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Abstract: In this study, we implemented the type II seesaw mechanism into the framework of the U(1)g-, gauge

model. To achieve this, we added a scalar triplet, A, to the canonical particle content of the U(1)g_1. gauge model.

By imposing that the U(1)g_L. gauge symmetry be spontancously broken at TeV scale, we show that the type II

seesaw mechanism is realized at an intermediate energy scale, more precisely, at approximately 10° GeV. To pre-

vent heavy right-handed neutrinos from disturbing the mechanism, we evoke a Z; discrete symmetry. Interestingly, as
a result, we have standard neutrinos with mass around eV scale and right-handed neutrinos with mass in TeV scale,
with the lightest one fulfilling the condition of dark matter. We developed all of these in this study. In addition, we
show that the neutral component of A may perform unproblematic non-minimal inflation with loss of unitarity.
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I. INTRODUCTION

The oscillation pattern observed from the solar and at-
mospheric neutrinos has surprisingly revealed a small
(but nonzero) mass for these particles [1]. From the theor-
etical point of view, the seesaw mechanism is the most
popular approach for generating small masses for neutri-
nos [2-6].

The observation of galaxy rotational curves [7] and
cluster collisions [8] as well as the precise measurements
of the thermal anisotropy of the cosmic microwave back-
ground [9] suggest the existence of dark matter (DM) per-
meating our universe. Recent results from PLANCK
satellite indicate that 26.7% of the energy content of the
universe is in the form of non-luminous matter [9]. The
most popular DM candidate is a weakly interactive
massive particle (WIMP) [10, 11]. WIMPs can be any
type of particle, as long as they fulfill a series of condi-
tions, such as neutrality and stability (or sufficiently long
lived), and have mass in the range of a few GeVs up to a
few TeVs.

Cosmological inflation is considered the best theory
for explaining homogeneity, flatness, and isotropy of the
universe, as required by hot big bang [12-14]. Experi-

ments in cosmology, such as WMAP7 and Planck2018
[9, 15], entered an era of precision that allowed us to
probe scenarios that try to explain the primordial uni-
verse. Single-field slow-roll models of inflation coupled
non-minimally to gravity seems to be an interesting scen-
ario for inflation [16, 17], given that it connects inflation
to particle physics at low energy scale [17].

Although the Standard Model (SM) of particle phys-
ics is a very successful theory, its framework does not ac-
commodate any of the three issues discussed above. In
other words, nonzero neutrino mass, dark matter, and in-
flation require extensions of the SM.

In this study, we show that the U(1)g_L (B-L) gauge
model is capable of accomplishing all these three issues
in a very attractive way by simply adding a scalar triplet
to its canonical scalar sector [18-22] and resorting to an
adequate Z, symmetry. Interestingly, we have that small
neutrino masses are achieved through the type Il seesaw
mechanism, which is triggered by the spontaneous break-
ing of the B-L symmetry, while the dark matter content of
the universe is composed by the lightest right-handed
neutrino of the model. Furthermore, by allowing a non-
minimal coupling between gravity and the triplet A, we
show that the model may perform inflation at high en-
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ergy without loss of unitarity.

This paper is organized as follows. In Section II, we
describe the main properties of the B-L model. Section III
is devoted to cosmological inflation. In Section 1V, we
describe our calculation of the dark matter candidate, and
Section V contains our conclusions.

II. B-L MODEL WITH SCALAR TRIPLET

A. Seesaw mechanism

Baryon number (B) and lepton number (L) are acci-
dental anomalous symmetries of the SM. However, it is
well known that only some specific linear combinations
of these symmetries can be free from anomalies [18, 23-
25]. Among them, the most developed one is the B-L
symmetry [18-21], which is involved in several physical
scenarios, such as GUT [26], seesaw mechanism [2-5],
and baryogenesis [27]. This symmetry gives rise to the
simplest gauge extension of the SM, namely the B-L
model, which is based on the gauge group SU(3)cX
SUR),xU(1)y x U(1)p-L. In this study, we considered an
extension of the B-L model in which its canonical scalar
sector is augmented by a scalar triplet. Thus, the particle
content of the model involves the standard particles aug-

mented by three right-handed neutrinos (RHNS),
N;~(1,1,0,-1),i=1,2,3, one scalar singlet,
S ~(1,1,0,2), and one scalar triplet,
A
A= \/05 A+ |~@3.2.2). (1)
A
V2

