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Recently a dark matter—electron (DM—electron) paradigm has drawn much attention. Models beyond the
standard halo model describing DM accelerated by high energy celestial bodies are under intense
examination as well. In this Letter, a velocity components analysis (VCA) method dedicated to swift
analysis of accelerated DM—electron interactions via semiconductor detectors is proposed and the first
HPGe detector-based accelerated DM-electron analysis is realized. Utilizing the method, the first
germanium based constraint on sub-GeV solar reflected DM—electron interaction is presented with the
205.4 kg - day dataset from the CDEX-10 experiment. In the heavy mediator scenario, our result excels in
the mass range of 5-15 keV/c?, achieving a 3 orders of magnitude improvement comparing with previous
semiconductor experiments. In the light mediator scenario, the strongest laboratory constraint for DM
lighter than 0.1 MeV/c? is presented. The result proves the feasibility and demonstrates the vast potential
of the VCA technique in future accelerated DM-electron analyses with semiconductor detectors.
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Introduction.—The enigma of dark matter (DM, denoted
as y) remains a prevailing mystery in contemporary
physics, potentially holding the key to understanding the
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PandaX [4], DarkSide [5], SuperCDMS [6], and CDEX
[7-19]. Recently, the DM—electron (y-e) scattering para-
digm has drawn much attention. Comparing to nuclei,
electrons can extract energy from light DM particles more
efficiently, hence the probing ability improvement.
Multiple experiments have conducted y-e analysis and
pushed the m, reach down to ~1 MeV/ c? [19-29].
However, no trace of DM has been observed so far.

Previous y-e analyses were primarily dedicated to the DM
described by the standard halo model (SHM) [30,31]. More
recently, the significance of accelerated dark matter has been
recognized. Prior to reaching the detector, DM particles may
potentially interact with high-energy celestial bodies such as
the Sun [32-35], high-energy cosmic rays [15,36-41],
blazars [42,43], supernovae [44—46], astrophysical neutri-
nos [47-50], atmospheric collisions [51,52], or black holes
[53,54] and get accelerated, gaining sufficient energy to
induce signals that surpass the detection threshold. This
provides us with a good way to further enhance probing
ability on y-e interactions. These accelerated DM models are
collectively referred as accelerated DM.

For semiconductor detectors, calculations of accelerated
DM-electron transition rates are considerably more com-
plicated compared to noble gases with well tabulated
wave functions [55], entailing more dedicated calculation
techniques.

In this Letter, a novel method for the accelerated DM—
electron interaction analysis on semiconductor detectors is
proposed based on a modified version of the publicly
available density functional theory (DFT) calculation pack-
age EXCEED-DM [56]. The package was originally aimed at
the DM described by the SHM with Maxwell-Boltzmann
distribution [57]. In this work, we have modified it to
analyze the detector response to DM with arbitrary ana-
lytical or numerical velocity distributions. Utilizing the
approach, y-e constraints are derived for solar reflected
dark matter (SRDM) with the 205.4 kg - day dataset from
high purity germanium (HPGe) detectors in the CDEX-10
experiment [19].

Velocity components analysis method.—Compared to
noble gases, y-e calculations in semiconductors are con-
siderably more complicated. By analyzing matrix elements
depending solely on ¢, and assuming electron energy levels
to be spin independent, the y-e transition rate per target
mass R is determined with
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where o is the energy deposition, pr is the target density, V
is the target volume, p, is the local DM density which is

taken to be 0.4 GeV/cm® [58], Hye 18 the DM—electron
reduced mass, f;_; is the momentum transfer dependent
crystal form factor, and &, is the reference cross section for
free electron scattering [59]. For simple DM models like
the kinetically mixed dark photon or leptophilic scalar
mediator models, the spin average matrix element squared

[M(g)P? can be factorized as M(g)=M(qo)(f/ 1) Fou.
where the reference momentum transfer ¢, is taken to be
am,. f,/f9 is the screening factor discussed in detail in
Ref. [58]. Fpy is the dark matter form factor, where Fpy; =
1 corresponds to pointlike interactions with heavy medi-
ators or a magnetic dipole coupling, Fpy = ¢go/g corre-
sponds to an electric dipole coupling, and Fpy = (g0/q)*
corresponds to massless or ultralight mediators. g(q, ®) =
27 [ dof,(vi)8(w — w,) is the kinematic factor [58] that
encapsulates the DM velocity distribution f,(w),,) in the
lab frame.

