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Abstract. The Atomiki anomaly can be interpreted as a new light vector boson. If such a
new particle exists, it could be a mediator between the Standard Model sector and the dark
sector including the dark matter. We discussed some simple effective models with these
particles. In the models, the secluded dark matter models are good candidates to satisfy
the thermal relic abundance. In particular, we found that the dark matter self-interaction
can be large enough to solve the small scale structure puzzles if the dark matter is a
fermion.

1 Introduction

A nuclear experiment in Hungary has reported the observation of a new resonance in the decay of ex-
cited 8Be nuclei [1]. This is called the Atomki anomaly named after the institute where it is observed.
The resonance can be simply interpreted as a new weakly interacting light particle of 16.7 MeV.

It is elucidated by Ref. [2] that the new particle should be a vector boson. They have also pointed
out the coupling of the vector with proton is much smaller than that of neutron because of the strong
constraint by the π0 decay experiment [3]. Hence, the vector boson is also referred as the protophobic
light vector boson. The vector boson is not only the protophobic but also the leptophobic. In particular,
the coupling with the neutrinos should be smaller than about 10−5, instead, the coupling with the
electron is O(10−4). Because of this property, the model building is difficult; for the details, see also
Refs. [4].

If we suppose that the vector is the gauge boson of a broken U(1) symmetry, the Lagrangian can
be written as

LX = −
1
4

XµνXµν + (DµS )†(DµS ) + µ2
S |S |2 −

λS

2
|S |4

= − 1
4

XµνXµν +
m2

X

2
XµXµ +

1
2

(∂µs)2 − m2
s

2
s2 + gXmX sXµXµ −

gXm2
s

2mX
s3 + · · · (1)

where Xµν is the field strength tensor of the new gauge boson X. The scalar field S is expanded as
S = (vs + s)/

√
2 in the unitarity gauge, and DµS = (∂µ + igXXµ)S . Some terms irrelevant in our

computation are suppressed here. The other parameters are defined as v2s = 2µ2
S /λS , m2

s = λS v
2
s , and

mX = gXvs. We studied simple dark matter models including the above Lagrangian [5].
If the dark matter directly interacts with X, it is difficult to satisfy the thermal relic scenario

because the interaction strength of the new vector is comparable to the weak interaction, namely,
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gX/mX = 1/O(100) GeV; see Refs. [6] for exceptions. In the rest of this article, we discuss the models
of the real scalar and the Majorana fermion dark matter. Since they are neutral under the new gauge
symmetry U(1)X , the models also require other particles which mediate the interaction between the
dark matter and X. They can be easily compatible with the thermal relic scenario. These models
are called the secluded dark matter [7]. The given models are easily implemented in not only the
explicit models of the protophobic light vector but also other models since the dark matter properties
are mostly determined in the dark sector.

2 Real scalar dark matter

The Lagrangian of the real scalar dark matter model is

Lφ =
1
2

(∂µφ)2 −
m2
φ

2
φ2 −

λφS mX

2gX
sφ2 −

λφS

4
s2φ2 −

λφ

4!
φ4 +LX , (2)

where we impose a Z2 symmetry (φ↔ −φ) to stabilize the dark matter. The coupling λφS is given by
the scalar four point interaction. The dark Higgs boson s play a role of the mediator.

The annihilation of the dark matter is dominated by the s-wave processes: φφ→ XX and φφ→ ss.
Their final states are two and four e+e− pairs, respectively. The direct detection is induced by the 1-
loop diagram mediated by the sXX vertex. The experimental bounds on the models are shown in
Fig. 1.
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Figure 1. Experimental bounds on the real scalar dark matter. The left figure is the bounds on the typical dark
matter coupling λφS as a function of the dark matter mass with ms = 50 MeV. The blue/red region is bounded
by the current direct/indirect dark matter searches. The projected direct detection bounds by the XENON1T and
the LZ experiments are shown with the blue dotted lines. On the solid black line, the dark matter satisfies the
observed thermal relic abundance. On the dotted black line, the relic abundance is 2 orders of magnitude larger
than the observed one. The dark Higgs mass dependence of the expected direct detection bounds is shown in
the right figure. The coupling λφS is chosen to satisfy the thermal relic abundance, i.e. on the black solid line of
the left one. The blue dotted lines are the projected direct detection bounds. The red region is excluded by the
indirect detections. In the green region, the lifetime of the dark Higgs is larger than 1 sec.
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Figure 1. Experimental bounds on the real scalar dark matter. The left figure is the bounds on the typical dark
matter coupling λφS as a function of the dark matter mass with ms = 50 MeV. The blue/red region is bounded
by the current direct/indirect dark matter searches. The projected direct detection bounds by the XENON1T and
the LZ experiments are shown with the blue dotted lines. On the solid black line, the dark matter satisfies the
observed thermal relic abundance. On the dotted black line, the relic abundance is 2 orders of magnitude larger
than the observed one. The dark Higgs mass dependence of the expected direct detection bounds is shown in
the right figure. The coupling λφS is chosen to satisfy the thermal relic abundance, i.e. on the black solid line of
the left one. The blue dotted lines are the projected direct detection bounds. The red region is excluded by the
indirect detections. In the green region, the lifetime of the dark Higgs is larger than 1 sec.

