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We report results of a search for dark-matter—nucleon interactions via a dark mediator using optimized
low-energy data from the PandaX-4T liquid xenon experiment. With the ionization-signal-only data and
utilizing the Migdal effect, we set the most stringent limits on the cross section for dark matter masses
ranging from 30 MeV/c? to 2 GeV/c?. Under the assumption that the dark mediator is a dark photon that
decays into scalar dark matter pairs in the early Universe, we rule out significant parameter space of such

thermal relic dark-matter model.

DOI: 10.1103/PhysRevLett.131.191002

Introduction.—One particularly important question on
the dark matter (DM) is how it interacts with standard model
(SM) particles beyond the gravitational effect. From the
perspective of particle physics, one popular construction
involves a dark force carrier that mediates the interactions
between DM and SM particles. In the traditional DM direct
search experiments [1-3], a heavy mediator is usually
assumed, leading to a mediator-mass-independent DM-
nucleon cross section. However, when the mediator mass
is comparable to or even smaller than the momentum
transfer in nuclear recoils (NRs), a softer recoil spectrum
is expected, which leads to mediator-mass-dependent search
results [4—7]. The dark mediator can also indirectly interact
with SM particles by mixing with gauge or Higgs bosons. If
it kinetically mixes with the ordinary photon, it is called a
dark photon, which is a well-motivated vector boson arising
from a hidden U(1) gauge symmetry. Dark photons can
provide possible explanations of anomalies ranging from
particle physics to cosmology, e.g., in muon g—2 [8.,9],
the 8Be nuclear transitions [ 10], and the so-called small-scale
problems in galactic astronomy (see Ref. [11] for an over-
view). They have been searched extensively at dedicated
fixed-target experiments [ 12—17] and at colliders [18]. More
dedicated experiments are planned [19,20].

In this Letter, we report a highly sensitive search for
DM-nucleon interaction mediated by a dark mediator
using optimized low-energy data from the commissioning
run of the PandaX-4T experiment, and use the results to
test a class of dark-photon-mediated DM models.
PandaX-4T is the third generation DM direct detection
experiment of the PandaX project, located at the China
Jinping Underground Laboratory. The central apparatus of
PandaX-4T is a dual-phase xenon time projection chamber
(TPC), which contains 3.7 tonnes of liquid xenon in the
sensitive volume. Particle interaction with xenon nuclei or
electrons in the liquid xenon produces scintillation pho-
tons (S1 signal) and the ionized electrons ($2 signal). Both
signals are detected by the top and bottom arrays of 368
Hamamatsu R11410-23 3-inch photomultiplier tubes
(PMTs). Analog signals from the PMTs are digitized
and then read out in a triggerless scheme [21], using
CAEN VI1725B digitizers [22], which is crucial to
enhance the sensitivity to low-energy recoils. More
detailed descriptions of the PandaX-4T experiment can
be found in Ref. [1].

DM-nucleon interaction with a dark mediator.—First,
we consider the physics scenario in which a vector or
scalar force mediator ¢b coherently mediates the interaction
between the DM and nucleon, with the same effective
couplings for the proton and neutron. The differential NR
recoil rate (in the unit of events/day/kg/keV) for elastic
scattering between the DM and xenon nucleus is given
by [23,24]
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where ¢ is the four-momentum-transfer squared, o| #=0 18
the DM-nucleon cross section in the limit of zero-momen-
tum transfer, A is the xenon mass number, y,, is the DM-
nucleon reduced mass, 1, (m,,) is the mediator (DM) mass,
F(g?) is the nuclear form factor, p is the local DM density,
f(v) is the DM velocity distribution relative to the detector,
and v,,;, is the minimum DM velocity that results in a NR
energy Eng. All input parameters to Eq. (1) were set to the
conventions given in Ref. [25].

