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We report constraints on the dark photon effective kinetic mixing parameter (k) with data taken from two
p-type point-contact germanium detectors of the CDEX-10 experiment at the China Jinping Underground
Laboratory. The 90% confidence level upper limits on « of solar dark photon from 205.4 kg-day exposure
are derived, probing new parameter space with masses (my) from 10 to 300 eV/c? in direct detection
experiments. Considering dark photon as the cosmological dark matter, limits at 90% confidence level with
my from 0.1 to 4.0 keV/c? are set from 449.6 kg-day data, with a minimum of x = 1.3 x 107" at

my = 200 eV/c%.
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Introduction.—Extensive cosmological and astrophysi-
cal observations at different scales provide compelling
evidence on the existence of missing matter in the
Universe [1]. This motivates intense efforts to study
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extensions to the standard model (SM) [2]. An attractive
class introduces the dark photon (denoted as y* in this
Letter) with mass (m,) of keV/c? scale as a potential
hidden particle as a dark matter (DM) candidate [3,4]. The
y* can, in addition, be a new interaction mediator between
DM and the SM patrticles [5,6]. The properties of y*, and in
particular its interaction with SM particles, are parame-
trized by its effective kinetic mixing parameter (x) with the
SM photons [7].

Intense gamma sources therefore provide an excellent
platform to look for y*. Searches are conducted using
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high-power laser [8,9] or helioscopes [10] or via the studies
of photons from stars [11] and cosmic microwave back-
ground [5,12]. Other studies are based on data taken with
underground DM and neutrino experiments [13-20].

CDEX-10 experiment.—The second phase of the China
Dark Matter Experiment (CDEX-10), with scientific goals
of searching for light DM, is based on the 10-kg p-type
point contact germanium (PPCGe) detector array at the
China Jinping Underground Laboratory (CJPL) with a rock
overburden of 2400 meters [21-25]. The detector array,
consisting of three triple-element PPCGe detector strings
(named CI10-A, B, C, respectively), surrounded by the
20 cm thick high-purity oxygen-free copper as a passive
shield against ambient radioactivity, is directly immersed in
liquid nitrogen (LN,) for cooling. The LN, cryostat, with
an outer diameter of 1.5 m and a height of 1.9 m, together
with the electronics readout and the data acquisition (DAQ)
systems, is placed inside a shielding with 1 m thick
polyethylene walls at CJPL-I [26,27]. The DAQ system
consists of five readout channels with specific shaping and
gain parameters for each PPCGe detector to record signal
information. The configuration of the detector system was
described in detail previously [26,27]. In this Letter, a raw
dataset with exposure time of 363.9 day from two of the
CDEX-10 detectors, named, C10-B1 and C10-C1, are used
for y* analysis.

Data taking with C10-B1 and C10-C1 was performed
from February 2017 to August 2018. Independent data-
quality filters were carried out for the two detectors. The
resulting data with good qualities have 234.6 running days
for C10-B1 and 276.8 running days for C10-C1, respec-
tively. The dead times of the DAQ plus the veto time due to
the reset signals of the preamplifiers were measured by the
random trigger events to be 5.7% and 5.5% of the survival
data of the two detectors, respectively. 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 Zn and 10.37 keVee of ®7!Ge. The
data preprocessing procedures for a single detector were
described in previous papers [26,27], including energy
calibrations, pedestal cut, physics event selection, and
bulk or surface event discrimination [28]. The live times
were reduced by 1.1% for C10-B1 and 0.6% for C10-C1
after pedestal cuts, which were energy independent and
measured by the survival of the random trigger events. The
residual cross talks between the two detectors were studied
by the trigger time information. Coincident events in
both detectors are extremely few in the energy region
of interests and can be negligible for this study. The dead
layer thicknesses of these two detectors are set to be
0.88+0.12 mm, considering the same crystal size, crystal
structure, and fabrication procedure as the CDEX-1B
detector [29]. This gives rise to a fiducial mass of 939 g
and, accordingly, valid physics data of 205.4 and 244.2 kg-
day for C10-B1 and C10-C1, respectively.
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FIG. 1. The measured energy spectra of C10-B1 and C10-C1

germanium detectors at exposure of 205.4 and 244.2 kg-day,
respectively.

