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In an endeavor to explain the light neutrino masses and dark matter (DM) simultaneously, we study a
gauged U(1)g_, extension of the standard model (SM). The neutrino masses are generated through a
variant of type-II seesaw mechanism in which one of the scalar triplets has a mass in a scale that is
accessible at the present generation colliders. Three SM singlet right chiral fermions y;z (i = e, u, 7) with
B — L charges —4, —4, 45 are invoked to cancel the B — L gauge anomalies and the lightest one among
these three fermions becomes a viable DM candidate as their stability is guaranteed by a remnant Z,
symmetry to which U(1)5_; gauge symmetry gets spontaneously broken. Interestingly in this scenario, the
neutrino mass and the coannihilation of DM are interlinked through the breaking of U(1)g_; symmetry.
Apart from giving rise to the observed neutrino mass and dark matter abundance, the model also predicts
exciting signals at the colliders. Especially we see a significant enhancement in the production cross section
of the TeV scale doubly charged scalar in presence of the Zg; gauge boson. We discuss all the relevant
constraints on model parameters from observed DM abundance and null detection of DM at direct and
indirect search experiments as well as the constraints on the B — L gauge boson from recent colliders.
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I. INTRODUCTION

Out of all the lacunae afflicting the Standard Model (SM)
of particle physics, the identity of DM and the origin of tiny
but nonzero neutrino masses are the most irking ones. It is
well established by now, thanks to numerous irrefutable
observational evidences from astrophysics and cosmology
like galaxy rotation curves, gravitational lensing, Cosmic
Microwave Background (CMB) acoustic oscillations etc.,
[1-6], that a mysterious, nonluminous and nonbaryonic
form of matter exists called as dark matter (DM)
which constitutes almost 85% of the total matter
content and around 26.8% of the total energy density
of the present Universe. In terms of density parameter
h = (Hubble Parameter)/(100 kms~! Mpc™!), the present
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DM abundance is conventionally reported as [5,6]:
Qpyh? = 0.120 £ 0.001. But still we have no answer to
the question what DM actually is, as none of the SM
particle has the properties that a DM particle is expected to
have. Thus over the years, various beyond SM (BSM)
scenarios have been considered to explain the puzzle of
DM, with additional field content and augmented sym-
metry. The most popular among these ideas is something
known as the weakly interacting massive particle (WIMP)
paradigm. In this WIMP scenario, a DM candidate typically
having a mass similar to electroweak (EW) scale and
interaction rate analogous to EW interactions can give rise
to the correct DM relic abundance, an astounding coinci-
dence referred to as the WIMP miracle [7,8]. The sizeable
interactions of WIMP DM with the SM particles has many
phenomenological implications. Along with giving the
correct relic abundance of DM through thermal freeze-
out, it also leads to other phenomenological implications
like optimistic direct and indirect detection prospects of
DM which makes it more appealing. Several direct detec-
tion experiments like LUX, PandaX-II, and XENONIT
[9-13] and indirect detection experiments like space-based
telescopes Fermi-LAT and ground-based telescopes
MAGIC [14,15] have been looking for signals of DM
and have put constraints on DM-nucleon scattering cross
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sections and DM annihilation cross section to SM particles
respectively.

Apart from the identity of DM, another appealing
motivation for the BSM is the origin of neutrino masses.
Despite compelling evidences for existence of light neu-
trino masses, from various oscillation experiments [16—20]
and cosmological data [21-24], the origin of light neutrino
masses is still unknown. The oscillation data is only
sensitive to the difference in mass-squareds [21,25], but
the absolute mass scale is constrained to Y ; |m(v;)| <
0.12 eV [21] from cosmological data. This also implies that
we need new physics in BSM to incorporate the light
neutrino masses as the Higgs field, which lies at the origin
of all massive particles in the SM, cannot have any Yukawa
coupling with the neutrinos due to the absence of its right-
handed counterpart.

Assuming that the neutrinos to be of Majorana type
(which violates lepton number by two units), the origin of
the tiny but nonzero neutrino mass is usually explained by
the seesaw mechanisms (type-I [26-30], type-II [31-35]
and type-IIl [36]) which are the ultraviolet completed
realizations of the dimension five Weinberg operator

L;LSHH
Os =y;;—%— where L and H are the lepton and

Higgs doublets of the SM and A is the scale of new
physics [37,38]. In the type-I seesaw heavy singlet RHNs
are introduced while in type-II and type-III case, a triplet
scalar(A) of hypercharge 2 and triplet fermions X of
hypercharge 0 are introduced respectively such that new
Yukawa terms can be incorporated in the theory. Tuning the
Yukawa coupling and the cutoff scale (A) and adopting a
necessary structure for the mass matrix, the correct masses
and mixings of the neutrinos can be obtained.

In the conventional type-II seesaw, the relevant terms in
the Lagrangian violating lepton number by two units are
SfijAL;L; + uATHH, where A does not acquire an explicit
vacuum expectation value (vev). However, after the electro-
weak phase transition, a small induced vev of A can be

obtained as: (A) = —”<Miz>z. Thus for y ~ M, ~ 10 GeV,
A

_ (H)?
one can get M, = f(A) =~ f 457, of order 0(0.1) eV for
f~1.

In an alternative fashion, neutrino mass can be generated
in a modified type-II seesaw if one introduces two scalar
triplets: A and & with M, ~ O(10°) TeV and M; ~ TeV <
M [39]." In this case imposition of additional B — L gauge
symmetry [41] allows for uATHH + fELL + y®3; AT¢
terms in the Lagrangian (with proper choice of gauge
charges for the scalars) where ®p; is the scalar field
responsible for B — L symmetry breaking at TeV scale. As
is clear from the Lagrangian terms, once the ®@g; acquires a
vev, it creates a small mixing between A and ¢ of the order

'See also Ref. [40] for a modified double type-II seesaw with
TeV scale scalar triplet.

QN“I;;;—5>Z:10‘6. Thus the coupling of & with Higgs

A
becomes extremely suppressed but £LL coupling can be

large. In this scenario, A being super heavy gets decoupled
from the low energy effective theory but £ can have mass
from several hundred GeV to a few TeV and having large
dilepton coupling can be probed at colliders through the
same sign dilepton signature [42—48].

In this paper, we implement such a modified type-II
seesaw in a gauged U(1)g_; symmetric model and study
the consequences for dark matter, neutrino mass and
collider signatures. We introduce three right chiral fermions
Xi, (i=e, p, ) with U(1)g_; charges —4,—4,+5 for
cancellation of nontrivial gauge and gravitational anoma-
lies. For the details of the anomaly cancellation ina B — L
model, please see Appendix A. Interestingly, the lightest
one among these three exotic fermions becomes a viable
candidate of DM, thanks to the remnant Z, symmetry after
U(1)g_ breaking, under which y; (i = e, u, 7) are odd
while all other particles are even.” Such an alternative
integral B — L charge assignment solution for the addi-
tional fermions to achieve anomaly cancellation was first
proposed in [51] and its phenomenology have been studied
in different contexts relating to fermionic DM and neutrino
mass in [52—56].3 In these earlier studies, the relic abun-
dance of DM is usually determined by the annihilation
cross section through the freeze-out mechanism, which
results in satisfying the correct relic density near the
resonances. Here we study the effect of both annihilation
and coannihilations among the dark sector particles in the
presence of additional scalar and its implication on the
viable parameter space consistent with all phenomenologi-
cal and experimental constraints.

The origin of neutrino mass and DM is hitherto not
known. Any connection between them is also not estab-
lished yet. However, it will really be interesting if neutrino
mass and the DM phenomenology have an interconnection
between them. In light of this, it is worth mentioning here
that the spontaneous breaking of U(1)g_; gauge symmetry
via the vev of ®@g; not only generates sub-eV masses of
light neutrinos, but also gives rise to coannihilations among
the dark sector fermions in this study.

The doubly charged scalar in this model offers novel
multi-lepton signatures with missing energy and jets which
has already been studied in the literature [42—48]. However,
as this doubly charged scalar possesses both SM gauge

*Right-handed neutrinos with B — L charge —1 can also serve
the purpose of B — L anomaly cancellation and be viable DM
candidate provided one introduces an additional ad hoc Z,
symmetry to guarantee their stability. For instance see [49,50].

In an earlier preliminary project [57], we had studied this
model with the same motivation. The present work is an extended
version with a detailed study of coannihilation effect and addi-
tional focus on collider signature of doubly charged scalars in a
gauged B — L scenarios.
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charges as well as B — L gauge charge in this scenario, we
study the effect of the B — L gauge boson on the production
probability of such a doubly charged scalar. In particular,
for a TeV scale doubly charged scalar, we show that the
production cross section can get enhanced significantly if
the presence of B — L gauge boson which has mass in a few
TeV range.

The rest of the paper is organized as follows. In Sec. II,
we describe the proposed model, the neutrino mass gen-
eration through a variant of type-Il seesaw, the scalar
masses and mixing. We then discuss how the particles
introduced for anomaly cancellation become viable DM
candidate and study the relic density in Sec. III. In Sec. IV,
we studied all the relevant constraints from direct, indirect
search of DM on our parameter space as well as scrutinized
it with respect to the constraint from colliders. We briefly
summarize the collider search strategies of the model in
Sec. V and finally conclude in Sec. VL

II. THE MODEL

The model under consideration is a very well motivated
BSM framework based on the gauged U(1)g_; symmetry
[58-63] in which we implement a modified type-II seesaw
to explain the sub-eV neutrino mass by introducing two
triplet scalars A and &. A is super heavy with M, ~
10° TeV and M; ~TeV < M, and the B — L charges of A
and ¢ are 0 and 2 respectively. As already discussed in the
previous section, the additional U(1)g_; gauge symmetry
introduces B — L anomalies in the theory. To cancel these
B — L anomalies we introduce three right chiral dark sector
fermions y; (i =e, pu, 7), where the B — L charges of
Xew X, and y are —4, —4, +5 respectively. Note that such
unconventional B — L charge assignment of the y; (i =
e,u,7) forbids their Yukawa couplings with the SM
particles. Also three singlet scalars: ®g;, Dy;, and D4
with B — L charges —1, +8, —10 are introduced. As a result
of which @, and ®; couple to y,, ,, and y,, respectively
through Yukawa terms and the vevs of @, and ®@; provides

TABLE 1.
Gsm=SU33)-®SU(2), @ U(1)y.

