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We propose an extra U( 1), model with an alternative charge assignment for right-handed neutrinos. The
type-II seesaw mechanism by a triplet Higgs field is promising for neutrino mass generation because of the
alternative charge assignment. The small vacuum expectation value (VEV) of an additional Higgs doublet
naturally leads to a very small VEV of the triplet Higgs field, and as a result, the smallness of neutrino mass
can be understood. With the minimal Higgs field for U(1), with the charge 1, right-handed neutrinos are
candidates for Dirac dark matter (DM) and dark radiation (DR). We have derived and imposed the LHC
bound, the DR constraint, and the bound from DM direct searches in the wide range of parameter space.
Among various U(1)y choices, the DM direct search bound is found to be weakest for U(1), where the
constraints from thermal DM and non-negligible DR can be compatible. Such a number of the effective
neutrino species would be interesting from the viewpoint of the so-called Hubble tension.
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I. INTRODUCTION

The standard model (SM) of particle physics has been
constructed on the basis of the gauge principle and the
spontaneous symmetry breaking by the Higgs mechanism
at the vacuum. The introduction of an extra U(1) gauge
interaction is one of the promising and well-defined
extensions of the SM. The B — L (baryon number minus
lepton number) appears to be an accidental global sym-
metry in the SM, indicating that this might be a gauge
symmetry in a UV completion of the theory [1-4]. At the
same time, the cancellation of an anomaly for a chiral
gauge theory is critical. When the gauge symmetry is
extended from the SM gauge group SU(3). x SU(2), x
U(l)ytoSU3)-x SU((2), x U(1)y x U(1)g_, , the num-
ber of right-handed neutrinos and those charge are limited
to two choices by the anomaly cancellation conditions. One
is three right-handed neutrinos with each U(1),_, charge
—1, which has been usually considered—and might be
called—the standard assignment. Under this assignment, it
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is straightforward to explain observed neutrino masses by
the type-I seesaw mechanism [5-8] with right-handed
neutrinos, by introducing the scalar field with the B — L
charge 2 that generates the Majorana masses of right-
handed neutrinos. In the other charge assignment, two out
of three right-handed neutrinos have the U(1),_, charge of
—4 and the one has the charge of 45, which is sometimes
called the alternative assignment [9].

A similar extra U(1) extended model can be constructed
based on the U(1); gauge symmetry where only right-
handed fermions are charged while left-handed ones are not
charged [10]. The U(1)g charged particles are same as in
the U(1),_, model up to chirality, neutrino masses can be
generated by the type-I seesaw mechanism at tree level [11]
or loop level [12]. The implication due to the chirality
dependence [10,13,14], the axial-vector coupling [15],
U(1) charged Higgs scalars [16,17], and U(1) interacting
dark matter (DM) [18-21], can be found in literature. The
anomaly-free most general gauged U(1) extension of the
SM is defined as a linear combination of the SM U(1), and
the U(1)z_, gauge groups. With this convenient para-
metrization of U(1)y [22-24], we can study a wide class
of extra U(1) models including the representative model
U(l)z_; and U(1)g. In this paper, we consider U(1)y
models with the alternative U(1),_, assignment.

Under the alternative B — L charge assignment, it is
nontrivial for the type-I seesaw mechanism to generate
neutrino masses, because right-handed neutrinos cannot
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form Yukawa coupling with lepton doublets and the SM
Higgs doublet due to the charge mismatch [25-35]. Rather,
the so-called type-II seesaw mechanism by a SU(2) triplet
Higgs seems to be a simple way of nonvanishing neutrino
mass generation [36-38], because a Dirac neutrino mass
terms are not necessary there [39,40].

