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The recently discovered X-ray line at about 3.5 keV can be explained by sterile neutrino dark matter
with mass, ms � 7 keV, and the mixing, sin2 2θ ∼ 10−10. Such sterile neutrino is more long-lived than
estimated based on the seesaw formula, which strongly suggests an extra flavor structure in the seesaw
sector. We show that one can explain both the small mass and the longevity based on the split flavor
mechanism where the breaking of flavor symmetry is tied to the breaking of the B − L symmetry. In a
supersymmetric case we find that the 7 keV sterile neutrino implies the gravitino mass about 100 TeV.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

Roughly a quarter of the Universe consists of dark matter. In
spite of extensive dark matter searches conducted so far, its na-
ture remains unknown. If dark matter is made of as-yet-unknown
species of particles, they must be cold and very long-lived. The
required longevity, however, does not guarantee the absolute sta-
bility of dark matter; it may decay into the standard model (SM)
particles, enabling us to probe the nature of dark matter through
indirect dark matter search.

Recently an unidentified X-ray line at about 3.5 keV in the
XMM-Newton X-ray observatory data of various galaxy clusters
and the Andromeda galaxy was reported independently by two
groups [1,2]. While there are a variety of systematic uncertainties
that can affect the observed line energy and flux, it is interesting
that such X-ray line can be explained by sterile neutrino dark mat-
ter [3–8], a long-sought dark matter candidate, with mass about
7 keV.

The sterile neutrino dark matter with mass in the keV range
is known to decay radiatively into a photon and an active neu-
trino, producing a narrow X-ray line. The lifetime depends on its
mass and the mixing with active neutrinos. For the mass of 7 keV,
the observed X-ray line can be explained by the mixing angle,
sin2 2θ ∼ 7×10−11 [1,2], which is just below the previously known
X-ray bound. Such small mass and mixing can be partially under-
stood by the split seesaw mechanism [9] or a simple Froggatt–
Nielsen (FN) type flavor model [10]. In these scenarios, the seesaw

* Corresponding author.
E-mail addresses: h_ishida@tuhep.phys.tohoku.ac.jp (H. Ishida),

kwangsik.jeong@desy.de (K.S. Jeong), fumi@tuhep.phys.tohoku.ac.jp (F. Takahashi).
http://dx.doi.org/10.1016/j.physletb.2014.03.044
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article
SCOAP3.
formula [11] remains intact even in the presence of large mass hi-
erarchy in the right-handed (sterile) neutrinos:

(mν)αβ = λIαλIβ
v2

MI
, (1)

where v ≡ 〈H0〉 � 174 GeV is the vacuum expectation value (VEV)
of the Higgs field, λIα denotes the Yukawa coupling of the right-
handed neutrino NI with the lepton doublet Lα and the Higgs
field, and MI is the mass of the right-handed neutrino NI . The
point is that both the neutrino Yukawa coupling λIα and the right-
handed neutrino mass MI are suppressed by either a geometrical
factor or flavor charge in such a way that the suppression factors
are canceled out in the above seesaw formula. This is because the
suppression mechanism is independent of the U(1)B−L breaking.
The observed X-ray flux (as well as the previously known X-ray
bound), however, requires that the sterile neutrino dark matter
should be more long-lived than estimated based on the above see-
saw formula.1 The observed X-ray line therefore strongly suggests
an extra flavor structure in the seesaw sector.

Before the discovery of the 3.5 keV X-ray line, the present au-
thors showed in Ref. [16] that both the small mass and the small
mixing just below the X-ray bound can be achieved in the split
flavor mechanism; we introduce two B − L Higgs fields, one of
which is charged under single discrete flavor symmetry. The point
is that the VEV of the B − L Higgs leads to both breaking of the
U(1)B−L symmetry and the flavor symmetry. In this letter we re-
visit the split flavor mechanism in light of the recent discovery of

1 It is known that, if the sterile neutrino comprises all the dark matter, its
contribution to the light neutrino mass should be negligible to satisfy the X-ray
bounds [12,13].
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the unidentified X-ray line at 3.5 keV, and show that the observed
X-ray line can be nicely explained in the split flavor mechanism. In
particular, we examine carefully the model parameters by taking
account of numerical coefficients of order unity, while those nu-
merical coefficients were set to be unity in Ref. [16] for simplicity.
In a supersymmetric case we will study the implications for super-
symmetry breaking scale and show that the gravitino mass about
100 TeV is favored by the observed X-ray line.

