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We propose an extraUð1ÞX 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 VEVof the triplet Higgs field, and as a result, the smallness of neutrino mass
can be understood. With the minimal Higgs field for Uð1ÞX 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 Uð1ÞX choices, the DM direct search bound is found to be weakest for Uð1ÞR 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 Uð1Þ 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 SUð3ÞC × SUð2ÞL ×
Uð1ÞY to SUð3ÞC × SUð2ÞL × Uð1ÞY ×Uð1ÞB−L, 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 Uð1ÞB−L charge
−1, which has been usually considered—and might be
called—the standard assignment. Under this assignment, it

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 Uð1ÞB−L charge of
−4 and the one has the charge of þ5, which is sometimes
called the alternative assignment [9].
A similar extra Uð1Þ extended model can be constructed

based on the Uð1ÞR gauge symmetry where only right-
handed fermions are charged while left-handed ones are not
charged [10]. The Uð1ÞR charged particles are same as in
the Uð1ÞB−L 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],
Uð1ÞR charged Higgs scalars [16,17], andUð1ÞR interacting
dark matter (DM) [18–21], can be found in literature. The
anomaly-free most general gauged Uð1Þ extension of the
SM is defined as a linear combination of the SM Uð1ÞY and
the Uð1ÞB−L gauge groups. With this convenient para-
metrization of Uð1ÞX [22–24], we can study a wide class
of extra Uð1Þ models including the representative model
Uð1ÞB−L and Uð1ÞR. In this paper, we consider Uð1ÞX
models with the alternative Uð1ÞB−L 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 SUð2Þ 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 Uð1ÞX model with the alternative charge for right-
handed neutrinos. The triplet Higgs fields have to be charged
under the extra Uð1ÞX to have Yukawa interactions with
lepton doublets which are also charged under the Uð1ÞX.
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
theUð1ÞX breaking is to introduce an SM singlet scalar with
Uð1ÞX 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 Uð1ÞX charged scalar predicts a
Dirac right-handed neutrino and one massless right-handed
neutrino at the renormalizable level.1 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 Uð1ÞB−L model has been
studied [44,45]. On the other hand, DR is interesting,
because it could relax the so-called Hubble tension2 which
is the discrepancy between the current Hubble parameterH0

inferred from the cosmic microwave background by Planck
[43] and that measured by low-z observations such as the
SH0ES collaboration [47]. The preferred value of the
number of effective neutrino species Neff is evaluated as
3.2≲ Neff ≲ 3.5 [43] and 3.2≲ Neff ≲ 3.4 [48,49] for
different data sets.
This paper is organized as follows. In Sec. II we describe

the extra Uð1ÞX 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

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 Uð1ÞX model. Section V is devoted
to our summary.

II. MODEL

A. Uð1ÞX model with a triplet scalar

Our model is based on the gauge group SUð3ÞC×
SUð2ÞL ×Uð1ÞY × Uð1ÞX. The particle content is listed
in Table I. Under these gauge groups, three generations of
right-handed neutrinos (νiR with i running 1,2,3) have to be
introduced for the anomaly cancellation. We consider the
alternative Uð1ÞB−L charge assignment for right-handed
neutrinos. The Uð1ÞX symmetry is defiend as the linear
combination of Uð1ÞY and Uð1ÞB−L, and the Uð1ÞX charge
is parametrized by the relativeUð1ÞY charge xH normalized
by the Uð1ÞB−L charge. For this charge assignment, right-
handed neutrinos can not have Yukawa interaction with
left-handed leptons liL and the SM Higgs fieldΦ2 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
Δ3 and one doublet field Φ1, which can generate neutrino
masses by type-II seesaw, and one singlet field ΦX to break
the Uð1ÞX symmetry. Moreover, the SM singlet scalar with
Uð1ÞX charge 1 generates not only the mass of pseudo-
scalar but also the mass of right-handed neutrino DM.

TABLE I. In addition to the SM particle content (i ¼ 1, 2, 3),
three right-handed neutrinos νiR (i ¼ 1, 2, 3), one Higgs doublet
Φ1, one triplet Higgs Δ3, and one Uð1ÞX Higgs field ΦX are
introduced. xH is a real free parameter in the Uð1ÞX charge
unfixed by the anomaly-free conditions.

SUð3ÞC SUð2ÞL Uð1ÞY Uð1ÞX
qiL 3 2 1

6
1
6
xH þ 1

3

uiR 3 1 2
3

2
3
xH þ 1

3

diR 3 1 − 1
3

− 1
3
xH þ 1

3

liL 1 2 − 1
2

− 1
2
xH − 1

eiR 1 1 −1 −xH − 1

ν1R 1 1 0 −4
ν2R 1 1 0 −4
ν3R 1 1 0 5

Φ1 1 2 1
2

1
2
xH þ 1

Φ2 1 2 1
2

1
2
xH

Δ3 1 3 1 xH þ 2

ΦX 1 1 0 1

1For a model with nonrenormalizable terms, see Ref. [35].
2For a review, see for example Ref. [46].
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Thus, this extension of the scalar sector is the minimal and
unique. The additional Φ1 does not have any Yukawa
coupling to the SM fermion as in the type-I THDM but is
necessary to have a trilinear term of Δ3.
The Yukawa couplings with those additional Higgs fields