Besides the pure NR process, we consider the NR-induced
electron recoil (ER) signals by the Migdal effect [26],
which has been employed by XENON, LZ, LUX, CRESST,
SuperCDMS and CDEX experiments [27-32] to extend the
reach for low-mass DM searches [33]. When a DM particle
scatters with a xenon atom, the nucleus undergoes an abrupt
momentum change with respect to the orbital electrons,
resulting in the excitation or ionization of the atomic electrons
due to the lack of transient movement of the electron cloud.
This effect leads to the possible generation of ER signals in the
keV range that accompany the primary NR. Therefore, even if
the NR energy deposition is below the detection threshold, the
ER energy deposition due to the Migdal effect can still be
detected, providing a way to probe low-mass DM particles
that are otherwise not detectable in PandaX. In this Letter,
we only consider the ionization process, as the excitation
probabilities are negligible in the energy region of
interest [26,37]. The differential rate of ionization electron
with energy FEggr is given by folding the NR spectrum in
Eq. (1) with the transition rate [26],
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where p'®'[nl — (Egg — E,;)] is the probability for an atomic
electron with quantum numbers (7, [) and binding energy E
to be ionized and receive a kinetic energy of Egg — E,;.
It is related to the electron momentum relative to the struck
nucleus, therefore depends on Exg. Similar to Refs. [27,29],
we only take into account the contributions from the ioniza-
tion of M-shell (n = 3) and N-shell (n = 4) electrons. The
binding energies of inner shells (n = 1, 2) are too strong to
contribute significantly. The contribution from xenon valence
electrons (n = 5) has also been conservatively omitted,
different from the treatment in Ref. [38], as the ambient
atoms in the liquid may lead to large uncertainty in the
ionization energy. We only consider DM masses up to 2 GeV,
above which the contribution of NR signals becomes com-
parable or dominant.

In this Letter, the DM candidates are selected in two
complementary ways, with and without requiring the
presence of the S1 signal in each event. The former
(denoted as S1-S2 below), has lower background contami-
nation but a higher energy threshold, while the Ilatter
(S2-only) is the opposite.

For the S1-S2 data, we follow the same procedure for the
solar ®B neutrino and low-mass DM search as in Ref. [39],
using the commissioning data with an exposure of
0.48 tonne-year. Each event requires one pair of physically
correlated S1 and S2 signals within the fiducial volume of
the TPC. The S1 signal is required to have 2 or 3 coincident
PMT hits (corresponding to a 1%-acceptance threshold of
0.95 keVngr), and the S2 signal needs to be 65-230
photoelectron (PE) for 2-hit S1 and 65-190 PE for 3-hit
S1. A boosted decision tree (BDT) algorithm-based selec-
tion is applied to suppress the dominated accidental
coincidence background from randomly paired S1 and
S2 signals. After the BDT cut, there is one event left in the
2-hit S1 data (Fig. 1). The total number of background
events, dominated by the accidental background and the B
neutrino, is estimated to be 2.9 4+ 1.0. No 3-hit S1 events
survive and the background prediction is 0.4 + 0.1 events.

For the $2-only data, we used the same datasets and
procedure as in Ref. [40] that correspond to an effective
exposure of 0.55 tonne-year. The dataset, the background
models, and the conversion response matrix from a given
energy deposition to a distribution of S2 are provided in a
public repository [41]. In total, there are 105 events with
unpaired S2 (with no accompanying S1 greater than 2 PE)
between 60 and 200 PE [40], and the detection energy
threshold is approximately 0.8 keVyr corresponding to a
14% acceptance. The background is mainly composed of
electrons from TPC cathode, microdischarge noises (MD)
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FIG. 1. Selected DM candidate event in the S1-S2 plane after

the BDT cut with the requirement of 2-hit S1. The cyan and violet
lines represent the 95% contour of the signals for a DM mass of
5 GeV/c? with mediator masses of 1 MeV/c? and 1 GeV/c?,
respectively.

from the electrodes, and solar neutrinos. Figure 2 shows the
S2 distribution in data, in comparison with the background
from the background-only best fit.

