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First Search for Light Fermionic Dark Matter Absorption on Electrons Using
Germanium Detector in CDEX-10 Experiment
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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/ ¢? for vector and axial-vector
interaction. The upper limit on the cross section is set to be 5.5 x 107*® cm? for vector interaction,
and 1.8 x 107*¢ cm? for axial-vector interaction at DM mass of 5 keV /c?.

Introduction.— Various astronomical and cosmologi-
cal observations support the existence of dark matter
(DM), which accounts for approximately 26.8% of the
universe [I]. 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], DarkSide [5],
SuperCDMS [6], and CDEX [7HI5]. These direct detec-
tion experiments have set stringent limits on the cross
section of DM interaction with Standard Model (SM)
particles within the DM mass range of GeV /c? to TeV /c?
via DM-nucleus scattering (x—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 x—N [I5HI§], fermionic DM absorbed by
nuclear targets (x+A — v+ A), DM-nucleus 3 — 2 scat-
tering (x + x + A — ¢ + A) [19H25], and DM—electron
scattering (y—e) [26H34], have been explored to search for
DM in the MeV /c? mass scale (m, ~ O(MeV/c?)).

However, if we want to explore lighter (sub-MeV) DM,
particularly DM of few keV/c? in a direct detection ex-
periment with a typical O(1) keV experimental thresh-
old, considering the aforementioned physics scenarios,
the energy deposited by DM in the detector will de-
crease to below the threshold. There are two strategies
to probe lighter DM: (1) increasing the energy deposi-
tion 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 [35H42].
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 = mc?, 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 [3H52] (e.g. dark photon and axion-like



particle [51]), and fermionic DM [19, 20} 53]. Recently, a
new type of interaction where fermionic DM is absorbed
by electron target (x + e~ — v + e~) has been pro-
posed and searched [53H55]. When fermionic DM is ab-
sorbed by electron, the electron obtains a kinetic recoil
through the mass of xy. As mentioned above, the lower
experimental threshold detectors, the lighter DM can be
probed. In CDEX-10 experiment, a threshold of 160 eVee
is achieved.

The CDEX-10 experiment is the second phase of the
CDEX experiment operated in the China Jinping Un-
derground Laboratory(CJPL) with a 2400 m rock over-
burden [12 13, 56]. CDEX-10 has three detector ar-
rays named C10A(B, C). Each detector array comprises
three p-type point contact germanium (PPCGe) detec-
tors: Gel, Ge2, and Ge3. The detectors are shielded
with 20 cm high-purity oxygen-free copper and immersed
in a liquid nitrogen cryostat. Details of the experimental
setup can be found in Refs. [I2] 13]. One of the de-
tectors, C10B-Gel, achieved the lowest analysis thresh-
old (160 eVee, “eVee’represents the electron equivalent
energy derived from energy calibration), with an expo-
sure of 205.4 kg-day [57]. The data processing procedure
includes data quality check, physics event selection, en-
ergy calibration, and bulk or surface event discrimina-
tion [I3] 58]. The 0.16-2.16 keV spectrum after all event
selections and efficiency corrections is used in this analy-
sis. In this letter, we report the search results of keV /c?
scale DM absorbed by electron using 205.4 kg-day expo-
sure data from the CDEX-10 experiment with an energy
threshold of 160 eVee.

Ezpected signal.— Fermionic DM is absorbed by the
electron target via the following process:

X+e —v+te, (1)

where a DM particle x 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]:
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where the DM is treated as a Dirac particle, and the SM
left-handed neutrino is considered. 1/A? is the Wilson
coefficient, with a dimension of [mass]~2.

Considering the standard halo model, the DM veloc-
ity follows the Maxwell-Boltzmann distribution with a
cutoff at the Galactic escape velocity Vymas ~ 544 km/s,
indicating that the DM is nonrelativistic. In the DM
absorption process, the entire DM mass is released as en-
ergy of the final-state particles. The kinetic energy of DM
T\ = 3myvl can be neglected, Ty /my ~ O(107°) [54].