are given by

LYukawa ⊃−
1ffiffiffi
2

p Yij
Δl

iC
L ·ΔljL−

X
i¼1;2

YνiR
Φ†

Xν
3C
R νiRþH:c:; ð1Þ

where the superscript C denotes the charge conjugation, the
dot denotes the antisymmetric product of SUð2Þ, YΔ and
YνiR

are Yukawa couplings between left-handed lepton
doublets and right-handed neutrinos, respectively. After
the triplet Higgs field develops a VEV vΔ, left-handed
neutrino masses are generated as

ðMνÞij ¼ Yij
ΔvΔ: ð2Þ

After ΦX develops a VEV vX, the Yukawa interactions
between νiR with ΦX give the Dirac mass of right-handed
neutrinos as

LνRmass ¼ −ðν1R†ν2R†ν3RTÞ

0
B@

0 0 Yν1R

0 0 Yν2R

Yν1R
Yν2R

0

1
CA vXffiffiffi

2
p

0
B@

ν1R
ν2R
ν3R

�

1
CA

¼ −ðν1R†ν2R†ν3RTÞU†

0
B@

0 0 0

0 0 m

0 m 0

1
CAU

0
B@

ν1R
ν2R
ν3R

�

1
CA; ð3Þ

where we define

U ¼

0
B@

m2

m − m1

m 0
m1

m
m2

m 0

0 0 1

1
CA; ð4Þ

m1 ¼ Yν1R

vXffiffiffi
2

p ; ð5Þ

m2 ¼ Yν2R

vXffiffiffi
2

p ; ð6Þ

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þm2
2

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Yν1R

þ Yν2R

2

r
vX: ð7Þ

We find that one linear combination

νR ¼ m2

m
ν1R −

m1

m
ν2R; ð8Þ

is a massless state. Other two components are summarized as

LνRmass¼−
�
m1

m
ν1R

†þm2

m
ν2R

†ν3R
T

��
0 1

1 0

�
m

�m1

m ν1Rþm2

m ν2R

ν3R
�

�

¼−χ̄mχ; ð9Þ
by composing a Dirac spinor as

χ ¼
� m1

m ν1R þ m2

m ν2R

ν3R
�

�
: ð10Þ

There is one massless state νR and one Dirac fermion χ.
Thus, νR behaves as DR and χ is a candidate for DM. It is
worth noting that χ has no direct coupling with the SM
particles thanks to its Uð1ÞX charge assignment which
guarantees the stability of the DM candidate. This is in a
remarkable contrast with right-handed neutrino DM in the
minimal Uð1ÞX model with the standard charge assign-
ment, where the extra Z2 parity has to be introduced by
hand to stabilize DM [50–52].3
The gauge interactions of νR and χ can be read from

those of νiR

Lint ¼ νiRiγ
μð∂μ − iqνiRgXXμÞνiR

¼ iνRγμð∂μ − ið−4ÞgXXμÞνR þ iχðγμ∂μ − iðð−4ÞPR

þ ð−5ÞPLÞgXXμÞχ; ð11Þ
while similarly, the Uð1ÞX gauge interaction for an SM
chiral fermion (fL=R) can be read from the usual covariant
derivative,

Lint ¼
X
fL=R

ifL=Rγμð−iqfL=RÞgXXμfL=R; ð12Þ

where qfL=R is a Uð1ÞX charge of fL=R listed in Table I.
The scalar potential is given by

V ¼ V1 þ V2; ð13Þ

V1 ¼ þμ̂1
2jΦ1j2 − μ̂2

2jΦ2j2

þ 1

2
λ1jΦ1j4 þ

1

2
λ2jΦ2j4 þ λ3jΦ1j2jΦ2j2 þ λ4jΦ†

1Φ2j2

þ μ̂3
2TrðΔ†

3Δ3Þ þ
1

2
Λ1ðTrðΔ†

3Δ3ÞÞ2 þ
1

2
Λ2ððTrðΔ†

3Δ3ÞÞ2 − Tr½ðΔ†
3Δ3Þ2�Þ

þ ðΛ41jΦ1j2 þ Λ42jΦ2j2ÞTrðΔ†
3Δ3Þ þ Λ51Φ

†
1½Δ†

3;Δ3�Φ1 þ Λ52Φ
†
2½Δ†

3;Δ3�Φ2

−
Λ6ffiffiffi
2

p ðΦT
1 · Δ3Φ1 þ H:c:Þ; ð14Þ

3For a review on this class of models, see e.g., Ref. [53].
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V2 ¼ −μ2XjΦXj2 þ
1