2. 7 keV sterile neutrino in the split flavor mechanism

The interactions relevant to the seesaw mechanism read

−L = λIα N̄ I Lα H + 1

2
κI MN̄c

I NI + h.c., (2)

for M being the B − L breaking scale. Here NI (I = 1,2,3), Lα

(α = e,μ, τ ), and H are the right-handed neutrino, lepton doublet,
and Higgs scalar, respectively. The right-handed neutrino masses
are given by MI = κI M .

We are interested in the case where N1 is much lighter than
Ni (i = 2,3), and couples more weakly to the lepton doublet and
Higgs scalar than Ni . To parameterize such hierarchical structures
in the right-handed neutrino sector, let us introduce the suppres-
sion factors2:

κ1 = x2κ,

|λ1α| = xαλ, (3)

with xα � x for x and xα much smaller than unity. Here κ and λ

are the typical values of κi and the Yukawa couplings λiα , respec-
tively. The active neutrinos obtain tiny masses of the order,

mseesaw ≡ λ2

κ

v2

M
, (4)

through the seesaw mechanism. To generate phenomenologically
viable neutrino masses, one needs mseesaw ∼ 0.1 eV, implying M
around 1015 GeV for κ and λ of order unity.

After electroweak symmetry breaking, N1 mixes with the active
neutrinos due to the coupling λ1α . The mixing angle is given by

θ2 ≡
∑
α

|λ1α |2 v2

M2
1

= ε2 mseesaw

M1
, (5)

where we have defined

ε2 ≡
∑

α x2
α

x2
. (6)

The decay mixing angle of the sterile neutrino dark matter is esti-
mated to be

sin2 2θ � 0.6 × 10−10
(

ε

10−3

)2(mseesaw

0.1 eV

)(
ms

7 keV

)−1

, (7)

where ms � M1 denotes the mass of the sterile neutrino N1. Thus
ε should be around 10−3 if the sterile neutrino dark matter is
responsible for the observed X-ray line around 3.5 keV. One is
however led to x ∼ xα , i.e. ε ∼ 1, in the simple FN model or the
split seesaw mechanism. This implies that either all the three com-
ponents of λ1α are less than 10−3 of the expected, or the sterile
neutrino mass M1 is heavier by a factor of 106 than the expected,
or a combination of these two. If xα/x takes a value of order unity
randomly as in the neutrino mass anarchy [17,18], it would require

2 We use a slightly different notation from Ref. [16] to examine more precisely
the properties of the sterile neutrino dark matter.
a fine-tuning of order ε3 ∼ 10−9. We call this fine-tuning problem
as the longevity problem [16].

Taken at face value, the longevity problem strongly suggests an
extra flavor structure in the seesaw sector. The split flavor mech-
anism [16] provides a natural way to explain both ms � 7 keV
and ε ∼ 10−3 simultaneously.3 Before going into the details of the
model, let us briefly summarize how this is achieved. The suppres-
sion mechanism is implemented by extending the seesaw sector to
include two (or more) B − L Higgs fields, one of which is charged
under discrete flavor symmetry. Most important, the breaking of
flavor symmetry is tied to the breaking of the B − L symmetry.
Then one is led to

ε ∼ M

MPl
∼ 10−3

(
M

1015 GeV

)
, (8)

in non-supersymmetric models. Here MPl � 2.435 × 1018 GeV is
the reduced Planck scale. In what follows, we will take M around
1015 GeV assuming that κi and the Yukawa couplings λiα are order
unity.4 Then the above relation tells that the observed X-ray line
can naturally be explained by the sterile neutrino dark matter. As
will be shown later, ms � 7 keV is obtained for appropriate B − L
Higgs VEVs.