In this paper we propose that the triplet Higgs models in
the extra U(1), model with the alternative charge for right-
handed neutrinos. The triplet Higgs fields have to be charged
under the extra U(1)y to have Yukawa interactions with
lepton doublets which are also charged under the U(1)y.
Simultaneously, the triplet Higgs field requires the intro-
duction of another doublet Higgs to develop the vacuum
expectation value (VEV) by a scalar trilinear term. This
second Higgs doublet cannot couple with the SM fermions
due to the charge mismatch. In this construction, the charge
assignment requires that the Higgs sector must be the
combination of so-called type-I two Higgs doublet model
(THDM) [41] and triplet Higgs model. The smallness of the
generated neutrino mass via the type-II seesaw mechanism is
a consequence of the smallness of the second Higgs VEV. In
a philosophical sense, this is a neutrinophilic Higgs model
[42] in the bosonic sector. Since the small triplet Higgs VEV
is naturally realized in the wide range of parameter space, we
may expect it easier to observe the Majorana nature through
the same sign dilepton signal from the doubly-charged Higgs
boson in collider experiments. The simplest way to realize
the U(1)y breaking is to introduce an SM singlet scalar with
U(1)y charge 1 whose VEV generates not only the mass of
pseudoscalar but also the mass of right-handed neutrino DM.
In the minimal extension, the singlet scalar plays three roles.
This model with only one U(1)y charged scalar predicts a
Dirac right-handed neutrino and one massless right-handed
neutrino at the renormalizable level.' This could be interest-
ing from the viewpoint of cosmology, because those states
are candidates of DM and dark radiation (DR), respectively.
The DR has been constrained by cosmological observations
[43], and the DR constraint on the U(1),_, model has been
studied [44,45]. On the other hand, DR is interesting,
because it could relax the so-called Hubble tension® which
is the discrepancy between the current Hubble parameter H,
inferred from the cosmic microwave background by Planck
[43] and that measured by low-z observations such as the
SHOES collaboration [47]. The preferred value of the
number of effective neutrino species N is evaluated as
32 S N £3.5 [43] and 3.2 SNy $3.4 [48,49] for
different data sets.

This paper is organized as follows. In Sec. I we describe
the extra U(1)y model with the alternative charge assign-
ment for right-handed neutrinos and the generation of
neutrino masses by the type-II seesaw mechanism. The
mass spectrum of the particles, especially the various Higgs

'"For a model with nonrenormalizable terms, see Ref. [35].
*For a review, see for example Ref. [46].

TABLE I. In addition to the SM particle content (i = 1, 2, 3),
three right-handed neutrinos 1/5} (i =1, 2, 3), one Higgs doublet
®,, one triplet Higgs Az, and one U(1), Higgs field @y are
introduced. xy is a real free parameter in the U(l), charge
unfixed by the anomaly-free conditions.

SUB)c SUQ2), U(l)y U(l)x
q 3 2 ; 6% +3
u 3 1 2 LI
d;{ 3 1 —% —%XH—F%
el 1 1 -1 “xy — 1
" 1 1 0 —4
vk 1 1 0 —4
vy 1 1 0 5
@, 1 2 1 Lyg+1
<D2 1 2 % %)CH
A3 1 3 1 .)CH+2
Dy 1 1 0 1

particles and right-handed neutrinos will be derived. We
also summarize the present experimental constraints on the
model. In Sec. III we provide the relevant formula for
discussion of DM and DR. In Sec. IV we present the
interesting parameter region in terms of the current exper-
imental and cosmological constraints for the different
parameter sets of the U(1)y model. Section V is devoted
to our summary.

II. MODEL

A. U(1)y model with a triplet scalar

Our model is based on the gauge group SU(3).x
SU(2), xU(1)y x U(1)y. The particle content is listed
in Table I. Under these gauge groups, three generations of
right-handed neutrinos (¢, with i running 1,2,3) have to be
introduced for the anomaly cancellation. We consider the
alternative U(1),_, charge assignment for right-handed
neutrinos. The U(1)y symmetry is defiend as the linear
combination of U(1), and U(1)g_,, and the U(1)y charge
is parametrized by the relative U(1), charge x; normalized
by the U(1),_, charge. For this charge assignment, right-
handed neutrinos can not have Yukawa interaction with
left-handed leptons /; and the SM Higgs field @, due to the
mismatch of the charge. Instead of introducing two doublet
Higgs fields and two singlet Higgs fields to generate
Majorana masses of right-handed neutrinos and to form
Dirac neutrino masses for the type-I seesaw [30], we
introduce, as an economical way, one triplet Higgs field
A; and one doublet field ®,, which can generate neutrino
masses by type-II seesaw, and one singlet field ®y to break
the U(1), symmetry. Moreover, the SM singlet scalar with
U(1)y charge 1 generates not only the mass of pseudo-
scalar but also the mass of right-handed neutrino DM.
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Thus, this extension of the scalar sector is the minimal and
unique. The additional @; does not have any Yukawa
coupling to the SM fermion as in the type-1 THDM but is
necessary to have a trilinear term of Aj.