The values in parentheses refer to the transformation
of the fields by the SUB)cxSUR) . xU(1)yxU(1)p-L
symmetry. To the best of our knowledge, there are few
studies in which the triplet A composes the scalar sector
of the B-L model. For previous models, please refer to
[28, 29]. Moreover, we imposed the model to be invari-
ant by a Z, discrete symmetry with the RHNs transform-
ing as N; —» —N;, while the rest of the particle content of
the model transforms trivially by Z,.

With these features, the Yukawa interactions of in-
terest are composed by the terms

J— 1 _
L1 DY, fCioc?Af + S YNNCNS + h.c., )

where f=(v e){ ~(1,2,-1,-1). Note that both neutrinos
gain masses when A° and S develop a nonzero vacuum
expectation value (va and vg). This yields the following
expressions to the masses of these neutrinos

Yyvs

V2

_ YVVA

m, =
V2

. 3)

mvk =

Small masses for v's require small vy. We will show
that, on fixing v, and vg, we may obtain vyaround eV
scale for the type II seesaw mechanism [6, 30, 31]. To
this end, we must develop the potential of the model,
which is invariant by the B-L symmetry and involves the
following terms

V(H,A,S) = H H + A, (H H)* + 128 'S + A,(STS)?
+ATr(ATA) + W Tr(AT AT+ A, Tri(ATA)?
+ 0 STSH'H+ L,H AATH + 3Tr(ATA)H'H
+4STSTHATA) + (kHT ic? ATHS +h.c.).
4

where H = (h* h°)T ~(1,2,1,0) is the standard Higgs
doublet.

At this point, note that the presence of vy modifies the
masses of the standard gauge bosons W* and Z°. Con-
sequently, it softly modifies the p-parameter as follows:

ZVZ 4vi .
p= (1 + 7 1+ 7) The current electroweak preci-
sion data provide p = 1.00037+ 0.00023 [1]. This implies
the following upper bound v < 2.5 GeV.

Let us obtain the set of minimum conditions that
guarantees that such a potential develops to a minimum.
Then, we assume that all neutral scalars develop vevs dif-
ferent from zero and shift the neutral scalar fields in the
conventional way

1 .
S,h0, A% — $(Vs,h,A +Rg pa+ils pp), (5)

which is substituted in the potential above. As a result,
we obtain the following set of minimum condition equa-
tions:

A A k
2 12 44 5 2 2
Vg (;15 + 7vh + ?VA +/1Svs)— Evth =0,
A A A
Vi (,u% + —1v§ + —2vi + —3vi + /lhvi —kvAvS) =0,
2 2 2
A A A k
VA (,ui + ?Zvﬁ + 7%"% + 74\{29 +(Aa +/l'A)vi)— Evﬁvs =0.

(6)

For the study of vacuum stability and bound from
these conditions that guarantee that the potential is stable
and has a global minimum, please refer to Refs. [32-34].

Note that, on considering up >> (vy, vs, va), the third
relation in Eq. (6) provides

2
~ KVhYs

v h2 (7)
22

VA
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Note that the role of the type Il seesaw mechanism is to

provide small vevs. In the canonical type I seesaw case,
2

\4
where v = Mh’ with M being the scale of energy that

characterizes the explicit violation of the lepton number,
the standard vev (v, =247 GeV) requires M = 10'* GeV
to have v, around eV scale [6, 30, 31].

The scenario proposed and developed here is com-
pletely different from the canonical case, because we as-
sume that the lepton number is violated spontaneously at
TeV scale. Consequently, the relation among v, and the
other energy scales of the model is given in Eq. (7). In
this case, when assuming that vs belongs to the TeV
scale; then, v, around eV scale requires pp ~ 10° GeV.
Although this energy scale is much smaller than 10'
GeV, it is still high enough to be probed at current col-
liders. In other words, the scalars that compose the triplet
A are still heavy enough to be probed at the LHC. This is
discussed below.