On the other hand, in supersymmetric models, one can con-
sider discrete flavor symmetry or discrete R symmetry. The sterile
neutrino mass is given by

ms ∼ m3/2

(
M

MPl

)3

, (9)

for both cases, with m3/2 being the gravitino mass. The ε parame-
ter can be collectively written as

ε ∼
(

m3/2M3
Pl

M4

)± 1
2 M

MPl
, (10)

where the minus sign in the exponent applies when λ1α mainly
receives supersymmetric contribution in the case of discrete R
symmetry, and the plus sign is for the other cases. These relations
show that, for m3/2 ∼ 105 GeV and M ∼ 1015 GeV, the sterile neu-
trino has the right properties to be the origin of the X-ray line.

2.1. Non-supersymmetric case

The seesaw sector includes two B − L Higgs fields Φ and Φ ′ ,
and three right-handed neutrinos NI . Let us take the charge as-
signment,

Φ Φ ′ N1 Ni Lα H

U(1)B−L 2 −6 −1 −1 −1 0
Z4 0 −1 1 0 0 0

Then the U(1)B−L and flavor symmetry constrain the seesaw sector
interactions as

−�L = 1

2
κiΦ N̄c

i Ni + λi N̄i LH + 1

2
κ̃

(Φ5Φ ′2)∗

M6
Pl

N̄c
1N1

+ λ̃α
(Φ3Φ ′)∗

M4
Pl

N̄1Lα H + h.c., (11)

3 In Ref. [16] we adopted ms ∼ 10 keV and ε ∼ 10−3 as reference values, which
are surprisingly close to the observed ones.

4 It is straightforward to suppress κiα and λiα by assigning additional FN flavor
charges on Ni . Our results are not changed even in this case.
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Fig. 1. Properties of the sterile neutrino dark matter. The solid (blue) line shows
the relation (14) between the mass and the mixing induced by the split flavor
mechanism in non-supersymmetric case. The upper and lower dotted (blue) lines
correspond to the cases of three times larger and smaller values of sin2 2θ , re-
spectively. The red star represents the values of the mass and the mixing that
can explain the observed X-ray line. The shaded regions denoted by X-ray and DM
abundance are excluded by the X-ray observations [6] and the dark matter over-
production by the Dodelson–Widrow mechanism [14]. We also show the region
excluded by phase-space density [15]. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

where we have assumed that the cut-off scale of the model is the
Planck scale. For the coupling constants of order unity, the model
gives

ε ∼ M

MPl
. (12)

Under the assumption that there is no additional structure in the
coupling constants, we take the couplings of N1 to be

|λ̃α |2
κ̃

= λ2

κ
. (13)

Then it follows

ms � 4.8 keV × κ̃r2
(

M

1015 GeV

)7

,

sin2 2θ � 0.3 × 10−10
(

ms

7 keV

)−1(mseesaw

0.1 eV

)(
M

1015 GeV

)2

,

(14)

taking 〈Φ〉 = M and 〈Φ ′〉 = rM . The B − L Higgs fields would gen-
erally have VEVs of a similar size, giving r ∼ 1. Thus the sterile
neutrino dark matter has the right mass and mixing to account for
the observed X-ray line. Note that the relation between the mass
and the mixing angle is independent of r.

Fig. 1 shows the relation (14) between the mixing and the mass
of the sterile neutrino dark matter. To take account of the un-
certainty in the relation between couplings, we show as dotted
(blue) lines the results for cases with a numerical factor of 3 and
1/3 multiplied with the RHS of Eq. (13). The shaded (light blue)
region between the dotted lines represents the prediction of our
model, which satisfies various observational bounds. We show the
bounds from the non-detection of the X-ray line, the dark matter
overproduction, and phase-space density, together with the values
suggested by the 3.5 keV X-ray line. We can see that our model
can naturally explain the observed X-ray line at 3.5 keV.
2.2. Supersymmetric case

The split flavor mechanism can be straightforwardly generalized
to the supersymmetric case. In contrast to the non-supersymmetric
case, there are two important effects. One is the holomorphic na-
ture of the superpotential, and the other is the supersymmetry
breaking effects represented by the gravitino mass.