Majorana masses to these dark sector fermions. The vev of
®p;. provides a small mixing between A and £ which plays
a crucial role in generating sub-eV masses of neutrinos.
This vev (®g;) is also instrumental in controlling the
coannihilations among the dark sector particles and hence
is crucial for DM phenomenology too. As a consequence
this establishes an interesting correlation between the
neutrino mass and DM. The particle content and their
charge assignments are listed in Table 1.

The Lagrangian involving the BSM fields consistent
with the extended symmetry is given by:

E — ESM+BSM Scalar + EDM7 (1)
where

LSMJrBSMSCalar ») |DﬂH‘2 + |Dﬂq)3|2 + |D/4(DBL|2 + |D”q)]2|2
+Tr[(D,A)"(D*A)]+Tr[(D,£) (D))
— YLyl ;= VH(H.&,Dy)

—VH(A, Dy D) — VI, 2)

Here i, j runs over all three lepton generations. In the
above Lagrangian, V' is the scalar potential involving
scalars in sub-TeV mass range (H, &, ®;), V¥ stands for
scalar potential of the heavy fields (A, ®g;, D;,) and the
scalar potential which involves both sub-TeV and super
heavy fields is defined by V¥,

The covariant derivatives for these fields can be written as:

D,H = 0,H +igT*W4H + ig B,H
D,A =0,A+ig[T*W% A]+ig YB,A
D& =0,&+ig[T*W;,&] +ig YB,& +igp YL (ZpL),$
D”G = aﬂG + igBLYBL(ZBL);tG
where G = {®3, O, Py, }.

Charge assignment of BSM fields under the gauge group G=Ggy ® U(1)gz_,, where

BSM fields

SUB)c ®SU(2), @ U(1)y @ U(1)p.

Dark sector fermions

Heavy scalars

Light scalars

1 0 —4
1 0 5
3 2 0
1 0 —1
1 0 8
2 2
1 0 -10
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The Lagrangian of the dark sector can be written as:

LM = FoiV" Dl e + Zug i Dyl + Zeg i7" Dy
FY 1P (Wep) Hep + Y2 Pr2(Hup) X

+ Y 1P (Wep) Hup + Y13PoL (Xep ) Xy

+ Y3 @pr (1, ) Aoy + Y33P3 (10, )4, +Hec, (3)

where

D,y = 0,x + igsL.YpL(ZpL) -

The gauge coupling associated with U(1)g_; is gpy and
Zygy is the corresponding gauge boson. The scalar poten-
tials which are mentioned in the Lagrangian (2) can be
written as:

VE(H, & @3) = —puiHH + Ay (HTH)* + METr[EE] + 2 (Tr[&"E])? + AL Tr[(E7E)?] + Aey Tr[ETE|(HTH) + Xy (HTEETH)
- uéﬂ)gq% + ho, (D] @3)? + Ay, (H'H) (@ID3) + Aoy, (®ID3) Tr[E7E]. (4)

VH(A, @ @) = MATI[ATA] + A5 (Tr[ATA])? + L Tr[(ATA)?] — 3, @F; Ppy + Agy, (Pf; Pp)?
+ Aawy, Tr[ATA](@F; @p; ) — M<21>12(D11-z®12 + dap, (@),@12)2 + Aao,, TI[ATA] (@), D))
+ /1<I>BL(I>|2((I)]§L(I)BL)((I)12T(D12) + ;L:DBLID,Z(q)ELq)lz)((I)IZT(DBL)’ (5)

VU = Qg Tr[ATA|(HTH) + 2,y (HTAATH) + [up(HTic> ATH) + H.c|
+ Aoy, (H'H) (O @) + Ao, (HH) (P ®13) + day, o, (Phy Ppr) (5 P3)
+ Aoy, 0, (®F @3)(PPp1) + Aoy, (P12 P12) (@] D3) + Ao, 0, (@12 ®3) (@]P)5)
+ Ana, (ATA)(@]3) + Aq,, Tr[E E(Pf; Ppr) + Ao, THETE (@1 P15)
+ AneTr[ATA]Tr[E7E] + /I’A(ETr[ATf]Tr[éTA] + Ap®@3; Tr[ATE] + AQ(QEL)ZCI%(I)Q +H.c. (6)

Here it is worth mentioning that the mass squared terms of
A and & are chosen to be positive so they do not get any
spontaneous vev. Only the neutral components of H, ®,,
@g; , and @5 acquire nonzero vevs. However, after electro-
weak phase transition, A and ¢ acquire induced vevs.

For simplicity, we assume a certain mass hierarchy
among the scalars. The masses of H, ®; and & are of
similar order in sub-TeV range, while the masses of
®p;. and @, are in the several TeV scale. To make the
analysis simpler, we decouple the light scalar sector from
the heavy scalar sector by considering all quartic couplings
in the scalar potential V' to be negligible. It is worth
mentioning that this assumption does not affect our DM
phenomenology.

We parametrize the low energy neutral scalars as:

Ho_”H—'_hH—’_iGH £O_U§+h§+lG§
V2 ’ v2 oo
vy + h3 +iG
@y = 3 3Tl ®
V2

A. Neutrino mass

The relevant Feynman diagram of this modified type-II
seesaw which gives rise to light neutrino masses is shown
in Fig. 1. In this modified version of type-II seesaw, the
conventional heavy triplet scalar A cannot generate
Majorana masses for light neutrinos as the B — L quantum
number of A is zero. However this super heavy scalar A can
mix with the TeV scalar triplet £, once ®g;, acquires vev
and breaks the U(1)g_; symmetry spontaneously. By the
virtue of the trilinear term of A with SM Higgs doublet H, it
gets an induced vev after electroweak symmetry breaking
similar to the case of traditional type-II seesaw. The
induced vev acquired by A after EW phase transition is
given by

2
HAaVg (7)

A = v, ~— .

Since £ mixes with A after U(1)g_; breaking, it also
acquires an induced vev after EW symmetry breaking
which is given by

015001-4



TeV SCALE MODIFIED TYPE-II SEESAW MECHANISM AND ...

PHYS. REV. D 106, 015001 (2022)

*
 PBL .
L | H ,
1 /
| L7
I ’
| 7
+ «
A
£ | N
I \
I AN
I ~
| N
L o H .
6 BL
FIG. 1. Generation of neutrino mass through the modified

type-1I seesaw.

A
(&) = v, = 4M ®)

Assuming Apvg; ~ Mé,, we obtain v, = v, even if £ and A

have several orders of magnitude difference in their masses.
As we know that, in the Standard Model the custodial

2

symmetry ensures that the p parameter p = MZM is equal

to 1 at tree level. However, in the present scenario, because
of the presence of the triplet scalars, the form of the p
parameter gets modified and is given by:

where x = v /vy ~ v/ vy. According to the latest updates
of the electroweak observables fits, the p parameter is
constrained as p = 1.00038 £ 0.00020 [64]. This implies
that, corresponding to the constraints on the p parameter,
we get an upper bound on the vev of the triplet & of
order {1.650 —2.962} GeV.

After integrating out the heavy degrees of freedom in the
Feynman diagram given in Fig. 1, we get the Majorana
mass matrix of the light neutrinos to be

Apv%
Y‘f PYBL Vy. (10)

(Mu)ij = ij ij 4M2

As vy ~v: ~O(1) GeV, we can get sub-eV neutrino
masses by appropriately tuning the Yukawa couplings.
Here it is worth noticing that the mixing between the super
heavy triplet scalar A and the TeV scale scalar triplet £ gives
rise to the neutrino mass. Essentially this set-up can be
thought of in an effective manner. After the U(1)g_.
breaking, & develops an effective trilinear coupling with
the SM Higgs, ie., ﬂéfTHH where p; is given by
pe = pa(®@pr)?/M3%. And this effective coupling is similar
to the conventional type-II seesaw which leads to the
generation of neutrino mass in this scenario.

4203 + 202 14402 In Eq. (10), (M, );; is a complex 3 x 3 matrix and can be
p=— - > o 5 (9)  diagonalized by the PMNS matrix [65] for which the
vy + 4oy +4v: 1+ 8x ption i o .
H A ¢ standard parametrization is given by:
|
C12€13 S12€13 sz
U= | —sppc3— C12S23513615 C12€23 — 512323S13€i(s $23C13 Uph» (11)
S12823 — C12023S13€i(S —C12823 — 512023513f3i‘S €23C13

where ¢;; = cos 0;,
the CP-violating Majorana phases

s;; = sin#,; and 6 is the Dirac phase. Here U, is given by U ,, = Diag(1, e'@/? ¢i®/2) with a, , are

From Eq. (10), we can write the couplings Y as follows:

(M,);; _1

Yé =
Yooove v

[U.MS*.U7),;. (12)

Neutrino oscillation experiments involving solar, atmospheric, accelerator, and reactor neutrinos are sensitive to the mass-
squared differences and the mixing angles, and the value of these parameters in the 36 range used in the analysis [64] are as
follows.

Am2, =m3—m? € [6.79 —8.01] x 1075 eV?
sin20;, € [0.27.035],  sin6y, € [0.43,0.60],

|Am2,,| = |m} —m3| € [2.35,2.54] x 1073 eV?
sin2,5 € [0.019,0.024]. (13)
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Since the sign of Am3, is undetermined, distinct neutrino
mass hierarchies are possible. The case with Am3; > 0 is
referred to as normal hierarchy (NH) where m < m, <mj
and the case with Am3; < 0 is known as inverted hierarchy
(IH) where m3 < m; < m,. Information on the mass of the
lightest neutrino and the Majorana phases cannot be
obtained from neutrino oscillation experiments as the
oscillation probabilities are independent of these parame-
ters. Because of the general texture, the Yukawa couplings
in Eq. (12) can facilitate charged lepton flavor violating
(CLFV) decays and hence are constrained by the non-
observation of such LFV processes at various experiments
which we discuss in the Sec. II C.