The energy spectra of these detectors for y* analysis are
shown in Fig. 1. The analysis thresholds are 160 eVee
(“eVee” represents electron equivalent energy) for C10-B1
and 300 eVee for C10-Cl. The energy peaks around
1.2 keVee are originated from the L-shell x rays of the
internal cosmogenic radionuclides. The event rates are about
2.5 and 7.6 countskg~' keVee ™! day~! in the 2—4 keVee
energy range for these two detectors. The higher analysis
threshold and event rate make the C10-C1 less sensitive to
the study of solar y*, such that only 205.4 kg-day data of
C10-B1 are used in this analysis. For y* DM analysis,
however, data of these two detectors are combined to
produce a larger exposure of 449.6 kg-day.

Data analysis.—A minimal-y? analysis method, follow-
ing our previous WIMPs analysis [26,30], is applied to
probe (my k), in which y? is defined as

N; ]2

m\h ZZJ: mV’) = - (1)

j=12 i=0 @tatl J + Gsystz]

where n; ; is the measured event rate corresponding to the
ith energy bin and the jth detector (j = 1 for C10-B1 and
j =2 for C10-C1), and S;(my,«) is the expected rate at
certain my and k. The uncertainties ¢ include both
statistical (stat) and systematical (syst) components denoted
as subscripts. B;; denotes the background contribution
assuming for ClO B1 to be a flat continuum plus several
known background L-shell x-ray peaks, including %Ge
(1.298 keV), %%Ga (1.194 keV), %Zn (1.096 keV), >*Mn
(0.695 keV), and “°V (0.564 keV), for C10-B1 [26]. The
intensities of these peaks from L-shell x rays are derived
from those of measured K-shell x-ray peaks at a higher
energy range of 4-12 keVee corrected by the known K/L
ratios [26,31]. However, the background form for C10-C1
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FIG. 2. The differential fluxes of solar y* on Earth originated in
the Stueckelberg case. The dashed line represents the transverse
y*, while the longitudinal one is shown as a solid line.

is slightly different, so that the flat continuum profile is
replaced by a linear one.

The best estimator of x (denoted with k) at certain my, is
evaluated by minimizing the y> values, from which upper
limits at 90% confidence level (C.L.) are derived [32]. The
background contributions B, ; are restricted to be positive
definite.

Solar dark photon.—The most significant gamma
source seen on Earth is the Sun and solar y* can be probed
in underground low-background experiments and cosmo-
logical observations. The solar y* flux received on Earth
can be determined following the procedures proposed in
Refs. [11,17,33]. In this study it is assumed that the solar y*
originates from the Stueckelberg case with nondynamical
mass, and its differential flux spectra in polarization
functions are shown in Fig. 2 at certain (my, k).
Experimental signatures of y* are through their absorption
and conversion to electrons in the detectors with a process
analogous to the photoelectric effect. Consequently, the
absorption rates of y* inside a PPCGe detector are related to
the photo-absorption cross sections in the germanium
crystal. The energy is deposited locally due to the short
range of ionized electrons inside PPCGe detectors. The
expected energy spectrum of the solar y* in a germanium
detector is described by [17]

dR(E)

M E [(dO; do;
dE  pmy

JE T+d—EFL)BR’ (2)

where M and p represent the mass and density of the
germanium crystal, respectively, £ is the energy of y*,
I'r(my, k) denote for the absorption rates for the y* in
transverse and longitudinal polarizations, (d®r;/dE) x
(my,x) are the differential fluxes on Earth with the
different polarization functions mentioned above, while
Bp represents the branching ratio of the photoionization to
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FIG. 3. The expected energy spectra of the solar y* at the
specified (my, k) in the CDEX-10 experiment.

the total absorption and it is equal to 1 for m, < 300 eV/c?
[17]. We neglect for simplicity the anisotropy of the
germanium crystal in this analysis. The polarization func-
tions for isotropic nonmagnetic materials can be derived
from their optical refraction indices [34], based on which
the absorption rates of transverse and longitudinal y* are
calculated according to the procedures described in
Refs. [11,17,33].

Substituting the absorption rates and the differential
fluxes of the solar y* into Eq. (2), one gets the expected
energy spectrum of the solar y* in a germanium detector.
Folding in the energy resolution of the detector, the
expected energy spectra at two different (my, k) values
are depicted in Fig. 3 as illustration.