To cancel anomalies, we assign the B − L charges to the left-
handed chiral superfields as

Φ Φ ′ N1 Ni Lα Hu

U(1)B−L −2 2 1 1 −1 0

where Hu is the up-type Higgs doublet superfield. The U(1)B−L is
broken along the D-flat direction

|Φ|2 = ∣∣Φ ′∣∣2 = M2, (15)

which is lifted by supersymmetry breaking effects associated with
higher dimensional operators or radiative corrections.

Small ε is obtained by imposing flavor symmetry under which
Φ ′ and N1 transform non-trivially. Let us consider Z6 flavor sym-
metry with5

Φ Φ ′ N1 Ni Lα Hu

Z6 0 1 1 0 0 0

which allows the conventional superpotential terms for Ni

W = 1

2
ΦNi Ni + Ni Lα Hu, (16)

while the relevant interactions of N1 come from the following Käh-
ler potential

�K = Φ ′∗

MPl
N1Ni + 1

2

(ΦΦ ′2)∗

M3
Pl

N1N1 + h.c., (17)

in which we have dropped coupling constants of order unity. For
M 	 m3/2, the effective action for the seesaw sector is obtained
by replacing the B − L Higgs fields by their VEVs. From �K , one
obtains

�Weff = 1

2
κ̃

m3/2M3

M3
Pl

N1N1 + λ̃α
m3/2

MPl
N1Lα Hu, (18)

for m3/2MPl 
 M2, after redefining the heavy right-handed neutri-
nos to remove the mixing terms with N1. The above implies

ε ∼
√

m3/2MPl

M
. (19)

The detailed properties of the sterile neutrino dark matter depend
on the supersymmetry breaking scale. Taking the coupling con-
stants to be (13), we find

ms � 6.9 keV × κ̃

(
m3/2

105 GeV

)(
M

1015 GeV

)3

,

sin2 2θ � 0.4 × 10−10
(

ms

7 keV

)−1(mseesaw

0.1 eV

)

×
(

m3/2

105 GeV

)(
M

1015 GeV

)−2

. (20)

Hence the sterile neutrino can explain the X-ray line for m3/2
around 105 GeV and M around 1015 GeV.

5 Our results can be straightforwardly applied to the case of Zk with k � 6.
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The suppression mechanism is successfully implemented also
by a discrete R symmetry. There are many different ways to assign
the discrete R charges. Here we consider a simple case with6

Φ Φ ′ N1 Ni Lα Hu

Z5R 0 4 3 1 1 0

Then the interactions of Ni are again given by (16). The relevant
interactions of N1 come from the following Kähler and super-
potentials after B − L breaking,

�K = Φ ′∗

MPl
N1Ni + Φ2Φ ′

M3
Pl

N1N1 + h.c.,

�W = (ΦΦ ′)2

M4
Pl

N1Lα Hu, (21)

where order unity coefficients have been omitted. At energy scales
below M , one finds the effective superpotential

�Weff = 1

2
κ̃

m3/2M3

M3
Pl

N1N1 + λ̃α

(
s

m3/2

MPl
+ M4

M4
Pl

)
N1Lα Hu, (22)

for m3/2MPl 
 M2. Here the constant s is generally order unity. If
the neutrino Yukawa coupling of N1 to Lα Hu is dominated by the
supersymmetry breaking contribution, the properties of the ster-
ile neutrino are same as in the previous case. So, we here focus
on the case that the effective Yukawa coupling is dominated by
the supersymmetric contribution ∼ (M/MPl)

4. This is the case for
s around or slightly smaller than unity in the parameter region
with m3/2 ∼ 105 GeV and M ∼ 1015 GeV. From the effective super-
potential, ε is then estimated to be