As we will see, both v4 and vg contribute to the mass
of 7’ associated to the B-L symmetry. As va <<vg,vs
contributes predominantly to the mass of Z’, which has a
stringent constraint according to the LEP experiment
[35]

2
k vAvh

+24g V%
Vs

MIZQ =| —kvpva+A1vsvy

k
- Evi + Agvsva

Note that, for values of the vevs indicated above, the scal-

o, kvsvi
ar Ry becomes very heavy, with m} ~ > which im-
VA
plies that it decouples from the other ones. The other two

quadratic masses are

12
mi 22/lhvi — E/l—slvi,
12
m%, 22/15\% + Eﬁ\/i, (10)

where my, denotes the standard Higgs boson, with the al-
lowed parameter space shown in Fig. 1.
The respective eigenvectors are

/11 Vi
h=~R,—~———Rg,
h 2/15Vs 5

A1 v
H~R¢+——Ry,. 11
Ay (11)

For the CP-odd scalars, we have the mass matrix in
the basis (Is, I, 15),

—thVA + A VsV

2,v7

—kvsvh + (/12 + /13)thA

M7 5 69TeV. ®)
8B-L

In summary, the set of vevs that compose our scen-
ario takes values as follows: v, =247 GeV, vs ~TeV, and
va ~eV. Then, the value of the masses of the standard
neutrinos that accommodate solar and atmospheric neut-
rino oscillations is a question of adequate choice for the
values of the Yukawa couplings Y, 's, as expressed in Eq.
(3). Concerning right-handed neutrinos, they will devel-
op mass at TeV scale. We advocate here that the lightest
right-handed neutrinos may play the role of the dark mat-
ter of the universe. This is plausible because it is a neut-
ral particle that is protected by the Z, discrete symmetry.
Moreover, as the scalars that compose the triplet are
heavy particles, we also checked in which circumstances
the neutral component of the triplet A may perform infla-
tion. Before addressing these points, we discuss the spec-
trum of scalars for such a scenario.

B. Spectrum of scalars

Before advancing in this paper, it is necessary to dis-
cuss the scalar sector of the model briefly. Let us first fo-
cus on the CP-even sector. In the basis (Rg,R;,Ra), We
have the following mass matrix:

k 2
_Evh +/l4VsVA

—kvsvh + (/12 + /13)VhVA . (9)
k sti 7 \y,2
3 " +2(Aa + vy
k vav, k
3 " kvpva _Evh
MI2 =| kvpva 2kveva  —kvgvy |. (12)
k 5 szVh
_Evh —kvgvy, 5 "

The mass matrix in Eq. (12) can be diagonalized,

At

Fig. 1. (color online) Possible values of the quartic coup-
lings that yield 125 GeV Higgs mass.
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providing one massive state A° with mass

2 2

k VAV,  VsVy
—+

Vs VA

+4v5vA) (13)

and two Goldstone bosons G' and G?, absorbed as the
longitudinal components of the Z and Z’ gauge bosons.
The eigenvectors for the CP-odd scalars are

Gl ZIS + V—AIA,

Vs
Vi
G? =+ —Is,
s
2
A xpy - Ay, (14)
Vh

The charged scalars, given in the basis (h*,A*), have
the following mass matrix:

kvgva — —/lz V2 —/12 ViRVA — —=VsVp
s S
M2 = 24 22 , V2
+ Ay k kvsv, Ay 2
——VRVA — —= VgV - - —=v
22 AR 2 20h

(15)

Again, diagonalizing this matrix leads to two Goldstone
bosons G*, responsible for the longitudinal parts of the
W=* standard gauge bosons. The other two degrees of
freedom give us the massive states H*, with mass

2
Vv v
I/I/l%_lt = (7A+ﬁ](2kvs_/l2‘%)‘ (16)

The respective eigenvectors are

2

G* ~h* + —\/_VA Ai,
Vi
2

Hapt - Y28 (17)
Vi

Finally, the mass of the doubly charged scalars A**
are expressed as

2 322 4
5 _kvsvth Agvivy — 248V

m =
At: 2
2v A

(18)