The left figure is the bounds for ms = 50 MeV. The thermal relic abundance can be satisfied if the
dark matter is heavier than about 100 GeV. The indirect detection bounds with the e+e− spectrum by
AMS-02 and Planck exclude the scenario up to there [8]. The current LUX and the future XENON1T
bounds are much weaker than the indirect bounds [9]. The current strongest bound by PandaX-II is
the middle of them [10]. However, the prospected LZ bound is stronger than them [11].

The right figure shows us the ms dependence. The coupling λphS is fixed to obtain the thermal
relic abundance. We find that the experimental reach of the dark matter mass strongly depends on the
mass of the dark Higgs.

3 Majorana fermion dark matter

The Lagrangian of the Majorana fermion dark matter model is

Lχ =ψ̄(i/∂ − gX /X − mψ)ψ +
1
2
χ̄(i/∂ − mχ)χ − y(S ψ̄χ + S †χ̄ψ) +LX , (3)

where the Yukawa coupling y can be chosen as real and positive without loss of generality. The Dirac
fermion ψ is the additional mediator. After the spontaneous symmetry breaking of U(1)X , the model
includes three Majorana fermions; the lightest one is the dark matter.

The leading contribution of the annihilation is given by the p-wave, so that, the indirect bounds are
negligibly weak. The direct detection is given by the same diagram with the real scalar case. However,
as shown in Fig. 2, the experimental bounds are significantly stronger than the previous one.
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Figure 2. Experimental bounds on Majorana fermion dark matter. The lines and regions are similar to Fig. 1.
In the right figure, the small scale structure puzzles can be solved in two yellow regions at the middle and the
corner, where gX = 10−3 and 10−2 respectively.

In these figures, the additional Majorana fermions are 100 GeV heavier than the dark matter. If
ms = 50 MeV, the left figure tell us that the dark matter should be lighter than a few tens GeV. The
upper bound becomes about 10 GeV in the near future.

The ms dependence is shown in the right figure. Since the indirect detection bounds can be ne-
glected, it is difficult to exclude the dark matter lighter than about 5 GeV. If the dark matter is O(100)
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GeV or heavier, the dark Higgs should be heavier than about 100 MeV. The bound reaches up to
200–400 MeV by the prospected LZ bound.

Instead, the dark matter annihilates through the p-wave, the dark matter self- scattering is the s-
wave. Besides, the cross section is largely enhanced by the Sommerfeld enhancement. The large self-
interaction of the dark matter is required to solve the small scale structure puzzles [12]. If gX = 10−3,
the self- interaction cross section becomes large enough to explain the structure of the dark matter of
O(100) GeV.

4 Summary

A clear peak in the e+e− spectrum of excited 8Be has been observed by a Hungarian nuclear experi-
mental group. It looks not a statistical fluctuation like many tail events but a physical event. The peak
can originate from the weakly interacting light new vector boson. Such a new particle is an attractive
candidate of new physics. As a fascinating scenario, we have studied the thermal relic dark matter
models in which the vector boson is a mediator between the dark sector and the Standard Model, see
Fig. 3. We have discussed a real scalar and a Majorana fermion as the dark matter. These models are
similar each other. However, they have clearly different behavior.

\ \ \ \ \
Dark Sector \ \ \ \

/ M \ \ \ \ (Back Ground)
/ | \ \ e \ \ \

/ / \ d \ \ (Signal?)
/ | | \ \ i \

| \ a \/\ ^ (Back Ground)
/ | | \ \ t \ ) ^

/ \ / o \ ( )
/ \ /______r\ ) ( CMB

/ \ ( ) Gravity
/_ _\ ) ( etc.
|Thermal| /^--^^--^\ /^--^^--^\ ) //
| | j l //
| Relic | j Detectors l _//
| | /| /| /| /| /|\ |\ |\ |\ |\ | /
Abundunce | |/

---| |--------------------+--------------------
/ \ /////////////^\\\\\\\\\ Evidence

Figure 3. The schematic figure of the models discussed in this paper. The astrophysical observations clarify
the dark components in our universe. The dark sector including the dark matter could be thermally produced.
We suppose this sector interacts with the Standard Model via the weakly interacting light mediator, namely, the
protophobic vector boson of 16.7 MeV. This figure is inspired by the sketch of photosynthesis in Ref. [13]

For the real scalar model, the thermal relic scenario is excluded by the indirect detections if the
dark matter is lighter than about 100 GeV. The direct detection bound can be stronger than the indirect
bounds for the future LZ result. The reach of the LZ bound is sensitive to the dark Higgs mass.
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Figure 3. The schematic figure of the models discussed in this paper. The astrophysical observations clarify
the dark components in our universe. The dark sector including the dark matter could be thermally produced.
We suppose this sector interacts with the Standard Model via the weakly interacting light mediator, namely, the
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For the real scalar model, the thermal relic scenario is excluded by the indirect detections if the
dark matter is lighter than about 100 GeV. The direct detection bound can be stronger than the indirect
bounds for the future LZ result. The reach of the LZ bound is sensitive to the dark Higgs mass.

For the Majorana fermion model, the indirect detection bounds can be negligible because the
annihilation is the p-wave. The direct detection bounds exclude the dark matter of heavier than several
tens GeV, while it is impossible to constrain the region where the dark matter is lighter than about 5
GeV. In order to evade these experimental bounds for the heavier dark matter, we need to consider the
dark Higgs of a few hundred MeV. With the self-interaction, the thermal relic dark matter solves the
small scale structure problem if its mass is several hundred GeV.
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