2
λXjΦXj4 þ ðλ12ΦXðΦ†

1Φ2Þ þ H:c:Þ
þ λX1jΦXj2jΦ1j2 þ λX2jΦXj2jΦ2j2
þ λXΔjΦXj2TrðΔ†

3Δ3Þ: ð15Þ

At a high scale ≫ v ≃ 246 GeV, Uð1ÞX symmetry is
spontaneously broken by the VEV of ΦX ¼ vX=

ffiffiffi
2

p ¼ μ2X=

λX. At the Uð1ÞX broken vacuum, the Uð1ÞX gauge boson
acquires the mass,

m2
X ¼ g2Xv

2
X; ð16Þ

as νR does in Eq. (3). Then, the scalar ϕX from ΦX also has
the massm2

ϕX
¼ λXv2X. Thus, the effective scalar potential at a

low-energy scale below the scale of vX is given by

V ¼ þμ21jΦ1j2 − μ22jΦ2j2 − ðμ212ðΦ†
1Φ2Þ þ H:c:Þ

þ 1

2
λ1jΦ1j4 þ

1

2
λ2jΦ2j4 þ λ3jΦ1j2jΦ2j2 þ λ4jΦ†

1Φ2j2

þ μ23TrðΔ†
3Δ3Þ þ

1

2
Λ1ðTrðΔ†

3Δ3ÞÞ2 þ
1

2
Λ2ððTrðΔ†

3Δ3ÞÞ2 − Tr½ðΔ†
3Δ3Þ2�Þ

þ ðΛ41jΦ1j2 þ Λ42jΦ2j2ÞTrðΔ†
3Δ3Þ þ Λ51Φ†

1½Δ†
3;Δ3�Φ1 þ Λ52Φ†

2½Δ†
3;Δ3�Φ2

−
Λ6ffiffiffi
2

p ðΦT
1 · Δ3Φ1 þ H:c:Þ; ð17Þ

where the third term is generated from the third term in Eq. (15) by replacing ΦX with its VEV as −μ212 ¼ λ12vX=
ffiffiffi
2

p
.

μ2i ¼ μ̂i
2 þ λiXv2X=2, λi, and ΛiðjÞ are coupling constants. Unlike the usual THDM, the ðΦ†

1Φ2Þ2 term is absent due to the
Uð1ÞX gauge symmetry. The μ212 terms generated by the VEVof vX 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

μ21 ¼
2μ212v2 − v1ðλ1v21 þ v22ðλ3 þ λ4Þ þ v2ΔðΛ41 − Λ51Þ − 2Λ6vΔÞ

2v1
; ð18Þ

μ22 ¼
λ2v32 þ v21v2ðλ3 þ λ4Þ þ v2v2ΔðΛ42 − Λ52Þ − 2μ212v1

2v2
; ð19Þ

μ23 ¼
Λ6v21 − vΔðλ1v2Δ þ v21ðΛ41 − Λ51Þ þ v22ðΛ42 − Λ52ÞÞ

2vΔ
; ð20Þ

where v1 and v2 are the VEVs of Φ1 and Φ2, respectively. Our notation satisfies v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
≃ 246 GeV. The condition

(20) can be recast as

Λ6 ¼
vΔðλ1v2Δ þ v21ðΛ41 − Λ51Þ þ v22ðΛ42 − Λ52Þ þ 2μ23Þ

v21
≃
vΔ2μ23
v21

; ð21Þ

where, in the last approximation, we have assumed the
condition for the type-II seesaw mechanism, μ23 ≫ v2. For a
given Λ6 and μ23, our smaller v1 results a smaller vΔ, which
naturally fits the ρ parameter constraint and enhances the
decay rate of the doubly-charged Higgs boson to the same
sign dilepton H�� → l�

i l
�
j as we will show. In the small

vΔ limit, the masses of scalars are given by

m2
h=H ¼

 
λ1v21þμ212

v2
v1

v1v2ðλ3þ λ4Þ−μ212

v1v2ðλ3þλ4Þ−μ212 λ2v22þμ212
v1
v2

!
; ð22Þ

m2
H2

¼ m2
H�

2

−
1

2
ðΛ51v21 þ Λ52v22Þ; ð23Þ

m2
A1

¼ μ212

�
v1
v2

þ v2
v1

�
; ð24Þ

m2
A2

¼ m2
H2
; ð25Þ

m2
H�

1

¼ m2
A1

−
λ4
2
v2; ð26Þ
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m2
H�

2

¼ 1

2
ðΛ41v21 þ Λ42v22 þ 2μ23Þ; ð27Þ

m2
H�� ¼ m2

H�
2

þ 1

2
ðΛ51v21 þ Λ52v22Þ: ð28Þ

B. Summary of experimental constraints

1. ρ parameter

The ρ parameter in this model is given as

ρ≡ m2
W

m2
Zc

2
W
¼ 1þ 2v2Δ

v2

1þ 4v2Δ
v2

; ð29Þ

which is experimentally constrained as ρ ¼ 1.00038�
0.00020 [54]. We find vΔ ≲ 0.78ð2.6Þ 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
mZ < 2mH�� [55].

