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We present improved germanium-based constraints on sub-GeV dark matter via dark matter–electron
(χ-e) scattering using the 205.4 kg · day dataset from the CDEX-10 experiment. Using a novel calculation
technique, we attain predicted χ-e scattering spectra observable in high-purity germanium detectors. In the
heavy mediator scenario, our results achieve 3 orders of magnitude of improvement for mχ larger than

80 MeV=c2 compared to previous germanium-based χ-e results. We also present the most stringent χ-e
cross-section limit to date among experiments using solid-state detectors for mχ larger than 90 MeV=c2

with heavy mediators and mχ larger than 100 MeV=c2 with electric dipole coupling. The result proves the
feasibility and demonstrates the vast potential of a new χ-e detection method with high-purity germanium
detectors in ultralow radioactive background.
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Introduction.—Current cosmological and astronomical
observations strongly indicate the existence of dark
matter (DM, denoted as χ) as a major constituent of the

Universe [1]. Experiments probing DM within the mass
range from GeV=c2 to TeV=c2 via DM-nucleus (χ-N)
scattering have been widely conducted, such as XENON
[2], LUX [3], PandaX [4], DarkSide [5], SuperCDMS [6],
and CDEX [7–15]. Several efforts have been recently
made to further extend the experiment reach to lower
DM mass (mχ) within the χ-N paradigm by analyzing the
physics channel of the Migdal effect, and up until now, amχ

reach down to ∼30 MeV=c2 has been achieved [15–18].
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However, as mχ further drops, the energy deposited in the
detector via χ-N scattering will rapidly decrease to below
the thresholds of conventional detection techniques due to
mass mismatch between DM particles and heavy nuclei,
limiting the probing sensitivity for light DM. This requires
us to either further lower the detection threshold or exploit
new DM interaction paradigms. The former approach has
always been a focus in underground DM experiments, and
sufficient efforts have been dedicated to the topic. For the
latter approach, the DM-electron (χ-e) scattering paradigm
proves to be successful among the current DM interaction
models. In such a χ-e scattering process, light DM particles
can potentially pass most of their energies onto electrons,
depositing observable energies onto detectors. Several
direct detection experiments have adopted such a paradigm
to find the χ-e process, including experiments using
solid-state detectors, such as SENSEI [19], DAMIC [20],
EDELWEISS [21], and SuperCDMS [22], and experiments
using liquid-noble gases, such as XENON [23,24], PandaX
[25], and DarkSide [26]. These efforts successfully pushed
the mχ reach down to ∼1 MeV=c2.
Featuring good energy resolution and ultralow energy

threshold [27], high-purity germanium (HPGe) detectors
have been adopted by CDEX in light DM searches. The
CDEX-10 experiment runs a 10-kg p-type point contact
HPGe detector array in the China Jinping Underground
Laboratory (CJPL) with a rock overburden of 2400 m [28].
Configuration of the experimental setup is described in
detail in Refs. [12,13]. With the best performance among
the nine detectors in the CDEX-10 experiment, C10B-Ge1
has remained in stable data-taking condition since
February 2017, and an analysis threshold of 160 eVee
(“eVee” represents electron equivalent energy derived
from a charge calibration) has been achieved. The first
physical result from CDEX-10, limits on conventional χ-N
spin-independent (SI) scattering down to mχ ∼ 2 GeV=c2,
are derived with an exposure of 102.8 kg · day [12].
Subsequently, a larger dataset was acquired in August
2018 with a total live time of 234.6 d. After taking
data acquisition (DAQ) dead time into account and
necessary event selections to remove nonphysical events
caused by electronic noises, the final exposure achieves
205.4 kg · day [29,30], based on which the constraints on
dark photon effective mixing parameter were derived [29].
Furthermore, we performed χ-N SI analysis within the
paradigm of DM particles boosted by cosmic rays [30].
With recent advancements in χ-e transition rate calculation
techniques for semiconductor detectors, such realms of the
χ-e scattering are also unfolded to the CDEX germanium
detector. In this Letter, we reanalyzed the 205.4 kg · day
datasets to set constraints on χ-e interactions.
Expected rate in Ge detectors.—Via χ-e scattering, DM

particles with small mχ can potentially deposit observable
energies onto detectors. Targets, including noble gases with
ionization energies of Oð10 eVÞ [31] and semiconductors

