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We study an exciting dark matter scenario in a radiative neutrino model to explain the X-ray line signal 
at 3.55 keV recently reported by XMN-Newton X-ray observatory using data of various galaxy clusters 
and Andromeda galaxy. We show that the required large cross section for the up-scattering process to 
explain the X-ray line can be obtained via the resonance of the pseudo-scalar. Moreover, this model can 
be compatible with the thermal production of dark matter and the constraint from the direct detection 
experiment.
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(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

In the light of anomalous X-ray line signal at 3.55 keV from 
the analysis of XMN-Newton X-ray observatory data of various 
galaxy clusters and Andromeda galaxy [1,2], dark matter (DM) 
whose mass is in the range from keV to GeV comes into one of 
the promising candidates. Subsequently, a number of literatures re-
cently arose around the subject [3–22]. As for the keV scale DM, 
for example, a sterile neutrino can be one of the typical candidates 
to explain the X-ray anomaly that requires tiny mixing between 
the DM and the active neutrino; sin2 2θ ≈ 10−10 [1]. However,
these scenarios suggest that neutrino masses cannot be derived 
consistently with the sterile neutrino DM due to its too small mix-
ing. Moreover, the sterile neutrino DM mass is out of the range in 
the direct detection searches such as LUX [23], which is currently 
the most powerful experiment to constrain the kind of Weakly In-
teracting Massive Particle.

As for the GeV scale DM, on the other hand, the exciting DM 
scenario which requests a pair of ground state and excited DM 
is known to explain the X-ray [7]. In this framework, the emis-
sion of X-ray is simply realized as follows. After the ground state 
DM up-annihilates into the excited DM pair, it can decay into pho-
tons (X-ray) and the ground state DM. The mass difference among 
them is assumed to be the energy of the X-ray, 3.55 keV. Since the 
framework of the exciting DM is simple, this scenario can be appli-
cable to various models such as radiative neutrino models [24–27]. 

* Corresponding author.
E-mail addresses: hokada@kias.re.kr (H. Okada), takashi.toma@durham.ac.uk

(T. Toma).

Table 1
The new particle contents and the charges for bosons where i = 1–3 is generation 
index.

Particle Li ei Ni η Φ Σ

(SU(2)L , U (1)Y ) (2,−1/2) (1,−1) (1,0) (2,1/2) (2,1/2) (1,0)

Z3 ω2 1 ω ω2 ω2 ω
Z2 + + − − + +

In this kind of models, small neutrino masses and existence of DM 
would be accommodated unlike the sterile neutrino DM scenar-
ios above. Moreover, the DM can be testable in direct detection 
searches because the DM mass is GeV scale.

In this Letter, we account for the X-ray anomaly in terms of 
an excited DM scenario in a simple extended model with radia-
tive neutrino masses [25], in which three right-handed neutrinos, 
a SU(2)L doublet scalar and a singlet scalar are added to the Stan-
dard Model (SM) and the first two lightest right-handed neutrinos 
are assumed to be a pair of ground state and excited state DM.

2. The model

2.1. Model setup

The particle contents and charge assignments of the model we 
consider are shown in Table 1. We introduce three right-handed 
neutrinos Ni (i = 1–3) where the first two lightest ones are iden-
tified to be a pair of ground state and excited state DM. We 
also introduce a SU(2)L doublet inert scalar η that is assumed 
not to have vacuum expectation value (VEV), and a gauge sin-
glet boson Σ with non-zero VEV in addition to the SM like Higgs 
boson Φ . The Z2 symmetry is imposed to assure the stability 
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of DM. The Z3 symmetry plays an important role in forbidding 
the term (Σ + Σ†)Nc

i P R Ni that leads no pseudo-scalar coupling 
like ΣI Nc

i γ5Ni where ΣI is the imaginary part of Σ . As we will 
see later, the pseudo-scalar coupling is important to induce up-
scattering process N1N1 → N2N2. The Z3 symmetry also allows 
the cubic term Σ3 + h.c. that provides the mass of the pseudo-
scalar component of Σ . The relevant Lagrangian for the discussion 
is given as follows

L = (
DμΦ

)†
(DμΦ) + (

Dμη
)†

(Dμη)

+
(

y� L̄Φe + yη L̄η†N + yN

2
Σ N̄c N + h.c.

)
,

V = m2
1Φ

†Φ + m2
2η

†η + m2
3Σ

†Σ + (
μΣ3 + h.c.

)
+ λ1

(
Φ†Φ

)2 + λ2
(
η†η

)2 + λ3
(
Φ†Φ

)(
η†η

)
+ λ4

(
Φ†η

)(
η†Φ

) + [
λ5

(
Φ†η

)2 + h.c.
]

+ λ6
(
Σ†Σ

)2 + λ7
(
Σ†Σ

)(
Φ†Φ

) + λ8
(
Σ†Σ

)(
η†η

)
, (2.1)

where the generation indices are omitted, and the Yukawa cou-
pling yN can be regarded as diagonal in general. After the elec-
troweak symmetry breaking, the scalar fields can be parametrized 
as

Φ =
(

G+
v+φ0+iG0√

2

)
, η =

(
η+

1√
2
(ηR + iηI )