For the statistical inference of DM signals, the binned
profile likelihood ratio [42,43] is constructed as the test
statistics, including the same treatments for the systematic
uncertainties as in Refs. [39,40]. The left panel of Fig. 3
shows the zero-momentum DM-nucleon cross section
limits for mediator mass of 1 MeV/c? or 1 GeV/c?, using
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FIG. 2. Distribution of selected candidates in S2-only data and
background components. The expected signals in PandaX-4T
with and without the Migdal effect for DM masses of 0.5 and
5 GeV/c?, on top of the total background, are shown in red solid
and blue dashed lines, respectively. In both cases, my is set to be
1 MeV/c?, and zero-momentum-transfer DM-nucleon cross
section of 3 x 10738 cm? and 8 x 107%° cm? (close to the later
exclusion limits) are assumed, respectively.
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Left: the 90% CL upper limits on the zero-momentum DM-nucleon cross section for light mediator DM models for mediator

masses | MeV/c? and > 1 GeV/c?. The red lines represent the exclusion limit of this Letter using S1-S2 data. The orange lines and
green shaded region represent the limits and +1¢ sensitivity (for my > 1 GeV/ ¢?) with §2-only data. For comparison, the limits from
our previous analysis based on the full dataset of PandaX-II data release in 2021 [5] (green) and the results of XENONIT S2-only [46]
(blue), LZ S1-S2 [2] (brown), and DarkSide-50 [47] with quenching fluctuations (violet) are shown. Right: upper limits on the
DM-nucleon cross section at 90% CL obtained with a signal including the Migdal effect for mediator masses 0.1 and 1 MeV /c? and
> 1 GeV/c? (red lines), together with +1¢ sensitivity for my > 1 GeV/ ¢? (green shaded area). Also shown are limits under the heavy
mediator case from CRESST-III [30] (green), XENONIT [27] (blue), LUX [29] (cyan), LZ [28] (brown), CDMSlite [48] (yellow),
SuperCDMS [31] (magenta), DarkSide-50 [49] (violet), and CDEX-10 [32] (orange).

both §1-S2 data and S2-only data for DM masses ranging
from 3 to 10 GeV/c?. As expected, the limits obtained
from S2-only data are more stringent than those from S1-52
data at smaller DM masses. At 5 GeV/c?, our limits are 1
order of magnitude stronger than the previous results from
PandaX-II experiment. The right panel of Fig. 3 shows the
limits using S2-only data with Migdal effect for DM
masses between 30 MeV/c?> and 2 GeV/c?. The limits
for my =1 GeV/ ¢? is within 1% of the presented heavy
mediator limit. Our results represent a significant improve-
ment over other experiments. For example, for DM masses
ranging from 100 to 500 MeV/c?, our limits are 1 to 2
orders of magnitude stronger than those of XENONIT in
the case of a heavy mediator. Note that we have assumed
the so-called constant-W model for the charge yield all the
way to zero energy, to be consistent with our earlier work in
Refs. [40,44], whereas in the XENONIT treatment in
Ref. [27], the charge yield was truncated below 186 eV.
This is partly responsible for our tighter constraint in
this Letter. For the upper limits in this Letter, we have
checked that the Earth attenuation effect [45] is negligible.
For example, considering a scattering cross section of
1073 cm?, along with m,, at 0.1 MeV/c? and m, at both
0.04 and 2 GeV/c?, the impact on event rates was found to
be 1.6% and 1.9%, respectively.

Constraints to dark-photon-mediated DM model.—Next,
we consider the dark mediator as a dark photon, with its
kinetic mixing strength to ordinary photon denoted as ¢,.
Such a mixing provides an important connection between

DM in the hidden sector and SM particles in the visible
sector [12,50-53] in the early Universe. One typical case is
that the DM abundance is set by its annihilation into the SM
particles, dominated by the process with an s-channel dark
photon mediator [13]. For scalar DM [54], the annihilation
cross section scales as (ov) ~ (e;a,apmmyv*/my) for a
mediator with m,, > 2m, and a negligible decay width [13].
Here, agy and a, are the fine structure constants in the
visible and dark sectors, respectively.