The Yukawa couplings with those additional Higgs fields
are given by

Lvukawa D iyng Al — ZY @113 0, +He., (1)
\/z i=12
where the superscript C denotes the charge conjugation, the
dot denotes the antisymmetric product of SU(2), Y, and
Y Ji, are Yukawa couplings between left-handed lepton
doublets and right-handed neutrinos, respectively. After
the triplet Higgs field develops a VEV wv,, left-handed
neutrino masses are generated as

(Mu)ij

After @y develops a VEV vy, the Yukawa interactions
between v4 with @y give the Dirac mass of right-handed
neutrinos as

0 1

0 Yl vl
L emass = _(I/IIQTI/IZQTI/%T) 0 0 Yp Ux 1/12e
RIMASS 2 \/E
Y”lle Yy%? 0 y%*
0O 0 O y}e
= —WkATNUTfo 0 m Ul A |, (3)
0 m 0 I/3R*
where we define
my my
u=|5 % 0f 4)
0 0
Ux
"=y (5)
my = Y 2 U—X (6)

Yyl + Y 2
\/ml rmd =y (7)

We find that one linear combination

Vi = 442D 2 — 4in? | D, [

’/R:*VR_ZW@ (8)

is a massless state. Other two components are summarized as

m m 01 o 1—‘r-m2UR
‘CDRmaSS:_<mI 1T+2D%€’D3RT)<1 0>m< 3* >
VR

=—ymy, (9)

by composing a Dirac spinor as

Tyl + M2y 2
)(_<m e R). (10)
Vr

There is one massless state v and one Dirac fermion y.
Thus, v behaves as DR and y is a candidate for DM. It is
worth noting that y has no direct coupling with the SM
particles thanks to its U(1), charge assignment which
guarantees the stability of the DM candidate. This is in a
remarkable contrast with right-handed neutrino DM in the
minimal U(1)y model with the standard charge assign-
ment, where the extra Z, parity has to be introduced by
hand to stabilize DM [50-52].”

The gauge interactions of vp and y can be read from
those of vf

‘Cint = %l}/ﬂ(aﬂ - i%/;egXX/)V;Q
= ivgy*(9, — i(=4)gx X, )vg + ix(r"0, — i((—4)Pg
+ (_S)PL)gXXu) ’ (11)

while similarly, the U(1)y gauge interaction for an SM
chiral fermion (f /z) can be read from the usual covariant
derivative,

Line = _if1/rr"(=ids,, ) 0xXuf LR (12)

Sfir

where g, is a U(1)y charge of f; g listed in Table I.
The scalar potential is given by

V = V] + Vz, (13)

1 1
+ 5/11|‘I>1|4 + 5/12\‘1)2|4 + 25]@; 2@, 2 + Ay @] D, |?

+APTHALA) + 3 A (THALA)) + 3 A((TH(ALAY))? ~ TH{(A1A5)7)

+ (Mg | ]* + A42|¢2|2)TY(A§A3) + AschHAg’ As|D + Aszq’; [A; Az,

A
-8 (@ . A, +H.c.),

V2

3For a review on this class of models, see e.g., Ref. [53].

(14)
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1 : Ax. At the U(1)y broken vacuum, the U(1)y gauge boson
Vs = —ug|®x[? +§/1X|q)x|4 + (A Px(®P,) + Hee.) acquires the mass,
Ax1 |®@x 2| @1 |2 + Axo | Dx|? | D5 |?
+ Ax1 | @x[*| D@1 [* + Ax2| Px|*|D, ml = g, (16)
+ Zxa| Py PTr(A7As). (15)

as vy does in Eq. (3). Then, the scalar ¢py from @y also has
At a high scale > v~246 GeV, U(l)y symmetry is  the mass méx = Jxv%. Thus, the effective scalar potential at a

spontaneously broken by the VEV of ®y = vy/v/2 = U/ low-energy scale below the scale of vy is given by
|

V= +83|®@, 2 - 13|®, > — (43,(@]®,) + Hoc.)

