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We present the first results of the search for sub-MeV fermionic dark matter absorbed by electron targets
of germanium using the 205.4 kg · day data collected by the CDEX-10 experiment, with the analysis
threshold of 160 eVee. No significant dark matter (DM) signals over the background are observed. Results
are presented as limits on the cross section of DM–electron interaction. We present new constraints of cross
section in the DM range of 0.1–10 keV=c2 for vector and axial-vector interaction. The upper limit on the
cross section is set to be 6.8 × 10−46 cm2 for vector interaction, and 2.3 × 10−46 cm2 for axial-vector
interaction at DM mass of 5 keV=c2.
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I. INTRODUCTION

Various astronomical and cosmological observations support the existence of dark matter (DM), which accounts for
approximately 26.8% of the Universe [1]. As the most popular candidates for DM, weakly interacting massive particles
(WIMPs) have been searched by a lot of direct detection experiments, such as XENON [2], LUX-ZEPLIN [3], PandaX [4],
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DarkSide [5], SuperCDMS [6], and CDEX [7–15]. These
direct detection experiments have set stringent limits on the
cross section of DM interaction with Standard Model (SM)
particles within the DM mass range of GeV=c2 to TeV=c2

via DM–nucleus scattering (χ–N). Meanwhile, the cross
section of sub-GeV DM interaction with SM particles is less
constrained. Recently, physics channels, such as the Migdal
effect of χ–N [15–18], fermionic DM absorbed by nuclear
targets ðχ þ A → νþ AÞ, DM–nucleus 3 → 2 scattering
ðχ þ χ þ A → ϕþ AÞ [19–25], and DM–electron scattering
(χ–e) [26–34], have been explored to search for DM in the
MeV=c2 mass scale [mχ ∼OðMeV=c2Þ].
However, if we want to explore lighter (sub-MeV) DM,

particularly DM of few keV=c2 in a direct detection
experiment with a typical Oð1Þ keV experimental thresh-
old, considering the aforementioned physics scenarios, the
energy deposited by DM in the detector will decrease to
below the threshold. There are two strategies to probe
lighter DM: (1) increasing the energy deposition from DM
in targets and (2) using lower experimental threshold
detectors. To increase the energy deposited by DM in
targets, DM particles with higher kinetic energy boosted by
interaction with SM particles; for example, DM boosted by
cosmic rays have been searched [35–42]. On the other
hand, considering a new DM interaction paradigm, where
the energy transfer from DM particle to SM particle is not
dominated by kinetic energy but by rest energy E ¼ mc2,
the energy deposit by sub-MeV DM can also overcome the
experimental threshold. This is the main motivation to
study DM absorption for bosonic DM [43–52] (e.g., dark
photon and axionlike particle [51]), and fermionic DM
[19,20,53]. Recently, a new type of interaction where
fermionic DM is absorbed by electron targets ðχ þ e− →
νþ e−Þ has been proposed and searched [53–55]. When
fermionic DM is absorbed by electron target, the electron
obtains a kinetic recoil through the mass of χ. As mentioned
above, the lower experimental threshold detectors, the
lighter DM can be probed.
The CDEX-10 experiment is the second phase of

the CDEX experiment operated in the China Jinping
Underground Laboratory(CJPL) with a 2400 m rock over-
burden [12,13,56]. CDEX-10 has three detector arrays
named C10A(B, C). Each detector array comprises three
p-type point contact germanium (PPCGe) detectors: Ge1,
Ge2, and Ge3. The detectors are shielded with 20 cm high-
purity oxygen-free copper and immersed in a liquid nitro-
gen cryostat. Details of the experimental setup can be found
in Refs. [12,13]. One of the detectors, C10B-Ge1, achieved
the lowest analysis threshold (160 eVee, “eVee” represents
the electron equivalent energy derived from energy cali-
bration), with an exposure of 205.4 kg · day [57]. The data
processing procedure includes data quality check, physics
event selection, energy calibration, and bulk or surface
event discrimination [13,58]. The 0.16–2.16 keV spectrum
after all event selections is used in this analysis. In this

paper, we report the search results of keV=c2 scale DM
absorbed by electron using 205.4 kg · day exposure data
from the CDEX-10 experiment with an energy threshold
of 160 eVee.

