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Abstract: We consider a local U(1)B−L extension of Zee-Babu model to explain the

recently observed 3.5 keV X-ray line signal. The model has three Standard model (SM)-

singlet Dirac fermions with different U(1)B−L charges. A complex scalar field charged

under U(1)B−L is introduced to break the U(1)B−L symmetry. After U(1)B−L symmetry

breaking a remnant discrete symmetry stabilizes the lightest state of the Dirac fermions,

which can be a stable dark matter (DM). The second lightest state, if mass splitting with

the stable DM is about 3.5 keV, decays dominantly to the stable DM and 3.5 keV photon

through two-loop diagrams, explaining the X-ray line signal. Two-loop suppression of the

decay amplitude makes its lifetime much longer than the age of the universe and it can

be a decaying DM candidate in large parameter region. We also introduce a real scalar

field which is singlet under both the SM and U(1)B−L and can explain the current relic

abundance of the Dirac fermionic DMs. If the mixing with the SM Higgs boson is small,

it does not contribute to DM direct detection. The main contribution to the scattering

of DM off atomic nuclei comes from the exchange of U(1)B−L gauge boson, Z ′, and is

suppressed below current experimental bound when Z ′ mass is heavy (& 10TeV). If the

singlet scalar mass is about 0.1–10MeV, DM self-interaction can be large enough to solve

small scale structure problems in simulations with the cold DM, such as, the core-vs-cusp

problem and too-big-to-fail problem.
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1 Introduction

Although the existence of dark matter (DM) is now well-established from various observa-

tions, the nature of DM(s) is still not well-known. Thus the search for DM interactions,

especially non-gravitational ones, is one of the hot topics in theoretical and experimen-

tal physics. The recently observed 3.5 keV X-ray line signal in a stacked spectrum of

galaxies and clusters of galaxies [1, 2], if it is confirmed,1 can be a strong hint for the

non-gravitational DM interaction. The conventional scenario for the X-ray line in terms of

DM models is the decay of sterile neutrino with mass ms = 7.06± 0.5 keV into a 3.5 keV

photon and an active neutrinos. The observed flux [1–3]

ΦX−ray ∝ nsΓs = 1.39× 10−22 s−1 sin2 2θ

(

ms

keV

)5 ρDM

ms

= (1.5× 10−25 − 2.7× 10−24) cm−3s−1, (1.1)

can be explained by mixing angle given by sin2 2θ = (2 − 20) × 10−11. There are already

many other scenarios considered on the nature of DMs which can be the source of the

X-ray line [4–39].

It would be interesting to consider a model with an interplay between DM and other

sectors of the SM, for example, the neutrino sector [42–44]. Then measurement of one

sector may predict or constrain the other sector. One of these scenarios has been studied

in [44]. In [44], we introduced scalar dark matter coupled to the Zee-Babu model which

generates neutrino masses radiatively at two-loop level [45–47]. We showed that the model

can successfully explain Fermi-LAT 130GeV gamma-ray line.

In this paper we gauge the global U(1)B−L symmetry of [43, 44]. To cancel the gauge

anomaly we need to introduce three right-handed neutrinos NRi(i = 1, 2, 3) with B −
L = −1. We also introduce a complex scalar field ϕ with B − L = 2 which breaks

the local U(1)B−L symmetry when ϕ gets vacuum expectation value (VEV), vϕ. The

ϕ field also generates the soft lepton number breaking term of original Zee-Babu model

1There is some dispute over the existence of the signal [40, 41].
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dynamically [43, 44]. The U(1)B−L symmetry would allow the Yukawa interaction ℓHNRi

and Majorana mass terms NRiNRiϕ, which would generate neutrino masses through the

usual seesaw mechanism after U(1)B−L symmetry is broken. Since we want to generate the

neutrino masses only through Zee-Babu mechanism [45–47], we forbid the above Yukawa

interaction by introducing a global Z2 symmetry under which only NRi are odd and all

other particles are even.

As a consequence, the three right-handed neutrinos would not decay and could be po-

tential dark matter candidates, if the Z2 were unbroken symmetry. Since all the three right-

handed neutrinos have the same B − L charges, however, the U(1)B−L-gauge interactions

are flavor-diagonal in the mass eigenstate basis, i.e. there is no flavor-changing U(1)B−L
gauge interactions. And we could not generate processes of the form NRj → NRiγ(i 6= j)

for the X-ray line, even if NR’s were dark matter candidates. In fact, the global symmetry

can be broken by quantum gravity effect [48], which will generate Planck mass suppressed

higher order operators mediating rapid decay of right-handed neutrinos, thus eliminating

them from the list of dark matter candidates.