ε ∼
(

m3/2

MPl

)−1/2( M

MPl

)3

, (23)

for the coupling constants of order unity. Let us take κ̃ and λ̃α to
be (13) assuming no extra structure. Then the mass and mixing
angle of the sterile neutrino dark matter are given by

ms � 6.9 keV × κ̃

(
m3/2

105 GeV

)(
M

1015 GeV

)3

,

sin2 2θ � 0.2 × 10−10
(

ms

7 keV

)−1(mseesaw

0.1 eV

)

×
(

m3/2

105 GeV

)−1( M

1015 GeV

)6

. (24)

Note that the sterile neutrino mass has the same dependence on
m3/2 and M as in the case of Z6 flavor symmetry, while the mixing
angle has different dependence.

In both cases considered above, the gravitino mass close to
100 TeV is favored by the observed X-ray line. Such heavy grav-
itino mass is consistent with the SM-like Higgs boson of mass near
126 GeV [19,20].

3. Discussion and conclusions

So far we have focused on the small mass and mixing of the
sterile neutrino dark matter suggested by the recently discovered
3.5 keV X-ray line, and have shown that these properties can be
naturally realized in the split flavor mechanism. In order to ex-

6 Even though the R-parity is broken in the case of Z5R symmetry, the lightest
supersymmetric particle (LSP) remains stable due to the residual Z2B−L symme-
try [16]. Its thermal relic abundance can be suppressed for the Wino-like LSP, or in
the presence of late-time entropy production.
plain the observations, we need to generate a right amount of
the sterile neutrinos. Thermal production through mixings with
active neutrinos, however, is inefficient for such small mixing an-
gle, unless there is a large lepton asymmetry. Another possibility is
through thermal production through U(1)B−L gauge interactions at
high temperature [5,16,21]; the abundance of the sterile neutrino
is given by

ΩDMh2 ∼ 0.2

(
g∗

106.75

) 3
2
(

ms

7 keV

)

×
(

M

1015 GeV

)−4( T R

5 × 1013 GeV

)3

, (25)

where T R is the reheating temperature of the Universe after in-
flation. At such high reheating temperature, a right amount of
the baryon asymmetry can be created through thermal leptoge-
nesis [22] by the two heavy right-handed neutrinos [23,24]. Non-
thermal production may also work; see e.g. Ref. [25]. Alternatively,
if the B − L symmetry is restored after inflation, the sterile neu-
trino N1 will be thermalized through the B − L gauge interactions.
If there is a late-time entropy production of O(102), its thermal
abundance can be reduced so that it can explain the dark mat-
ter abundance [9]. In this case we need to introduce small explicit
breaking of the discrete symmetry to make domain walls annihi-
late before dominating the Universe.

In this letter we have revisited the split flavor mechanism in
light of the recent discovery of the X-ray line at 3.5 keV in the
XMM-Newton X-ray observatory data of various galaxy clusters
and the Andromeda galaxy. In particular, the required small mix-
ing angle, sin2 2θ ∼ 7 × 10−11, implies that the sterile neutrino
dark matter is more long-lived than estimated based on the see-
saw formula, which strongly suggests an extra flavor structure in
the seesaw sector. Note that the seesaw formula holds in the split
seesaw mechanism or the simple FN flavor model. In the split fla-
vor mechanism we introduce two B − L Higgs fields, one of which
is charged under discrete flavor symmetry. Most important, the
breaking of flavor symmetry is tied to the breaking of the B − L
symmetry. We have shown in both non-supersymmetric and su-
persymmetric scenarios that the 7 keV sterile neutrino with mix-
ing sin2 2θ ∼ 7 × 10−11 can be realized easily. The suppression of
the mixing angle, namely, the longevity of the sterile neutrino dark
matter with respect to the expectation based on the seesaw for-
mula, is due to the mild hierarchy between the U(1)B−L breaking
scale and the Planck scale. In the supersymmetric scenarios, the
small mixing is partially due to the smallness of the gravitino mass
compared to the Planck scale; the gravitino mass around 100 TeV
is favored by the observed X-ray line, which is consistent with the
SM-like Higgs boson with 126 GeV mass.
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