3. Doubly-charged Higgs boson search at the LHC

The LHC bound on the doubly charged Higgs boson has
been derived as mH�� ≳ 880 GeV for H�� → l�l�

[56,57] and mH�� ≳ 350 GeV for H�� → W�W� [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]

Brðli → ljlkllÞ ¼
1

64G2
Fm

4
H��

���� ðYij
ΔÞ†Ykl

Δ
2

����2: ð30Þ

The stringent bound is Brðμ → ēeeÞ < 1.0 × 10−12 from
the SINDRUM experiment [63].
A flavor-violating radiative decay li → ljγ is also

induced and its branching ratio for μ → eγ, which gives
the most stringent bound, is given by [61]

Brðμ → eγÞ ¼ 48π3αem
G2

Fm
4
H��

����ðY†
ΔYΔÞeμ

1

16π2
3

16

����2: ð31Þ

The MEG experiment has reported the latest result of
Brðμ → eγÞ < 4.2 × 10−13 [64].
Any of those lepton flavor-violating decay gives the

lower bound on the VEVof the triplet Higgs field as vΔ >
Oð1Þ eV [65] for mH�� ≲ 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 → ll̄ [66,67] and the dijet constraints [68,69].
The decay rates of X are given by

X
f¼quarks;leptons

ΓXðX → ff̄Þ ¼ g2X
24π

mXFðxHÞ; ð32Þ

ΓXðX → νRνRÞ ¼
g2X
24π

mX16; ð33Þ

ΓXðX → χχÞ ¼ g2X
24π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

X − 4m2
χ

q
ð41m2

X − 120m2
χÞ; ð34Þ

with the auxiliary function [52]

FðxHÞ ¼ 13þ 16xH þ 10x2H: ð35Þ

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

σðpp→XÞ¼ 2
X
q;q̄

Z
dx
Z

dyfqðx;QÞfq̄ðx;QÞσ̂ðŝÞ; ð36Þ

σ̂ðŝÞ ¼ 4π2

3

ΓXðX → qq̄Þ
mX

δðŝ −m2
XÞ; ð37Þ

where fq and fq̄ are the parton distribution function (PDF)
for a quark and antiquark, ŝ ¼ 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 q coming from
which proton out of two colliding protons. Since the most
severe bound is from the dilepton channel (l ¼ e, μ), we
calculate σðpp → XÞBrðX → ll̄Þ with

BrðX → ll̄Þ ¼ 8þ 12xH þ 5x2H
4FðxHÞ

; ð38Þ

and compare it with the ATLAS results [67]. We employ
PDFs of CTEQ6L [70] with a factorization scale Q ¼ mX
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 ¼ 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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ΓðH�� → l�
i l

�
j Þ ≃ Sij

jYij
Δj2
2

mH��

4π
; ð39Þ

ΓðH�� → W�W�Þ ≃ g4v2Δm
3
H��

64πm4
W

�
3m4

W

m4
H��

−
m2

W

m2
H��

þ 1

4

�
;

ð40Þ

with

Sij ¼
�
1

1
2

for
i ≠ j

i ¼ j
: ð41Þ

Those of other minor modes, which are not relevant for our
later discussion, can be found in Ref. [71].
In the left panel of Fig. 1, we show the decay branching

ratio BrðH�� → l�l�Þ with the light blue curve and
BrðH�� → W�W�Þ with the orange curve. Here, we have
taken mH�� ¼ 900 GeV and substituted the formula of
neutrino mass (2) into (39). Then, the magnitude of neutrino
masses is taken to be the scale of atmospheric neutrino mass
difference ofOð0.1Þ eV. For vΔ ≳ 10−4 GeV, reflecting the
Majorana nature of neutrino mass generated by the type-II
seesaw mechanism, the lepton number-violating mode
H�� → l�l� is dominant. The right panel shows that,
in our model, a small vΔ can be realized by a sub-GeV scale
v1. This is a distinctive feature of our model. While the tiny
vΔ and, as the result, the smallness of neutrino mass comes
from the small dimensionful parameter Λ6 in the minimal
Higgs triplet model, the smallness of neutrino mass is a
result of the smallness of v1 and an energy scale ofΛ6 being
much smaller than the EW scale is not necessarily required.
In this sense, our Φ1 plays the same role as the so-called
neutrinophilic Higgs field only in the scalar sector.

III. COSMOLOGY

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

A. Dark radiation

With one Uð1ÞX charged scalar ΦX, out of three right-
handed neutrinos, there is one massless state νR and one
Dirac fermion χ. We at first consider the DR constraint due
to thermal production of νR.
The thermal averaged cross section of νR for the

temperature T ≪ mX is expressed as

hσvi ≃
X
f

hσvðff̄ ↔ νRνRÞi; ð42Þ

with

hσvðuū↔ νRνRÞi ¼
2g4NcT2ðxHð17xH þ 20Þ þ 8Þ

9πm4
X

; ð43Þ

hσvðdd̄ ↔ νRνRÞi ¼
2g4NcT2ðxHð5xH − 4Þ þ 8Þ

9πm4
X

; ð44Þ

hσvðll̄ ↔ νRνRÞi ¼
2g4T2ðxHð5xH þ 12Þ þ 8Þ

πm4
X

; ð45Þ

hσvðνν̄ ↔ νRνRÞi ¼
2g4T2ðxH þ 2Þ2

πm4
X

; ð46Þ

and the color factor Nc ¼ 3 for quarks. The invariant
squared amplitude before taking thermal averaging are
listed in Appendix. The decoupling temperature Tdec of
νR from the thermal bath is evaluated by