The law of energy conservation gives
my + Egl =q+ Eg, (3)

where m,, is the mass of DM y, E¥ (E% < 0) is the
binding energy of the electron in the initial state (n,)
shell, ¢ is the neutrino energy, and Fpg is the electron
recoil energy in final state.

The total detectable energy Eg.¢ can be expressed as
follows:

Euet = Er + |EY, (4)

where Epg is the electron recoil energy and |E%| is the
deexcitation energy. The deexcitation process contains
characteristic x-rays and Auger electrons, with a total
energy of |[EY|.

Following the procedures in Refs. [63][54], the expected
differential event rate of the detectable energy can be
expressed as follows:
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where Nr is the number of Ge atoms, p, is the local
DM density taken as 0.3 GeV/c?/em?® [59,[60], m, is the
electron mass, and |7 (k',q)|? is the ionization form
factor for an atomic orbit (n,l) [53, 6I], which is cal-

culated by modifying the public code DarkART [61], [62].
K = \/2m‘.3 - (Eger — |E) is the final momentum of the

outgoing electron, and |M(q)|? is the scattering matrix
element, which can be expressed as follows:

4mm2q
MY () = (4,12) x o (@evy), (6)
X
for O}, and OQLX, respectively [54]. o, is the total scat-

tering cross section between the DM and free electron.
For the tiny mass DM (m, < me), 0. can be expressed
as follows:

m2
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Considering Ge, the expected energy spectra of
fermionic DM absorbed by the electron target via a vec-
tor interaction are shown in Fig. 1} with m, = 2 keV/c?
and o.vy, = 1074 cm?.

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 elec-
trons, i.e., K, L, and M shells (n = 1,2,3), are con-
sidered. Because the electronic band structures near the
band gap (IV shell, n = 4, valence and conduction elec-
tronic states as stated in Ref. [63]) in Ge crystal are non-
negligible and do not fit the assumption of isolated atoms.
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FIG. 1. Predicted visible energy spectra of the fermionic DM
absorbed by electron targets of Ge for a vector-type operator
for my = 2 keV/c* and o.v, = 107*% cm?. Contributions by
different shells of electrons are shown in different colors. The
signals used in this analysis (summation from 1s to 3d,) are
shown in gray shade. The Energy resolution is not considered
in this figure.

TABLE I. Binding energies (Ex") of the electrons in Ge atom
shells (n,1). (Data from [64])

By [eV)
j
n s P d
1 —1.1 x 10%
2 —1.4 x 10® —-1.3x 10®
3 —2.0 x 10? —1.4 x 10? —44
4 —-15 —7.8

Treating Ge atoms as isolated atoms and only the con-
tribution from core electrons (K, L, and M shells) are
considered make our results conservative.

In Fig. I K-shell electrons cannot be ionized due to
small m,. When m, > |E5°|, contribution by K-shell
electrons will be taken into account. The binding energies
of electrons in different Ge atom shells are summarized in
Table [} Figure [2] shows the spectra used in this analysis
considering the detector energy resolution. The energy
resolution of C10B-Gel is o(FE) = 35.8 x 1072 + 16.6 x
10~3VE [42], where E and o(E) are in keV.

Data analysis.— Data used in this analysis are ob-
tained from CDEX-10, specifically from the C10B-Gel
detector between February 2017 and August 2018, with
an exposure of 205.4 kg-day [57]. The sensitive mass
of C10B-Gel is 939 g with a dead layer thickness of
0.884+0.12 mm [T} 13]. After a series of data process-
ing procedures, we derive the physics spectrum. The
analysis threshold is set to be 160 eVee with a com-
bined efficiency of 4.5%. In the interest energy range
of 0.16-2.16 keVee, background events are composed of
the radioactivity from cosmogenic isotopes inside the de-
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FIG. 2. Observable energy spectra of fermionic DM absorbed
by electrons for DM mass of 2 keV/c? (blue) and 12 keV/c?
(red) via a vector interaction with g.v, = 107*% ecm?®. The
energy resolution is considered in this plot. Data from CDEX-
10 with a 205.4 kg-day exposure are shown in black points
with error bars; the bin width is 100 eVee.

tector 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 %3Ge, 8Ga, %5Zn, 5°Fe, ®*Mn, and 4°V. The K-
shell peaks in 4-12 keVee spectrum are fitted to limit the
intensity of their corresponding L- and M- shell peaks
using the known K /L and K/M ratios. After fitting
and subtracting L- and M-shell x-ray peaks, the residual
spectrum used in this analysis is derived [12], 42} 57].