B. Scalar masses and mixing

As already discussed in the Sec. II, the only significant
mixing relevant for low energy phenomenological aspects
is the mixing between H, ¢ and @5 since all other mixings

|

2/11.11)121]
1
Emass = 5 ( hH h§ ]’l3 ) T)H’Ué:(/lg[.[ + /KEH)
/1H<I>3 U3Vy
1 "
_ E ( hH h§ h3 )MCP Even h§
hy
1
_ 5 ( Hl H2 H3 )( OT MCP—Even
m%il 0 0
1
:E(Hl H, Hj) 0 m%IQ 0
0 0 m

are insignificant and can be neglected. In this section we
only consider the light scalar sector, VE-(H, &, ®3) which is
relevant for low energy phenomenology.

The minimization conditions for the scalar potential are
given by:

1
Hin =5 (e, 03 + 22007, + 03 (e + Agg) = 2V 2e)
I

M? =
£ 2

<—/1<§<I>3 v3 = v (Aer + Aepy)

\/2“51}%-1 2
+ T - 21)5(/15 + /1%))

1
#(21)3 - E (2/1(133 1}% + /11.1(1)3 U%[ + 15@3 U?) (14)

The neutral CP even scalar mass terms of the Lagrangian
can be expressed as:

VaVe(Aen + Azy) Ao, v3vn

2
HeVy

\/E@’g*

hy
h
hs

=+ 21)? (15 + /‘Lé) /15(1)3 U3 Uf

l};(p} U3 'Ué: 2}.(1)3 'U%

0)

(15)

3

Here O is the orthogonal matrix which diagonalises the CP-even scalar mass matrix. Thus the flavor eigenstates and the

mass eigenstates of these scalars are related by:

hy C12€13 C13512 S13 H,
hg = | —C12513%23 —C23812  C12C23 — 812513523  C€13923 H, |, (16)
h $12823 — €12€23813 —C12823 — 23512813 €133 H;

where we abbreviated cos f5;; = ¢;; and sinf3;; = s,

with {ij:12,13,23}.

Apart from these three CP even physical states, H,, H,, and H3 with masses my, = 125 GeV (SM like Higgs), my, and
my, respectively; the scalar sector has one massive CP odd scalar, A® of mass m 40, one massive singly charged scalar, H*

of mass my- and one massive doubly charged scalar, H** of mass m-+. The masses of CP odd and charged states are

given by:

015001-6
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o pe(v3 + 41}%)
A0 V20,

_ 2V2usv}y — Xy v ve — 200 4 4v/2p:v?

U(1)g_, gauge boson mass: The Zp; boson acquires mass
through the vevs of ®@g;, @,, @3 which are charged under
U(1)g_, and is given by:

2 L2 (02 2 2
4ve Mz, = gp(vgL + 640y, + 10003). (18)
/1/ UZ 2
HVH | HeV . . .
mi. = _57 ¢ H _ 0%, (17)  The quartic couplings of scalars are expressed in term of
\/ivé physical masses, vevs and mixing as:
|
2 (2 2 2 2 2 2
N — 013(012’”11] + mHZSIZ) + My S13
H — 2
2vy
2 0 2 2 2 2 2 2 2
2 c13813803(—clamy, — my, s, + my,) + ciac13¢23812(my, — mi,) dmy,. 2my,
¢H = 2 272 2
Vg vy +2v; vy +4v;
2 (2 (2 0 2 2 2 2 2 (2 0 2 2 2 2
P 533 (s13(ciamyy, + mi,s1y) + ciymy,) + c33(clamy, + my s1,) — 4my,. +2my..
& 2
20
2 2
n 2012023512513523(’"111 - mHZ)(mH] + mHz) 4my . _ 2my,
2 2 272 2
2v; vy +20; vy +4v;
2 2 2 2 2
Vo My — Mye — 2my,. 4my, 4my,.
¢ v2 v+ 402 v+ 202
4 H ¢ H 4
2 2
v 4myo dmy,.
¢ vy + 41)? v + 21}?
2
\/ionvf
He="3 2
vy + 4v;
2 2 2 2,2 2 2
2 my (C12C23813 = S12823)" + My, (C12523 + €23512513) + ci3¢53my,
®; = 2
203
2 2 2 2 2
P 013023313(—012’”11, —my, S, + mH3) + C12€13512323(”1H1 - mHz)(mH] + mHQ)
Hby =
’ U3V
2 2
F My, (12813823 + €23512) (12023513 — $12523) — mHZ(C12s23 + €23512513)(€12€23 = $12513523)
o =
(U V30
2 2
C13C23M, 523 |
—. (19)
’1]3’1]5

1. Constraints on scalar sector

As already discussed in Sec. I A, based on the meas-
urement of the p parameter p = 1.00038 £ 0.00020 [64],
the triplet £ vev v, can have an upper bound of order
{1.650 — 2.962} GeV. Also the mixing angle between the
SM Higgs and the triplet scalar is constrained from Higgs
decay measurement. As obtained by [66], this mixing angle
sin 31, is bounded above, in particular, sin #;, < 0.05 to be
consistent with experimental observation of H; —» WW*
[47,66]. There are similar bounds on singlet scalar mixing

|
with the SM Higgs boson. Such bounds come from both
theoretical and experimental constraints [67-69]. The
upper bound on singlet scalar-SM Higgs mixing angle
sin 13 comes form W boson mass correction [70] at NLO.
For 250 GeV < my, <850 GeV, sinf;3 is constrained to
be sin 3 < 0.2 — 0.3 where my, is the mass of the third
physical Higgs.

For our further discussion, we consider the following
benchmark points where all the above mentioned constraints
are satisfied as well as the quartic couplings mentioned in
Eq. (19) are within the unitarity and perturbativity limit.

015001-7



GHOSH, MAHAPATRA, NARENDRA, and SAHU PHYS. REV. D 106, 015001 (2022)

{my, = 331.779, my, = 366.784, myo = 331.779, my+ = 369.841, myee = 404.343
’l)f = 20951 (ln GCV), S = 003, S23 = S13 = 001} (20)

This parameter choice in Eq. (20) is for definiteness. It is Itriplet scalar H** and at one-loop level mediated by H**
not exhaustive. One can consider another set of parameters and H=.
in Eq. (20), without changing any of the consequences in The branching ratio for 4 — 3e process which can occur
the dark sector that we study here. at tree level is given by:

C. Charged lepton flavor violation
8 P Br(u — ev),  (21)

Vi P2
o . Br(u —3e) =~ >
Charged lepton flavor violating (CLFV) decay is a 4Gpmy ..
promising process to study from beyond standard model
(BSM) physics point of view. In the SM, such a process  here Br(u — eiv) ~ 100%.
occurs at one-loop level and is suppressed by the smallness Similarly, the branching ratio for 4 — ey which can take
of neutrino masses, much beyond the current experimental place at loop level is given by (with m . =~ my:+):

sensitivity. Therefore, any future observation of such LFV

decays like 4 — 3e or 4 — ey will definitely be a signature stvEy |2
f hysics beyond the SM. T del such CLFV 27a|(YT¥),,| ;
of new physics beyond the . In our model suc Br(u — ey) gﬁBr(ﬂ = ew). (22)
decays can occur at tree level mainly mediated via the 604Gy,
Normal Hierarchy ; Normal Hiel:archy .
0. HEETT e o« HEET T
100 my.: in GeV 1000 my:: in GeV 1000
ve=3eV ve = 2.951 GeV
10°F . . .. 10,
- baag s it 0
R R
) u T
10—]2 —48
% - % 10
/m m
sk 10
1078 L L 1 L 10754 1 1 L
10 10 10° 102 10 10° 10+ 10° 102 10!
m, in eV m, in eV
Inverted Hierarchy 10 Inverted Hierarchy
100 my:- in GeV 1000 ] 100 my: in GeV 1000
ve=3eV v = 2.951 GeV
10°} i
- 10—42
I;’\ ~~
A R
T T y
—45
% 107 % 10
m m
10741 ¥,
1012
. AT IR TOVRR . . L
10° 10 10° 102 10 10° 10 10° 102 10!
m; in eV m; in eV

FIG.2. Br(u — 3e) as a function of the lightest neutrino mass for both normal and inverted hierarchy. The color code shows the mass
of doubly charged scalar my==. The black dotted line shows the current bound from [72].
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Normal Hierarchy

10—8 3 T T T T
3
oo |10 muinGeV 1000
ve=3eV

Br(p-ey)

10—15 1 1 1
107 10°* 10°* 1072 10!

m, in eV

FIG. 3.

Normal Hierarchy

1()_44 g T T T T
T =

1o |10 mye: in GeV 1000
ve =2.951 GeV

107}
10—47

107

Br(p > e¥)

10%:

10|

10—51 1 I 1
107 10™* 10°* 107 10!

m, in eV

Br(u — ey) as a function of the lightest neutrino mass for normal hierarchy. The color code shows the mass of doubly charged

scalar my-++. The black dotted line shows the current bound from [73].

We have shown the Br(u — 3e) as a function of the lightest
neutrino mass for both normal and inverted hierarchy of
neutrino mass spectrum in the upper and lower panel of
Fig. 2 and Br(u — ey) has been shown in Fig. 3 for only
normal hierarchy as Br(u — ey) is not so sensitive to the
neutrino mass spectrum as pointed out in [43,71]. The left
and right panel figures of Figs. 2 and 3 are for v; = 3 eV
and v = 2.951 GeV respectively. Clearly for v, in the eV
scale, the constraints from the CLFV can rule out higher
values of Yukawa couplings and light my--. However if v,
is in the GeV scale, which is the case for our analysis, (such
that H** dominantly decays to W* W= details of which are
given in Appendix B) which is crucial for the collider study
of H™* in our model discussed in Sec. V, the Br(u — 3e)
and Br(u — ey) are far below the present and future
sensitivity of these experiments and hence these bounds
do not affect our parameter space.