This calculation involves a six-dimensional integral,
which is generally a numerically intensive task. For the
commonly used Maxwell-Boltzmann (MB) distribution
fr(vw) = (1/Ng)e lvatvel)/%] g(g @) is routinely eva-
luated analytically first to ease the computation. The kine-
matic factor for MB distribution in the SHM is determined
with
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where the most probable velocity v, = 220 km/s, the
Galactic escape velocity v.,. = 544 km/s, and the Earth’s
velocity in the Galactic rest frame vg = 232 km/s [57].
However, a similar procedure is usually not applicable
for accelerated DM models. Velocity distributions of
accelerated DM models are obtained from Monte Carlo
simulations or other methods, and in most cases, they
cannot be integrated easily to obtain an analytical kinematic
factor. Moreover, for accelerated DM models like SRDM,
the velocity distributions depend not only on the DM
masses but also on the cross sections. This means to
perform a complete statistical analysis, we not only need
to do the calculation numerically, but also have to perform
the calculation repeatedly for each different set of DM
masses and cross sections. This makes the analysis
extremely time consuming. To bypass this barrier, a
velocity components analysis (VCA) method is proposed.
As illustrated in Fig. 1, the sphere represents an arbitrary
isotropic distribution of DM velocity f',(vpym). f, (Vi) =
[ (Vi + vg) is the DM velocity distribution “seen” by the
detectors in the lab frame moving relative to the model with
a relative velocity vg. Now if we “peel” the velocity
distribution [} (vpy) into N layers of different velocity
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FIG. 1. Velocity components of isotropic DM velocity dis-
tribution. wvpy is DM particle’s velocity. vg is the Earth’s
velocity relative to the DM model, and for SHM it’s Earth’s
velocity with respect to the Galactic rest frame. vy, is the
velocity seen by the lab. v,, is the maximum velocity of the
model. vpy = vy, + Vg

components in different velocity magnitude bins, as shown
in Fig. 1, the detector response should be the summation of
responses to all velocity magnitude bins. Then a binning
distribution /) (vpy) can be substituted for the component
of f,(vpy) in the ky, bin f)(vpy) (k€[1, N]). h(vp) =
R (v +ve) and  fi(vigp) = fi(Vip +vg) are the
boosted binning distribution and boosted f’,(vpy) compo-
nent in the kg bin. With a proper binning distribution
h,(vppm), the summation of responses to these bins should
be close to the original total response.
The process can be expressed as follows:
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where A = [ /3, (vppm)d?v corresponds to the contri-
bution from the kg velocity bin with minimum and
maximum speed of vy, and v gi(q @) is the

kinematic factor of the kg, bin.

Given mathematically good binning distributions, the
unweighted detector response to each layer can be calcu-
lated readily. With precalculated responses on hand, we
only need to determine the contribution from each bin to
reconstruct the total detector response for arbitrary velocity
distributions:
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where @, and @, are the real flux and the flux of the
reconstructed spectrum.

The choice of the binning distribution is crucial. The
binning distribution has to be analytical and easy to
calculate to minimize the computation. The process may
cause some deviations, but if the binning distribution is
close to the original distribution, and the binning is
sufficient, the deviations are anticipated to be acceptable.
A reasonable choice is an inverse square distribution:

1 1
h;c(vDM):7726((Umax.k_|vDM|)(|UDM|_Umin,k))’
Cy |vpum|
Ck :47[(Umax,k - Umin,k)’ (5)

where ©(x) is the unit step function.