As we can see, the aforementioned cross section depends
on m, and a dimensionless parameter y = eZa, (m,/my)*
[56]. The observed DM relic abundance requires
(V) ~ (60)pic» Which in turn fixes y for a given m,
(see Fig. 4).

On the other hand, the zero-momentum DM-nucleon
cross section in direct detection experiments is given
by [24]

l6magya,u’ [€,2]2
6|q2:0 — - ) Liad 77 5 (3)
Mg

where Z is the proton number of the xenon nuclei.
Therefore, the cross section o 4= scales with y X ,uf, Jm?,
which provides a constraint in y versus m,.

It is worth noting that for direct detection experiment,
when my 2 0.05m,,, the g* contribution is negligible in
Eqg. (1). For m, <1 GeV/c?, our results using S2-only
data with the Migdal effect and with m, =1 GeV/c?
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FIG. 4. The 90% CL exclusion limit (red) on the dimensionless
interaction strength from PandaX-4T S2-only data for DM
masses ranging from 30 MeV/c? to 1 GeV/c?, assuming
my 2, 0.05m,,. The limit from PandaX-4T DM electron [40] is
also shown as the dark green curve. The black curve refers to the
constraint from the observed relic DM density for the scalar
elastic DM [13]. Also included are results of NA64 [14] (azure),
MiniBooNE [15] (brown), LSND [16] (orange), E137 [17]
(cyan), and BABAR [18] (green) experiments, where @, = 0.5
and mgy = 3m, are assumed. The projected limits from the
LDMX experiment [57] (phase 1) and DarkSHINE experi-
ment [20] (9 x 10'* electron on target) are shown as the green
dashed line and blue dot-dashed line, respectively. Note that
exclusions and sensitivity curves from the dark photon experi-
ments scale with a, x (m,/mg)*.

(in Fig. 3, right) clearly satisfy this condition. Figure 4
illustrates the resulting upper limit on the parameter y.
Therefore, our results provide a direct test of dark-photon-
mediated DM as the thermal relic, and rule out the
aforementioned scalar DM model in the mass range
between 30 MeV/c? and 1 GeV/c?. Similarly, recent
constraints on DM-electron cross sections (Fpy = 1) from
PandaX-4T [40] can be as well translated into limits on y by
the relation y = o,(m}/16magyu?) [58], where y, is the
DM-electron reduced mass, also overlaid on Fig. 4. We
display this limit separately, as it bears no theoretical
uncertainty associated with the Migdal effect. The limit
is even stronger than that from DM-nucleon interaction for
DM masses ranging from 38 to 100 MeV /c?. On the other
hand, dedicated fixed target experiments for dark photon
search (e.g., NA64 [14], LSND [16], E137 [17]) can set
upper limits on y, but usually assuming a particular value of
@, and a fixed ratio between m; and m,. Future experi-
ments such as LDMX [57] and DarkSHINE [20] are
expected to probe low-mass region that has not yet been
accessible by PandaX.

Summary.—In summary, we present a search for the
interactions between DM particles and nucleons via a dark
mediator in the PandaX-4T experiment. The analysis used
both low-energy S1-S2 and S2-only data from the com-
missioning run. The results from $2-only data with Migdal
effect are further used to constrain the interaction strength
between dark photon and ordinary photon. The result
provides the most stringent constraint for the thermal scalar
DM model, in which the s-channel dark photon decays into
DM pairs in the early Universe, for the DM masses ranging
from 30 MeV/c? to 1 GeV/c?.