A)
10713
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—— CDEX-10 (this work)
10—]-1
== CoGeNT (An et al.)
= = XENONI0 (Bloch et al.) Sun
== XENONI100 (Bloch et al.)
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1 10 100 1000
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FIG. 4. Upper limits (90% C.L.) of « for solar y* as a function of
my. Results derived from direct detection experiments, i.e.,
CoGeNT [17], XENON, and CDMSLite [18], are shown as
dashed lines. Shaded regions are the results from the astrophysi-
cal constraints including the Sun, horizontal branch stars (HB),
and the red giant (RG) [17,35,36].
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FIG. 5. The expected measurable energy spectra of y* DM at
the C10-B1 detector with specific m1, at x = 10714, The profile of
energy peaks is depicted by a dashed line, similar to a photon-
electric cross section curve.

No signals on solar y* are observed with « at 1o excess
from null effects for m, ~ 10-300 eV /c?. Upper limits on
k at 90% C.L. are displayed in Fig. 4, superimposed with
previous results from direct detection experiments and
astrophysical observations. The constraints from this work
are the most stringent in my from 10 to 300 eV/c?, among
the direct detection experiments to date.

The enhanced sensitivities of our measurement can
be understood as follows. Experimental sensitivities are
determined by the absorption rates I'z; (my, k) of Eq. (2).
At E~0(10eV) and my ~ O(10 eV/c?), the absorption
rates of germanium detectors is larger than xenon detectors
for longitudinal solar y*, while the differences between
the two nuclei are minor for transverse solar y*. In addi-
tion, the longitudinal y* dominates the solar flux at
my <0(10eV/c?), while the transverse component is
larger at my > O(10 eV/c?) [17,18]. When my, increases,
the main component of solar y* evolves from longitudinal
into transverse polarization. Consequently, C10-B1 with
160 eVee energy threshold has better sensitivity on both
longitudinal and transverse y*, while the CoGeNT data [37]
at 450 eV threshold are not sensitive to the longitudinal
component.

Dark photon dark matter.—The y* DM is also a possible
contributor in experiments on rare event searches.
Considering their number density and local velocity under
DM halo assumption [38], the kinetic energy of y* DM is
negligible compared with my in the calculation of energy
deposition. Using the same absorption rate of y* DM
derived in Ref. [11], the expected differential event
rates in a detector can be calculated with Eq. (3) [16],
and the expected spectra at specific my are shown in
Fig. 5 as illustration. The differential rate observable at
detectors is

10713

10714

¢ 107174,

10710
== XENONI0 (Bloch et al.) === CDEX-10 (this work)
== XENONI100 (Bloch et al.) === CDMSlite
10717 = = XENONIT CRESST-II phase 2
0.1 1 10
my (keV/c?)

FIG. 6. Upper limits with 90% C.L. on « of y* DM (solid red
line) superimposed with the results from other direct DM
searches (dash line). The constraints from CRESST-II phase-2
[14], XENON-10, XENON-100, CDMSlite [ 18], and XENONIT
[19] are shown in orange, blue, black, green, and gray lines,
respectively. The astrophysical constraints from anomalous en-
ergy loss in the Sun, horizontal branch stars, and red giant stars
are also shown as shaded regions [16].

dR
E = Vp)(KZIrv (3)

where V is the volume of a detector, p,, denotes for the local
DM density (taken to be 0.3 GeV/cm? in this Letter) and ,
represents the imaginary part of the square of the refraction
index for certain material tabulated in Ref. [34].

Following similar y?> minimization analysis discussed
above, no significant signal of y* DM is observed. The
upper limits on k at 90% C.L. from 0.1 to 4.0 keV/c? are
determined and depicted in Fig. 6, superimposed with those
from previous direct detection experiments and astrophysi-
cal observations. In particular, the most stringent constraint
is at my, = 200 eV/c* where x = 1.3 x 107!3. The com-
plexities of the exclusion curve above 1 keVee can be
attributed to the L-shell x rays of cosmogenic radionuclides
such as %%Ge and ®Ga.

Conclusion.—In this Letter, we report the results on the
searches of y* based on the data from the CDEX-10 experi-
ment, with exposures of 205.4 kg-day from the C10-B1
detector and 244.2 kg-day from the C10-C1 detector. A
multidetector joint analysis is implemented for a y* DM
search. No significant signal is found and the most stringent
direct detection limits on k are set for solar y* with my of 10
to 300 eV/c?. New parameter space of « for y* DM is
probed within the 0.1-4.0 keV/c? mass region as well.
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