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Bosonic super–weakly interacting massive particles (WIMPs), including pseudoscalar and vector
particles, are dark-matter candidates. To date, many underground experiments searches for super-WIMPs
have been performed in the mass range of a few keV=c2 to 1 MeV=c2. All these searches utilize the
absorption process of a super-WIMP by a target atom in the detector, which is similar to the photoelectric
effect. We consider another process—namely, a Compton-like process. As an example, we compare the
cross section of a germanium atom for the absorption process with that of a Compton-like process. Our
findings indicate that the cross section for the Compton-like process becomes dominant relative to that for
the absorption process for mass above approximately 150 keV=c2 for both pseudoscalar and vector super-
WIMPs. In particular, the cross section for the Compton-like process for a vector super-WIMP becomes
increasingly greater than that for the absorption process by 1 to 2 orders of magnitude in the 400 keV=c2 to
1 MeV=c2 mass range, respectively. By including the Compton-like process, which has not been used in
any other super-WIMP search experiments, the experimental upper limits can be improved.
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I. INTRODUCTION

One of the most fundamental questions in physics is
the nature of dark matter (DM). The existence of DM,
which constitutes approximately 80% of the matter in the
Universe [1], has been inferred from a wide range of
astrophysical and cosmological systems based solely on
gravitational effects [2,3]. Although the standard model
(SM) of particle physics is extraordinarily successful, it
cannot explain the nature of DM.
The freeze-out mechanism is a plausible method for the

generation of the DM population in our Universe. It has
been assumed that DM particles, commonly called weakly
interacting massive particles (WIMPs), interacted with SM
particles in thermal equilibrium at very high temperatures
in the early Universe, and the DM particles that were out
of equilibrium remained as the Universe expanded. The
currently observed dark-matter relic abundance has been
generated due to the weak mass scale Oð100 GeVÞ of DM
with weak interaction strength between the WIMPs and SM
particles [4,5]. The DM produced by this mechanism is

commonly referred to as a WIMP. Extensive searches over
the past 40 years for a WIMP withOð100 GeVÞmass have
not yielded any results. Hence, it is desirable to investigate
various theoretical models of DM.
Based on the numerical simulation results for the small-

scale structure formation of a WIMP based on gravitational
interaction, the DM mass is considered to be greater than
∼3 keV [6]. A mass on this scale implies weak interaction
between the DM and SM particles. Several models have
been proposed with DM mass scales ranging from keV to
MeV for the so-called super-WIMP [7–12]. Fermionic
super-WIMPs, sterile neutrinos, and gravitinos have been
thoroughly studied and are extremely difficult to detect
experimentally. On the other hand, bosonic super-WIMPs
allow the decay of lighter SM particles [7], and such decays
with superweak interactions can be strongly suppressed.
Nonetheless, super-WIMPs can be absorbed or emitted by
SM particles, which can be directly detected through
terrestrial experiments. In particular, their absorption proc-
ess in the targetmaterial deposits energy into the target atom,
which corresponds to the rest mass of the super-WIMP.
The upper limits of the bosonic super-WIMP masses are

about 300 keV=c2 and are estimated by comparing the
gamma rays from the extragalactic halo with the expected
photon flux due to the bosonic super-WIMP decays [13].
If the bosonic super-WIMPs do not constitute a significant
fraction of the DM, this estimation does not give such a
constraint for the upper limits of the masses. Furthermore,
the masses in some extensions of the bosonic super-WIMP
model can be sub-MeV=c2 [14] or larger than 1 MeV=c2
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[15]. If the masses of the bosonic super-WIMPs are larger
than twice the electron mass, they can decay into an eþe−
pair such that their lifetime could be too short to be the DM.
It would be worthwhile to search for the bosonic super-
WIMP mass in the range of OðMeV=c2Þ.
Experimental explorations for pseudoscalar (vector)