III. DARK MATTER

The U(1)y_; gauge symmetry gets spontaneously bro-
ken down by the vev of ®,, ®g; and @5 to a remnant 2,
symmetry under which the dark sector fermions: y; (i = e,
u, 7) are assumed to be odd, while all other particles
transforms trivially. As a result, the lightest among these
fermions becomes a viable candidate of DM and can give
rise to the observed relic density by thermal freeze-out
mechanism.

A. The dark sector fermions and their interactions

From Eq. (2), the mass matrix for y;, (i = e, u, 7) in the
effective theory can be written as:

Xep
m 1
_[’)( o= E( (Zek)c (Zﬂk)c ()(TR)C )M Xug |> (23)
X
where
| Yo Yipvp Yi30pL
M :ﬁ Yiovp Ypvp Yy30pL
Yi30pL YyvpL Y3305
M M’
:<[ ol | ]>' o)
M My

Here M,, M', M5 are

Mo — 1 <Y11012 Y127J12) M — 1 <Y13UBL>
12 — = = ) — T = )
V2\ Yo Yynup V2 \ YasvpL
1
M3:E(Y3303)-

To capture the coannihilation effect in the dark sectorin a
simplest way, we assume
Yll = Y22, Y13 = Y23 and Y12 < 1. (25)
With this assumption two of the dark sector fermions y, and
X, become almost degenerate and their mixing with the DM
. will be defined by a single mixing angle. Moreover, the
mass splitting between the DM and NLSP (next to lightest
stable particle) will be unique as we discuss below.
However, relaxation of this assumption (25) will lead to
two mass splittings and three mixing angles in the dark
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sector, which make our analysis unnecessarily complicated
without implying any new features. So without loss of
generality we assert to Eq. (25) in the following analysis.

Using Eq. (25), the above Majorana fermion mass matrix
M can be exactly diagonalized by an orthogonal rotation
R = R13<9).R23(923 = O).R12<912 = %) which is essen-
tially characterized by only one parameter 8 [74]. So we
diagonalized the mass matrix M as R M.RT = Mbpiag-»
where the R is given by:

% cos @ % cos@ sind
i i
R=| -% - o |. ()
—%sinﬁ —\/%sine cos @

The rotation parameter € required for the diagonalization
is given by:

2\/§Y13UBL

tan 20 = .
(Y11 +Y)vin = Yas0;

(27)

Thus the physical states of the dark sector are
_ XigtUig)*
Xi=""p5
the following linear combinations:

and are related to the flavor eigenstates by

1 1 .
X1, = —=c0sby,, +—=cosby,, +sinby,

V2 V2
1 1
X2, = _ﬁ)(e,g +ﬁlﬂk

1 1
sinfy,, ——=sinby, +cosby,,.

X3g = _E \/5 (28)

And the corresponding mass eigenvalues are given by:

(29)

-
My =—= | (Y1 +Yp)vin + Y3305 + \/((Yll + Yi2)via — Ya303) + 8(Y13”BL)2:|
2V2 |
My = (v, = 7p)
=— - v
2= 5 =T
-
M; = NG (Y11 +Yi2)v1n + Ya303 — \/((Yll + Yip)via — Y3303)% + S(YISUBL)2:|'

Here it is worthy to mention that in the limit of Y3 — 0,
ie., 8 — 0, we get the mass eigenvalues of the DM particles

as M1.2 = %(Yll + Y12)U12 and M3 = %Y:{;’l@ and the

corresponding mass eigenstates are y;,,, = \/LE Wup £Xep)
and y3, = y.,. If we assume that the off diagonal Yukawa
couplings: i.e., Y5, Y3 < 1, then y and y, become almost
degenerate (i.e., M| ~ M,).

We assume y5 to be the lightest state which represents the
DM candidate, while y; and y, are NLSPs which are almost
degenerate. Using the relation R.M.RT = Mp,,., one
can express the following relevant parameters in terms of
the physical masses M, M5 and the mixing angle sin @ as

2
vy = Y£ (M sin® @ + M5 cos® )
33

V2
=—M 20 + My sin? 0
Vin Y33+Y12< 1 cos” @ + M5 sin® )
AM sin 260
Y13:27, (30)
UBL

|
where AM is the mass splitting between the DM and

NLSPs, ie., AM = M, — M;.
The gauge coupling gg; can be expressed as
MZBL
9BL = 5 > >
V (V3 + 6402, + 10002)

(31)

The flavor eigenstates can be expressed in terms of the
physical eigenstates as follows:

1 1 |

Xep = %COS 1, —7§sz —ﬁsmemk
1 1.

)(I"R = ECOS HZIR +7§XZR - ﬁsm 0){3R

Xz, = SinOy, +cosbys,. (32)

1. DM interactions

The Yukawa and gauge interactions of DM relevant for
the calculation of relic density can be written in the physical
eigenstates as follows:
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‘cYuk. = Y33h3()(1R)C)(1R

= Y33[(512523 — C1pe3813)Hy = (C12823 + C23812813)Hy + (013023)H3]()(7R)C)(1R

= Y33[(312523 - 012023S13)H1 - (012323 + 023512313)H2 + (013C23)H3]

x [sin® O(x1,) 21, + €08 O(x3,) 13, + sinOcos O((x1,)x3, + (x3,)x1,)] (33)

and

Lz, = gaL[(4cos? 0+ 5sin® Oz v'x1, + 472,722,
+ (4sin? @ + 5 cos? 9)}@7”)(%
+cos Osin 007, v 3, + 203,701, (ZeL) - (34)

Note that there is no coannihilation of y3; with y,. The
dominant annihilation and coannihilation channels for DM
are shown in Figs. 4-7.

B. Relic abundance of DM

The DM phenomenology is mainly governed by the
following independent parameters:

X3 f(=tq) X3 f(=4tv.q)
> Hipg < >£E\L/\<
7 X3, X1 i

X35 X1

FIG. 4. Feynman diagrams for DM annihilation and coannihi-
lations: ysys; — ff.

X3 .
B

H;
X3:X1 H; X3:X1

X3 o Hi/ A°JH**/H*

/A HJH

FIG. 5. Feynman diagrams for DM annihilation and coannihi-
lations: y3y3, — H;H;,A’A° H"H=,H""H™~ (i, j,k = 1,2,3).

X3,X1 ZpL X3,X1 Zg1,

FIG. 6. Feynman diagrams for DM annihilation and coannihi-
lation: X3X31 — HiZBL (l = 1, 2, 3)

[
{M3 = Mpy, AM = (M, — M3)
2(M2—M3),Sing, Y33’MZBL}' (35)

while the other independent parameters that are kept fixed
are: vg, = 10 TeV, Y, = 107°, and the dependent param-
eters are ggy, U3, V12 and Y3 as mentioned in Egs. (30) and
(31). Depending on the relative magnitudes of these
parameters, DM relic can be generated dominantly by
annihilation or coannihilation or a combination of both.
The variation of the effective couplings, involved in the
annihilation and coannihilation processes of DM as given
in Egs. (33) and (34), with the dark fermions mixing angle
sin @, which plays a crucial role in DM phenomenology,
can be visualized as shown in Fig. 8. Clearly in the limit
sin@ — 0, the Yukawa coupling involved DM annihilation
processes (x Y33 cos” @) dominate, whereas for sin@ — 1,
the Yukawa coupling involved coannihilation processes
(x Y35 sin% @, Y43 sin @ cos @) dominate and play a crucial
role in determining the correct relic density. The gauge
coupling involved annihilation and coannihilation proc-
esses are almost comparable irrespective of the values
of siné6.

The relic density of DM in this scenario can be
estimated by solving the Boltzmann equation in the
following form:

dn

T +3Hn = —(o0)(n* — nz,). (36)
where n denotes the relic of dark sector fermions,
ie, n=n, +n,+n, and n,, =gMpyT/2n)*>
exp(—Mpyn/T) is equilibrium distribution. Here g = g; +
g» + g3 where g3, g;, ¢, are the internal degrees of
freedom of ys, y;, and y, respectively. The DM freezes
out giving us the thermal relic depending on (o), which
takes into account all number changing process listed in
Figs. 4-7. This can be written as:

X3 ZpL/Z/W | ZpL

X3:X1 ZpL/Z/ W [A°

FIG. 7. Feynman diagrams for DM annihilation and coannihi-
lation: X3X31 ™ ZBLZBL; ZZ, WTW~ and ZBLAO.
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1

Y33 = 1
0.8

4.8

> Yagsi.llze ..' 4.6 |
06 | o Yicos’0 * gau (4c0s70+5sin’)
o Yas3sin0 cosO gs (4sin’0+5c05%0)
44} 4
041 .
4.2+
0.2 [ c... o.—
*... 4
0 1 i i L L L I 1 L
)} 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
sin 0 sin0

FIG. 8. Left: the effective couplings in Yukawa interactions given in Eq. (33). Right: the effective couplings in gauge interactions given

in Eq. (34).

2

g 29391 AM
(o0t = -, + 250 o), (1457
€ €

2 3
95 AM AM

+ 5 (ov),,.,. (1 + ) exp (—Zx :
ggff o Mpym Mpm

Here g is the effective degrees of freedom which can be
expressed as,

=gz + 1+AM
Geff = 93 T 01 M

AM 3 AM
+ o (l + ) exp <—x > (38)
Mpy Mpym
and the dimensionless parameter x 1is defined as
x =g =,

Equation (37) can be written in a precise form for
convenience in discussion as:

2
g
(60) ot :973@1)))(% +(ov),.,, f(AM, Mpy)
eff
+ GU> hl(AMvMDM)+<Gv>;{2)(2h2(AM7MDM)7
(39)

X1X1

where f,h;, and h, are the factors multiplied to the
coannihilation cross sections which are functions of AM
and M DM-

The relic density of the DM (y3) then can be given by
[75-77]:

o n— 1.09 x 10° GeV~! 1
J(xp)’

40
“ QL/ZM Pl 40

AM : AM 3 AM
) + % (6v), ., (1 + ) exp (—Zx )
oM/ Yerr Mpym Mpym
(37)
|
where g, = 106.7 and J(x,) is given by
© (00) gt
J(x)) = L U . 41)

Here Xp = MT—? and Tf denotes the freeze-out temperature

of the DM y;. We may note here that for correct
relic x; ~25.