We introduce Dirac fermionic dark matter candidates ψi(i = 1, 2, 3) to explain the X-

ray line signal. The ψi are neutral under the SM gauge group but charged under the local

U(1)B−L symmetry. They are vector-like under U(1)B−L symmetry and gauge anomaly is

not generated. If we assign the U(1)B−L charges of ψi fields in such a way that ∆Qψ ≡
Qψ2

− Qψ1
= Qψ3

− Qψ2
= 2, off-diagonal Yukawa interactions, ψ1ψ2ϕ

∗ and ψ2ψ3ϕ
∗, are

allowed. After ϕ gets VEV, off-diagonal terms in the mass matrix of ψ’s are generated,

which induces the dark-flavor-changing Z ′ couplings at tree level. And flavor-changing

radiative decay of DM is allowed. We can also see that a discrete symmetry remains after

U(1)B−L symmetry is broken. This local discrete symmetry guarantees absolute stability

of the lightest state of ψi [49–51], as opposed to the global symmetry which can be broken

by quantum gravity.

Finally we introduce a real scalar field η which is singlet under both the SM gauge

group and U(1)B−L. It has even parity under Z2. It can couple to the Dirac dark matter

fields as −η(y1ψ1ψ1 + y2ψ2ψ2 + y3ψ3ψ3), while it does not couple to the right-handed

neutrinos at tree-level. The current relic abundance of dark matters mainly come from

ψiψi → ηη process. For the coupling yi ∼ 0.1 and mψ ∼ 1TeV, we obtain the annihilation

cross section

〈σv(ψiψi → ηη)〉 ∼ y2i
m2
ψ

∼ 3× 10−26 cm3/sec, (1.2)

which gives the correct relic abundance in our universe.

If η has a mass in the range mη ∼ 0.1 − 10MeV, the elastic scattering cross section

of DM can be large enough, σ/mψ ∼ 0.1 − 10 cm2/g at v ∼ 10 km/s relevant for dwarf

galaxy scale [52], to solve small scale structure problems of cold DM, such as the core-vs-

cusp problem and too-big-to-fail problem. The contribution of η to direct detection cross

section of DM can be suppressed below the current experimental bound because the mixing

with the SM Higgs is constrained to be small (∼ 10−5) due to non-observation of invisible

Higgs decay.
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Fields qi ℓi h+, k++ ϕ η NRi ψi

B − L 1/3 −1 2 2 0 −1 1/3, 7/3, 13/3

Z2 + + + + + − ±

Table 1. The assignment of B − L charges (i = 1, 2, 3).

We show that transition magnetic dipole operator (TMDO) ψ′
1σµνψ

′
2F

µν/Λ (ψ′
i are

mass eigenstates) can be generated by two-loop diagrams involving Zee-Babu scalars, ϕ

scalar, and B − L gauge boson. The heavier state ψ′
2 can decay into the lighter state and

photon through this TMDO. If the mass difference between the two states is about 3.5 keV,

we can explain the observed X-ray line signal. Since the TMDO is generated at two-loop

level, the effective cut-off scale Λ of the operator can be very high, even if all the particles

running inside the loop have (sub-)electroweak scale masses. As a consequence ψ′
2 can live

much longer than the age of the universe and can be a decaying DM candidate.

In our model there appear some small parameters, such as vη/vϕ, ∆m21/mψ, etc.,

which seems to be fine-tuning at first sight. However, we will show that they are technically

natural in the sense of ’t Hooft [53]:

“A parameter is naturally small if setting it to zero

increases the symmetry of the theory.”
(1.3)

The rest of the paper is organized as follows. In section 2, we introduce our model

and show analytic formula for the Wilson coefficient of TMDO. In section 3, we present

decaying DM scenario and numerical results. We conclude in section 4.

2 The model

The model contains two electrically charged Zee-Babu scalar fields h+, k++, a SM-singlet

complex dark scalar ϕ, a singlet real scalar η, three right-handed neutrinos NRi(i = 1, 2, 3)

and three SM-singlet Dirac fermion dark matter candidates ψi in addition to the SM fields.

In table 1, we show the charge assignments of the fields under U(1)B−L, and Z ′
2. The

Lagrangian for the model can be written as [45–47]

L = LSM + LZee−Babu + Lkin + LΨ − V,

LZee−Babu = fabl
T i
aLCljbLǫijh

+ + h′abl
T
aRCljbRk

++ + h.c.,

LNR = NRiiγ
µDµNRi −

1

2

(

λNijϕN
c
Ri
NRj + h.c..