Once symmetries are broken and the gauge bosons
absorb the Goldstone bosons as longitudinal components,
we have that the standard charged bosons present a con-

8

tribution from the triplet vev, m? = Z(vi+2vi), while

the neutral gauge bosons become mixed with Z’ as fol-

lows:

g2 +g/2 5 5 5
M| T OntHR) g Ve e, } (19)
2 .
—gB-L V& +82vy g (2vs +13)

Keeping in mind the vev hierarchy discussed here ( vg >
vi > vyp), the mixing between gauge bosons is very small;
therefore, they decouple, resulting in the following
masses:

2

(& +87)v +4v3) v
Mpe SRR o [ (20)

z= 4

Observe that we have a B-L. model with new ingredi-
ents: scalars in the triplet and singlet forms and neutrinos
with right-handed chiralities. Let us resume the role
played by these new ingredients. The singlet S is respons-
ible for the spontaneous breaking of the B-L symmetry
and defines the mass of Z’. The triplet A is responsible
for the type II seesaw mechanism that generates small
masses for the standard neutrinos. The right-handed neut-
rinos are responsible for the cancellation of anomalies. It
would be interesting to find new roles for these compon-
ents.

We argue here, and check below, that the right-
handed neutrinos may be the dark matter component of
the universe, given that the Z, symmetry protects them
from decaying in lighter particles. In the last section, we
assume that the lightest right-handed neutrino is the dark
matter of the universe, calculate its abundance, and postu-
late possible ways of detecting it.

We also argue here that once A has mass around 10°
GeV, it could be possible that it would come to be the in-
flaton and then drives inflation. We show in the next sec-
tion that this is possible when we assume a non-minimal
coupling of A with gravity.

III. COSMOLOGICAL INFLATION

The introduction of a non-minimal coupling between
a scalar field and gravity to achieve successful inflation
has become popular in recent years, although the original
idea dates back to the eighties [16, 36, 37]. In particular,
one may cite an extensive list of studies in which the
standard Higgs field [17, 38-41] or a scalar singlet exten-
sion [42-44] assumed the role of inflaton. Although theor-
etically well motivated, such models may lead to a
troublesome behavior in low-scale phenomenology. Con-
cerning the case of Higgs Inflation, the measured Higgs
mass pushes the non-minimal coupling to high values
(¢ ~ 10%), causing unitarity issues at inflationary scale
[45-48] (please refer to [49-51] for a different point of
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view). Similarly, the singlet scenario is also problematic.
Although one could manage building a unitarily safe
singlet inflation, this would produce a very light inflaton,
placing in risk the reheating period of the universe [52].

By contrast, the case in which a scalar triplet plays the
role of inflaton is significantly different. Following the
discussion in Section (IIB), note that the dominant terms
in the scalar masses are independent of any parameter as-
sociated to inflation (A4,4},€). In turn, this prevents the
emergency of an excessively light inflaton, even for the
smallest values of 14 and 2. Such a configuration yields
a unitarily safe inflationary model that does not place in
risk the transition to the standard evolution of the uni-
verse. For previous studies on inflation based on A,
please refer to [52-54].

For the sake of simplicity, we assume that A°
provides the dominant coupling. This is equivalent to im-
posing that the effective masses of the Higgs doublet and
the scalar singlet are greater than the Hubble scale as ini-
tial conditions of inflation. The analysis of inflationary
scenarios with multiple fields coupled to gravity can be
found in references [55, 56].