For inverse square distribution, the distribution shape is
flat, which resembles most accelerated DM models, and
contributions from different velocity magnitudes are uni-
form, which fits the feature of a binning method. The
corresponding kinematic factor is

( ) - 27? | max{v?nax,k’ d2}
o) = Crq ! max{vxznin,k’dz} ,
1 q°

The EXCEED-DM package [56] is modified to calculate
contributions from different velocity magnitude bins. The
package divides crystal electronic states into four catego-
ries: core, valence, conduction, and free (denoted as c, v, cd,
and f), and calculations of four transition types including
v—cd, v—>1f, c—>cd, and ¢ — f are supported [58].
Considering the maximum energy of the v — cd process is
less than 100 eV, which is lower than the typical Ge
detector threshold, in this work only the v — f, ¢ — cd, and
¢ — f processes are considered, and their contributions in
different velocity magnitude bins are calculated separately.

Before applying the method to the accelerated DM
analysis, it is first tested on the standard halo model.
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FIG. 2. Reconstructed spectrum of the ¢ — f process for
10 GeV/c* DM from SHM in the heavy mediator scenario.
The shaded area corresponds to the original result calculated by
the EXCEED-DM package [56]. The blue and red lines are
reconstructed results using the inverse square and uniform
distribution. Solid lines from darker to dimmer represent the
contributions of 11 velocity bins with bin width of 50 km/s from
0-550 km/s calculated by the modified EXCEED-DM package.
The analysis threshold of CDEX-10 is represented by a black
dashed line.

Contributions from eleven velocity magnitude bins with bin
width of 50 km/s spanning from 0 km/s to 550 km/s are
calculated separately and used for reconstruction. As
depicted in Fig. 2, the reconstructed spectrum accords
well with the original spectrum. A uniform binning dis-
tribution /) (vpy) = const is tested as well. Compared to
the uniform distribution, the inverse square distribution
turns out to have a better accuracy, and the deviation of
which near the threshold is ~3%. The following works are
based on the inverse square binning distribution.
Detector response to SRDM.—Solar reflected DM can
potentially be an important source of accelerated DM on
Earth, and it might be a powerful instrument to enhance our
DM probing ability [32,33]. The velocity distributions of
SRDM have already been thoroughly studied with different
simulation approaches [34,35]. In Ref. [34], the Sun is
divided into 2,000 isotropic shells. The motion states of
DM particles are updated each time they enter a new shell
until they escape the Sun, and DM—electron interactions via
both heavy and light mediators are studied. In Ref. [35], the
Monte Carlo package DaMaSCUS-SUN [60] is presented, in
which the motions of DM particles in the Sun are directly
calculated and updated according to the probability of
contact interaction in current positions until they escape the
Sun. As illustrated in Fig. 3(a), in the heavy mediator
scenario, distributions from both works are generally
consistent. SRDM flux in the light mediator scenario from
Ref. [34] is also depicted. Before the analysis, the flux
distributions have to be transformed to normalized velocity
distributions: f(v) = (1/N)(d®/vdv), where N is the

o (a)
10°F e = 1073 cm? 0.1 MeV Bl 10738 cm? 10 MeV
— 105F % 1073 cm? 0.1 MeV MW 10~ cm? 10 MeV
[ 7
f.\‘zm ]06 3 == T. Emken et al., heavy mediators
g 10_5 3 =—— H.P. An et al., heavy mediators
i }84 4 == H.P. An et al., light mediators
-« 3
w
E 10° E
= 10%F
o3 10 f
x 1
T 107!
s 1072
a -3
107 | )
10702 10° 107 10°
DM Velocity v[km/s]
® ,
10]0 0.0 0;-) 1;0 l;a 24%
108 Fomms cf m— ] MeV, 10736 cm?
For oo == 1MeV, 107 an? 1
100 f =+ v—=f === 100 MeV, 10~* cm? } } 14
F === Total CDEX-10 dat
104 f f ot {1y ISEERERITS
F

Counts [evts/keV /kg/day]

Eget [keVee]