)

LΨ = ψiiγ
µDµψi −mψiψiψi − f12

(

ψ1ψ2ϕ
∗ + ψ2ψ1ϕ

)

− f23

(

ψ2ψ3ϕ
∗ + ψ3ψ2ϕ

)

−η(y1ψ1ψ1 + y2ψ2ψ2 + y3ψ3ψ3),

Lkin = |Dµh
+|2 + |Dµk

++|2 + |Dµϕ|2 +
1

2
(∂µη)

2

+
3

∑

i=1

ψiiγ
µDµψi −

1

4
Ẑ ′
µνẐ

′µν − sinχ

2
Ẑ ′
µνB̂

µν ,

– 3 –
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V = µ2
HH

†H + µ2
ϕϕ

∗ϕ+
1

2
µ2
ηη

2 + µ2
hh

+h− + µ2
kk

++k−−

+(λµϕk
++h−h− + h.c..)

+λH(H
†H)2 + λϕ(ϕ

∗ϕ)2 +
1

4
ληη

4 + λh(h
+h−)2 + λk(k

++k−−)2

+λHϕH
†Hϕ∗ϕ+ λHhH

†Hh+h− + λHkH
†Hk++k−−

+λϕhϕ
∗ϕh+h− + λϕkϕ

∗ϕk++k−− + λhkh
+h−k++k−−

+
1

2
λHηH

†Hη2 +
1

2
λϕηϕ

∗ϕη2 + · · · , (2.1)

where Dµ = ∂µ+ iêQÂµ+ iĝZ′Q′Ẑ ′
µ, and B̂µν , Ẑ

′
µν are the field strength tensors of U(1)Y ,

U(1)′B−L gauge field, respectively. The ellipses in the scalar potential V denote the interac-

tion terms involving η, which are not important in our analysis and we neglect those terms.

The above Lagrangian allows Majorana neutrino masses at two-loop level [45–47]. Here

the Lepton number (or the B − L number) is broken spontaneously by the λµ term, thus

this term provides dynamical origin of soft lepton number breaking term in the original

Zee-Babu model. We refer the reader to [45–47] for more details and to [54–58] for the

recent analysis of Zee-Babu model. We just note that we do not have additional constraints

from the flavor changing neutral processes in the quark sector or the charged lepton flavor

violations because the Z ′ boson coupling to the SM fermions are flavor universal and also

we take Z ′ mass to be very heavy (MZ′ & 10TeV). The interplay between the neutrino

masses and the dark matter phenomenology comes from the Zee-Babu scalars, h+, k++,

which enter both the neutrino masses and dark matter decays through loop diagrams.

Both prefer the electroweak scale masses of Zee-Babu scalars and can be a target of LHC

searches for new particles beyond the SM.

Note that neither ℓHNRi term nor ℓHψi term is not allowed due to Z2 parity and

B − L charge assignment, respectively. Consequently the usual seesaw mechanism does

not contribute to the generation of the neutrino masses, making the Zee-Babu mechanism

dominant one.

The charge assignment allows dark-flavor-changing off-diagonal interactions, ψ1ψ2ϕ
∗

and ψ2ψ3ϕ
∗. After U(1)B−L symmetry breaking, these terms induce off-diagonal terms in

the ψ mass matrix, making the rotation from the interaction basis to mass basis non-trivial.

Since the B−L charges of ψi are not universal, dark-flavor-changing Z ′- and φ-interactions

and TMDO are generated. In addition, due to these terms, after ϕ gets VEV, the U(1)B−L
symmetry is not completely broken, but there remains discrete Z6 symmetry under which

h+, k++, ϕ, and η are invariant and

q(ψ) → ei2π/6q(ψ), l(NR) → ei3π/6l(NR), (2.2)

where all the ψi have the same Z6 charges.2 The color-SU(3) symmetry of the SM and Z6

symmetry forbids ψ from decaying.3 Since the origin of this Z6 symmetry is local gauge

symmetry, it is not broken by quantum gravity, and it guarantees the absolute stability of

2We set ∆Qψ = 2 for this purpose.
3Mathematically, the equation 2 + 3n = 0 (mod 6) does not have any solution for integer n.
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the dark matters ψ′
1 which is the lightest mass eigenstate of ψi. The Z2 parity of ψi can be

either + or − as indicated in table 1, and the parity does not make much phenomenological

differences. If ψ’s have odd parity, for example, dimension-6 operator ψ1ψ1ψ1NR is allowed

and it helps NR decay.