II. EXPECTED SIGNAL

Fermionic DM is absorbed by the electron target via the
following process:

χ þ e− → νþ e−; ð1Þ

where a DM particle χ is absorbed by an electron and a
neutrino is emitted [53,54].
In this analysis, for effective interaction, the vector type

and axial-vector type operators are considered and can be
written as follows [54]:

OV
eμχ ¼

1

Λ2
ðēγμeÞðν̄LγμχLÞ;

OA
eμχ ¼

1

Λ2
ðēγμγ5eÞðν̄LγμχLÞ; ð2Þ

where the DM is treated as a Dirac fermion with lepton
number 1 [19], and the SM left-handed neutrino is consid-
ered. 1=Λ2 is the Wilson coefficient, with a dimension
of ½mass�−2.
Considering the standard halo model, the DM velocity

follows the Maxwell-Boltzmann distribution with a cutoff
at the Galactic escape velocity vχmax ∼ 544 km=s, indicat-
ing that the DM is nonrelativistic. In the DM absorption
process, the entire DM mass is released as energy of the
final-state particles. The kinetic energy of DM Tχ ≈ 1

2
mχv2χ

can be neglected, Tχ=mχ ∼Oð10−6Þ [54]. The law of
energy conservation gives

mχ þ Enl
B ¼ qþ ER; ð3Þ

where mχ is the mass of DM χ, Enl
B ðEnl

B < 0Þ is the binding
energy of the electron in the initial state ðn; lÞ shell, q is the
neutrino energy, and ER is the electron recoil energy in the
final state.
The total detectable energy Edet can be expressed as

follows:

Edet ¼ ER þ jEnl
B j; ð4Þ

where ER is the electron recoil energy and jEnl
B j is the

deexcitation energy. The deexcitation process contains
characteristic x-rays and Auger electrons, with a total energy
of jEnl

B j.
Following the procedures in Refs. [53,54], the expected

differential event rate of the detectable energy can be
expressed as follows:
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dR
dEdet

¼ NT
ρχ
mχ

X
n;l

jMðqÞj2
64πmχm2

e

q
Edet − jEnl

B j
jfnlionðk0; qÞj2; ð5Þ

where NT is the number of Ge atoms, ρχ is the local DM
density taken as 0.3 GeV=c2=cm3 [59,60], me is the
electron mass, and jfnlionðk0; qÞj2 is the ionization form
factor for an atomic orbit ðn; lÞ [53,61], which is calculated
by modifying the public code DARKART [61,62]. k0 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2me · ðEdet − jEnl

B jÞ
p

is the final momentum of the out-
going electron, and jMðqÞj2 is the scattering matrix
element, which can be expressed as follows:

jMV;AðqÞj2 ¼ ð4; 12Þ × 4πm2
eq

mχ
ðσevχÞ; ð6Þ

forOV
eμχ andOA

eμχ , respectively [54]. σe is the total scattering
cross section between the DM and the free electron. For the
tiny mass DM (mχ ≪ me), σe can be expressed as follows:

σe ¼
m2

χ

4πΛ4vχ
; ð7Þ

Considering Ge, the expected energy spectra of fer-
mionic DM absorbed by the electron target via a vector
interaction are shown in Fig. 1, with mχ ¼ 2 keV=c2

and σevχ ¼ 10−45 cm2.

Notably, the electronic band structures of Ge crystal
are not considered in this study. Ge atoms are treated as
isolated atoms. Only the contribution from core electrons,
i.e., K, L, and M shells (n ¼ 1, 2, 3), are considered.
Because the electronic band structures near the band gap
(N shell, n ¼ 4, valence and conduction electronic states as
stated in Ref. [63]) in Ge crystal are non-negligible and do
not fit the assumption of isolated atoms. Treating Ge atoms
as isolated atoms and only the contribution from core
electrons (K, L, and M shells) are considered make our
results conservative.
In Fig. 1,K-shell electrons cannot be ionized due to small

mχ . When mχ > jE1;0
B j, contribution by K-shell electrons

will be taken into account. The binding energies of electrons
in different Ge atom shells are summarized in Table I.
Figure 2 shows the spectra used in this analysis considering
the detector energy resolution. The energy resolution of
C10B-Ge1 is σðEÞ ¼ 35.8 × 10−3 þ 16.6 × 10−3

ffiffiffiffi
E

p
[42],

where E and σðEÞ are in keV.

FIG. 2. Expected HPGe detector response in the vector inter-
action case at σevχ ¼ 10−45 cm2 for mχ ¼ 2 keV=c2 (blue)
and mχ ¼ 12 keV=c2 (red) are superimposed. Experimental
data from CDEX-10 before combined efficiency correction in
0.16–2.16 keVee are also depicted. The bin width is 100 eVee.