The non-minimal coupling between the inflaton and
gravity is defined in the Jordan frame, leading to the Lag-
rangian density

2

M3R
L> %(a,,AO)T(a“AO) - TP

- %fAOZR V@AY, (21
where R is the Ricci scalar, and Mp =2.435x10'® GeV is
the reduced Planck mass. During inflation, the fourth or-
der terms of the inflaton field dominate the scalar poten-
tial. Quantum effects are also supposed to play a key role
in the inflationary dynamics. Here, we consider one-loop
radiative corrections to the inflaton potential evaluated in
the Jordan frame; these corrections are known as the Pre-
scription II procedure [38, 39, 42, 43]. Such corrections
encompass the standard and B-L gauge couplings g, g’,
and gp-r, as well as the Yukawa couplings of the neutri-
nos. The result is a Coleman-Weinberg potential of the
form [57, 58]

AW+ a AN 4
V= ——In—|A° 22
( PRy Y nMp) @2)

and
_ 3 4 ’4 4 2 /2 4 2
a—3(§g +g v gpr’t|+6g% —ZYV’+;/I., (23)

where Mp is chosen for renormalization scale, the sum in
i takes into account the three generations of neutrinos,
and j runs for the scalar contributions (1, 13, A4, 1a, and

).

To calculate the parameters related to inflation, we
must recover the canonical Einstein-Hilbert gravity. This
process is called conformal transformation and can be un-
derstood through two steps. First, we re-scale the metric
Bop = Q%gap. In doing so, the non-minimal coupling van-
ishes, but the inflaton acquires a non-canonical kinetic
term. The process is finished by transforming the field in-
to a form with canonical kinetic energy. Such transforma-
tion involves the relations [59, 60]

2
. éA°
8w = ngm, where Q%=1+ —,
P

dy _ [Q2+6£209% M2 o
dAO o ' @49

The Lagrangian in Einstein frame is given by

)5

MZR
LD- >

1
+ E(am*(a“x) -U(p), (25)

1 . . .
where U(y) = EV(AO(X)). There is some discussion

about which frame is the physical one [61]; however,
both frames agree in the regime of low energy.

Inflation occurs whenever the field y, or equivalently
AY, rolls slowly in a direction toward the minimum of the
potential. The slow-roll parameters can be written as [62]

2 7 \2 ” 1
_Myu (YU
2 Uy’ ’ P Uy’ UX'3

) . (20)

where ’ indicate derivative with respect to A°. Inflation
starts when €,7 < 1 and stops when €, = 1. In the slow-
roll regime, we can write the spectral index and the
tensor-to-scalar ratio as [63]

ns =1—6€e+2n, r = 16e. 27)
Planck2018 measured ng = 0.9659 +0.0041 and gave the
bound r <0.10 for a pivot scale equivalent to k= 0.002
Mpc~'[9]. Any inflationary model that intends to be real-
istic must recover these values.

Another important observable is the amplitude of
scalar perturbations,

U

Ag = — .
s 24Mf,7r26

(28)

The value of Ay is set by COBE normalization to approx-
imately 2.1x107°, for the pivot scale k. =0.05 Mpc™!
[9]. By inverting Eq. (28), one can write the value of the
inflaton's self-coupling, 1" = A5 + 4. Note the strict de-
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pendence of I’ with both the ¢ and a parameters, depic-
ted in Fig. 2. Only small values of ¢ were considered
(£=1, 100) to avoid unitarity problems on the inflation-
ary regime of energy. Consequently, the observed mag-
nitude of As constrains the self-coupling of the inflaton
to small values. Still, the mass structure of the CP-even
scalars presented in Eq. (9) prevents the inflaton from be-
ing too light, allowing the perturbative decay into the
standard particles after inflation (reheating).

The amount of expansion from the horizon crossing
moment up to the end of inflation is quantified by the
number of e-folds:

1 v [ dy \
L[ o
M2 Jy V(A0 \dA

In the non-minimal inflationary scenario with a relatively
small coupling to gravity, £ < 100, the reheating process
occurs predominantly as in a radiation dominated uni-
verse [64-67]. As pointed out in [66], the e-folds number
can be estimated to be approximately 60 in these cases.
Using N = 60, we can solve Eq. (29) for the field strength
at horizon crossing, A?.

Finally, we can use the expressions in Eq. (27) to cal-
culate the predictions of our model for ng and » paramet-
ers. Fig. 3 shows our results in the ng x r plane. Note that

N= (29)

the predictions are in good agreement with the observa-
tions, even though ¢ < 100. In particular, for £ = 100 and
a=0, we obtain ng ~0.968 and r=~3x 1073, well inside
the 68% CL contour of the Planck2018 data set.
Moreover, we have a unitarily safe model, as inflation

takes place in an energy scale H, = /V./3M3 ~1.38x
Mp

_~

1013 GeV, well bellow the unitarity scale Ay =

2.435x10'° GeV.