The Ẑ ′ boson can mix with the SM hypercharge boson through loop-diagrams involving

particles charged under both U(1)’s, generating the kinetic mixing term − sinχẐ ′
µνB̂

µν/2

in (2.1) [60, 61]. The current bound on the mixing angle χ is at most O(10−3), depending

on the mass of Z ′ [63]. However, we note that this mixing term cannot generate the

TMDO for ψ′
2 → ψ′

1γ. The argument goes as follows. For simplicity we consider only

the photon and Ẑ ′ boson mixing, − sinχẐ ′
µνF̂

µν/2 (Fµν = ∂µAν − ∂νAµ is the photon

field strength tensor), although it is straightforward to generalize to the case of (2.1). The

kinetic energy terms including the above mixing term are transformed into canonical form

by a non-unitary transformation,
(

Â

Ẑ ′

)

=

(

1 − tanχ
0 secχ

)(

A
Z ′

)

. (2.3)

The resulting kinetic energy and mass terms of photon and Z ′ are written as

∆L = −1

4
FµνF

µν − 1

4
Z ′
µνZ

′µν +
1

2
M2
Z′Z ′

µZ
′µ, (2.4)

where we assumed the scalar field giving mass to Z ′ carries only the extra U(1) charge

as in our model. We can see that the Lagrangian in (2.4) has additional SO(2)-symmetry

(Aµ, Z
′
µ)−space, when MZ′ = 0. However, this is not the case for the massive Z ′ case

because it makes the photon massive. This shows the uniqueness of the transformation (2.3)

when Z ′ is massive. In this case the covariant derivative is given by

Dµ = ∂µ + iêQÂµ + iĝZ′QZ′Ẑ ′
µ

= ∂µ + iêQAµ +
i

cosχ
(ĝZ′QZ′ − êQ sinχ)Z ′

µ. (2.5)

This proves our argument that the DM carrying only dark charge does not couple to the

photon for the massive Z ′ case even if there is mixing between γ and Z ′. From the above

equation we can identify ê with physical electromagnetic charge e in our case [61]. This

should be contrasted with the massless Z ′ case where milli-charged dark matter is allowed4

Since the kinetic mixing term does not generate TMDO and also χ . O(10−3), its

effect on TMDO is at most subdominant and we set χ = 0 for simplicity. We identify

A ≡ B̂cW + Ŵ 3sW , Z ≡ −B̂sW + Ŵ 3cW and Z ′ ≡ Ẑ ′ with the photon, Z-boson, and

B − L gauge boson, respectively. Their masses are 0, MZ = 91.1876GeV [64], and MZ′ ,

respectively. The Z ′ mass is strongly constrained by the LEPII experiment [65]

MZ′

gZ′

> 7TeV, (2.6)

at 99 % confidence level.
4In this case the SO(2) rotation should be exploited in such a way that the electromagnetic

charge Q couples fully to the photon [62]. Then the covariant derivative looks like Dµ = ∂µ +

i
(

ê
cosχ

Q− ĝZ′QZ′ tanχ
)

Aµ + iĝZ′QZ′Xµ, which shows that the dark sector particles can couple to the

photon field.

– 5 –
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The neutral scalar fields h, φ and η can also mix with each other after they obtain

vacuum expectation values:

H =
1√
2

(

0

vH + h

)

, ϕ =
1√
2
(vϕ + φ), η = vη + n. (2.7)

The mixing of h with the SM-singlet scalars φ and n is strongly constrained by the invisible

Higgs decay width [66–68], although it can help Higgs potential stable at high energy [69–

71]. And we (almost) neglect their mixings.5 In other words h, φ and n are considered as

mass eigenstates with masses mh,mφ and mn. From (2.6), we expect vϕ & O(10TeV) for

gZ′ . O(1). We set mn ∼ 0.1 − 10MeV, from which we expect vη ∼ O(10 − 100MeV).

The large hierarchy between vϕ and vη can be ascribed to the hierarchy between µ2
ϕ and µ2

η,

if we assume the mixing parameter λϕη is much smaller than the quartic couplings, λϕ, λη.

The small µ2
η compared with µ2

ϕ, however, is still natural according to (1.3). It is because

the Lagrangian (2.1) has additional symmetry, i.e. scale invariance for the transformation

x → xeσ, η(x) → e−ση(xe−σ), (2.8)

in the limit µ2
η → 0.

We should get non-trivial mixing in ψi states to generate TMDO. After U(1)B−L
symmetry breaking, the mass terms of the Dirac dark fermions are given by6

Lψ mass = −
(

ψ1 ψ2 ψ3

)









mψ1

f12vϕ√
2

0
f12vϕ√

2
mψ2

f23vϕ√
2

0
f23vϕ√

2
mψ3















ψ1

ψ2

ψ3






. (2.9)

Assuming f ’s are real, the mass eigenstates ψ′
i are obtained by an orthogonal rotation