FIG. 3. (a) SRDM flux distributions with different m, and ..
SRDM flux in the light mediator scenario from Ref. [34] is
depicted in dashed lines. Other lines correspond to the heavy
mediator scenario, and results from Refs. [34] and [35] are
consistent. The strips represent the binning of the velocity
distributions. (b) Reconstructed HPGe detector response in the
heavy mediator scenario to SRDM based on the distributions
calculated by Damascus-sSUN [60]. The detector’s resolution is
determined by 35.8 + 16.6 x VE (eVee) [15], where E is in
keVee. Experimental data from CDEX-10 [15] after efficiency
correction with known radioactive peaks removed and zoomed
details in 0.16-2.16 keVee are also depicted. The bin width is
100 eVee.

normalization factor so that [ f(v)dv= 1. Halo DM
contributions are excluded from the SRDM distributions
used in this work.

With the SRDM velocity distributions, the HPGe detec-
tor response to SRDM can be easily retrieved by perform-
ing the velocity components analysis. SRDM velocity
distributions are first segmented as follows: ten
1,000 km/s bins in 0-10* km/s, eight 5,000 km/s bins
in 10*-5x 10* km/s and five 10* km/s bins in
5 x 10*~10° km/s. Finer binning is adopted in the low
velocity range because low velocity components account
for the main part of SRDM distributions. Velocity compo-
nents above 10° km/s are conservatively ignored to avoid
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relativistic calculations. To verify if this binning method is
sufficient, the spectrum of a test MB distribution with vy, =
3 x 10* km/s truncated at 103 km/s is calculated directly,
and reconstructed with current binning. The deviation of
the reconstructed spectrum near the threshold is ~0.2%
and negligible, confirming that current binning is suffi-
cient. Finer binning will further reduce the deviation.
Nevertheless, it’s not necessary for our current data.
Then contributions of v — f, ¢ — cd, and ¢ — f process
in these velocity bins are calculated separately and used in
the reconstruction of the HPGe detector response to SRDM
according to SRDM flux distributions. The reconstructed
spectra of the v — f, ¢ — cd, and ¢ — f processes, and the
total spectra convolved with energy resolution are shown in
Fig. 3(b).

SRDM-—electron analysis.—With the reconstructed de-
tector response to SRDM, and experimental data from
CDEX-10, constraints on the SRDM-electron interaction
can finally be established. The CDEX-10 experiment runs
a 10-kg HPGe detector array in the China Jinping
Underground Laboratory (CJPL) with a rock overburden
of 2400 meters (6720 meters water equivalent) [61,62].
Configuration of the experiment is described in detail in
Refs. [12-14]. The analysis of the dataset follows the
procedures established in our previous works [10-12], and
the exposure of the dataset is 205.4 kg - day [14,15]. The
energy calibration was performed with zero energy
(defined by the random trigger events) and internal cosmo-
genic K-shell x-ray peaks at 8.98 keVee and 10.37 keVee
from %Zn and %7!Ge. Physical events are identified with
pedestal noise cut, physical event selection, and bulk or
surface event discrimination [63]. Details of the procedures
and efficiencies can be found in Refs. [12—14]. Finally the
physical analysis threshold is set to be 160 eVee (“eVee”
represents the electron equivalent energy derived from
energy calibration) where the combined signal efficiency,
including the trigger efficiency and the efficiency for the
pulse shape discrimination, is 4.5%. The measured spec-
trum after efficiency correction and subtracting the con-
tributions from L- and M-shell x-ray peaks derived from
the corresponding K-shell line intensities [13—15] is dem-
onstrated in Fig. 3(b). The background level of CDEX-10
achieves ~2 counts keVee™! kg~! day~".

