to the percentage of relic density
contribution of our DM candidate Z'. The region under the
allowed parameter space is overabundant, whereas the upper
region is excluded by kinematics M, > my).

VI. CONCLUSION

To summarize, we have studied the phenomenology of a
VDM in a gauged U(1)y extension of the SM set in a type
IT seesaw framework. The light neutrino masses are
generated via the type-II seesaw mechanism by the intro-
duction of an additional Higgs triplet (A). In the context of
such a model, we investigate the possibility of a VDM, Z’,
which is stabilized by an exact dark conjugation symmetry.
7' becomes massive when a complex scalar singlet S
acquires VEV breaking the U(1)y symmetry spontane-
ously. We studied the possibility of both thermal and
nonthermal production of Z’' in the early Universe.
Thermalization of Z’ in the early Universe can be achieved
for a sizable range of values of g, (0-1) along with a
comparatively smaller value of 4, [O(107*)], 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 Z' 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

|

1
_ 202 2 2 (2 2 2 2 2 2 2 2 2 2
A= 57 {mhcwl Ca, + 55, (mH] Coy T mst%) + ¢4, Sa, (mHI Say T mHzc%) - (mH2 - mHl)calsa] sa2s2a3},
d

that of the U(1l)y extended minimal VDM model. We
found out that our scenario allows lower g, 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
A parameters are restrictive. Our model parameter space
satisfies constraints from vacuum stability, perturbative
unitarity, p parameter, oblique parameters, lepton flavor
violation from charged scalars, and Higgs invisible decay.
This framework can also accommodate the existing 2o
deviation observed in the & — Zy decay rate over a wide
range of parameter space. We have shown that after
considering all the aforementioned constraints, the upper
limit of g, is nearly 0.3 for DM masses in the range (100—
1000) GeV when sina, = 0.1. However, such an upper
limit on g, crucially depends on sin a, and becomes weaker
for lower values of sina, as evident from Fig. 11. In the
end, we briefly discussed the possibility of nonthermal
production of Z’ from the decay of the complex scalar S.
For the values of g, as small as 1072, the allowed mass
range of DM varies between (100-300) GeV when Z’
contributes 100% to the relic density.
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APPENDIX

1. Expression for A parameters

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

2 2 (Al)
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1
ll = Va0, {tha] sal C(212 - m%—[] (sa| 0(13 + cal s(lzsa;)(cal C(l; sa] s(lzs(l';)
2m2 m2
2 H* A
+ mHz<Sa15a2Ca3 + Calsag)(calsazcag - sa1sa3)} + 2{1]‘2[ + 21)[2 - UEJ + 41)[2}’ (AZ)
1
/12 = 2_2{m%lst211 C%ta + m%—ll (Cal Ca3 - salsazsa3)2 + m%—lz<calsa3 + Sal sazca3)2}
t
’U%i mi 4m%_1i m%{ii (A3)
21}, Vi +4v; 03+ 207 v
1 (2v3m? vim?
’13:2{2d Hiz_milﬂ_ o Az} (A4)
vy (vg+ 205 vy +4v;
4mi 4m2Hi
Ay =— 272 2 (AS)
vy +4v; vy + 207
= \/zmiov, (A6)
v} + 407
7 {mysz, + ca,(miy, 52, +mp,cz,)
Asp = U:; (m% - mHl)sal SayCay + Cay Sa,(Mh — m%j,ls,%3 - mi,zc,zlz)}, (A7)
N
)“SA = v:: (m%-ll - m%—lz)cal SayCay + SaySa, (m%l - m%-lls(%; - m%-lzcrzlg)}' (Ag)
s
2. h — yy and h — Zy accessories Gn = Cosa; COS
: o
The loop functions for the spin-0, spin-1/2 and spin-1 cos
. : 2v, sina; cos
particles are given by P v sina; <) 08 @y COS @y, (A12)
Vq
Aj(e) = =[r = f(2)], (A9)
h _ -2 .
Al/Z( 7)=2[t+ (r = 1)f(7)]e77, (A10) Here, we can see that when sin @, tends to zero, we get back

our pure type II seesaw couplings (see Ref. [58]). In the

Al(t) = =202 + 30+ 32t = 1) f(7)]r 2, (A11)  limit, sing; = 0, sina, — 0 and v, < v,, cos f/ — 0 and

the relative couplings become one; hence, the SM Higgs

where coupling are restored. The scalar trilinear couplings g, y+ 5=
and §,y++y+= are given by