ψ1

ψ2

ψ3






= O







ψ′
1

ψ′
2

ψ′
3






, (2.10)

with the corresponding masses mψ′

i
. The lightest ψ′

1 is absolutely stable due to the local

Z6 symmetry and become a DM candidate. We take mψ′

1
∼ O(1)TeV, because this gives

not only the correct relic density, but the necessary self-scattering cross section to solve

the small scale structure problems of the CDM, when the coupling of DM with the light

scalar is of order one. The ψ′
2 can decay into ψ′

1 and a photon through the TMDO, which

can explain the 3.5 keV X-ray line signal. It can also be a DM component if its lifetime is

much longer than the age of the universe. To get 3.5 keV X-ray line in the decay process

ψ′
2 → ψ′

1γ we fix the mass difference

∆m21 ≡ mψ′

2
−mψ′

1
=

2mψ′

2
Eγ

mψ′

2
+mψ′

1

≃ Eγ = 3.5 keV, (2.11)

5We will allow, however, small mixing between H and η, when we consider the decay of n.
6There is also small contribution from ηψiψi interactions in the diagonal part. But since vη ∼ 10 −

100MeV, they are small and we absorb them to mψi
.
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where we assumed mψ′

i
≫ 3.5 keV. From ∆m21 ≈

√

(mψ1
−mψ2

)2 + 2f2
12v

2
ϕ, we see

√
2|f12|vϕ ≤ 3.5 keV, and

|f12| . 10−10 (2.12)

for vϕ ∼ O(10TeV). Thus the Yukawa coupling constant f12 is very small. It should be

noted that, if we set ∆m21 = 0, we get additional U(2) symmetry in the (ψ1, ψ2)−flavor

space. This means that his small ∆m21/mψi parameter is technically natural according

to the ’t Hooft’s naturalness criterion (1.3). Naturally we also expect (2, 3)-component of

the mass matrix is much smaller than the diagonal components. We assume the following

hierarchy for the parameters: mψ′

i
(∼ O(1TeV)) ≫ f23vϕ ≫ f12vϕ(∼ O(1 keV)). Now we

can readily diagonalize the ψ mass matrix. We do this in two steps: first, we diagonalize

the 2×2 submatrix for (ψ1, ψ2) exactly without perturbation and then we use the 1st order

perturbation to diagonalize the full matrix. In the end we get7

O ≃







c12 s12 s13
−s12 c12 s23
s12s23 −c12s23 1






,

tan 2θ12 =

√
2f12vϕ

mψ2
−mψ1

, s13 ≃
f23vϕs12/

√
2

mψ′

3
−mψ′

1

, s23 ≃
f23vϕc12/

√
2

mψ′

3
−mψ′

2

,

mψ′

1,2
=

1

2

(

mψ1
+mψ2

∓
√

(mψ1
−mψ2

)2 + 2f2
12v

2
ϕ

)

, mψ′

3
≃ mψ3

, (2.13)

where cij(sij)’s are abbreviation of cos θij(sin θij) and we have assumed θ13, θ23 ≪ 1. The

parameters mψi , f12 and f23 in the Lagrangian can be expressed in terms of the mass

eigenvalues and mixing angles for which we take as inputs as follows:

mψi =
3

∑

k=1

O2
ikmψ′

k

fij(i<j) =

√
2

vϕ

3
∑

k=1

OikOjkmψ′

k
. (2.14)

However all the mixing angles are not independent because f13 = 0, which gives

the constraint

s13 = − t12c23s23∆m32

∆m31 − s223∆m32
≃ −t12c23s23, (2.15)

where t12 = tan θ12, ∆mij = mψ′

i
− mψ′

j
and the approximation holds for s23 ≪ 1 and

∆m31 ≃ ∆m32.

The effective operator for magnetic transition ψ′
2 → ψ′

1γ, is given by

Leff =
1

Λ
ψ′
1σµνψ

′
2F

µν , (2.16)

7We use the convention O = O23O13O12 with Oij a rotation matrix in i− j plane.
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γ

h+, k++

Z ′ φ

ψ′
2 ψ′

1ψ′
i

Figure 1. A Barr-Zee type two-loop diagram for ψ′

2
→ ψ′

1
+ γ.

It is generated by so-called “Barr-Zee” type two-loop diagrams [72, 73] with topology

shown in figure 1. The state ψ′
2 decays almost 100% via (2.16) [3]. Given that χ [74]

and h− φ(n) [66–68] mixing are strongly constrained and the Barr-Zee type diagrams are

generated even in the limits where those mixings vanish, we can consider the effects of non-

vanishing mixings as small perturbations. The leading contribution of two-loop Barr-Zee

type diagrams to 1/Λ is obtained to be

1

Λ
≃ −

∑

s=h+,k++

8eg2Z′∆QψQsQ
′
sλϕsδ

2 cos 2θ12s13s23
(4π)4

×
∫ 1

0
dx

∫

[dβ]
xβ2

4m
3
ψ′

3
(

β1m2
Z′ + β2m2

φ + β3m2
s/(x(1− x)) + β2

4m
2
ψ′

1

)2 , (2.17)

