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Abstract. The radiative neutrino mass model can relate neutrino masses to dark matter at
TeV regions. In order for thermal leptogenesis to work well in this model, both finely degenerate
mass of the right-handed neutrinos and a tiny neutrino Yukawa coupling are necessary for
resonant out-of-equilibrium decay. We show these features could be realized through an
extension of the model with a U(1) gauge symmetry. This extension can also bring about
a small quartic scalar coupling between the Higgs doublet scalar and an inert doublet scalar,
and the origin of the Z2 symmetry which guarantees the stability of dark matter.

1. Introduction
After the discovery of the Higgs particle, a next theoretical target is to find a certain extension
of the standard model (SM) so as to include some mechanism for neutrino mass generation and
dark matter (DM), which are now confirmed through various experiments and observations.
Among such trials at a TeV scale, the scotogenic model [1] (a one-loop radiative neutrino mass
model) is a simple and phenomenologically interesting one, in which the SM is extended with
right-handed neutrinos Ni and an extra doublet scalar η. Since a Z2 symmetry is imposed on the
model and odd parity is assigned only these new fields among ingredients, the lightest neutral
one of them is stable to be DM. Such a candidate could be the lightest Ni or the lightest neutral
component of η. However, if we identify the lightest Ni with DM, the DM relic abundance
requires that the neutrino Yukawa couplings are of O(1). They cause too large lepton flavor
violation (µ → eγ etc.) and also the vacuum instability due to the quantum effect on scalar
quartic couplings [2, 3].

If DM is assumed to be the lightest neutral component of η, these problems could be overcome
and the model is a good candidate of the extension of the SM at a TeV scale. In this framework,
the baryon number asymmetry in the Universe, which is another big issue beyond the SM, has
also been studied on the basis of thermal leptogenesis due to the decay of a right-handed neutrino
[4, 5]. Since masses of the right-handed neutrinos are supposed to be TeV scales, resonant effect
in the decay is necessary for the sufficient amount of generation of lepton number. It requires the
fine degeneracy among the masses of the right-handed neutrinos. Simultaneously, the neutrino
Yukawa coupling relevant to this decay has to be extremely small for the realization of out-of-
equilibrium Ni decay. This situation makes the thermal leptogenesis in this model unnatural
and artificial. In this presentation, we consider to remedy this problem by extending the model
with a U(1) gauge symmetry which is broken at a scale of O(1) TeV.

http://creativecommons.org/licenses/by/3.0
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2. An extended model with a U(1) gauge symmetry
We consider an extension of the scotogenic model [1] by adding a U(1)X gauge symmetry, a
singlet scalar S and right-handed singlet fermions Ñi [6]. The U(1)X charge is assigned only for
new ingredients such as QX(S) = 2, QX(η) = −1, QX(Ni) = 1, and QX(Ñi) = −1. Lagrangian
contains the following new terms other than the ones included in the scotogenic model:

−LN = fαi
S†

M∗

¯̃Niη
†ℓα +MiNiÑi +

yi
2
S†NiNi +

ỹi
2
SÑiÑi + h.c.

+
λ′
5

2

[ S

M∗
(ϕ†η)2 + h.c.

]
+ λ6(S

†S)(ϕ†ϕ) + λ7(S
†S)(η†η) + κ(S†S)2 +m2

SS
†S, (1)

where ℓα is a left-handed doublet lepton and ϕ is the doublet Higgs scalar. Both fαi and λ′
5 are

O(1) coupling constants and M∗ is a cut-off scale of the model. If the singlet S has a vacuum
expectation value, the coupling λ5 in the original model and neutrino Yukawa couplings h̃αi for

Ñi are determined as λ5 = λ′
5
⟨S⟩
M∗

and h̃αi = fαi
⟨S†⟩
M∗

. Both magnitude of λ5 and h̃αi is crucial for
the neutrino mass determination. If |⟨S⟩| ≪ M∗ is satisfied, they could take suitable values.

The mass matrix of the right-handed neutrinos is expressed as

1

2
(Ni, Ñi)

(
|yi|eiγi⟨S†⟩ Mi

Mi |ỹi|eiγ̃i⟨S⟩

)(
Ni

Ñi

)
+ h.c.. (2)

The mass eigenstates N±i are written as

N+i = e−i
ξi
2

(
Ni cos θi + Ñie

−iξi sin θi
)
, N−i = ie−i

ξi
2

(
−Ni sin θi + Ñie

−iξi cos θi
)
, (3)

and the difference of mass eigenvalues M±i is found to be

∆i ≡
M+i −M−i

M−i
≃ ⟨S⟩

Mi

|yi| cos(γi − ξi) + |ỹi| cos(γ̃i + ξi)

sin 2θi
, (4)

where θi and ξi are determined by the parameters contained in the mass matrix (2). If h̃αi is
assumed to take the same value as the Yukawa coupling hαi of Ni, the flavor structure of the
model becomes very simple. In that case, the Yukawa couplings of N±i can be rewritten as

g
(+)
αi = hαi (1 + cos ξi sin 2θi)

1
2 ei(δ+i−

ξi
2
), g

(−)
αi = hαi (1− cos ξi sin 2θi)

1
2 ei(δ−i−

ξi
2
). (5)

The neutrino mass induced through one-loop diagrams withN+i orN−i in an internal fermion
line is given by

Mαβ =
∑
i

∑
s=±

∣∣∣g(s)αi g
(s)
βi λ5

∣∣∣ ei(2δsi−ξi)Λ(Msi), (6)

where Λ(M±i) = ⟨ϕ⟩2
8π2

M±i

M2
η−M2

±i

(
1 +

M2
±i

M2
η−M2

±i
ln

M2
±i

M2
η

)
. If the model has two sets of (Ni, Ñi),

neutrino mass eigenvalues required for the explanation of the neutrino oscillation data could be
derived.