It is worth mentioning here that we used the package
MicrOmegas [78] for computing annihilation cross section
and relic density, after generating the model files using
LanHEP [79].

C. Parameter space scan

To understand the DM relic density and the specific role
of the model parameters in giving rise to the observed relic
density, we performed several analyses and scan for
allowed parameter space. As discussed in Sec. Il A, the
important relevant parameters controlling the relic abun-
dance of DM are: the mass of DM (Mpy), mass splitting
(AM) between the DM (y3) and the next to lightest stable
particle (y, and y| as M| ~ M,), and the mixing angle sin 0.
Apart from these three, another crucial parameter that has a
noteworthy effect on DM relic, as well as other phenom-
enological aspects, is the Yukawa coupling Y3;. We also
keep the B —L gauge boson mass (M, ) as a free
parameter. The dependent parameters have already been
mentioned in Eqgs. (30) and (31). The other parameters that
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FIG. 9. Variation of relic density as a function of DM mass. Other parameters are kept fixed as mentioned inset of each figure.

are kept fixed judiciously during the analysis are vp; =
10 TeV and Y, = 107%. The masses and mixing of
Higgses are fixed as per Eq. (20). We show the variation
of relic density of DM y3 in Fig. 9 as a function of its mass
My, for different choices of AM: 1-10 GeV, 20-50 GeV
and 100-200 GeV shown by different colored points as
mentioned in the inset of the figure. The dips in the relic
density plots are essentially due to resonances correspond-
ing to SM-Higgs, second Higgs and Zp; gauge bosons
respectively. In the top-left and top-right panel, Y33 is
varied in a range 0.1 < Y33 < 0.2 whereas in the bottom-
left and bottom-right panel it is varied in an interval
0.9 < Y33 <1. Clearly as Y33 increases, the effective
annihilation cross section increases which decreases the
relic density.

We can also analyze the effect of mixing angle sin @ and
mass splitting (AM) from the results in Fig. 9. As already
mentioned, the parameter which decides the contribution
of coannihilations of DM to the relic density is sin @ which
can be understood by looking at Egs. (33) and (34). If sin @
is small then the contribution from annihilation of DM
will dominate overall coannihilation effects but for larger
sin @, coannihilation contributions will be more as com-
pared to the annihilations. The value of sin@ predomi-
nantly decides the relative contribution of annihilation and
coannihilations of DM for the calculation of relic density.

However the mass-splitting also plays a crucial role in
the effect of annihilations and coannihilations of
DM. With increase in mass-splitting, the contribution
from coannihilation processes gradually debilitates and
becomes less effective. This is evident from Tables II, III,
and IV.

In the top and bottom right panel of Fig. 9, sin@ is
randomly varied in a range 0.85 <sin€ < 0.98 for two
different ranges of Y33. For such a large sind, DM
annihilates very weakly, so the coannihilations essentially
decides the effective annihilation cross section and hence
the relic density. This means in Eq. (37), the first term is
negligible as compared to the other terms. In such a case, as
AM increases, these coannihilations become less and less
effective thus decreasing the effective annihilation cross
section hence increasing the relic density. This trend is
clearly observed in the right panel plots of Fig. 9. The effect
of mass splitting in such a case can also be understood by
looking at the right panel of Fig. 10 where the multiplying
functions (mentioned as f(AM) and h(AM)) in the
coannihilation terms of the effective annihilation cross
section in Eq. (39), are plotted as a function of mass-
splitting AM. As AM increases, these factors decreases
drastically consequently decreasing the overall effective
annihilation cross section and hence increasing the relic
density of DM.
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TABLE II. Dominant annihilation and coannihilation channels for sin@ = 0.1.

M DM in GeV

Dominant number changing processes

AM =1

AM =10

AM = 100

30

100

300

1000

X3xX3 = ff(_76)%
X12/412 = ff(lZ)%
2303 = WHW=(51%)
13Xz = ZZ(19%)
x3x3 = [f(13%)
xaxs = Hi3H3(19%)
x3x3 = [(39%)
X2 = [f(20%)
X1X1 — ff(lZ%)
23X = ZgLH3(49%)
X2x2 = ZgLH3(23%)
xix1 = ZpLH3(22%)

X33 = ff(lOO)%

X3xs = WHW™(58%)
XXz = ZZ(22%)

X3X3 = fJ_C(ZO%)
133 = Hy3H3(28%)

xxs = f1(60%)

1313 = ZpLH3(75%)
X2x2 = Zp L H3(10%)
11 = ZpLH3(9%)

X303 = ff(lOO)%

x3xs = WHW=(58%)
X3 = ZZ(22%)

xax3 = f(20%)
x3x3 = Hy3H5(31%)

xax3 = ff(64%)

133 = ZpLH3(94%)
x3x3 = H3H3(5%)

TABLE IIL

Dominant annihilation and coannihilation channels for sin@ = 0.7.

M DM in GeV

Dominant number changing processes

AM =1

AM =10

AM = 100

30

100

300

XiX3 =~ fZ(71%)
Xoxa = ff(21%)

X1X3 = ff(23%)a
X33 — W+W_(17%)
xus = WHW=(22%),

X3X3 = ZZ(6%)

XX = ZZ(9%),
xin = WHWw=(8%)

x = [f(57%),
xixs = Hy3H3(9%)

o2 = [f(21%),

X3xX3 = fZ(57%)
xixs = f(30%)

X202 = ff(6%)
x3x3 = WHW~(54%)

xx3 = ZZ(20%)
Xz = WW=(9%)

X1X3 f]_C(54%)

xox2 = ff(22%)
x3x3 — Hy3H3(12%)

X3X3 = ff(lOO%)

2303 = WW=(71%)
X33 = ZZ(27%)

Xx3x3 — Hy3H3(64%)
x1x3 — H3H3(20%)

X3X3 = ff(S%)

x3x3 — Hy3H3(5%)
xix — Hy3H3(5%)
1000 x1x3 = ZgLH3(68%)
XoX2 = ZBLH3(28%)

213 = Hy3H3(10%)

X1X3 —~ ZpLH3 (67%)
X2 =~ ZpL H3 (27%)

X1X3 = ZBLH3(36%)
13x3 = ZpLH3(31%)
X222 = ZpiLH3(14%)
x3x3 — H3H3(16%)

However, if we consider the case of smaller sinf as
considered for the left panel plots of Fig. 9 (e,
0.1 <sinf <0.2), here DM annihilation is the most
effective and hence dominantly decides the relic density
and except the first term in Eq. (37), other terms are
negligible. In this case, with increase in mass splitting, the
effective thermal averaged cross section increases and relic
density decreases. This is due to the fact that, when AM
increases, the effective degrees of freedom g, decreases,
which is shown in the left panel plot of Fig. 10 for a
benchmark value of Mpy,. This, in turn, increases the
(ov)e and hence results in decrease in the DM relic
abundance.

The dominant number changing processes that can lead
to the correct relic density for different DM mass is
presented in Tables I, III, and IV for three different values
of siné, i.e., sin@ = 0.1,0.7 & 0.9 with dark fermion mass
splitting AM = 1,10 & 100 GeV and M, = 1000 GeV.
If DM mass is smaller than My, it dominantly annihilates
to SM fermions through both Higgs and Zp; exchange. As
soon as kinematically allowed, DM then annihilates to
W*+W~ and ZZ dominantly. Gradually with the increase in
DM mass, other channels involving additional scalars also
open up. Once the DM mass is beyond the Zg; threshold, it
then dominantly annihilates to Zg; and H;. We can see
from the Table I, that for sin @ = 0.1, the dominant number
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TABLE IV. Dominant annihilation and coannihilation channels for sind = 0.9.

Dominant number changing processes

Mpy in GeV AM =1 AM =10 AM =100
30 X1X3 *fj_i(37%), X3X3 —’f]:v(74%) x3xs = fF(98%)
xox2 = [f(37%) X2 = [£(23%)
X3X3 —’ff(13%) _ -
100 s — fF(12%) X2 — ff(23%) x3xs — ff(58%)

xu = WHW=(25%)
xus = WHW(15%)
X3 = ZZ(6%)
Ko = f(9%)
X33 = WIW~=(3%)
300 XX3 = ff(36%)
X1 = Hl,_3H3(6%)
X2 = ff(24%),
xun = ff(10%)
o = Hy3H3(11%)
X103 = ZLH3(41%)
X2X2 = ZBLH3(29%)
x3x3 = ZgLH3(11%)
X = ZgLH3(16%)

1000

x3x3 = WHW=(30%)
X33 = ZZ(11%)

1313 = [ (23%)

xix — [f(6%)
x3xs = WHW(13%)
x3x3 = ZZ(5%)
xixs = WW=(9%)
XX = ff(26%)
Joxr = ff(36%)

X3X3 = fJ_C(M%)
X1X3 = H1,3H3(10%)

x3x3 = Hy3H5(6%)
X3 — H3H3(5%)

X33 = ff(78%)

x1x3 = ZpLH3(34%)
XoX2 = ZBLH3(35%)
133 = ZgLH3(20%)
11 = ZgLH3(9%)

X1X3 = ZBLH3(4%)
3% = ZpLH3(70%)
X202 = ZpLH3(25%)

changing processes are mostly the annihilation processes
irrespective of the DM mass and mass splitting, however
for sin@ = 0.9 (Table IV), it is mostly the coannihilation
processes that dominantly determine the relic. It is also
worth noticing from these tables that the coannihilations are
most effective when AM is smaller and with increase in
AM, this effect gradually decreases.