where [dβ] ≡ dβ1dβ2dβ3dβ4δ(1− β1 − β2 − β3 − β4), ∆Qψ = Qψ′

3
−Qψ′

2
= Qψ′

2
−Qψ′

1
= 2,

δ = ∆m31/mψ′

3
and we neglected small contribution proportional to ∆m21(≃ 3.5keV). The

scale Λ is roughly given by

Λ ∼ 108 ×
(

0.2

δ

)2

×
max(m4

Z′ ,m4
φ,m

4
h+ ,m

4
k++ ,m

4
ψ′

1

)

m3
ψ′

3

, (2.18)

for gZ′ ∼ 0.3, θ12 ∼ θ23 ∼ 0.2. For mZ′ ∼ 10TeV, mψ′

3
∼ 1TeV, δ ∼ 0.2, we get

Λ ∼ 1015GeV, which can explain the 3.5 keV X-ray line signal (See (3.6)). We note that

large Λ (∼ 1015GeV) is generated mainly from two-loop suppression factor, although the

typical dimensionless parameters are of order 0.1− 1 and the involved particle masses are

of order 1–10TeV.

3 Decaying dark matter scenario

In principle the observed X-ray line can be explained in two scenarios in our model. In

the first scenario, the dark matters scatter inelastically into excited states, ψ′
1 + ψ′

1(ψ
′
1) →

– 8 –
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ψ′
2 + ψ′

2(ψ
′
2), ψ

′
1 + ψ′

2(ψ
′
2), followed by the decay of excited states, ψ′

2(ψ
′
2) → ψ′

1(ψ
′
1) + γ,

via TDMO. In the second scenario, the lifetime of ψ′
2 is much longer than the age of the

universe and it can be a decaying dark matter candidate. When it decays, it can also give

X-ray line signal via ψ′
2(ψ

′
2) → ψ′

1(ψ
′
1) + γ.

In the exciting dark matter scenario the decay rate

Γψ ≡ Γψ′

2
→ψ′

1
γ =

4(∆m)3

πΛ2
(3.1)

should be larger than the upward scattering rate, Γψψ ≡ nψ′

1
σψ′

1
ψ′

1
→ψ′

2
ψ′

2
vrel [3]. Since

we need

(σψ′

1
ψ′

1
→ψ′

2
ψ′

2
vrel)× BR(ψ′

2 → ψ′
1γ) ≈ (1.7× 10−22 − 3.0× 10−21)cm3s−1

(

mψ′

1

GeV

)2

,(3.2)

to explain the X-ray signal [3], the condition, Γψ > Γψψ, corresponds to Λ .

1015GeV (GeV/mψ′

1
)1/2 or τψ′

2
. 1022 s (GeV/mψ′

1
). We have checked that we need rather

large gZ′(∼ 5) and/or λϕh(k)(∼ 5) and perturbativity assumed in obtaining (2.17) is not

well-justified. This is understandable because our TMDO is generated at two-loop level

and loop-suppression factor is very large. And we do not consider the possibility of exciting

dark matter scenario further.

In the decaying DM scenario, the lifetime of ψ′
2 should be longer than the age of the

universe, which gives the constraint

Λ > 6.12× 1012GeV. (3.3)

after ψ′
1,2 are decoupled from the thermal plasma at temperature Tf ≈ mψ′

1,2
/20, the ratio

of the ψ′
2 to the ψ′

1 number density is almost fixed to be

nψ′

2

nψ′

1

≈ e−∆m/Tf ≈ 1, (3.4)

for ∆m(= 3.5 keV) ≪ Tf . To explain the X-ray line signal we require

nψ′

2
Γψ′

2
→ψ′

1
γ =

1

2
nDMΓψ′

2
→ψ′

1
γ (3.5)

should in the range given in (1.1). This corresponds to

Λ = (6.94× 1014 − 2.95× 1015)

(

mψ′

2

GeV

)−1/2

GeV. (3.6)

In figure 2, the red-colored region satisfies this and explains the observed X-ray line

signal in the (mψ′

1
, gZ′)-plane. For the left (right) panel we have taken MZ′ = 10 (20)TeV.