1 1
+ 5/11 |, [* + 5/12|‘I’2|4 + 23] 2D, * + 14\¢I‘D2|2

+BTHALA) + 5 A (Tr(ALA5))? + 3 As((Tr(A]A,))? = Tr{(A]4s)?)

+ (Agy|@4 > + A42|®2|2)TY(A£A3) + A5 @] [AL As]D) + A52<I>;[A§, As]D,
6

A

where the third term is generated from the third term in Eq. (15) by replacing ®y with its VEV as —u?, = Aj,0x/v/2.
3 = 12 + Lixv}/2. 4;, and A;(;) are coupling constants. Unlike the usual THDM, the (®]®,)? term is absent due to the

U(1)y gauge symmetry. The u2, terms generated by the VEV of vy is essential to give the mass of a CP odd Higgs boson
and remove a dangerous Nambu-Goldstone boson from the spectrum.
The stationary conditions are expressed as

o 250y — o1 ( 0] + v3(A3 + A4) + 05 (Agr — Asy) — 2A40,)
2 —

, 18
H 20, (18)
2= 03 4+ vivy (3 + Ag) + 1202 (Asa — Asy) — 2ut, (19)
2 21)2 ’
Agv? — A 02 (A — A 2(Auy — A
= 67 — va(Avx + v7(Ag s1) + 03 (Mg 52))’ (20)

21)A

where v and v, are the VEVs of @, and ®,, respectively. Our notation satisfies v = /2% + v3 ~ 246 GeV. The condition
(20) can be recast as

A — va(ho} + 07 (Mgt = As) +03(Asa = Asy) +203)  0a243 1
6 — U% - U% ’ ( )

where, in the last approximation, we have assumed the

condition for the type-1I seesaw mechanism, 3 > v2. Fora my =mr. — % (A5 0% + Asy13), (23)
given Ag and ,u%, our smaller v, results a smaller v,, which h ’
naturally fits the p parameter constraint and enhances the
decay rate of the doubly-charged Higgs boson to the same mﬁl =12, (ﬂ + 2) , (24)
sign dilepton H** — £;¢5 as we will show. In the small 2 h
v limit, the masses of scalars are given by
n, = m, (25)

2 At ‘Hﬁz% 0102 (A3 + Ag) — piis (22) P

h/H v102(A3 +Ag) — i, izv%+u%2% ’ miy}i = mfzx] —54”2’ (26)
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1
m?—lzi =5 (Ag107 + Appv3 + 243), (27)
2 > ] 2 2
Miges = My +5 (Asiv7 + Asyv3). (28)

B. Summary of experimental constraints

1. p parameter

The p parameter in this model is given as

m? 142

P=—7F 5 W2 = —vz N (29)
4y

mzCyy 1—1—1)—2A

which is experimentally constrained as p = 1.00038 +
0.00020 [54]. We find v, <0.78(2.6) GeV at the 2(3)
sigma.

2. The Z boson decay width

Nonobservation of the exotic decay of the Z boson
constrains the mass of the doubly-charged Higgs boson as
my < ZmHii [55]

3. Doubly-charged Higgs boson search at the LHC

The LHC bound on the doubly charged Higgs boson has
been derived as mps: =880 GeV for H** — £+/*
[56,57] and my=+ 2 350 GeV for H** — WEW= [58,59].

4. Lepton flavor violation
In a triplet Higgs model, lepton flavor-violating decays
of a charged lepton are induced at tree level [60—62]. The
branching ratio is given by [61]

1 2

- 64GEml ..

() vy
2

Br(z,”,» i ?]fkfl)

(30)

The stringent bound is Br(u — éee) < 1.0 x 1072 from
the SINDRUM experiment [63].

A flavor-violating radiative decay ¢; — £y is also
induced and its branching ratio for 4 — ey, which gives
the most stringent bound, is given by [61]

4873 agyy,

Br(y — ey) = (YAY4)

2,4
GFmHii

The MEG experiment has reported the latest result of
Br(u — ey) <4.2x 10713 [64].

Any of those lepton flavor-violating decay gives the
lower bound on the VEV of the triplet Higgs field as v, >
O(1) eV [65] for my++ <1 TeV.