We would like to thank Kun Liu and Tran Van Que for
their useful discussions. This project is supported in part by
grants from the National Natural Science Foundation of
China (No. 12090060, No. 12090061, No. 11875190,
No. 12005131, No. 12105052, No. 11905128,
No. 11925502, No. 11835005), a grant from Office of
Science and Technology, Shanghai Municipal Government
(Grant No. 22JC1410100), and Chinese postdoctoral
Science Foundation (Grant No. 2021M700859). We
thank Double First Class Plan of the Shanghai Jiao Tong
University and the Tsung-Dao Lee Institute Experimental
Platform Development Fund for support. We also thank the
sponsorship from the Hongwen Foundation in Hong Kong,
Tencent Foundation in China, and Yangyang Development
Fund. Finally, we thank the China Jinping Underground
Laboratory administration and the Yalong River
Hydropower Development Company Ltd. for indispensable
logistical support and other help.

“Spokesperson: jianglai.liu@sjtu.edu.cn
Corresponding author: yong.yang@sjtu.edu.cn
%Conesponding author: huor@iat.cn
SCorresponding author: haiboyu@ucr.edu

[1] Y. Meng et al. (PandaX-4T Collaboration), Phys. Rev. Lett.
127, 261802 (2021).

[2] J. Aalbers et al. (LZ Collaboration), Phys. Rev. Lett. 131,
041002 (2023).

[3] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
131, 041003 (2023).

[4] X. Ren et al. (PandaX-II Collaboration), Phys. Rev. Lett.
121, 021304 (2018).

[5] J. Yang et al. (PandaX-II Collaboration), Sci. China Phys.
Mech. Astron. 64, 111062 (2021).

[6] X. Ning et al. (PandaX Collaboration), Nature (London)
618, 47 (2023).

[7] X. Ning et al. (PandaX Collaboration), Phys. Rev. Lett. 131,
041001 (2023).

[8] G. W. Bennett et al. (Muon g-2 Collaboration), Phys. Rev. D
73, 072003 (2006).

[9] B. Abi et al. (Muon g-2 Collaboration), Phys. Rev. Lett.
126, 141801 (2021).

[10] A.J. Krasznahorkay et al., Phys. Rev. Lett. 116, 042501
(2016).
[11] S. Tulin and H.-B. Yu, Phys. Rep. 730, 1 (2018).

191002-5


https://doi.org/10.1103/PhysRevLett.127.261802
https://doi.org/10.1103/PhysRevLett.127.261802
https://doi.org/10.1103/PhysRevLett.131.041002
https://doi.org/10.1103/PhysRevLett.131.041002
https://doi.org/10.1103/PhysRevLett.131.041003
https://doi.org/10.1103/PhysRevLett.131.041003
https://doi.org/10.1103/PhysRevLett.121.021304
https://doi.org/10.1103/PhysRevLett.121.021304
https://doi.org/10.1007/s11433-021-1740-2
https://doi.org/10.1007/s11433-021-1740-2
https://doi.org/10.1038/s41586-023-05982-0
https://doi.org/10.1038/s41586-023-05982-0
https://doi.org/10.1103/PhysRevLett.131.041001
https://doi.org/10.1103/PhysRevLett.131.041001
https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevLett.116.042501
https://doi.org/10.1103/PhysRevLett.116.042501
https://doi.org/10.1016/j.physrep.2017.11.004

PHYSICAL REVIEW LETTERS 131, 191002 (2023)

[12] C. Hearty, J. Phys. Conf. Ser. 2391, 012011 (2022).

[13] M. Battaglieri, A. Belloni, A. Chou, P. Cushman, B.
Echenard, R. Essig, J. Estrada, J. L. Feng, B. Flaugher,
P.J. Fox et al., arXiv:1707.04591.

[14] Y. M. Andreev et al. (NA64 Collaboration), arXiv:2307.
02404.

[15] A. A. Aguilar-Arevalo et al. (MiniBooNE DM Collabora-
tion), Phys. Rev. D 98, 112004 (2018).

[16] L. B. Auerbach et al. (LSND Collaboration), Phys. Rev. D
63, 112001 (2001).

[17] B. Batell, R. Essig, and Z. Surujon, Phys. Rev. Lett. 113,
171802 (2014).