For other parameters we have fixed,8 δ = 0.2, θ12 = θ23 = 0.2, mφ = mh+ = mk++ = 1TeV,

λϕh = λϕk = 1. We have checked that the signal region is not very sensitive to the mass

parameters, mφ,mh+ and mk++ . The black solid (dashed) lines satisfy the observed relic

8Although we take small θ12, it can be O(1) in general. The consequent change on Λ can be easily seen

from (2.17).
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abundance of dark matters, Ωψh
2 = 0.1199 ± 0.0027 [75], for yi = 2 (1). The vertical

lines come from the annihilation channel ψ1(2)ψ1(2) → nn and therefore are sensitive to the

Yukawa couplings yi. There are also resonance regions when mψ′

1
≈ MZ′/2. The region

with dark gray color is excluded because it does not satisfy the longevity of the decaying

DM, (3.3). The light grey region is excluded by LUX DM direct search experiment [76]

and blue line show the sensitivity of future DM experiment XENON1T [77]. In our case

the direct detection of DM is dominated by Z ′ boson exchange diagram even though Z ′ is

very heavy, MZ′ = 10(20)TeV. We note that mh+ = mk++ = 1TeV can easily evade the

constraints from the lepton flavor violating processes with fab, h
′
ab ∼ O(0.01), while still

being able to explain neutrino masses (for example, see Herrero-Garcia, et al. in [54–58]).

Although there is no direct signature for our scenario, we need relatively light, electroweak

scale, Zee-Babu scalars h+ and k++, which can be searched for at LHC 14TeV.

Sizable invisible Higgs decay width can also support the existence of η because, as we

will see, n,9 does not decay inside particle detectors and appears as invisible signal due

to its long lifetime of O(1) sec. The LHC Higgs measurements constrains the branching

fraction of the invisible Higgs decay [78],

Binv
h < 0.58 @95%CL, (3.7)

which implies the invisible Higgs decay width Γinv < 1.38ΓSM ≈ 5.52MeV. The decay

width of invisible Higgs decay mode, h → nn, is given by

Γ(h → nn) =
λ2
Hηv

2

32πmh
. (3.8)

The current bound on the decay width then gives bound on λHη,

λHη < 0.034. (3.9)

For light n, the mixing angle between n and h is constrained to be

αHη ≈
λHηvvη
m2
h

< 5.4× 10−5

(

vη
100MeV

)

. (3.10)

Thus we can see that there is still much room for invisible Higgs decay into light scalar n,

although the mixing angle between the Higgs and n is strongly constrained.

The singlet n can also decay into the SM particles very fast, thus not causing any

cosmological problems. For example, when mn > 2me, the n can decay into an electron-

positron pair through mixing with the Higgs field. The decay width is given by

Γ(n → e+e−) =
GF sin2 αηH

4
√
2π

mnm
2
eβ

3
e , (3.11)

where αηH is the mixing angle between η and H, and βe = (1 − 4m2
e/m

2
n)

1/2. For mn =

10MeV, αηH = 10−4, the lifetime of n becomes about 0.04 sec. Since n can decay long

9More precisely, the mass eigenstate with n component the largest. It can be understood from the

context whether n represents interaction eigenstate or mass eigenstate.
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Figure 2. Plots in (mψ′

1
, gZ′)-plane. The red-colored region can explain the 3.5 keV X-ray line

signal. The dark gray region is excluded because the lifetime of ψ′

2
is shorter than the age of the

universe. The light gray region is excluded by LUX DM direct detection experiment. The blue line

is the sensitivity the next XENONO1T experiment can reach. The black solid (dashed) line gives

the correct relic abundance of DM for yi = 2(1). For the left (right) plot we set MZ′ = 10(20)TeV.

before 1 sec, it does not affect big bang neucleosysthesis (BBN). As a subdominant decay

channel, we also have n → γγ. We note that this channel does not require the mixing of

n with H. The n can decay into two photons through the loop processes where h+ and

k++ particles are running inside the loop. The decay width for this two photon channel is

given by [44],

Γ(n → γγ) =
α2
em

64π3mn

∣

∣

∣(µηh+2ληhvη)(1−τhf(τh))+4(µηk+2ληkvη)(1−τkf(τk))
∣

∣

∣

2
, (3.12)

where τi = 4m2
i /m

2
n (i = h+, k++). The loop function is given as

f(τ) =



















−1

4

(

log
1 +

√
1− τ

1−
√
1− τ

− iπ

)2

(τ < 1)

arcsin2
1√
τ

(τ ≥ 1).

(3.13)

For vη = 50MeV,mn = 10MeV, µηh = µηk = 10−4MeV, ληh = ληk = 10−2,mh+ =

mk++ = 1TeV, we get the partial decay width Γ(n → γγ) ≃ 6× 10−33GeV, corresponding

to the lifetime ≃ 1.2× 108 sec.