However, the most interesting result comes from the
possibility to constrain the parameters of the Lagrangian
through the inflationary observable. For &£ = 100, one may
require —1.11x 1078 < a < 1.22x 107® to obtain the predic-
tions of the model in accordance with the Planck observa-
tions (68% CL). Following Eq. (23), one could use these
bounds to constrain the couplings contributing to radiat-
ive corrections, including the Yukawa and gauge coup-
lings (Y, and gp_1.), associated to the physics beyond the
standard model. Certainly, a vast computational effort
would be necessary to estimate the impact of these
bounds in the neutrino physics or search for a new gauge
boson. Given that Eq. (22) evaluates the radiative correc-
tions on the renormalization scale Mp, the application of
Renormalization Group equations would be mandatory to
obtain the corresponding bounds at energy scales access-
ible to low energy experiments (oscillation and collider
experiments). We will consider this analysis in a forth-

£=1 §=100
-85 -40
-45
-9.0
o —~-50
= =
2 -95 2
8 8-55
-10.0 _6.0
-10.5 -65
T 1.x10710 2.x1071% 3.x10710 4.x1071° 0 1.x107% 2.x107® 3.x107% 4.x107® 5x107®
a a
Fig. 2. (color online) log,y(1’) vs. a for £ =1 (left) and & =100 (right).

Fig. 3.

— 201, -1.15x10 "< a < 372x10°™

| — =1, 24411075 @ £ 430x10°

— &=10,-163x10 < a < 476x10°°
£2100, -158x1078< a < 4.83x10°°

color online) ngvs. r tor £ =0.1, 1, 10, and 100. The grey areas show the regions favoure anc , Wit 0 an (
(col line) f d The grey h he regi fi d by Planck2018, with 68% and 95%

confidence levels (Planck TT,TE,EE +1lowE +lensing + BK14+ BAO data set [9]). The intervals considered for the radiative corrections
are also shown, being the lower (upper) limit in a responsible for the lower (upper) end of each curve.
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coming communication.

After the inflationary period, the inflaton oscillates
around its vev, giving rise to the reheating phase [68-70].
Owing to its mass structure, the inflaton is massive
enough to decay in pairs of gauge bosons, neutrinos, or
even the Higgs field. Even before the inflaton settles at its
vev, non-perturbative effects could take place, producing
gauge bosons [39, 71]. In this case, the scenario is signi-
ficantly more complicated, and numerical study in lattice
is mandatory.

IV. DARK MATTER

We remark that, in the B-L model proposed here, the
masses of the standard neutrinos are achieved through an
adapted type II seesaw mechanism. In view of this, the
following question arises: what are the reasons for the ex-
istence of the RHNs in the model? The immediate an-
swer is that they are required to cancel gauge anomalies.
In addition, they may compose the dark matter content of
the universe in the form of WIMP.

Although the three RHNs are potentially DM candid-
ates, for simplicity reasons, we only consider that the
lightest one, which we call &, is sufficient to provide the
correct relic abundance of DM of the universe in the form
of WIMP. This means that N was in thermal equilibrium
with the SM particles in the early universe. Then, as far
as the universe expands and cools, the thermal equilibri-
um is lost, causing the freeze out of the abundance of N.
This takes place when the N annihilation rate, whose
main contributions are displayed in Fig. 4, becomes
roughly smaller then the expansion rate of the universe.
In this case, the relic abundance of N is obtained by eval-
uating the Boltzmann equation for the number density
ny,

an
— F3Hm = —(ov)(ny = ngg), (30)
where
w=(d) -2 G
“\a) T2

with ngq and a(r) being the equilibrium number density
and the scale factor, respectively, in a situation where the
radiation dominates the universe with the energy density
0 = Prad, 1.€., the thermal equilibrium epoch. Note that

N SM
>h7 H <
N SM

(ov) is the thermal average product of the annihilation
cross section times the relative velocity [11]. As usually
adopted, we present our results in the form of Qp, which
is the ratio between the energy density of N and the critic-
al density of the universe.