5. X boson search at the LHC

In this section we evaluate the production cross section
of this process at the LHC for a choice of parameters
consistent with the LHC constraints from dilepton channel
pp =X — £¢ [66,67] and the dijet constraints [68,69].
The decay rates of X are given by

2
7 g
Z Tx(X = ff) = 5 myF(xy), (32)
247
f=quarks,leptons
%%
Iy(X 75) = 2X o1
XX = VilR) = g6 (33)

g
I'y(X = x7) = ﬁ \/m% — 4m2(41m% — 120m2),  (34)

with the auxiliary function [52]
F(xy) = 13 4 16xy + 10x3,. (35)

gx has been constrained to be small in previous studies. As
in Ref. [33], since the total X boson decay width is very
narrow, we use the narrow width approximation to evaluate
the X boson production cross section

olpp %) =23 [ dx [ ass, (x.0)f(x.0)806). (6)

2 —_

o(s) = T 90 gy, 37)
3 ny

where f, and f are the parton distribution function (PDF)
for a quark and antiquark, § = xys is the invariant mass
squared of colliding quarks for the center of mass energy s.
The factor 2 in Eq. (36) counts two ways of ¢ coming from
which proton out of two colliding protons. Since the most
severe bound is from the dilepton channel (£ = e, ), we

calculate o(pp — X)Br(X — ££) with

_8+12xH+5x%1

Br(X — £7¢) 4F(xp) .

(38)

and compare it with the ATLAS results [67]. We employ
PDFs of CTEQ6L [70] with a factorization scale Q = my
for simplicity. Following the manner to obtain a suitable
k-factor presented in Ref. [51], we scale our result by a
k-factor of k = 0.947 to match the recent ATLAS analysis
in our calculation. The results will be presented after we
discuss cosmological constraints.

C. Decay of doubly-charged Higgs boson

The decay rates for principal decay modes of H** are
[71,72]
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FIG. 1. Left: The decay branching ratio of H** for my-+ = 900 GeV. The light blue and orange curves indicate Br(H** — #+£%)
and Br(H** — WW%), respectively. v, ~ 107 GeV is the critical value at which the dominant mode changes. Right: The v,
dependence of v,. This is for Ag = 10° GeV and my++ = 900 GeV. A very small v, can be easily achieved with a sub-GeV scale v;.

v
ij 2

mpy++

dr

T(H** - ¢56%) =S (39)

4.2 .3 4 2

g UAm ++ 3m m 1

++ WEWE) ~ H w_ W _

FH™ ~ )= 64wms; <m4 m? +4>’
w H* H**

III. COSMOLOGY

Next, we consider cosmological constraints and impli-
cation of our model.

A. Dark radiation

With one U(1)y charged scalar ®y, out of three right-

(40)  handed neutrinos, there is one massless state vz and one
Dirac fermion y. We at first consider the DR constraint due
. to thermal production of v.
with The thermal averaged cross section of v, for the
temperature 7 < my is expressed as
1 i#]j -
Sij = { for 4 (o) 23 JoolsT < v (42)
Those of other minor modes, which are not relevant for our with
later discussion, can be found in Ref. [71]. , )
In the left panel of Fig. 1, we show the decay branching _ 2¢g°N .T*(xy(17xy +20) + 8)
ratio Br(H** — #*¢*) with the light blue curve and {ov(uit < vgug)) = 9rm?, . (43)
Br(H** — W*W%) with the orange curve. Here, we have
taken mpy== =900 GeV and substituted the formula of - 20*N T?(xpy(5xy —4) + 8)
neutrino mass (2) into (39). Then, the magnitude of neutrino (ov(dd < vgug)) = oy . (44)
masses is taken to be the scale of atmospheric neutrino mass X
difference of 0(0.1) eV. Foruvs 2 10~* GeV, reflecting the B 26T (xyy (Sxyy + 12) + 8)
Majorana nature of neutrino mass generated by the type-Il ~ (ov(£Z <> vgrg)) = 7 , (45)
seesaw mechanism, the lepton number-violating mode X
H** — ¢*¢* is dominant. The right panel shows that, 26T (xyy +2)°
in our model, a small v, can be realized by a sub-GeV scale <m;(yz7 PAN yRyR)> = % , (46)
v1. This is a distinctive feature of our model. While the tiny 7y

v and, as the result, the smallness of neutrino mass comes
from the small dimensionful parameter Ag in the minimal
Higgs triplet model, the smallness of neutrino mass is a
result of the smallness of v and an energy scale of A4 being
much smaller than the EW scale is not necessarily required.
In this sense, our @, plays the same role as the so-called
neutrinophilic Higgs field only in the scalar sector.