3. Degenerate masses and a tiny neutrino Yukawa coupling
Since the scale Λ(M±i) is estimated as Λ(M±i) = O(109) eV for Mη and M±i in the TeV
range, eq.(6) suggests that the atmospheric neutrino data require the relevant neutrino Yukawa

couplings to satisfy
∑

i

∣∣∣g(±)
αi g

(±)
βi λ5

∣∣∣ = O(10−11). On the other hand, if N−1 is identified with

the lightest right-handed neutrino, its decay should occur in out-of-thermal equilibrium for
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|g(−)
α1 | |g(+)

α1 | ∆1 ε
A 3.12× 10−9 5.66× 10−4 1.00× 10−5 −1.73× 10−3

B 6.71× 10−9 7.07× 10−4 1.00× 10−5 −2.71× 10−3

C 1.17× 10−8 5.66× 10−4 2.00× 10−5 −5.04× 10−4

D 1.46× 10−8 7.07× 10−4 2.00× 10−5 −7.88× 10−4

Table 1 Relevant quantities to the leptogenesis.

(Mσ̃, mX) A B C D
(200, 300) 5.2× 10−10 2.3× 10−9 4.2× 10−10 5.6× 10−10

(60, 100) 3.9× 10−10 1.7× 10−9 1.5× 10−10 1.9× 10−10

(200, 10−3) 4.0× 10−10 1.8× 10−9 1.6× 10−10 2.2× 10−10

(600, 600) 7.0× 10−10 3.1× 10−9 1.1× 10−9 1.4× 10−9

Table 2 Baryon number asymmetry YB .

leptogenesis to work well. As long as

(∑
α

∣∣∣g(−)
α1

∣∣∣2) 1
2

≤ 10−8 is satisfied, the decay is found

not to reach the equilibrium at T >
∼ 100 GeV. This condition for g

(−)
α1 shows that N−1 cannot

contribute to the neutrino mass generation. Since N+1 is supposed to cause a main contribution

to the neutrino mass generation, its coupling should satisfy
∣∣∣g(+)

α1

∣∣∣2 = O
(
10−11

|λ5|

)
. As found in

eq. (5), the simultaneous realization of the above conditions is possible even for |hαi| ∼ 10−3

as long as cos ξ1 sin 2θ1 ≃ 1 is satisfied. Other nonzero neutrino mass eigenvalues could be
determined through the second pair (N2, Ñ2).

Resonant leptogenesis can be considered in this framework. The dominant contribution to
the CP asymmetry ε in the N−1 decay comes from the resonance appearing in the one-loop
self-energy diagram. In that case, ε is known to be expressed as

ε =
cos 2θ1 sin 2ξ1

1− sin2 2θ1 cos2 ξ1

2∆1Γ̃N+1

4∆2
1 + Γ̃2

N+1

, (7)

where we use the expression of the neutrino Yukawa couplings |g(±)
α1 | given in eq. (5). The mass

degeneracy ∆1 is defined in eq. (4) and Γ̃N+1 stands for the decay width of N+1 divided by M+1.
In the numerical analysis, we assume ⟨S⟩ = M1 = 2 TeV and Mη = 1 TeV. Other

parameters (|y1|, |hα1|) in (N1, Ñ1) sector are fixed at A(10−5, 4 × 10−4), B(10−5, 5 × 10−4),
C(2 × 10−5, 4 × 10−4), and D(2 × 10−5, 5 × 10−4). The relevant quantities to leptogenesis are
given in Table 1 for each case, where γ1 ∼ 9 × 10−5 and 4 × 10−5 are assumed in the cases
A, B and C, D, respectively. In Table 2, we show the baryon number asymmetry predicted for
each case by assuming the singlet scalar mass Mσ̃ and the U(1)X gauge boson mass mX . These
results show that the model could generate the sufficient baryon number asymmetry required
from the observation if the relevant parameters take suitable values.

The neutrino oscillation data requires |λ5| = O(10−4) for the above numerical results. It is
consistent with the constraint derived from the dark matter direct search. The values of λ5 and
h̃α1 used in the above study could be realized for the cut-off scale such as M∗ = O(104) TeV
here. Even if we change the assumed values of M1 and ⟨S⟩, a similar result is expected to be
obtained for an appropriate choice of M∗, |yi| and |ỹi|. The model gives a promising simple
extension for the scotogenic model, which can unify the neutrino mass, the dark matter, and
the baryon number asymmetry in the Universe in a consistent way.
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