)
,

Σ = v ′ + σ + iρ√
2

, (2.2)

where v ≈ 246 GeV, and G+ and G0 are absorbed in W + boson 
and Z boson due to the Higgs mechanism. The resulting CP-even
mass matrix with nonzero VEV is given by

m2(φ0,σ
) =

(
2λ1 v2 λ7 v v ′

λ7 v v ′ (3
√

2μ+4λ6 v ′)v ′
2

)
, (2.3)

where the tadpole conditions ∂V/∂φ0|VEV = 0 and ∂V/∂σ |VEV =
0 are inserted. This mass matrix is diagonalized by the rotation 
matrix, and φ0 and σ are rewritten by the mass eigenstates h and 
H as

φ0 = h cosα + H sinα,

σ = −h sinα + H cosα. (2.4)

The mass eigenstate h corresponds to the SM-like Higgs and H is 
an extra Higgs respectively. The mixing angle sinα is expressed as 
the function in terms of the other parameters as

sin 2α = λ7 v v ′

m2
h − m2

H

. (2.5)

The pseudo-scalar ρ does not mix after the symmetry breaking 
and the mass is just given by m2

ρ = 9μ2/
√

2. The masses of the 
other Z2 odd scalars η+ , ηR and ηI are also determined adequately 
to be

m2
η = m2

2 + 1

2
λ3 v2 + 1

2
λ8 v ′ 2, (2.6)

m2
R = m2

2 + 1

2
λ8 v ′ 2 + 1

2
(λ3 + λ4 + 2λ5)v2, (2.7)

m2
I = m2

2 + 1

2
λ8 v ′ 2 + 1

2
(λ3 + λ4 − 2λ5)v2. (2.8)

The mass splitting between mR and mI is given by m2
R − m2

I =
2λ5 v2. The lower bounds of the inert scalar masses are obtained as 

mη � 70 GeV and mR , mI ≥ 45 GeV by the LEP experiment [29–31]
and the invisible decay of Z boson [31]. In addition, the mass 
difference between the charged and neutral inert scalars is con-
strained as roughly less than O(100) GeV by the T parameter [28].

2.2. Neutrino sector

The right-handed neutrinos obtain the masses after the sym-
metry breaking due to VEV of Σ ,

M = v ′
√

2

( yN1 0 0
0 yN2 0
0 0 yN3

)
≡

( M1 0 0
0 M2 0
0 0 M3

)
. (2.9)

Using the right-handed neutrino masses, the active neutrino 
masses can be obtained at one-loop level as [25]

(mν)ab =
∑

i

(yη)ai(yη)bi Mi

2(4π)2

×
[

m2
R

m2
R − M2

i

ln
m2

R

M2
i

− m2
I

m2
I − M2

i

ln
m2

I

M2
i

]
. (2.10)

In particular, when the mass splitting between ηR and ηI is small 
(λ5 	 1) and Ni are much lighter than η (Mi 	 mR ≈ mI ), the 
formula can be simplified as follows

(mν)ab ≈ λ5 v2

(4π)2(m2
R + m2

I )

∑
i

(yη)ai(yη)bi Mi . (2.11)

We will consider the mass hierarchy for the analysis in the next 
section. The following parameter set is taken for example to be 
consistent with the sum of the light neutrino masses 0.933 eV [32]

M ∼ O(10) GeV, yη ≈ 0.1, λ5 ≈ 10−5,

mR ≈ mI ∼ O(1) TeV. (2.12)

Note that the Yukawa coupling yη cannot be too small since the 
lifetime of the decay channel N2 → N1γ becomes too long to ex-
plain the X-ray anomaly.

Lepton Flavor Violating processes such as μ → eγ or μ → 3e
should be taken into account [33]. One may think that the above 
parametrization has been already excluded by the strong constraint 
of μ → eγ whose branching ratio should be Br(μ → eγ ) ≤ 5.7 ×
10−13. However, it can be evaded by considering a specific flavor 
structure of the Yukawa coupling yη as Refs. [34–36].

3. Dark matter

We identify that N1 and N2 are a pair of ground and excited 
state DM for explaining the X-ray anomaly. Thus their masses are 
related as M1 ≈ M2 < M3, and M2 − M1 ≡ �M = 3.55 keV. Such 
the situation has been considered for a different motivation in 
Refs. [34–36]. The small mass splitting between N1 and N2 would 
be theoretically derived by introducing an extra U (1) symmetry. 
For example, we can construct the model that the interactions 
ΣN1N1 and ΣN2 N2 are forbidden but ΣN1 N2 is allowed, and the 
small U (1) breaking terms such as N1N1 and N2N2 come from 
higher-dimensional operators. Then after diagonalizing the mass 
matrix composed by N1 and N2, almost degenerated two mass 
eigenstates are obtained.

A small momentum of DM is required to lead the up-scattering 
event N1N1 → N2N2. To induce the up-scattering process, the re-
quired minimum relative velocity of a pair of DM is estimated as 
vmin ≈ 2

√
2�M/M1 from the kinematics. It suggests that the mass 

of DM should be O(10) GeV since the averaged DM velocity in the 



Download	English	Version:

https://daneshyari.com/en/article/1852909

Download	Persian	Version:

https://daneshyari.com/article/1852909

Daneshyari.com

https://daneshyari.com/en/article/1852909
https://daneshyari.com/article/1852909
https://daneshyari.com/