hσvinνR jT¼Tdec
¼ HðTdecÞ; ð47Þ

FIG. 1. Left: The decay branching ratio of H�� for mH�� ¼ 900 GeV. The light blue and orange curves indicate BrðH�� → l�l�Þ
and BrðH�� → W�W�Þ, respectively. vΔ ≃ 10−4 GeV is the critical value at which the dominant mode changes. Right: The v1
dependence of vΔ. This is for Λ6 ¼ 103 GeV and mH�� ¼ 900 GeV. A very small vΔ can be easily achieved with a sub-GeV scale v1.
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where H ¼ _a=a is the cosmic expansion rate in the
radiation dominated universe described by

H2 ¼ 1

3M2
P
ρr; ð48Þ

ρr ¼
π2g�
30

T4; ð49Þ

with a, ρr, and g� are the scale factor, the energy density
of radiation and the number of relativistic degrees of
freedom, respectively. MP ≃ 2.4 × 1018 is the reduced
Planck mass. After νR decoupled from thermal bath at the
decoupling temperature Tdec, the energy density of νR,
ρνR , decreases as ρνR ∝ a−4. By parametrizing the energy
density of νR with ΔNeff as

ρνR ¼ ΔNeff
7

4

π2

30
T4
ν; ð50Þ

the total radiation energy density except photons is
expressed as

Neff ¼ Nν
eff þ ΔNeff ; ð51Þ

where Tν is the temperature of left-handed SM neutrinos
and Nν

eff is the effective number of neutrinos in the SM.
For recent calculations of Nν

eff , see e.g., Refs. [73–77].

B. Dark matter

1. Abundance

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

dn
dt

þ 3Hn ¼ −hσviðn2 − n2EQÞ; ð52Þ

where n is the number density of χ, nEQ is its number
density at thermal equilibrium, hσvi is the thermal averaged
products of the annihilation cross section and the relative
velocity. The amplitude squared integrated over the scatter-
ing angle θ is given by

X
i¼f;νR

Z
jMðiī ↔ χχÞj2d cos θ

¼ 2g4X
3

sðFðxHÞ þ 16Þð79m2
N þ 41sÞ

ðm2
X − sÞ2 þ Γ2

Xm
2
X

; ð53Þ

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

ΓX ¼
X

i¼f;νR;χ

ΓXðX → iīÞ; ð54Þ

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

Ωχh2 ¼
1.1 × 109xd GeV−1ffiffiffiffiffiffiffiffiffiffi

8πg�
p

MPhσvi
; ð55Þ

where xd ¼ mχ=Td with the decoupling temperature
Td [78].

2. Direct DM detection bound

The DM χ with the mass mχ 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]

σSI ¼
μ2N
4π

ðZbp þ ðA − ZÞbnÞ2; ð56Þ

with

μN ¼ mχmN

mχ þmN
; ð57Þ

bp ¼ gχ
m2

X
ð2gu þ gdÞ; ð58Þ

bn ¼
gχ
m2

X
ðgu þ 2gdÞ; ð59Þ

gχ ¼ 4gX; ð60Þ

gu ¼
�
1

2

�
xH
6

þ 2xH
3

�
þ 1

3

�
gX; ð61Þ

gd ¼
�
1

2

�
xH
6

−
xH
3

�
þ 1

3

�
gX: ð62Þ

Here, Z and A are the atomic number and the mass number
of a target. mN 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 xH ¼ 0, which corresponds to Uð1ÞB−L.

On the upper-right panel in Fig. 2, we show the LHC
constraints drawn by black solid curve in a ðmX; gXÞ plane
and parameter points where desired thermal DM abundance
Ωχh2 ≃ 0.1 is reproduced without confronting the latest
DM direct search XENON1T(2018) [80]. The blue and
green curves correspond to fixed DM masses of 1 TeV and
2 TeV, respectively. The sharp drops around mX ¼ 2 TeV
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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 χ 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
Neff of 3.5(3.1) by taking the contribution of νR radiation
into account. The LHC provides a more stringent limit for a
lighter mX mass region mX ≲ 3.5 TeV, while the cosmo-
logical bound is significant for mX ≳ 3.5 TeV.
For comparison, the different xH models are also dis-

played in Fig. 2. The upper-left panel shows the results for
xH ¼ 1. In this case, both the LHC and cosmological Neff

bounds are more severe than those of the Uð1ÞB−L case.
Hence, a smaller gX than that in the Uð1ÞB−L model are
allowed. The LHC bound becomes most less stringent for
xH ¼ −1.2 [52], which is shown in the lower-left panel. In
this case, the Neff constraint is comparable or more
stringent than the LHC bound for all mass range of mX
in the plot.
Finally, we consider the case of xH ¼ −2, which

corresponds to Uð1ÞR. 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

FIG. 2. Constraints summary. LHC (ATLAS) constraints (black), Neff ¼ 3.5ð3.1Þ with red solid (dashed) curve, points satisfying both
Ωχh2 ≃ 0.1 and the constraints from DM direct searches for mN ¼ 1 TeV (blue) and 2 TeV (green). Upper left: For the xH ¼ 1 case.
Upper right: For the xH ¼ 0; Uð1ÞB−L case. Lower left: For the xH ¼ −1.2 case. Lower right: For the xH ¼ −2; Uð1ÞR case.
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σSI ∝ ðAðxH þ 4Þ þ 2xHZÞ2: ð63Þ