We proceeded as follows. We numerically analyzed
the Boltzmann equation by using the mictOMEGAs soft-
ware package (v.2.4.5) [72]. To this end, we implemen-
ted the model in Sarah (v.4.10.2) [73-76] in combination
with SPheno (v.3.3.8) [77, 78] package, which solves all
mass matrices numerically. Our results for the relic
abundance of N are displayed in Fig. 5. The thick lines in
those plots correspond to the correct abundance. Note
that, although the Yukawa coupling Yy is an arbitrary
free parameter that translates in N developing any mass
value, the key point to determine whether the model
provides the correct abundance of N is the resonance of
7’ and H. This is showed in the top left plot in Fig. 5. In
this plot, the first resonance corresponds to a Z’ with
mass around 3 TeV, and the second resonance corres-
ponds to H with mass in the range from 6 TeV up to 7
TeV. In the top right plot, we show the density of DM
varying with its mass, but now including the region ex-
cluded by the LEP constraint expressed in Eq. (8). On the
bottom left plot of Fig. 5, we zoom in on the resonance of
H. Note that we included the LEP constraint. For com-
pleteness reasons, on the bottom right plot, we show the
dependence of Mz with gg_r , including the LEP exclu-
sion region and LHC constraint [79] as well. In the last
three plots, we show two benchmark points localized ex-
actly in the line that gives the correct abundance. They
are represented in red square and orange star points, and
their values are displayed in the companion table. Ob-
serve that the LEP constraint in Eq. (8) imposes a reason-
ably massive N with mass in the range of a few TeVs. To
complement these plots, we show another in Fig. 7 that
relates the resonance of H (all points in color) and the
mass of the DM. The mixing parameter siné is given in
Eq. (11). Observe that LEP exclusion derived from Eq.
(8) is a very stringent constraint imposing H with mass
above 5800 GeV and requiring DM with mass above
2800 GeV. All those points in colors provide the correct
abundance, but only those in black recover the standard
Higgs with mass of 125 GeV. The benchmark points in
red square and orange star are given in Table 1. In sum-
mary, for the range of values chosen for the parameters,
N with mass around 3 TeV constitutes a viable DM can-
didate, once it provides the correct relic abundance re-

N SM
>’\AAZAIN\<
N SM

Fig. 4. Main contributions to the DM relic abundance. The SM contributions stand for fermions, Higgs, and vector bosons.
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Fig. 5.
thick horizontal line corresponds to the correct relic abundance [9].

Fig. 6. The WIMP-quark scattering diagram for direct detec-

tion.
0.026
0.024
0.022
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= )
E 0.016 @
0.014
0.012
| | : LE:P Excl:usion 0.010
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Fig. 7.  (color online) Physical parameter space of Mpy,x

Mpym. In colors we show the points that provide the correct
relic abundance in the resonant production of the singlet scal-
ar, in accordance with the diagrams in Fig. 4. The black points
recover a Higgs with mass of 125 GeV.

quired by the experiments [9]. Moreover, a viable DM
candidate must obey the current direct detection con-
straints.

In addition to the relic density of the DM candidate,

27500
10°
25000

22500

= 20000 —
A 17500 ,¥
o] 9,
10* * g 15000 =
' ° \Planck, >

, X . X 12500

¢ ! ! ! 10000

I 1 I 1
b I I ] W7se
1000 2000 3000 4000 5000
M [GeV]

27500

25000

22500
20000 =
17500 @
o
15000
)

12500

10000

7500

(color online) Plots relating DM relic abundance, Yukawa coupling of the RHN, and the dark matter candidate mass. The

Table 1.
values added on plots.