with band gaps of OðeVÞ [32], allow such χ-e scattering
process to transmit energies up to OðkeVÞ. Semiconductor
detectors, specifically Si and Ge, characterized by high-
energy resolution and low-detection thresholds, are excel-
lent platforms for direct χ-e detection experiments.
However, theoretical calculations of χ-e transition rates
in semiconductors are much more complicated than in
noble gases. In noble gases, atoms can be considered
isolated, and wave functions and energy levels are already
well tabulated [33], whereas atom states are bound with
crystal environments for semiconductor targets. Thus, more
dedicated calculation techniques are required. By analyzing
matrix elements depending only on q, and assuming
electron energy levels to be SI, the χ-e transition rate
per target mass Ri→f is given as follows [34–36]:

Ri→f ¼ 2πσ̄e
Vμ2χemχ
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ρT

·
X

i;f
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ð2πÞ3
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where ρT is the target density, V is the target volume, ρχ is
the local DM density taken to be 0.3 GeV=cm3 [37]
following previous similar works [19–22], and μχe is the
DM electron reduced mass. gðq;ωÞ is the velocity integral
that can be evaluated analytically for the commonly
assumed Maxwell-Boltzmann velocity distribution [34].
In this Letter, we adopt the standard halo model with the
most probable velocity of v0 ¼ 220 km=s, the Galactic
escape velocity of vesc ¼ 544 km=s, and the Earth’s veloc-
ity of vE ¼ 232 km=s with respect to the Galactic rest
frame [37,38]. fi→f is the momentum transfer dependent
crystal form factor; σ̄e is the reference cross section for free
electron scattering [35]. For simple DMmodels, such as the
kinetically mixed dark photon or leptophilic scalar media-
tor models, spin average matrix element jMðqÞj2 can be
factorized asMðqÞ ¼ Mðq0Þðfe=f0eÞFDM. Here, the refer-
ence momentum transfer q0 is taken to be αme; fe=f0e is the
screening factor discussed in detail in Ref. [34]; FDM is the
dark matter form factor, where FDM ¼ 1 corresponds to
pointlike interactions with heavy mediators or a magnetic
dipole coupling; FDM ¼ q0=q corresponds to an electric
dipole coupling; FDM ¼ ðq0=qÞ2 corresponds to massless
or ultralight mediators.
For χ-e transition rate calculations of semiconductor

crystal targets, the tricky part is the crystal form factor
calculation. Several attempts have been dedicated to this
topic, including semianalytic approximations in Refs. [32,39]
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and a fully numerical approach that employs density-func-
tional theory (DFT) in Refs. [31,40], which is currently the
standard first-principle calculation method of χ-e transition
rates and has been adopted by several semiconductor-based
experiments [19–22]. Recently, the relationship between
the dielectric function and the SI scattering rate has been
investigated [41], and a calculation method using energy loss
function (ELF) has been proposed [42,43]. A possibility of
using the polarization function to compute the scattering rate
through scalar interactions has been explored as well [44].
Combined with advanced ultralow threshold detector tech-
nologies, these methods have gained great success in the χ-e
scattering probing. Nevertheless, since these methods focus
more on the low-energy region within a few tens of eV that
contributes themajority of the scattering rates, which is lower
than the typical HPGe detectors’ threshold ofOð100 eVÞ, we
are substantially prevented fromusing thesemethods to probe
χ-e scattering in our CDEX experiments.
However, with another novel calculation technique

combining DFT and semianalytic methods presented by
Ref. [34], predicted spectra can be expanded to OðkeVÞ,
opening a new channel for conventional HPGe detector-
based experiments to probe light DM particles via χ-e
scattering. The newly developed method improves in two
key aspects compared to previous works: implementing all-
electron (AE) reconstruction to recover high momentum
components in wave functions calculated using DFT [45]
and extending the calculation to bands further away from
the band gap using semianalytic approximations. In such a
calculation process, crystal electronic states are divided into
four categories: core, valence, conduction, and free, and the
Fermi energy, defined as the top of the valence bands, is
denoted by E ¼ 0. For Ge, the first four bands below the
band gap are treated as valence, and its energy spans from
0 to −14 eV. Additionally, bands up to E ¼ 60 eV are
treated as conduction. These highly perturbed states are
computed using DFT methods. Meanwhile, electrons in
bands below −14 eV (1s to 3d) and above 60 eV are more
isolated from the crystal environment, making it accurate to
approximate them to core electrons and plane waves; these
bands are denoted by core and free. For plane-wave
approximation, an effective charge parameter Zeff is taken
to be 1 [34]. With electron states in Ge crystal fully
modeled, a more complete prediction of χ-e scattering
rate is attained. This novel calculation technique is imple-
mented in the EXCEED-DM package [46]. Similar work is
done via effective field theory in Ref. [47].
Figure 1 shows the calculated contributions from four