To make the analysis more robust, in the left
panel of Fig. 11, the correct relic density allowed parameter
space has been shown in the plane of Y33 vs My, for wide

6L .
e, My, = 500 GeV

5F *\x x=25 1
*R

4 L _

=)
3 [ o
2 L
1 10 100 400

A M in GeV

range of mixing angle {sinf=0.1-0.3,0.3-0.5,
0.5-0.7,0.7 = 0.98}, indicated by different colors. To
carry out this scan of parameter space, AM is varied
randomly within 1 to 1000 GeV.

To establish the evidence of coannihilations in generat-
ing the correct relic density in this scenario, one has to
compare the left and right panels of Fig. 11. In the right-
panel of Fig. 11, we show the parameter space satisfying
relic density constraint in the plane of Y33 vs Mpy,
considering only the annihilation processes of the DM

107 ¢

107 -

10—9 L

(Z
FIG. 10. Left: variation of g with AM, Right: variation of f(AM) :2;"—‘“(1 AM )3 exp(—x3z) and hy 5(AM) =721 4+

13—%.)3 exp(—2x}§—l})"h’4) with AM.

eff
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Left: relic density allowed parameter space in Mpy — Y33 plane for different intervals of sin @ where both annihilations and

coannihilations of DM are incorporated. Right: relic density allowed parameters space in Mpy — Y33 plane for different sin @ values,

where only annihilation of DM is considered in different limits.

for three limiting cases: (i) small sin@ limit, (ii)) Higgs
decoupling limit and (iii) large sin @ limit.
(i) Case-I: Small sin @ limit (sin @ — 0)

In this case the correct relic density is obtained by
setting sin@ = 0.1 as shown by the Cyan colored
points in the right panel of Fig. 11. We see that apart
from the resonances, the DM relic density can be
satisfied for a wide range of DM mass with varying
Y3;5. This is essentially due to the presence of
additional Higgses and Zg; in the theory. The
annihilation of y3y; — H;H;, H;Zg; can give rise
to correct relic density beyond the resonances. As
the DM mass increases, the relic density decreases
which can be brought to the correct ballpark by
increasing the Yukawa coupling Y353. This is exactly
depicted by the cyan colored points in Fig. 11.

(i) Case-II: Higgs decoupling limit (my, — oo)

In this case the correct relic density is obtained by
setting the masses of additional Higgses to a high
scale. This is shown by the red colored points in the
right panel of Fig. 11. Except the Higgs masses, all
other parameters are kept same as in case-I. In this
case the dominant channels are y;y; — SMSM
mediated by SM Higgs H; and Zp;. We see that
the relic is satisfied only in the resonance regions.
This clearly demonstrates that in the small sin 8 limit
(case-I) the additional Higgses only, allowing the
DM mass beyond the resonance regime.

(iii) Case-III: Large sin@ limit (sin@ — 1)

In this case the correct relic density is obtained by
setting sin & = 0.98, while keeping all other param-
eters same as in case-I. We see from the right panel
of Fig. 11 that the correct relic density is obtained
only at the resonances as shown by the blue points.
This is because in the limit: sin@ — 1, the effective
Yukawa coupling for annihilation goes to zero as
shown in the left panel of Fig. 8. As a result the

annihilation cross sections mentioned in case-I, i.e.,
x33s— HH; ,H"H  H""H = H;Zg  become
small, leading to an overabundance of y; outside
the resonances. On the other hand, near resonances
the cross section increases, even if the annihilation
coupling is small, and hence we get correct relic
of X3-

Remember that in the limit sin & — 1, the coannihilation
dominates over annihilation. See for instance, in the small
AM limit the processes: yiz; = ff, W W=, H;H, HyZg,
as given Table IV. Now if we incorporate all the number
changing processes, annihilations as well as coannihila-
tions, as done in the left panel Fig. 11, we see that the
parameter space for correct relic density is significantly
enhanced. We get correct relic density of y3; beyond the
resonance regions. This confirms that for sin@ — 1, the
coannihilation dominates. Thus from this analysis, we can
infer that the coannihilations of the dark sector particles, do
play a significant role in satisfying the correct relic density
of the DM.

We also show the correct relic density satisfying points in
the plane of AM and Mpy in Fig. 12, in the large sin @
range (sin@ € [0.7,0.98]), where the coannihilation proc-
esses dominate over the annihilation processes. As pre-
viously discussed, the coannihilation contributions are
significant if the mass-splitting AM is not very large.
For example, in the range AM = 1-20 GeV and DM mass
in the range 1-1000 GeV, the coannihilation processes give
rise a large cross section on top of annihilation and thereby
creating an under abundant region. However, as AM
increases, the coannihilation cross sections decreases. As
aresult, we get a correct relic density for DM mass varying
in the range 1-1000 GeV. As we go from left to right,
AM gradually decreases for a particular sin @ to maintain
the correct relic density. For DM mass beyond 1000 GeV,
the annihilation cross sections decrease significantly.
Therefore, we need a large coannihilation cross section
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FIG. 12. Correct relic density satisfying points in the plane of
AM and Mpy, for larger values of siné.

to give rise the relic density in right ballpark. This can
be achieved by requiring a small AM, typically
AM < 10 GeV. We also see from Fig. 12 that, as we
move from left to right while keeping AM fixed (preferably
at AM > 50 GeV), large sin 6 favors a relatively small DM
mass while small sin € prefers a large DM mass. This can be
understood as follows. When sin @ is large, cos @ is small,
which indicate less annihilation. Therefore, we need to
increase the cross section by choosing a relatively smaller
DM mass to bring the relic density into the observed limit.
On the other hand, when sin @ is small, cos @ is large, which
indicate larger annihilations and hence less relic. Therefore,
the DM mass has to be increased in comparison to large
sin @ limit to bring the relic density into the correct ballpark.

IV. DETECTION PROSPECTS OF DM

A. Direct detection

There are various attempts to detect DM. One such major
experimental procedure is the Direct detection of the DM at
terrestrial laboratories through elastic scattering of the DM
off nuclei. Several experiments put strict bounds on the
dark matter nucleon cross section like LUX [9], PandaX-II
[10,11], and XENON-IT [12,13]. In this model, the DM-
nucleon scattering is possible via Higgs-mediated inter-
action represented by the Feynman diagram shown in
Fig. 13. Here, it is worth mentioning that the DM being
a Majorana fermion has only the off-diagonal (axial vector)
couplings with the Zg; boson and therefore do not
contribute to spin independent direct search.

The cross section per nucleon for the spin-independent
(SI) DM-nucleon interaction is given by:

1
_ 2

2 (42)

where A is the mass number of the target nucleus, yu, is the
reduced mass of the DM-nucleon system and M is the

X3 X3

1
1
1
1
1
Hyi,2,3
1
1
1
1
1

FIG. 13. Higgs-mediated DM-nucleon scattering.

amplitude for the DM-nucleon interaction, which can be
written as:

M =[2f, +(A=2Z)f,]. (43)

where f, and f, denote effective interaction strengths of
DM with proton and neutron of the target used with A being
mass number and Z is atomic number. The effective
interaction strength can then further be decomposed in
terms of interaction with partons as:

: n My, 2 ;
po= D SRS I DL dpn ()
q

g=u.d.s o=crp Mo
with
1 2 My (512823 — 0126’23S13)2
a, = —Y33c08"0— 5
Vg | mHl
r 2
Mg |(C128523 + €23512513
al = —Y33co8” 60— ( 5 )
Vg | mH2
r 2
Mg |(C13C23
ag = —Y33 C0S29—q % (45)
Uy | My,

coming from DM interaction with SM via Higgs
portal coupling. In Eq. (44), the different coupling
strengths between DM and light quarks are given in
Refs. [1,80] as f%,=0.020+0.004, f%,=0.026 +0.005,
r,=0.014+£0.062, %, =0.020 =+ 0.004, /%, = 0.036+
0.005, f%, = 0.118 £ 0.062. The coupling of DM with
the gluons in target nuclei is parametrized by:

w=1- Y

q=u,d,s

In the context of DM direct search, the model parameters
that enter the DM-nucleon direct search cross section, are
the Higgs-DM Yukawa coupling (Y33) and the mixing
angle (sin 8), which can be constrained by requiring that og;
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FIG. 14. Spin-independent direct detection cross section of DM
with nucleon as a function of DM mass (in GeV) confronted with
XENONIT data over and above relic density constraint from
PLANCK.

is less than the current DM-nucleon cross sections dictated
by nonobservation of DM in current direct search data. In
Fig. 14, we show the DM-nucleon cross section mediated
by scalars in comparison to the latest XENONI1T bound. In
Fig. 14, we confronted the points satisfying relic density
with the spin-independent DM-nucleon elastic scattering
cross section obtained for the model as a function of DM
mass. The XENONIT bound is shown by dashed black
line. Thus the region below this line satisfy both relic
density as well as direct detection constraint. We can see
that, though for DM mass at the resonance regions, sinf
values 0.1-0.98 can satisfy the direct detection constraint
but for DM masses other than at the resonances, only larger
sinf values (0.7 <sinf <0.98) are favored which is
indicated by the orange points. As we have already
discussed that in the larger sin @ regime, the relic density
is governed predominantly through the coannihilations of
DM, so this result interestingly implies that the coannihi-
lation effect essentially enhances the parameter space that
satisfies the direct search constraints other than the reso-
nance regions.