(color online) Benchmark points for parameters

Mpw/GeV Yvi My /GeV g1 Mu/GeV Qp2 v

3840
3904

0DMg q

3050
3190

0.291
0.294

0.518
0.509

6279 0.116 7400 5.4 10-11
6470  0.122 7658 5.4304e-11 m

which involves gravitational effects, we only need to de-
tect it directly to reveal its nature. Here, we restricted our
study to direct detection. Aiming to detect the signal of
DM directly in the form of WIMPs, many underground
experiments using different types of targets were conduc-
ted. Unfortunately, no signal has been detected yet. The
results of such experiments translate into upper bounds
for the WIMP-Nucleon scattering cross section. In view
of this, any DM candidate in the form of WIMPs must be
subjected to the current direct detection constraints. Dir-
ect detection theory and experimentation constitute a very
well developed topic in particle physics. For a review of
the theoretical predictions for direct detection of WIMPs
in particle physics models, please refer to [80-82]. For a
review of experiments, refer to [83]. In our case, direct
detection requires interactions among N and quarks. This
is achieved by exchange of 4 and H via ¢-channel, as dis-
played in Fig. 6. Note that Z’ f-channel constitutes a very
suppressed contribution because N is a Majorana particle
[84]. Consequently, we dismissed such contributions
here. In practical terms, we need to obtain the WIMP-
quark scattering cross section reported in [85]. Note that
the scattering cross section is parameterized by four free
parameters, namely My, My, vs, and the mixing angle 6
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Fig. 8. (color online) Spin-independent (SI) WIMP-nucleon
cross sections constraints. The lines correspond to experiment-
al upper limit bounds on direct detection for LUX [87] (black
line), current XenonlT [86] (blue line with blue fill area),
XenonlT [88] (green dashed line, prospect, 2t-y exposure),
XenoNnT [88] (prospect, 20t-y exposure, purple line), Dark
Side Prospect [89] (red dashed and dark red dashed lines for
different exposure times), LUX-Zeppelin Prospect [90] (or-
ange dashed line), and the neutrino coherent scattering, atmo-
spheric neutrinos and diffuse supernova neutrinos [91] (or-
ange dashed line with filled area).

given in Eq. (11). However, this cross section depends in-
directly on other parameters. For example, for gg_. in the
range 0.1-0.55, the LEP constraint in Eq. (8) implies
vs >7 TeV and Mz around 3 TeV. Considering this, and
using the micrOMEGAs software package [72] in our
calculations, we present our results for the WIMP-Nucle-
on cross section in Fig. 8. All color points led to the right
abundance and are in accordance with the Xenon (2018)
exclusion bound [86]. The points in pink are excluded by
the LEP constraint provided in Eq. (8). However, only
those points in black recover a Higgs with mass of 125
GeV. Observe that the black points may be probed by fu-
ture XenonNnT and DarkSide direct detection experi-
ments. This turns our model into a phenomenological vi-
able DM model.

V. CONCLUSIONS

In this study, the type Il seesaw mechanism for gener-
ation of small neutrino masses was implemented within
the framework of the B-L gauge model. We showed that
neutrino masses at eV scale require that A belongs to an
energy mass scale around 10° GeV. This characterizes a
seesaw mechanism at an intermediate energy scale and
can be probed through rare lepton decays.

One interesting advantage of this model is that we can
evoke a Z, discrete symmetry and leave the right-handed
neutrinos completely dark in relation to the standard
model interactions. In this case, the neutrinos turn out to
be the natural candidate for the dark matter of universe in
the form of WIMP. We also showed that the correct
abundance of dark matter is obtained owing to the reson-
ant production of Z’ and heavy Higgs H. Although our
scenario is in accordance with XenonlT exclusion bound,
the prospect is that direct detection experiments will be
able to probe it.

Concerning inflation, by allowing a non-minimal
coupling of the neutral component of the scalar triplet
with gravity, we showed that the model realizes inflation
in a very successful way, given that the model accom-
modates Planck results for inflationary parameters in a
scenario where the loss of unitarity occurs orders of mag-
nitude above the energy density during inflation. An in-
teresting possibility arises from the estimation of the Lag-
rangian parameters through the inflationary observable.
Future observations of the B-mode polarization, such as
LiteBIRD [92], may improve the constraints over the in-
flationary parameters and, consequently, the Lagrangian.
We shall consider this analysis in a forthcoming commu-
nication.
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