[sin” (\/7)? (r<1)
7) = =
A Y e ) . .
~ w ~ w
GhHH— = GhHH™» GrH*H- = 5 YrH H">
H*t gmHi
: . (A13)
9nsp and guy+w- 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 with g,y++p— and g,g+g- given by
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G+ H— = A Ug COS Ay COS Ay + 24,1, Sin @ COS ay + Aag0; SIN Ay

1 1
Gurrn- =35 {4(/12 + A3)v,c08*f' cos a, + 24, v,sin*f sina; cos a, + —=A4v, sin 2’ sina; cos a,

V2
+ cos a; cos ay (4Avsin2f + (24, + As)vgcosf + (4u — /224v,) cos ' sin )

+ 2sinay (Aagcos®f + Agysin®f) } (A14)

The terms including A, and 1,5 come from the extra complex singlet scalar sector, and a factor of cos a, appears with the
rest of the part due to its mixing with the SM doublet. In the limit sin a, — 0, these couplings reduce to doublet triplet Higgs
model couplings as mentioned in [88]. The necessary loop functions and couplings for 4 — Zy are mentioned below. The
loop factors for particles with different spins are given by

AG (. 7z2) = I (74, 72)
Al (ens72) = 11 (24, 72) = D(7h, 72)

ATy, 17) = 4(3 = tan® Oy ) I (74, 77) + [(1 + 27;") tan® Oy — (5 + 20,1 (24, 72), (Al15)

where the /; and I, are given by

Ty T
Mt =50 = 2, - e (o 2)
(o) = =5 S U = 172 (A16)
Here, the function g(z) is given by
Vel = Tsin! (7) (r <1)
T T g (242) —ia] (e )

The function f(z), couplings 9y and gpw+w- are given in Eq. (A12). The coupling gzp+y- and gzy++y-—- are given by

9gzHtH- — —tan QW’ gzH+tH— = 2COt26W (A17)

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 8z 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

|[ATFATT), |ATAT), ™). 19090+ [nomo) - |hohy). 16080) - |$,8,),

s,-s,-).

The amplitude matrix in the above basis is given by
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4+2) 20a+4s) ht+d K V24, V24, by A
20 +4)  Aa+s a+h Bk Bk D0y 4h) V2(+d) B B
Ay + Ay A+ 4. V2 V2 4 2 by Ay
A 244 ) ) dos  Aas
71i 21\/54 \/5/1 31 2 12 4 12 4 % \75
M= % S (CZ A e e B (A18)
V2o V20a+2) 5 AR AR 3t k) A % B
V25 V20 + ) % A AR d s 3 t+4) B
A s A S A s A S A S ﬂ’AS }'As
s v s ZS foc 2 o 34, Ay
Aas Aas Aoy s Ao Aas Aas
b b & 3 2 3,
4. Decay widths
The partial decay width of SM Higgs & and singlet scalar H, to the gauge boson Z’ is given by
2 sin® a, M2, 4M2, : 2M7,\2
T(h—z7) =507 [y 20z M _222)7) (A19)
8z my, m, am:, mj
2 cos? a, sin® ay M2, 4M2, mj, 2M2\2
F(Hl - le/) _ gy COS™ ap S1In a3_Z 1— 2Z (2 + Hi <1 _ 22) >’ (A20)
8w mpy, my, 4M?, my,
2 2y M2, 4M2, i 2M2)\2
8w my, my, 4M7, my,
5. Interaction rates
The thermally averaged decay width of S is given by
K,(Mg/T
(Cyozz) = Wrswz, (A22)
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