TABLE I. Binding energies ðEn;l
B Þ of the electrons in Ge atom

shells ðn; lÞ. (Data from Ref. [64]).

En;l
B [eV]

l

n s p d

1 −1.1 × 104 � � � � � �
2 −1.4 × 103 −1.3 × 103 � � �
3 −2.0 × 102 −1.4 × 102 −44
4 −15 −7.8 � � �

FIG. 1. Predicted visible energy spectra of the fermionic DM
absorbed by electron targets of Ge for a vector-type operator for
mχ ¼ 2 keV=c2 and σevχ ¼ 10−45 cm2. Contributions by differ-
ent shells of electrons are shown in different colors. The signals
used in this analysis (summation from 1s to 3d) are shown in gray
shade. In this scenario with mχ ¼ 2 keV=c2, K-shell (n ¼ 1)
electrons cannot be ionized due to the small mχ . The N-shell
(n ¼ 4) spectra shown here is calculated assuming Ge atoms as
isolated atoms, but the contribution from the N shell is not
included. The energy resolution is not considered in this figure.
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III. DATA ANALYSIS

Data used in this analysis are obtained from CDEX-10,
specifically from the C10B-Ge1 detector between February
2017 and August 2018, with an exposure of 205.4 kg · day
[57]. The sensitive mass of C10B-Ge1 is 939 g with a dead
layer thickness of 0.88� 0.12 mm [11,13]. After a series
of data processing procedures, we derive the physics
spectrum. The analysis threshold is set to be 160 eVee,
the combined efficiency at 160 eVee is 4.5%, for the first
analysis bin (160–260 eVee), the averaged combined
efficiency is 48.0%. The combined efficiency is composed
of 2 parts: physics-noise (PN) cut efficiency and trigger
efficiency [12].
In the interest energy range of 0.16–2.16 keVee, back-

ground events are composed of the radioactivity from
cosmogenic isotopes inside the detector and Compton
scattering events from high-energy gamma rays. The
radioactivity from cosmogenic isotopes are L- and M-shell
x-ray peaks of cosmogenic isotopes, including 68Ge, 68Ga,
65Zn, 55Fe, 54Mn, and 49V. The K-shell peaks in 4–12 keVee
spectrum are fitted to limit the intensity of their corre-
sponding L- and M-shell peaks using the known K=L and
K=M ratios. [12,42,57].
The χ2 analysis [65] is applied in this work. The

χ2 function is defined as follows:

χ2¼
XN
i¼1

fni−
R EiþΔE
Ei−ΔE ϵðE;v⃗Þ½SðE;mχ ;σevχÞþBðE;u⃗Þ�dEg

σ2i

2

þ v⃗⊺Q−1
v v⃗þ u⃗⊺Q−1

u u⃗; ð8Þ

where ni is the experimental data in the ith energy bin,
SðE;mχ ; σevχÞ is DM signals at energy E, BðE; u⃗Þ is the
expected flat background contributed by the Compton
scattering of high-energy γ rays and L- and M-shell
x-ray peaks of cosmogenic isotopes, i.e.,

BðE; u⃗Þ ¼ C0 þ
XNL

L¼1

ILðuLÞGðE;EL; σLÞ

þ
XNM

M¼1

IMðuMÞGðE;EM; σMÞ ð9Þ

where G is the Gaussian function. ϵðE; v⃗Þ is the combined
efficiency at energy E.

ϵðE; v⃗Þ ¼ 1

4

��
1þ Erf

�
E − v1
v2

��

×

�
1þ Erf

�
E − v3
v4

���
ð10Þ

where Erf is the error function. σi is the uncorrelated
uncertainties in the ith energy bin. v⃗ and u⃗ are the nuisance
parameters for combined efficiency and radioactive isotope

intensities, separately. The nuisance parameters v⃗ and u⃗ are
summarized in Table II. Q is the covariance matrix of
nuisance parameters.
The DM signal is fitted using the minimum-χ2 method

[65] for a given DM mass mχ with the experiment data
corresponding to the energy range from 0.16 keVee to
2.16 keVee. An example of best fit of mχ ¼ 12 keV=c2 in
the vector interaction case is illustrated in Fig. 3. Since no
significant DM signals over the background are observed, an
upper limit with 90% confidence level (CL) is derived using
the Feldman-Cousins method [66]. Figures 4(a) and 4(b)

TABLE II. Summary of nominal values, uncertainties (frac-
tional) for the radioactive isotopes intensities and combined
efficiency parameters.