transition types: valence to conduction (v → cd), valence to
free (v → f), core to conduction (c → cd), and core to free
(c → f). The total rate is the sum of the four types of
contributions. Compared with previous works [40], the new
technique expands predicted spectra well above HPGe
detectors’ thresholds, where the major contributions come
from previously ignored c → cd and c → f transitions,

which enables us to perform χ-e scattering analysis on
HPGe detectors.
Figure 2 shows the total spectra convolved with energy

resolution for different FDM. Since the effect of energy
resolution on small energy events has not yet been tested
by experiments, an energy resolution effect boundary of
160 eVee (same as the analysis threshold, represented by
shaded area in Fig. 2) is adopted, below which the
contribution from the predicted spectrum is removed before
convolving with energy resolution.
Data analysis.—Data analysis of this Letter is based on a

205.4 kg · day dataset from C10B-Ge1, and follows the
procedures established in previous works [10–12]. Energy
calibrations were done by the zero energy (defined by the
random trigger events) and the internal cosmogenic K-shell
x-ray peaks: 8.98 keVee of 65Zn and 10.37 keVee of 68;71Ge.
The signal events are identified after pedestal noise cut,
physics event selection, and bulk or surface event discrimi-
nation [48,49]. The detailed procedures and corresponding
efficiencies of this dataset can be found in Refs. [12,13,29].
The physics analysis threshold is set to be 160 eVee where
the combined efficiency is 4.5%. At the sub-keVee energy
range relevant to this analysis, background events are domi-
nated by Compton scattering of high-energy gamma rays and
internal radioactivity from long-lived cosmogenic isotopes.
Figure 2 shows the measured spectrum after subtracting the
contributions from L- and M-shell x-ray peaks derived from
the corresponding K-shell line intensities [12,29,30].
A minimum-χ2 analysis [9] is applied to the residual

spectrum at the range of 0.16–2.16 keVee:

χ2ðmχ ; σ̄eÞ ¼
XN

i¼1

½ni − B − Siðmχ ; σ̄eÞ�2
Δ2

i
; ð4Þ

FIG. 1. Predicted scattering rates calculated by EXCEED-DM of
1 GeV=c2 DM particles on Ge targets for the heavy mediator
scenario, with σ̄e ¼ 10−36 cm2. Contributions from v → cd,
v → f, c → cd, c → f transitions are depicted. The energy
resolution is not considered in this plot. The black dashed line
represents the energy threshold of C10B-Ge1.
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(a)

(b)

(c)

FIG. 2. (a) Calculated spectra of 1 GeV=c2 and 100 MeV=c2

DM particles with σ̄e ¼ 10−34 cm2 for the heavy mediator
scenario. The energy resolution is considered in this plot, and
its standard deviation is determined by σ¼ 35.8þ16.6×

ffiffiffiffi
E

p ðeVÞ
[30], whereE is in keV. The contributions frompredicted spectrum
below 160 eVee (shaded area) are removed before convolvingwith
energy resolution. The black points with error bars represents the
measured spectrum from C10B-Ge1 with a 205.4 kg · day ex-
posure. The energy range and bin width are 0.16–2.16 keVee and
100 eVee, respectively. (b) Calculated spectra of 1 GeV=c2 and
100 MeV=c2 DMparticles with σ̄e ¼ 10−31 cm2 for electric dipole
coupling. (c) Calculated spectra of 1 GeV=c2 and 100 MeV=c2

DMparticles with σ̄e ¼ 10−28 cm2 for the light mediator scenario.