For atomic nucleus with A ≃ 2Z, the cancellation occurs
around xH ≃ −2. Thus, a larger gX than that in the Uð1ÞB−L
model is allowed. As can be seen in the lower-right panel of
Fig. 2, mX is not necessarily so close to 2mχ , and more
interestingly, there exist parameter points that thermal DM
with the mass of 2 TeV and ΔNeff ¼ Oð0.1Þ 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 Uð1Þ
interacting scalar and the gauge boson is light.

V. SUMMARY

We have proposed a simple extension of the SM with an
extra Uð1ÞX 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
VEVof 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 Uð1ÞX

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 mX ≲ a few TeV, while the DR constraint is more
significant for mX ≳ 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 Uð1ÞX gauge coupling. A case with
xH ≃ −2 is exceptional because the direct DM search
bound becomes weaker due to cancellation in nucleon
DM scattering cross section. Then, thermal DM and
ΔNeff ¼ Oð0.1Þ can be consistent. Such an Neff 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 νR,

Z
jMðuū ↔ νRνRÞj2d cos θ ¼ 8g4sðm2

fðð7xH þ 40ÞxH þ 16Þ þ sðð17xH þ 20ÞxH þ 8ÞÞ
27ðΓ2

Xm
2
X þ ðm2

X − sÞ2Þ ; ðA1Þ

Z
jMðdd̄ ↔ νRνRÞj2d cos θ ¼ 8g4sðm2

fð16 − xHð17xH þ 8ÞÞ þ sðð5xH − 4ÞxH þ 8ÞÞ
27ðΓ2

Xm
2
X þ ðm2

X − sÞ2Þ ; ðA2Þ

Z
jMðll̄ ↔ νRνRÞj2d cos θ ¼ 8g4sðm2

fðð7xH þ 24ÞxH þ 16Þ þ sðð5xH þ 12ÞxH þ 8ÞÞ
3ðΓ2

Xm
2
X þ ðm2

X − sÞ2Þ ; ðA3Þ

Z
jMðνν̄ ↔ νRνRÞj2d cos θ ¼ 8g4s2ðxH þ 2Þ2

3ðΓ2
Xm

2
X þ ðm2

X − sÞ2Þ : ðA4Þ
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[45] P. Fileviez Pérez, C. Murgui, and A. D. Plascencia, Phys.

Rev. D 100, 035041 (2019).
[46] E. Di Valentino, O. Mena, S. Pan, L. Visinelli, W. Yang, A.

Melchiorri, D. F. Mota, A. G. Riess, and J. Silk, Classical
Quantum Gravity 38, 153001 (2021).

[47] A. G. Riess, S. Casertano, W. Yuan, L. M. Macri, and D.
Scolnic, Astrophys. J. 876, 85 (2019).

[48] O. Seto and Y. Toda, Phys. Rev. D 103, 123501 (2021).
[49] O. Seto and Y. Toda, Phys. Rev. D 104, 063019 (2021).
[50] N. Okada and O. Seto, Phys. Rev. D 82, 023507 (2010).
[51] N. Okada and S. Okada, Phys. Rev. D 93, 075003 (2016).
[52] N. Okada and S. Okada, Phys. Rev. D 95, 035025

(2017).
[53] S. Okada, Adv. High Energy Phys. 2018, 5340935 (2018).
[54] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.

Phys. 2020, 083C01 (2020).
[55] S. Kanemura, K. Yagyu, and H. Yokoya, Phys. Lett. B 726,

316 (2013).
[56] S. Chatrchyan et al. (CMS Collaboration), Eur. Phys. J. C

72, 2189 (2012).
[57] M. Aaboud et al. (ATLAS Collaboration), Eur. Phys. J. C

78, 199 (2018).
[58] M. Aaboud et al. (ATLAS Collaboration), Eur. Phys. J. C

79, 58 (2019).
[59] G. Aad et al. (ATLAS Collaboration), J. High Energy Phys.

06 (2021) 146.
[60] E. J. Chun, K. Y. Lee, and S. C. Park, Phys. Lett. B 566, 142

(2003).
[61] M. Kakizaki, Y. Ogura, and F. Shima, Phys. Lett. B 566, 210

(2003).
[62] A. G. Akeroyd, M. Aoki, and H. Sugiyama, Phys. Rev. D

79, 113010 (2009).
[63] U. Bellgardt et al. (SINDRUM Collaboration), Nucl. Phys.