and the color factor N, =3 for quarks. The invariant
squared amplitude before taking thermal averaging are
listed in Appendix. The decoupling temperature 74.. of
vg from the thermal bath is evaluated by

<Gv>nvk |T:TdCC = H<Tdec)’ (47)

123512-6
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where H = a/a is the cosmic expansion rate in the
radiation dominated universe described by

1
H?> = Rl (48)
P
g,
pr==4T" (49)

with a, p,, and g, are the scale factor, the energy density
of radiation and the number of relativistic degrees of
freedom, respectively. Mp ~2.4 x 10'® is the reduced
Planck mass. After v; decoupled from thermal bath at the
decoupling temperature 7., the energy density of vg,
Py, decreases as p, o a~*. By parametrizing the energy
density of vg with AN as

7 7
Py = AN g 4_1% TZ‘, (50)

the total radiation energy density except photons is
expressed as

Negr = N + ANy, (51)

where T, is the temperature of left-handed SM neutrinos
and N¥%; is the effective number of neutrinos in the SM.
For recent calculations of N, see e.g., Refs. [73-77].

B. Dark matter

1. Abundance

We estimate the thermal relic abundance of our Dirac
DM y by solving the Boltzmann equation,

dn
7 +3Hn = —(ov)(n* — ngq), (52)

where n is the number density of y, ngq is its number
density at thermal equilibrium, (ov) is the thermal averaged
products of the annihilation cross section and the relative
velocity. The amplitude squared integrated over the scatter-
ing angle 6 is given by

> /|M(if<—>;(;()|2dcosé

i=fg
2g% s(F(xy) + 16)(79m3%, + 41s)
=z 2 2 2 2 ’ (53)
3 (my —s)* + T'ymy

where s is the center-of-mass energy and the total decay
width is given by

Ty= Y Tx(X i), (54)

i=fpry

with each partial decay width (32), (33), and (34).
The resultant DM relic abundance is given by

O — 1.1 x 10°x;, GeV~!
4 \% Sﬂg*MP<6U> ’

where x, =m,/T, with the decoupling temperature
T, [78].

(55)

2. Direct DM detection bound

The DM y with the mass m, can scatter off nucleons
through the X boson exchange. The spin-independent (SI)
weakly interacting massive particle (WIMP)-nucleon cross
section for the elastic scattering through vector-vector

couplings is given by [79]

2
u
Os1 = ﬁ (pr + (A - Z)bn)za (56)
with
meN
- x N 7
HN m){ n my ’ (5 )
g
bp :m—g(zgu +gd), (58)
X
g
b, = _)g (gu + ng)’ (59)
my
g){ = 4ng (60)
1 Xy sz 1
=(5(F+5") +3 1
Gu <2<6+3>+3>9x, (61)
o 1 XH Xy 1
94 = <2<6 3>+3>9x- (62)

Here, Z and A are the atomic number and the mass number
of a target. my is the mass of nucleus.

IV. BENCHMARK POINTS

We examine the constraints on our model for several
parameters by collider experiments and cosmology.

The first case is x5 = 0, which corresponds to U(1),_; .
On the upper-right panel in Fig. 2, we show the LHC
constraints drawn by black solid curve in a (my, gy) plane
and parameter points where desired thermal DM abundance
thz ~ (.1 is reproduced without confronting the latest
DM direct search XENONIT(2018) [80]. The blue and
green curves correspond to fixed DM masses of 1 TeV and
2 TeV, respectively. The sharp drops around my = 2 TeV
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FIG.2. Constraints summary. LHC (ATLAS) constraints (black), N = 3.5(3.1) with red solid (dashed) curve, points satisfying both
thz ~().1 and the constraints from DM direct searches for my = 1 TeV (blue) and 2 TeV (green). Upper left: For the x5 = 1 case.
Upper right: For the xi = 0; U(1),_, case. Lower left: For the xy = —1.2 case. Lower right: For the xi = —2; U(1), case.

and 4 TeV respectively appear by the X boson resonance in
the annihilation processes. End points of those curves are
due to the constraints from DM direct search experiments.
In y DM parameter space, only the vicinity of s-channel X
resonance is allowed, due to the stringent DM direct search
bound. Red solid (dashed) curve represent the predicted
N of 3.5(3.1) by taking the contribution of vy radiation
into account. The LHC provides a more stringent limit for a
lighter my mass region my < 3.5 TeV, while the cosmo-
logical bound is significant for my = 3.5 TeV.