The x? analysis [65] is applied in this work; the y?
function is defined as follows:
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where n; is the experimental data in the i-th energy bin,
S; is DM signals in the i-th energy bin, B is the expected
flat background contributed by the Compton scattering
of high-energy v rays. 0 star and 0y sys are the statisti-
cal and systematic uncertainties in the i-th energy bin,
respectively.

The DM signal is fitted using the minimum-y?
method [65] for a given DM mass m,. An example of
best fit of m, = 12 keV/c? is illustrated in Fig. (3] I Since
no significant DM signals over the background are ob-
served, an upper limit with 90% confidence level (C.L.)
is derived using the Feldman—Cousins method [66]. Fig-
ure 4| (a) and (b) shows the exclusion results of vector
and axial-vector operators, respectively. The upper limit
on the cross section is set to be 5.5 x 10746 ¢m? for vector
interaction, and 1.8 x 10746 cm? for axial-vector interac-
tion at DM mass of 5 keV/c?2.

Since the observed value of DM relic density from the
Planck Collaboration [67] avoided DM overproduction
through the “freeze-in” mechanism [68], the DM decay
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FIG. 3. The residual spectrum from CDEX-10 where the L-
and M-shell x-ray contributions are subtracted (black point
with error bar), together with the best-fit signal (orange his-
togram) for m, = 12 keV/c?. The dotted blue histogram is
the best fit for a flat background. The red histogram is the
summation of the best fits of signal and flat background.

in invisible mode x — 3v would have injected more ra-
diation into the early universe and hence will be limited
by the Hubble constant and matter power spectrum [54].
The dominant visible mode of the DM decay for axial-
vector operator x — yyv would contribute to X(gamma)-
ray observations around the Earth, which will be lim-
ited by X(gamma)-ray fluxes from astrophysics observa-
tions [54]. For the vector operator, due to the gauge
symmetry and quantum electrodynamics (QED) charge
conjugation symmetry, x — v and x — ~yyv cannot
arise. The dominant visible decay channel is x — yyyv,
which is also limited by X(gamma)-ray fluxes from as-
trophysics observation. The constraints from x — 3v
for both operators and xy — yyv for the axial-vector op-
erator are depicted in Fig. [l The constraint from DM
overproduction and x — yvyvyv are not shown, which are
outside the selected parameter space.

Among the direct detection experiments, results from
PandaX-4T using a liquid xenon time projection cham-
ber [55] presents the most stringent constraints on the
fermionic DM in the mass range of 35-55 (25-45) keV /c?
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/c?
because of the low detector threshold of Ge semiconduc-
tor detectors used in CDEX experiment.

Summary.— In this letter, we report the constraints
on o.v, for fermionic DM absorption by electron targets
using data from the CDEX-10 experiment with an expo-
sure of 205.4 kg-day. Comparing with y + A — v + A,
which is only sensitive to DM in the MeV/c? mass scale,
X +e~ — v+ e~ can explore lighter DM to as low as
few keV/c?. The expected DM signals of the DM mass
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FIG. 4. The 90% confidence level (C.L.) exclusion limits on
oevy 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 de-
tection experiments are shown with shade. Results of DM
invisible decay(x — 3v) for both operators and DM visible
decay(x — yyv) for the axial-vector operator are also shown

(dashed dot line) [54) [67].

range of 0.1-10 keV/c? are analyzed together with the
experiment spectrum from 160 eVee to 2.16 keVee us-
ing a x? analysis method. With the analysis threshold
of 160 eVee, we present new constraints on o.v, of the
fermionic DM absorbed by electron targets in the DM
range of 0.1-10 keV /c? for vector and axial-vector oper-
ators. Our limits reach the current lowest fermionic DM
mass in direct detection experiments.
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