B299, 1 (1988).
[64] A. M. Baldini et al. (MEG Collaboration), Eur. Phys. J. C

76, 434 (2016).
[65] S. Antusch, O. Fischer, A. Hammad, and C. Scherb, J. High

Energy Phys. 02 (2019) 157.
[66] A. M. Sirunyan et al. (CMS Collaboration), J. High Energy

Phys. 06 (2018) 120.
[67] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 796, 68

(2019).

NOBUCHIKA OKADA and OSAMU SETO PHYS. REV. D 105, 123512 (2022)

123512-10

https://doi.org/10.1103/PhysRevD.8.1240
https://doi.org/10.1103/PhysRevD.20.776
https://doi.org/10.1103/PhysRevLett.44.1316
https://doi.org/10.1103/PhysRevLett.44.1316
https://doi.org/10.1103/PhysRevLett.44.1644.2
https://doi.org/10.1016/0370-2693(80)90436-0
https://doi.org/10.1016/0370-2693(80)90436-0
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1016/j.physletb.2009.03.065
https://doi.org/10.1103/PhysRevD.81.015004
https://doi.org/10.1103/PhysRevD.81.015004
https://doi.org/10.1103/PhysRevD.97.015015
https://doi.org/10.1103/PhysRevD.96.015016
https://doi.org/10.1103/PhysRevD.96.015016
https://doi.org/10.1140/epjc/s10052-019-7441-9
https://doi.org/10.1140/epjc/s10052-019-7441-9
https://arXiv.org/abs/2104.10902
https://arXiv.org/abs/2104.10902
https://doi.org/10.1007/JHEP04(2021)025
https://doi.org/10.1007/JHEP04(2021)025
https://doi.org/10.1016/j.physletb.2012.09.019
https://doi.org/10.1007/JHEP01(2014)016
https://doi.org/10.1007/JHEP01(2014)016
https://doi.org/10.1140/epjc/s10052-018-5547-0
https://doi.org/10.1016/j.physletb.2020.135880
https://doi.org/10.1016/j.physletb.2020.135880
https://doi.org/10.1016/j.physletb.2020.135785
https://doi.org/10.1016/j.physletb.2020.135785
https://doi.org/10.1088/1475-7516/2021/05/063
https://doi.org/10.1088/1475-7516/2021/05/063
https://doi.org/10.1103/PhysRevD.68.035012
https://doi.org/10.1103/PhysRevD.68.035012
https://doi.org/10.1103/PhysRevD.92.015026
https://doi.org/10.1103/PhysRevD.92.015026
https://doi.org/10.1103/PhysRevD.93.115038
https://doi.org/10.1103/PhysRevD.93.115038
https://doi.org/10.1016/j.physletb.2014.12.049
https://doi.org/10.1103/PhysRevD.92.053007
https://doi.org/10.1103/PhysRevD.92.053007
https://doi.org/10.1140/epjc/s10052-018-5667-6
https://doi.org/10.1088/1475-7516/2018/11/026
https://doi.org/10.1088/1475-7516/2018/11/026
https://doi.org/10.1016/j.dark.2018.02.005
https://doi.org/10.1016/j.dark.2018.02.005
https://doi.org/10.1103/PhysRevD.100.035022
https://doi.org/10.1103/PhysRevD.100.035022
https://doi.org/10.1016/j.physletb.2019.134849
https://doi.org/10.1016/j.physletb.2019.134849
https://doi.org/10.1140/epjc/s10052-018-6171-8
https://doi.org/10.1140/epjc/s10052-018-6171-8
https://doi.org/10.1016/j.physletb.2019.135052
https://doi.org/10.1016/j.physletb.2019.135052
https://doi.org/10.1007/JHEP06(2020)111
https://doi.org/10.1016/j.physletb.2021.136106
https://doi.org/10.1016/j.physletb.2021.136106
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1016/0370-2693(80)90825-4
https://doi.org/10.1103/PhysRevD.22.2860
https://arXiv.org/abs/2002.07000
https://arXiv.org/abs/2002.07000
https://arXiv.org/abs/2107.11951
https://arXiv.org/abs/2107.11951
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1103/PhysRevLett.86.2502
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1016/j.physletb.2014.10.067
https://doi.org/10.1103/PhysRevD.100.035041
https://doi.org/10.1103/PhysRevD.100.035041
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.3847/1538-4357/ab1422
https://doi.org/10.1103/PhysRevD.103.123501
https://doi.org/10.1103/PhysRevD.104.063019
https://doi.org/10.1103/PhysRevD.82.023507
https://doi.org/10.1103/PhysRevD.93.075003
https://doi.org/10.1103/PhysRevD.95.035025
https://doi.org/10.1103/PhysRevD.95.035025
https://doi.org/10.1155/2018/5340935
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1016/j.physletb.2013.08.054
https://doi.org/10.1016/j.physletb.2013.08.054
https://doi.org/10.1140/epjc/s10052-012-2189-5
https://doi.org/10.1140/epjc/s10052-012-2189-5
https://doi.org/10.1140/epjc/s10052-018-5661-z
https://doi.org/10.1140/epjc/s10052-018-5661-z
https://doi.org/10.1140/epjc/s10052-018-6500-y
https://doi.org/10.1140/epjc/s10052-018-6500-y
https://doi.org/10.1007/JHEP06(2021)146
https://doi.org/10.1007/JHEP06(2021)146
https://doi.org/10.1016/S0370-2693(03)00770-6
https://doi.org/10.1016/S0370-2693(03)00770-6
https://doi.org/10.1016/S0370-2693(03)00833-5
https://doi.org/10.1016/S0370-2693(03)00833-5
https://doi.org/10.1103/PhysRevD.79.113010
https://doi.org/10.1103/PhysRevD.79.113010
https://doi.org/10.1016/0550-3213(88)90462-2
https://doi.org/10.1016/0550-3213(88)90462-2
https://doi.org/10.1140/epjc/s10052-016-4271-x
https://doi.org/10.1140/epjc/s10052-016-4271-x
https://doi.org/10.1007/JHEP02(2019)157
https://doi.org/10.1007/JHEP02(2019)157
https://doi.org/10.1007/JHEP06(2018)120
https://doi.org/10.1007/JHEP06(2018)120
https://doi.org/10.1016/j.physletb.2019.07.016
https://doi.org/10.1016/j.physletb.2019.07.016