B. Indirect detection

Apart from direct detection experiments, DM can also be
probed at different indirect detection experiments which
essentially search for SM particles produced through DM
annihilations. Among these final states, photon and neu-
trinos, being neutral and stable can reach the indirect
detection experiments without getting affected much by
the intermediate medium between the source and the
detector. For DM in the WIMP paradigm, these photons
lie in the gamma ray regime and hence can be measured
at space-based telescopes like the Fermi Large Area
Telescope (FermiLAT) or ground-based telescopes
like MAGIC. Measuring the gamma ray flux and using
the standard astrophysical inputs, one can constrain the
DM annihilation into different final states like

0.1166< Qh?< 0.1206 + DD (XENON 1T)

107 [MAGIC+FERMILAT ~ _ m e = === ———— i
________________ oW
w0l T w |
- .
-12 |
E 10712+ :
X 10715
3
107"
1<AM <1000 GeV
0.10 < sin6 <0.98 Il DMDM - W*wW~
1072 Mz, = 3000GeV W DMDMo it |4
500 1000 1500 2000
MDM[GeV]
FIG. 15. (ov),,,—w+w- and (ov) ., .+, are shown as a

function of Mpy. Only the points satisfying both relic and
DD constraints are shown. Other parameters are kept fixed as
mentioned in the inset of the figure.

urp~, v 7=, WrW~, bb. Since DM cannot couple to pho-
tons directly, gamma rays can be produced from such
charged final states. Using the bounds on DM annihilation
to these final states from the indirect detection bounds
arising from the global analysis of the Fermi-LAT and
MAGIC observations of dSphs [14,15], we check for the
constraints on our DM parameters.

Since there are multiple annihilation channels to differ-
ent final states, the Fermi-LAT constraints on individual
final states are weak for most of the cases. In Fig. 15, we
show the points satisfying both relic constraint and direct
search constraint confronted with the constraints from
indirect detection from MAGIC + FermiLAT for annihi-
lation of DM to WTW~ and u*u~ which are the most
stringent as compared to DM annihilation to other chan-
nels. In this model DM annihilation to W*W~ can occur
through scalar mediation as shown in right panel of Fig. 7
and DM annihilation to gt~ can occur through scalar as
well as gauge boson mediation as shown in Fig. 4. The
combined bound from MAGIC and FermiLLAT are shown
by the dashed lines. The points below these lines are
allowed by relic, direct and indirect search constraints.

C. Collider constraints on gg;, -M,

Apart from constraints from relic density and direct,
indirect search of DM, there exists stringent experimental
constraints on the B — L gauge sector from colliders like
ATLAS, CMS and LEP-II. There exists a lower bound on
the ratio of new gauge boson mass to the new gauge
coupling M, /g >7 TeV from LEP-II data [81,82].
However the bounds from the current LHC experiments
have already surpassed the LEP II limits. In particular,
search for high mass dilepton resonances at ATLAS [83]
and CMS [84] have put strict bounds on such additional
gauge sector. In order to translate these constraints to our
setup, we followed the strategy as mentioned in [85] where
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the upper limit on the gauge coupling gp; for a particular
mass of gauge boson M can be derived as:

OEx

UL __ P

9Bl =/ (46)
BL UTh/ g"zrh

where og,,, is the upper limit on the production cross
section of pp —» Zg; + X = £7¢~ + X(¢ = e, pu) and o1y,
is the cross section one obtains in their respective model for
the same channel with corresponding gauge coupling g3, .
We found that the constraint from ATLAS is more stringent
than that from CMS, so we use the ATLAS (y/s = 13 TeV
and £ = 139 fb~!) constraint to scrutinize the parameter
space throughout our analysis. Here it is worth mentioning
that, because of the additional decay channels of Zg; in our
model as compared to the conventional B — L scenario, the
derived constraints on gg; — M, is relatively weaker as
the branching fraction Br(Zg; — £7¢7) is relatively
smaller.

In Fig. 16, we show a parameter scan in the plane of gg
vs Mpy to scrutinize our parameter space with respect to
the constraints from ATLAS and LEP-II. The bounds on
gpr for a fixed My, from both LEP-II and ATLAS are
shown by dotted black lines for M, = 3 TeV. It is clear
that the constraint from LEP-II is much weaker than the
constraints from ATLAS. Only those points which lie
below this black dotted line is allowed from all the relevant
constraints (i.e., Relic 4+ Direct Detection + Indirect
Detection + ATLAS). The different colored points depict
different Y35 values. Here it is worth mentioning that for
smaller values of M, around 1 TeV, the constraint from
ATLAS on the corresponding gg; is more severe, thus
ruling out most of the parameter space except at the
resonances and regions beyond Mpy; 1 TeV corresponding
to Y33 values larger than 0.4. However for larger values of

0.1166< Qh?< 0.1206 + DD (XENON 1T)+ ID (Fermi LAT+ MAGIC)
"My, =3 TeV 1<AM <1000 GeV']
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FIG. 16. Parameter space satisfying relic, direct detection, and
indirect detection constraints are shown in gg; vs Mpy plot.
ATLAS and LEP-II bounds are shown for M, = 3 TeV by the
black dotted lines.

My, , the corresponding constraint on gg; from ATLAS,
gradually debilitates and one can thus obtain more points
satisfying all the relevant constraints.

2000 GeV <M, <5000 GeV:

So far whatever analysis we have done is with a fixed
mass of the B — L gauge boson. We now turn to find
the allowed parameter space in light of ATLAS bound
on gg — My, . The constraint on gg;, for corresponding
values of M, coming from the nonobservation of a new
gauge boson (Zg; ) at LHC from ATLAS [86] analysis is
shown by the black thick dotted line in Fig. 17. This
indicates that points below the line with smaller gg; is
allowed, while those above the line are ruled out. The plot
shows points that satisfy relic density constraint, direct as
well as indirect search constraints. Different colors indicate
ranges of Y33 as mentioned in figure inset.

We then showcase the final parameter space in Fig. 18. In
the left panel we represent the points in the plane of Y33 vs
Mpy after imposing the bounds from correct relic density
of DM, direct and indirect detection of DM and search for
B — L gauge boson at ATLAS. Clearly there is enough
parameter space beyond the resonance regions that is
allowed from all the relevant constraints. Also the points
with larger sin @ which represents the dominant coannihi-
lation of dark sector fermions play a significant role in
giving correct relic density as well as satisfying all other
phenomenological and experimental constraints.

To specifically depict the parameter space where the
coannihilations do play a significant role, we show the
parameter space with larger dark fermion mixing angle
(sin@ € [0.7, 1]), in the plane of AM vs Mpy;. Clearly, for
sind — 1 (blue colored points), as we increase the DM
mass, (ov).; decreases which can be compensated by the
help of more coannihilation contributions that can be
achieved by decreasing mass-splittings.

0.1166< Qh2< 0.1206 + DD (XENON 1T) + ID (Fermi LAT+ MAGIC)
1

0.50 -

1<AM <1000 GeV
0.1<sin6 <0.98

0.01}
2000 2500 3000 3500 4000 4500 5000
Mz, [GeV]
FIG. 17. Relic, direct detection and indirect detection satisfied

points are shown in the plane of gg; — Mz, plane with different
range of Y33. The thick black dotted line shows the ATLAS
bound on gg vsMz, plane from nonobservation of Zg at
colliders.
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Left: parameter space satisfying relic density, direct and indirect detection bound as well as gg, — My, constraint from

ATLAS is shown in the plane of Y33vsMpy. Right: parameter space satisfying all constraints in the plane of AM and M, for larger

values of sin 4.

V. COLLIDER SIGNATURE OF DOUBLY
CHARGED SCALAR IN PRESENCE OF Zg;,

The light doubly charged scalar in this model offers
novel multilepton signatures with missing energy and jets.
It is worthy of mentioning here that the dark sector which
contains the gauge singlet Majorana fermions do not have
any promising collider signatures as the mono-X type
signal processes arising out of initial state radiation are
extremely suppressed. The doubly charged scalar, H**
which is also charged under U(1)g_; can be produced at
Large Hadron Collider (LHC) via Higgs (H, , ;) and gauge
bosons (y,Z, Zg; ) mediations. Further decay of H** to
WEW* pair (assumed mpy:= > 2my,) with almost 100%
branching ratio for v; ~2.951 GeV yields W W W~ W~
final state. As a result the four W final state offers: 42 + Er
and m? + nj + Fr signatures at collider. For details of
branching fraction and partial decay widths of H™" with
vg, please see Appendix B. Although these types of
signatures have been studied in the context of type-II
seesaw model, the triplet scalar £ considered in this model
also have U(1)g_; charge on top SM gauge charges and
that makes this model different from the usual type-II
seesaw scenario. In this section we will briefly highlight the
effect of additional gauge boson Zg; on the pair production
cross section of doubly charged scalar. The corresponding
Feynman diagram of this type process is shown in Fig. 19.

The pair production cross section of doubly charged
scalar, H*"H~~ as function of mass, m«+ for fixed value
of My =45TeV with /s =13 TeV is shown in
Fig. 20. The production cross sections are computed in
MicrOmegas using the NNPDF23 parton distributions. The
black solid line corresponds to the case where U(1)g_;
gauge boson, Zp; is absent and the scenario resembles the
usual type-Il seesaw scenario. And in that case the
H*T"H™ pair can be produced via SM Higgs and SM

gauge boson (y, Z) mediated Drell-Yan processes. However
in a gauged B — L scenario, the presence of the additional
gauge boson Zg; can affect this pair production cross
section of H*"H~~. The effects of U(1)g_; gauge boson
on top of SM gauge bosons are shown by dotted lines in
the Fig. 20 for two different values of gauge couplings:
ggr, = 0.33 (purple line) and 0.44 (blue line). It is important
to note here that the above values of the gg; can be obtained
using the Eq. (31) keeping the other parameters fixed as
mentioned in the inset of the figure. For illustration purpose
we considered two moderate values of gg;: 0.33 (purple
dashed line) and 0.44 (blue dashed line) which are in
agreement with the current ATLAS bound gg; < 0.47 for
My, =4.5 TeV. It is noticeable from the graph that the
presence of Zg; enhances the production cross section
toward the heavy mass region of doubly charged scalar with
moderate value of g compared to the case without
U(1)g_,, augmentation. It is because of the on-shell decay
of Zg, to H**H™" pair as M > 2my-+ and there is a

wt

wt

FIG. 19. Feynman diagram for pair production of doubly
charged scalar at LHC via Higgs (H,,3) and gauge bosons
(y, Z, Zg1,) mediations.
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FIG. 20. Production cross section for pp - H"TH™™ as a
function of doubly charged scalar mass my:+ considering Br
(H** — WEW®) ~100% at /s = 14 TeV. The black solid line
corresponds to the wusual type-Il seesaw scenario where
Zp1 gauge mediated diagrams are absent. The effects of Zg
on the production cross section are shown dashed in dashed
lines: purple line (M, = 4.5 TeV, gg;, = 0.33) and blue line
Mz, =4.5TeV, gg = 0.44). Other parameters are fixed as
mentioned inset of the figure. The shaded region is excluded from
ATLAS data on doubly charged scalar mass, my-= for /s =
13 TeV and luminosity 139 fb~!.

constructive interference between Zp; and the SM gauge
bosons. The orange dashed line shows the observed and
expected upper limit on H™*H~~ pair production cross
section as a function of doubly charged scalar mass m:+ at
95% CL which is obtained from the combination of
multileptons with jets plus missing energy search
at ATLAS with /s = 13 TeV and integrated luminosity,
L =139 fb~! [87]. This upper limit of production cross
section excludes the region of doubly charged triplet
mass,my+= < 350 GeV as shown by the shaded region
in Fig. 20.