(a)

(b)

(c)

FIG. 3. 90% CL upper limits on the DM-electron free
scattering cross section σ̄e as a function of DM mass mχ for
FDM ∝ q−n (n¼ 0, 1, 2) from CDEX-10 by superimposing
the results from several solid-state detector-based [19–22]
(dashed line) and liquid noble gas-based [23–26] (dotted line)
experiments, and projections of the future CDEX-50 experi-
ment (gray dash-dotted line). Constraints and projections
proposed here correspond to an energy threshold of 160 eVee
and the same boundary of energy resolution effect. The
only germanium-based χ-e results presented before this
Letter from EDELWEISS are marked with crimson dashed
lines. (a) Heavy mediator scenario. We present the strongest
limit among solid-state detector-based experiments for
mχ>90MeV=c2. (b) Electric dipole coupling scenario. Analy-
ses on protoSENSEI at MINOS [52], CDMS-HVeV surface run
[53], XENON10, and XENON100 [23] are presented by Emken
et al. in Ref. [51]. (c) Light mediator scenario.
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where ni and Δi are measured data and standard deviation
with statistical and systematical components at the ith
energy bin, respectively; Siðmχ ; σ̄eÞ is the χ-e scattering
rate prediction; B is the assumed flat background con-
tribution from the Compton scattering of high-energy
gamma rays.
With predicted spectra calculated by EXCEED-DM, a

90% confidence level (CL) one-side upper limit exclusion
line of σ̄e with Δχ2¼1.64 is derived [50]. Figures 3(a)–3(c)
show the results for heavy mediators, electric dipole
coupling, and light mediators, respectively. It is worth
noting that the Earth shielding effects are negligible at the
level of excluded cross sections [51]. Results from several
liquid noble gas-based [23–26] and solid-state detector-
based experiments analyzed with QEDARK [19–22] are also
depicted in Fig. 3.
In principle, due to upward fluctuations from energy

resolution smearing [13], events with energy depositions
lower than the analysis threshold can still have finite
probability to satisfy the trigger conditions and survive
the signal selection criteria. However, the signal response
model of these events is not yet completely established;
hence, we adopt a conservative approach in this analysis to
derive sensitivity constraints that only χ-e events predicted
by EXCEED-DM with raw recoil energy above 160 eVee
(same as the analysis threshold applied to measured
spectra) are considered. Response of events with subthresh-
old energy depositions will be studied in our future
research, and contributions to the χ-e sensitivity from this
kind of event will be further evaluated by then.
Compared with previous germanium-based results from

EDELWEISS using the cryogenic calorimeter technique,
our results achieve 3 orders of magnitude of improvement
for mχ larger than 80 MeV=c2. As illustrated in Fig. 3(a),
in the heavy mediator scenario, our result proves to be
most stringent among solid-state detector-based experi-
ments in high mass region of mχ > 90 MeV=c2. As shown
in Fig. 3(b) with electric dipole coupling, our result also
takes the lead formχ larger than 100 MeV=c2 among solid-
state experiment results.
Summary.—In this Letter, we exploit a new route of χ-e

scattering probing through high-purity germanium detector
technology and present the first HPGe detector-based χ-e
scattering limits from the CDEX experiment, significantly
surpassing previous germanium bolometer-based results
from EDELWEISS for mχ > 80 MeV=c2. For the heavy
mediator scenario and the electric dipole coupling scenario,
we present leading constraints on χ-e scattering cross
sections among solid-state detector-based experiments in
high mass range. These results reveal the vast potential of
such technical route in the realm of χ-e scattering probing,
paving the path for our journey to the frontier of sub-GeV
dark matter search.
For germanium detectors, the expected χ-e scattering

rate drops drastically as deposited energy increases.

Additionally, compared to other solid-state detector-based
experiments [19–22], the energy thresholds of HPGe
detectors are not ideal, hindering us in our sensitivity to
χ-e scattering. However, the superior ultralow radiation
environment and significantly larger exposure of the CDEX
experiment greatly compensate for this loss in sensitivity,
helping us achieve a competitive probing ability for the χ-e
interactions. Detection sensitivity of χ-e scattering for
future CDEX experiments will be further enhanced with
lower radioactive backgrounds and energy thresholds.
CDEX-50, the next generation of the CDEX experiment,

is currently in preparation. CDEX-50 will use an array of
50 1-kg HPGe detectors with optimized electronics and will
be operated in a superior radioactive environment. For the
CDEX-50 experiment, the radioactive background will be
further reduced to ∼0.01 evts=keV=kg=day in the sub-keV
region, i.e., 200 times lower than our current background
level. As shown in Fig. 3, with improved radioactive
background, exposure of 50 kg · y and energy threshold
of 160 eVee, it is anticipated that an improvement up to 3
orders of magnitude can be achieved compared to our
current σ̄e limits.
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