[68] (CMS Collaboration), Report No. CMS-PAS-EXO-17-026
(2018).

[69] (ATLAS Collaboration), Report No. ATLAS-CONF-2019-
007 (2019).

[70] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. M.
Nadolsky, and W. K. Tung, J. High Energy Phys. 07
(2002) 012.

[71] M. Aoki, S. Kanemura, and K. Yagyu, Phys. Rev. D 85,
055007 (2012).

[72] P. S. Bhupal Dev, D. K. Ghosh, N. Okada, and I. Saha, J.
High Energy Phys. 03 (2013) 150; 05 (2013) 049(E).

[73] M. Escudero, J. Cosmol. Astropart. Phys. 02 (2019) 007.
[74] J. J. Bennett, G. Buldgen, M. Drewes, and Y. Y. Y. Wong,

J. Cosmol. Astropart. Phys. 03 (2020) 003.
[75] M. Escudero Abenza, J. Cosmol. Astropart. Phys. 05 (2020)

048.
[76] K. Akita and M. Yamaguchi, J. Cosmol. Astropart. Phys. 08

(2020) 012.

[77] J. J. Bennett, G. Buldgen, P. F. De Salas, M. Drewes, S.
Gariazzo, S. Pastor, and Y. Y. Y. Wong, J. Cosmol. Astro-
part. Phys. 04 (2021) 073.

[78] E.W. Kolb and M. S. Turner, Front. Phys. 69, 1 (1990).
[79] G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep.

267, 195 (1996).
[80] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.

121, 111302 (2018).
[81] N. Okada and O. Seto, Phys. Rev. D 101, 023522

(2020).
[82] E. Ma and U. Sarkar, Phys. Rev. Lett. 80, 5716 (1998).
[83] T. Hambye and G. Senjanovic, Phys. Lett. B 582, 73

(2004).
[84] T. Hambye, M. Raidal, and A. Strumia, Phys. Lett. B 632,

667 (2006).
[85] S. Chongdar and S. Mishra, arXiv:2112.11838.
[86] N. D. Barrie, C. Han, and H. Murayama, Phys. Rev. Lett.

128, 141801 (2022).

DIRAC DARK MATTER, DARK RADIATION, AND THE TYPE- … PHYS. REV. D 105, 123512 (2022)

123512-11

https://doi.org/10.1088/1126-6708/2002/07/012
https://doi.org/10.1088/1126-6708/2002/07/012
https://doi.org/10.1103/PhysRevD.85.055007
https://doi.org/10.1103/PhysRevD.85.055007
https://doi.org/10.1007/JHEP03(2013)150
https://doi.org/10.1007/JHEP03(2013)150
https://doi.org/10.1007/JHEP05(2013)049
https://doi.org/10.1088/1475-7516/2019/02/007
https://doi.org/10.1088/1475-7516/2020/03/003
https://doi.org/10.1088/1475-7516/2020/05/048
https://doi.org/10.1088/1475-7516/2020/05/048
https://doi.org/10.1088/1475-7516/2020/08/012
https://doi.org/10.1088/1475-7516/2020/08/012
https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevD.101.023522
https://doi.org/10.1103/PhysRevD.101.023522
https://doi.org/10.1103/PhysRevLett.80.5716
https://doi.org/10.1016/j.physletb.2003.11.061
https://doi.org/10.1016/j.physletb.2003.11.061
https://doi.org/10.1016/j.physletb.2005.11.007
https://doi.org/10.1016/j.physletb.2005.11.007
https://arXiv.org/abs/2112.11838
https://doi.org/10.1103/PhysRevLett.128.141801
https://doi.org/10.1103/PhysRevLett.128.141801