For comparison, the different x; models are also dis-
played in Fig. 2. The upper-left panel shows the results for
xg = 1. In this case, both the LHC and cosmological N

bounds are more severe than those of the U(1),_, case.
Hence, a smaller gy than that in the U(1),_, model are
allowed. The LHC bound becomes most less stringent for
xg = —1.2 [52], which is shown in the lower-left panel. In
this case, the N constraint is comparable or more
stringent than the LHC bound for all mass range of my
in the plot.

Finally, we consider the case of xy = —2, which
corresponds to U(1)g. This is a case that the constraint
from direct DM search becomes weaker by the destructive
interference between proton and neutron in the cross
section, which can be easily seen by rewriting the SI
WIMP-nucleon cross section (56) as
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os1 « (A(xy +4) + 2x5Z)%. (63)

For atomic nucleus with A ~2Z, the cancellation occurs
around xy ~ —2. Thus, a larger gy than that in the U(1),_,
model is allowed. As can be seen in the lower-right panel of
Fig. 2, my is not necessarily so close to 2m,, and more
interestingly, there exist parameter points that thermal DM
with the mass of 2 TeV and AN = O(0.1) can be
simultaneously realized. We note that another model for
the simultaneous realization of thermal DM and DR was
proposed in Ref. [81], where DM is flavored U(1)
interacting scalar and the gauge boson is light.

V. SUMMARY

We have proposed a simple extension of the SM with an
extra U(1)y gauge symmetry with an alternative charge
assignment for right-handed neutrinos. The type-II seesaw
mechanism is an economical way to generate appropriate
neutrino masses in this framework and an additional Higgs
doublet to have a trilinear interaction with the triplet Higgs
field. Since the tadpole term is proportional to the squared
VEV of the additional doublet Higgs field, the smallness of
neutrino mass could be understood as the consequence of
the smallness of the additional Higgs VEV. Thus, without
introducing a very small dimensionful parameter in the
Higgs potential, we can observe the dilepton decay of the
doubly charged Higgs boson, which is evidence of non-
conservation of lepton number.

We have also derived the constraints for thermal DM and
DR. Since we have introduced only one SM singlet U(1)y

|

8g*s(m%((Txy +40)xy +16) 4 s((17xy + 20)xy + 8))

breaking scalar, it predicts the existence of one massless
state and Dirac fermion in the right-handed neutrino sector.
The LHC sets a stringent bound on the model parameters
for my < a few TeV, while the DR constraint is more
significant for my 2 a few TeV. The most stringent bound
comes from the DM physics in the wide range of parameter
space. The null results of direct DM searches impose the
upper bound on the U(1)y gauge coupling. A case with
Xy~ —2 is exceptional because the direct DM search
bound becomes weaker due to cancellation in nucleon
DM scattering cross section. Then, thermal DM and
AN = O(0.1) can be consistent. Such an Ny would
be interesting from the viewpoint of Hubble tension.
Another important but unaddressed subject is baryo-
genesis, which is beyond the scope of this paper. We, here,
note that thermal leptogenesis by heavy-triplet Higgs
particles [82-85] or Affelck-Dine baryogenesis by scalar
condensations [86] appears to be promising.
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APPENDIX: AMPLITUDE

We give explicit formulas of the invariant amplitude
squared of scatterings between the SM fermions and v,

/ |M(uit <> vgrg)*dcos@ =

/ |IM(dd <> vgug)|>d cos O =

/ |(M(¢€ < vgug)|*dcosd =

27(Tgm3 + (m% —5)?) ’ .
8g*s(m3(16 — );;;ilré()z;j()r)n; j(Sz);H —4)xu +8)) , (A2)
8g*s(m3((Txy +3z(z;);2§+ :f;;j(szjﬂ 120 +8)) (A3)

8¢"s*(xy +2)° (Ad)

/ |IM(vp <> vgug)|*dcos @ =

3(fmx + (m% —5)%)
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