For light η particle (mη ∼ 1 − 10MeV), η-exchanging (in)elastic self-interacting pro-

cesses ψ′
1(2), ψ

′
1(2) → ψ′

1(2), ψ
′
1(2) can be strong. When they have cross sections

σT /mψ′

1
∼ 0.1− 10 cm2/g, (3.14)

– 11 –
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we can solve the small scale structure problems such as core-vs-cusp problem and too-big-

to-fail problem in our model. In our model, we need relatively large (yi ∼ O(1)) Yukawa

coupling of η with the DM, to get the correct relic density.10 In this case the self-interaction

typically occurs in the non-perturbative (αymψ′/mη & 1 with αy ≡ y2/4π) classical regime

(mψ′vrel/mη ≫ 1), where the transverse cross section σT is given by [52]

σT =

∫

dΩ(1− cos θ)
dσ

dΩ
=







































4π

m2
η

β2 ln(1 + β−1) for β . 10−1

8π

m2
η

β2/(1 + 1.5β1.65) for 10−1 . β . 103

π

m2
η

(

lnβ + 1− 1

2
ln−1 β

)2

for β & 103,

(3.15)

where β ≡ 2αymη/(mψv
2
rel). In figure 3, we show σT contour plots in (mψ′

1
,mη)-plane for

αy = 1/4π (solid line) and αy = 22/4π (dashed line). We have taken vrel = 10 km/s which

is relevant for dwarf galaxies. We can see that the DM scattering cross section can be in

the 0.1− 10 cm2/g range for mψ′

1
= 0.1–10TeV and mη = 0.1− 10MeV.

As mentioned in the Introduction, the discrete symmetry Z2 can be broken by quantum

gravity effect, which will result in rapid decay of right-handed neutrinos NRi . Now let us

address the decay of NRi in more detail. The breaking of global Z2 symmetry by gravity

would generate Planck mass suppressed higher dimensional operators [59]

1

MPl
ℓiHNRjη,

1

M2
Pl

NRiℓjℓkēl,
1

M2
Pl

NRi d̄j d̄kūl, (3.16)

where i, j, k, l = 1, 2, 3 and MPl is Planck mass. Assuming order one coupling, the dimen-

sion five operator mediates the decay of NRi dominantly through three-body decay, giving

their lifetime

τR ∼
(

1PeV

mRi

)3

0.1 sec. (3.17)

If the right-handed neutrinos are PeV scale, they can decay before BBN occurs (∼ 1 sec),

causing no cosmological problems. And only ψi’s remain as the dominant component of

DM in the current universe.

4 Conclusions

We extended the Zee-Babu model for neutrino masses to have U(1)B−L gauge symmetry

and to incorporate Dirac dark matters to explain the X-ray line signal. We also introduced

U(1)B−L breaking scalar, singlet scalar, and right-handed neutrinos. The charges of the

particle content are assigned in such a way that after the U(1)B−L breaking scalar getting

VEV the local U(1)B−L symmetry is broken down to a discrete symmetry. The lightest

10We can significantly reduce the necessary yi if we include the Sommerfeld enhancement effect [79, 80].

– 12 –



J
H
E
P
0
8
(
2
0
1
5
)
0
2
3

Figure 3. Contour plot of σT = 0.1, 1, 10(cm2/g) (from right above to left below) which may

solve the core-vs-cusp problem and too-big-to-fail problem. The solid (dashed) lines correspond to

αy = 1/4π(22/4π).

Dirac dark fermion ψ′
1 whose mass is TeV scale transforms non-trivially under this discrete

symmetry and becomes stable.

The heavier ψ′
2 particle can decay almost 100% through the magnetic dipole transition

operator ψ′
1σµνψ

′
2F

µν/Λ. Since this operator is generated at two-loop so-called Barr-Zee

diagrams, the cut-off scale Λ is very high ∼ 1015GeV and the lifetime of ψ′
2 is much

longer than the age of the universe. And ψ′
2 can be a decaying dark matter candidate.

If ∆m21 = mψ′

2
− mψ′

1
≃ 3.5 keV, the recently claimed X-ray line signal [1, 2] can be

accommodated for wide range of dark matter masses.

The relic abundance of dark matters in the current universe can also be explained

by the dark matter annihilation into two singlet scalars and also by the Z ′-resonance

annihilation. Although our Z ′ is very heavy & 10TeV, it can still mediate the dark matter

scattering off atomic nuclei at the level that can be probed at the next generation dark

matter direct search experiments. The singlet scalar can be very light (mη = 0.1−10MeV)

and mediate strong self-interactions of dark matters with cross section σT = 0.1−10 cm2/g,

which can solve small scale structure problems, such as the core-vs-cusp problem and the

too-big-to-fail problems, of the standard ΛCDM model.

The small mass difference ∆m21 and the small VEV of η are technically natural in

the sense of ’t Hooft. The singlet scalar and the right-handed neutrinos decay fast without

causing any cosmological problems.

– 13 –
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