A minimum-y? analysis [8,19] is applied to the residual
spectrum in the range of 0.16-12.06 keVee:

where n; and A; are measured data and standard deviation
with statistical and systematical components at the iy,
energy bin, S;(m,,&,) is the predicted y-e scattering rate,
and B is the assumed flat background from the Compton
scattering of high energy gamma rays. The flat background
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FIG. 4. y-e constraints from the CDEX-10 experiment in the
(a) heavy mediator and (b) light mediator scenario. The red solid
and dashed lines correspond to the CDEX-10 results derived with
the SRDM flux from Refs. [34] and [35], respectively. SRDM
constraints from XENONITS2 and XENONITSI + S2 pre-
sented by H.P. An et al. [34] (dotted lines), and those from
CDMSHVeV, SENSEI, XENON10, and XENONIT presented
by T. Emken ef al. [35] (dash-dotted lines), are also depicted. The
gray shaded regions correspond to the current SHM constraints
from direct search experiments [23-27]. The brown shaded
regions to the left are stellar cooling constraints from red giant
(RG) stars for a dark photon-mediated model with ap = 0.5 and
my = 3m,,, where my is the dark photon mass and ap = e2/4x,
where ep is the gauge coupling in the dark sector [66].

assumption meets our understanding of the CDEX back-
ground model, and comparing with the background model
with a slope, the deviation of the best-fit background is less
than 3% and negligible.

The 90% confidence level (CL) one-side upper limit
exclusion lines of &, are derived [64] using both velocity
distributions presented by H. P. An et al. [34] and T. Emken
et al. [35]. We note that the Earth shielding effect is
negligible at the level of our exclusion results [65].
Constraints from the CDEX-10 experiment and others
presented by Refs. [34] and [35] are depicted in Fig. 4.
The stellar cooling bounds from red giant (RG) stars for
a dark photon-mediated model [66] are superimposed.
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These are astrophysical constraints with model depend-
ence. As shown in Fig. 4(a) for the heavy mediator
scenario, our limits are the most stringent in the mass
range of 5-15 keV/c?, and improve over previous semi-
conductor bounds by 3 orders of magnitude. As anticipated,
constraints derived from both works [34,35] accord with
each other, and the deviation is within 30% at a few
MeV/c?. In the light mediator scenario in Fig. 4(b), our
results provide the best laboratory constraint for DM lighter
than 0.1 MeV/c?, as well as the first semiconductor based
SRDM result. The advances in sensitivities originate from
the superior detector threshold and ultralow radiation
environment.

For semiconductor results in Fig. 4(a), the analysis is
based on the method presented in Ref. [65] using QEDark
package [59], which aims at the electronic states in valence
and conduction bands (v — cd). However, as depicted in
Fig. 3(b), for accelerated DM in high energy region
(> 100 eV), the total spectrum is dominated by contribu-
tions from the previously ignored ¢ — f and v — f process,
which are no longer negligible as the maximum DM energy
increases. Our result reveals that a more complete modeling
of electronic states is necessary in the accelerated DM—
electron analysis, especially for experiments with relatively
high thresholds.

Summary.—In this Letter, a velocity components analy-
sis method to evaluate the detector response to dark matter
particles with non-Maxwell-Boltzmann velocity distribu-
tions is proposed, and the first HPGe detector-based
accelerated DM-electron analysis is realized. The method
reflects a “memory-for-time” strategy: with a precalculated
database, the detector response can be quickly recon-
structed given a certain dark matter velocity distribution.
The method is initially tested within the SHM, and then
applied to the SRDM analysis.

Based on two different SRDM flux calculation
approaches [34,35], and the data from the CDEX-10
experiment, we present leading laboratory constraints on
SRDM-electron interactions in both heavy and light
mediator scenario. This is also the first semiconductor
based SRDM result in the light mediator scenario. The
result reveals that complete modeling of electronic states is
crucial in the accelerated DM-electron analysis, and
demonstrates the feasibility and vast potential of the
velocity components analysis method combined with a
cutting-edge y-e calculation technique in future accelerated
DM-electron analyses with semiconductor detectors.

This work opens a gateway for HPGe and other semi-
conductor detectors to perform a better analysis not only on
SRDM, but also on other accelerated DM models
[36,43,49,53]. Our current research efforts target to
upgrade this analysis method by adopting finer binning
or taking a similar approach as QEDark [59] to save the
crystal form factor as a function of (q,w) to further
augment the calculation efficiency of VCA method.

Studies of multiple accelerated DM models with HPGe
detectors are currently being pursued.
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