super-WIMPs, known as axionlike-particles (dark pho-
tons), have been performed based on their absorption in
detector material. The constraints for the coupling strength
of super-WIMPs with electrons for the super-WIMP mass
have been determined through underground experiments
[16–26], which investigate the super-WIMP mass region
from ∼keV=c2 to 1 MeV=c2. To detect super-WIMP
events, all these studies utilize the absorption process of
the super-WIMP by target atoms, which is similar to the
photoelectric effect; the cross sections for this process are
proportional to those of the photoelectric effect, where the
photon energy is equal to the super-WIMP mass. When
using the absorption process for super-WIMP detection, the
upper limit becomes weak with the increase in the super-
WIMP mass. For example, the cross section of Ge for
the photoelectric effect decreases significantly from
4306 b=atom at 10 keV to 0.0086 b=atom at 1 MeV for
the incoming photon energy.
In this paper, we consider a Compton-like process

aþ e− → e− þ γ (V þ e− → e− þ γ) for a pseudoscalar
(vector) super-WIMP, where a and V represent a pseudo-
scalar and vector super-WIMP, respectively. In general, the
cross section for the Compton process is greater than that
for the photoelectric effect at photon energies above
∼100 keV. By including the Compton-like process, we
expect an improvement in the experimental sensitivity in
the mass range of ∼100 keV=c2 to a few MeV=c2. The
most recent search for super-WIMPs used Ge atoms as the
target material in the GERDA experiment [20] for a super-
WIMP mass range up to 1 MeV=c2. We study the cross
section for the absorption and Compton-like processes with
a Ge target for a super-WIMP model in the 1 keV=c2 to
1 MeV=c2 mass range.

II. THE MODEL FOR SUPER-WIMP

In this section, we discuss the absorption process, which
is similar to the photoelectric effect, and a Compton-like
process for the interaction of a pseudoscalar super-WIMP
and vector super-WIMP with an atom and electron,
respectively. The Lagrangian for the interaction of pseu-
doscalar super-WIMP a with an electron [7] can be
expressed as follows:

L ¼ 2
me

fa
aψ̄iγ5ψ ; ð1Þ

where fa is the interaction strength,me is the electron mass,
and ψ is the electron field. Therefore, this interaction
Lagrangian gives the cross section for the absorption

process σa;abs [7] with an atom, which is the so-called
axioelectric effect, in terms of the cross section for the
photoelectric effect σpe, with the photon energy ω equiv-
alent to the mass of the pseudoscalar super-WIMP (ma):

σa;absv
σpeðω ¼ maÞc

≈
3m2

a

4παf2a
; ð2Þ

where v is the incoming velocity of the super-WIMP, c is
the velocity of light, and α is the fine structure constant.
Equation (2) can be rewritten by introducing dimensionless
coupling gaee ¼ 2me=fa as follows:

σa;absv
σpeðω ¼ maÞc

≈ g2aee
3m2

a

16παm2
e
: ð3Þ

For the interaction of vector super-WIMP V with an
electron, the Lagrangian [7] is given by

L ¼ eκVμψ̄γ
μψ ; ð4Þ

where Vμ is the field of the super-WIMP, e is the electron
charge, and κ is the kinetic mixing parameter with the
electromagnetic field. The absorption cross section of the
vector super-WIMP (σV;abs) by an atom [7] is calculated as

σV;absv
σpeðω ¼ mVÞc

≈
α0

α
; ð5Þ

where mV is the mass of the vector super-WIMP and α0

is ðeκÞ2
4π .
The Compton-like process where a pseudoscalar super-

WIMP or vector super-WIMP interacts with an electron
and produces a photon (γ) is as follows:

eþ ϕ → eþ γ; ð6Þ

where ϕ can be either a pseudoscalar super-WIMP or
vector super-WIMP. The cross section for the Compton-
like process of a pseudoscalar (vector) super-WIMP, σa;cmp

(σV;cmp) [27], can be determined as follows:

σa;cmp ¼ g2aee
α

4mejkj
Z

1

−1
dcosθγ

jqjAP

Ekþme− jkjcosθγ
; ð7aÞ

σV;cmp ¼ κ2
πα2

3mejkj
Z

1

−1
dcosθγ

jqjAV

Ekþme− jkjcosθγ
; ð7bÞ

where k is the momentum of the incoming super-WIMP, q
is the momentum of the outgoing photon, θγ is the angle
between the photon and super-WIMP, and AP and AV are
the matrix elements of the Compton-like process for the
pseudoscalar super-WIMP and vector super-WIMP [27],
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respectively. Here, jqj for the Compton-like process in
Eqs. (7a) and (7b) is given by

jqj ¼ m2
ϕ þ 2Ekme

2ðme þ Ek − jkj cos θγÞ
; ð8Þ

where mϕ is the mass of the super-WIMP and Ek is the
energy of the super-WIMP, which can be considered the
mass of the super-WIMP.

III. CROSS-SECTION ESTIMATIONS FOR THE
ABSORPTION AND COMPTON-LIKE PROCESSES

In this section, we discuss the cross section of the Ge
atom for the absorption and Compton-like processes. For
estimating the cross section for the absorption process, we
used Eq. (3) for a pseudoscalar super-WIMP and Eq. (5) for
a vector super-WIMP. For such an estimation, the cross
sections for the photoelectric effect (σpe) of the Ge atoms
were used in the XCOM: Photons Cross Sections
Database [28].
For an atom, the cross sections of the Compton-like

process for a pseudoscalar and vector super-WIMP are
given by

σZa;cmp ¼ Neσa;cmp; ð9aÞ

σZV;cmp ¼ NeσV;cmp; ð9bÞ

where σZa;cmp (σZV;cmp) is the cross section for the Compton-
like process for a pseudoscalar (vector super-WIMP) for an
atom and Ne is the number of electrons (atomic number) in
the atom. σa;cmp and σV;cmp can be calculated numerically
using Eqs. (7a) and (7b), respectively. We set Ne ¼ 32 as
the atomic number of the Ge atom.

The total cross section (σatom) for a super-WIMP
interacting with an atom, including both the absorption
and Compton-like processes, can be expressed as

σatom ¼ σaðVÞ;abs þ σZaðVÞ;cmp: ð10Þ

To compare the cross sections for the absorption and
Compton-like processes for the interaction of a pseudo-
scalar (vector) super-WIMP with a Ge atom, we applied the
dimensionless coupling constant gaee ¼ 1 (kinetic mixing
parameter κ ¼ 1). The results for each process and the total
cross section for the pseudoscalar and vector super-WIMP
are shown in Fig. 1. As previously mentioned, the cross
section for the Compton-like process is greater than that of
the absorption process in the mass range above approx-
imately 500 keV=c2 (100 keV=c2) for a pseudoscalar
(vector) super-WIMP. In particular, the cross section for
the Compton-like process for a vector super-WIMP con-
tinues to increase from 1 to 2 orders of magnitude in the
400 keV=c2 to 1 MeV=c2 mass range, respectively.

IV. CONCLUSIONS

In this paper, we examined the absorption and Compton-
like processes for the interaction of a super-WIMP with an
atom.As an example, we compared the cross sections of both
processes for a Ge atom. The obtained results demonstrated
that the Compton-like process had a greater cross section
than the absorption process for masses above approximately
150 keV=c2 for both pseudoscalar and vector super-WIMPs.
The cross section for the Compton-like process for a
pseudoscalar super-WIMP is increased to 1 order of magni-
tude at 1 MeV=c2 ofmass. However, the cross section for the
Compton-like process for a vector super-WIMP becomes
increasingly greater than that for the absorption process by 1
to 2 orders of magnitude in the 400 keV=c2 to 1 MeV=c2
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FIG. 1. Cross sections (unit, b/atom) for the absorption and Compton-like processes, and the total cross section, including both
processes, for the pseudoscalar (left panel) and vector (right panel) super-WIMPs as a function of the mass. We used the dimensionless
coupling constant gaee ¼ 1 (kinetic mixing parameter κ ¼ 1) for a pseudoscalar (vector) super-WIMP.
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mass range, respectively. By including the Compton-like
process, which has not been used in any other super-WIMP
search experiments, the experimental upper limits can be
improved.
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