Radioactive isotopes intensities

Unit: events=keV=kg=day

Name Related symbol Center of IK σIK
65Zn u1 14.15 8.5%
68Ga u2 2.12 36%
68Ge u3 25.94 6.6%
55Fe u4 6.06 16%
54Mn u5 2.07 36%
49V u6 1.72 42%

Efficiency parameters

Name Related symbol Center of v σv

Trigger center v1 0.18 1.5%
Trigger slope v2 0.053 18%
PN Cut center v3 0.20 0.95%
PN Cut slope v4 0.054 5.4%

FIG. 3. The spectrum from CDEX-10 (black point with error
bar), together with the best-fit signal (red dotted line) for
mχ ¼ 12 keV=c2. The light blue solid line is the best fit for
the background. The red solid line is the summation of the best
fits of signal and background. The contribution from isotope
68GaðMÞ is too small to be seen in this plot.
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shows the exclusion results of vector and axial-vector
operators, respectively. We use natural units when reporting
cross section results. The upper limit on the cross section
is set to be 6.8 × 10−46 cm2 for vector interaction, and
2.3 × 10−46 cm2 for axial-vector interaction at DM mass of
5 keV=c2. For the keV-scale electron-absorption processes
studied here, the typical momentum transfer is OðkeVÞ. As
long as the mediator mass much larger than momentum
transfer, the interaction is reliably described by the dimen-
sion-6 EFToperator, where, e.g., mediator mass isOðMeVÞ.
This condition is easily satisfied in the dark-photon UV
completion, and the EFT framework remains valid for our
analysis.
Since the DM is unstable, it can decay into light SM

particles. The dominant visible mode of the DM decay
for axial-vector operator χ → γγν would contribute to
X(gamma)-ray observations around the Earth, which will
be limited by X(gamma)-ray fluxes from astrophysics
observations [54]. For the vector operator, due to the gauge

symmetry and quantum electrodynamics (QED) charge
conjugation symmetry, χ → γν and χ → γγν cannot arise.
The dominant visible decay channel is χ → γγγν, which is
also limited by X(gamma)-ray fluxes from astrophysics
observation. The constraints from χ → 3ν and overproduc-
tion [54] for both operators and χ → γγν for the axial-
vector operator are depicted in Fig. 4. The constraint from
χ → γγγν for vector operator is weaker than the top edge of
Fig. 4, which is not shown.
Among the direct detection experiments, results from

PandaX-4T using a liquid xenon time projection chamber
[55] presents the most stringent constraints on the fer-
mionic DM in the mass range of 35–55 ð25–45Þ keV=c2
for the vector (axial-vector) operator compared with con-
straints from x-ray satellites and large-scale observations.
We place new constraints on the fermionic DM absorbed by
electron targets for a lower DM mass below 10 keV=c2

because of the low detector threshold of Ge semiconductor
detectors used in CDEX experiment.

IV. SUMMARY

In this paper, we report the constraints on σevχ for
fermionic DM absorption by electron targets using data
from the CDEX-10 experiment with an exposure of
205.4 kg · day. Comparing with χ þ A → νþ A, which is
only sensitive to DM in the MeV=c2 mass scale, χ þ e− →
νþ e− can explore lighter DM for few keV=c2. The expected
DM signals of the DM mass range of 0.1–10 keV=c2 are
analyzed together with the experiment spectrum from
160 eVee to 2.16 keVee using a χ2 analysis method. With
the analysis threshold of 160 eVee, we present new con-
straints on σevχ of the fermionic DM absorbed by electron
targets in the DM range of 0.1–10 keV=c2 for vector and
axial-vector operators. Our limits reach the current lowest
fermionic DM mass in direct detection experiments.
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FIG. 4. The 90% confidence level (CL) exclusion limits on
σevχ of the fermionic DM absorbed by electron target for the
(a) axial-vector operator and (b) vector operator from CDEX-10
is shown in red. Results from PandaX-4T [55] (blue) are
superimposed. The exclusion regions of direct detection experi-
ments are shown with shade. Results of DM invisible decay
(χ → 3ν) and overproduction for both operators and DM visible
decay (χ → γγν) for the axial-vector operator are also shown
(dashed dot line) [54,67].
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