In Fig. 21, we projected the points satisfying all the
relevant constraints against the doubly charged scalar
(H**) production cross section as a function of B — L
gauge boson mass M, with \/s = 13 TeV for a bench-
mark value of my=: = 404.343 GeV. The black dashed
line shows the upper limit on the production cross section
from ATLAS [87]. The blue points show the parameters
that satisfy all the relevant constraints like correct relic
density, direct and indirect search of DM and the red points
are obtained after imposing the constraints from ATLAS on
gpL and Mz . We can see that in presence of the B — L
gauge boson, the production cross section 6, ,_, j++y-- can
get a distinctive enhancement as compared to the case
where production of H** happens through SM gauge
bosons (y*,Z*) mediation only which is shown as the
dashed black line at the bottom for easy comparison. As is
clear from the Fig. 21, near the resonance (i.e.,
My, =2mpy++), we see maximum enhancement in the
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g B Relic+ DD+ 1D

— W ATLAS constraint
)
= on ggr.—Mz,
ST :
S

Y Eaaaaiat: v <, 0 ottt Ml etk
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T
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FIG. 21. The model parameters are projected against the

production cross section of doubly charged scalar (H**) as a
function of B — L gauge boson mass M, . The blue points are
satisfying the Relic + Direct Detection + Indirect Detection con-
straints. Red points are consistent with the ATLAS constraint on
gL — M ZpL

production cross section which is again constrained from
the 4W final state at ATLAS and the points above the
orange dotted line are ruled out.

Similar perceptible signal can be seen at the collider if
we consider the doubly charged scalar mass in the TeV
scale too, requiring a higher M, (> 2 TeV) for the
resonance enhancement to happen. Thus to demonstrate
this fact, we considered the doubly charged scalar mass
my++ = 1 TeV. In Fig. 22, we show the production cross
section of doubly charged scalar (H**) as a function of
My, considering the gauge coupling within the interval
0.001 < gg;. £0.50 with /s = 14 TeV shown by the
orange points. Though the constraints from the current
LHC experiments have already surpassed the LEP II limits

Js=1aTev
my== = 1000 GeV
I 0.001 =gy <05
= 0.50 W LEP Constraint
“.T—‘ My, /gL >7TeV
‘E W ATLAS constraint
$ 020 o on M
2
2 i
T ot0f
T
& :
Iy
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FIG. 22. The production cross section of doubly charged scalar
(H**) as a function of M 7.~ The orange points correspond to
gauge coupling:0.001 < gg; < 0.50. The blue points are allowed
from LEP exclusion bound. Red points are consistent with
ATLAS constraint on gg;, — My, .
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on ggr, — Mz, , for comparison we show the blue points in
the plot which depicts the maximum increase in
opp—m++r— When the constraint from LEP on gg —
My, is incorporated into the calculation. However, even
after imposing the most stringent constraint from ATLAS
on gg, — My, , we observe that there is a noteworthy

enhancement in the production of H** as compared to the
value predicted by SM. The production cross section
0 pp—p++p— increases by almost 300% (0.21 fb in presence
of Zg;, as compared to 0.047 fb predicted by SM) at the
resonance. Apart from resonance also, there is significant
enhancement for other masses of Zg; ; for example, we see
an enhancement by almost 90% (~0.09 fb in presence of
Zg;, as compared to 0.047 fb predicted by SM) for M,
around 3.5 TeV. This feature is evident from the red points
in Fig. 22. This is the crucial evidence of the scenario
considered here that can be probed by the near and future
colliders and hence the feasibility of this model can be
verified.

This also establishes an interesting connection between
the dark sector and the generation of neutrino mass via the
modified type-II seesaw in a gauged B — L setup that we
discussed.

VI. SUMMARY AND CONCLUSIONS

In this paper, we have studied a very well motivated gauge
extension of the standard model by augmenting the SM
gauge group witha U(1)g_; symmetry, which happens to be
an accidental symmetry of SM, to simultaneously address
nonzero masses of light neutrinos as well as a phenomeno-
logically viable dark matter component of the universe. We
minimally extend the fermion particle content of the model
by adding three exotic right chiral fermions y; with B — L
charges —4, —4 and +35 in order to cancel the gauge and
gravitational anomalies that arise when one gauges the B —
L symmetry. The stability of these fermions is owed to the
remnant Z, symmetry after the U(1)g_; breaking which
distinguishes the added fermions from the SM as y;, (i =
e, p,7) are odd under Z, while all other particles are even.
Thus the dark matter emerges as the lightest Majorana
fermion from the mixture of these exotic fermions.

A very interesting and important aspect of the model is
the correlation between dark sector and neutrino mass
generation. The neutrino mass is explained through a
modified type-II seesaw at TeV scale by introducing two
SU(2), triplet scalars A and &. A is super heavy and does
not have a coupling with the lepton and hence cannot
generate the neutrino mass even after acquiring an induced
vev after the EW symmetry breaking. Thus the neutrino
mass is essentially generated through the £LL coupling as
given in Eq. (10). In the limit vg; — 0, which essentially
means vanishing mixing between A and &, the neutrino
mass also vanishes. Also Egs. (2), (24), and (27) implies
that the interactions between y, —and y,.,x,, are

established through the scalar ®p;. In the limit of
(Pgr) — 0, which essentially implies sin@ — 0, the DM
candidate y; decouples from the heavier dark particles y,
and y,. In this limit there will be no coannihilations among
the dark sector particles. Thus only if (®p;) # 0, we get
nonzero masses of light neutrinos as well as it switches on
the coannihilations of DM and hence enlarges the param-
eter space satisfying all relevant constraints.

We studied the model parameter space by taking into
account all annihilation and coannihilation channels for
DM mass ranging from 1 GeV to 2 TeV. We confronted our
results with recent data from PLANCK and XENONIT to
obtain the parameter space satisfying relic density as well
as direct detection constraints. The DM being Majorana in
nature, it escapes from the gauge boson mediated direct
detection constraint. We also checked for the constraints on
our model parameters from the indirect search of DM using
the recent data from Fermi-LAT and MAGIC which we
found to be relatively weaker than other constraints. We
also imposed the constraint on gg;, — Mz, from current
LHC data to obtain the final parameter space allowed from
all constraints including correct relic, direct and indirect
detection of DM as well as the constraints from colliders on
the B — L gauge boson and the corresponding coupling.

We also studied the detection prospects of the doubly
charged scalar triplet which can have novel signatures at the
colliders with multileptons along with missing energy and
jets. We showed how in the presence of the B — L. gauge
boson Zg; , the pair production cross section of H™"H™~
can get enhanced and also depicted how the dark param-
eters satisfying all the relevant constraints can affect the
production of this doubly charged scalar.
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APPENDIX A: ANOMALY CANCELLATION

In any chiral gauge theory the anomaly coefficient is
given by [88]:

A=TrT,[Ty. T |g — Tt[TalTy. T ), ],. (Al)

where T denotes the generators of the gauge group and R, L

represent the interactions of right and left chiral fermions
with the gauge bosons.
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Gauging of U(1)g_; symmetry within the SM lead to the
following triangle anomalies:

A [(Gravity)? x U(1)g_,] = 3. (A2)
The natural choice to make the gauged B —L model
anomaly free is by introducing three right handed neu-
trinos, each of having B — L charge —1 such that they result
in A[U(1);_;] =-3 and A,[(Gravity)> x U(1)p_,] =
—3 which lead to cancellation of above mentioned gauge
anomalies.

However we can have alternative ways of constructing
anomaly free versions of U(1)g_; extension of the SM. In
particular, three right chiral fermions with exotic B —L
charges —4, —4, +5 can also give rise to vanishing B — L
anomalies.
|
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FIG. 23. The contour for R in the plane of v: vs my-.

AU ] = AMUMZ_ ]+ AU, ] =3+ [(-4) + (=4 + (5)°] = 0
Ay[(Gravity)? x U(1)p_,] = ASM[(Gravity)? x U(1)5_, ] + AY¥[(Gravity)*> x U(1)_,]

=3+ [(-4) + (-4 + (5)] = 0.

APPENDIX B: DECAY OF DOUBLY CHARGED
SCALAR

The partial decay widths of the doubly charged scalar
(H*™) are given as:

D(H™ = [§15) = ——

=— 21 (M) ]* (Bl
2 1 o) Ml (B

and

(A3)
[
my \213
e o]
2 4
Pes) )
Mmpg++ Mmpg++
(B2)

This can be well analyzed by plotting contours of the ratio

C(H - WHW™)

R =
I'H™ - l;;l;)

(B3)

in the plane of my++ vs v, as shown in the Fig. 23. It can be
easily inferred from Fig. 23 that if v is a few hundred MeVor
more, then H™ dominantly decays to WTW™.
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