[18] J.P. Lees et al. (BABAR Collaboration), Phys. Rev. Lett.
119, 131804 (2017).

[19] A. Berlin, N. Blinov, G. Krnjaic, P. Schuster, and N. Toro,
Phys. Rev. D 99, 075001 (2019).

[20] J. Chen et al., Sci. China Phys. Mech. Astron. 66, 211062
(2023).

[21] J. Yang, X. Chen, C. He, D. Huang, Y. Huang, J. Liu, X.
Ren, A. Wang, M. Wang, B. Yan et al., J. Instrum. 17,
T02004 (2022).

[22] See https://www.caen.it/products/v1725/.

[23] C. Savage, G. Gelmini, P. Gondolo, and K. Freese, J.
Cosmol. Astropart. Phys. 04 (2009) 010.

[24] M. Kaplinghat, S. Tulin, and H.-B. Yu, Phys. Rev. D 89,
035009 (2014).

[25] D. Baxter et al., Eur. Phys. J. C 81, 907 (2021).

[26] M. Ibe, W. Nakano, Y. Shoji, and K. Suzuki, J. High Energy
Phys. 03 (2018) 194.

[27] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
123, 241803 (2019).

[28] J. Aalbers et al. (LZ Collaboration), Phys. Rev. D 108,
072006 (2023).

[29] D.S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.
122, 131301 (2019).

[30] A.H. Abdelhameed et al. (CRESST Collaboration), Phys.
Rev. D 100, 102002 (2019).

[31] M.E. Albakry et al. (SuperCDMS Collaboration), Phys.
Rev. D 107, 2023 (2023).

[32] Z.Z. Liu et al. (CDEX Collaboration), Phys. Rev. D 105,
052005 (2022).

[33] One should also be aware that there are ongoing efforts to
directly measure the Migdal effect in liquid xenon using
neutron calibration [34-36]. The findings are still contra-
dictory, and therefore the systematic uncertainty in the
theoretical prediction remains to be settled.

[34] H. M. Aradjo et al., Astropart. Phys. 151, 102853 (2023).

[35] J. Xu et al., arXiv:2307.12952.

[36] J. Bang, A. Vaitkus, and C. Ding, UCLA Dark Matter
(2023), https://indico.cern.ch/event/1188759/contributions/
5222299/.

[37] P. Cox, M. J. Dolan, C. McCabe, and H. M. Quiney, Phys.
Rev. D 107, 035032 (2023).

[38] M. Qiao, C. Xia, and Y.-F. Zhou, arXiv:2307.12820.

[39] W. Ma et al. (PandaX Collaboration), Phys. Rev. Lett. 130,
021802 (2023).

[40] S. Li et al. (PandaX Collaboration), Phys. Rev. Lett. 130,
261001 (2023).

[41] See https://pandax.sjtu.edu.cn/public/data_release/PandaX-
4T/run0_S2_only.

[42] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Eur. Phys.
J. C 71, 1554 (2011); 73, 2501(E) (2013).

[43] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, arXiv:
1105.3166.

[44] C. Cheng et al. (PandaX-II Collaboration), Phys. Rev. Lett.
126, 211803 (2021).

[45] X. Cui et al. (PandaX-II Collaboration), Phys. Rev. Lett.
128, 171801 (2022).

[46] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
123, 251801 (2019).

[47] P. Agnes et al. (DarkSide-50 Collaboration), Phys. Rev. D
107, 063001 (2023).

[48] R. Agnese et al. (SuperCDMS Collaboration), Phys. Rev.
Lett. 116, 071301 (2016).

[49] P. Agnes et al. (DarkSide Collaboration), Phys. Rev. Lett.
130, 101001 (2023).

[50] R. Essig, J. A. Jaros, W. Wester, P. H. Adrian, S. Andreas, T.
Averett, O. Baker, B. Batell, M. Battaglieri, J. Beacham
et al., arXiv:1311.0029.

[51] A. Caputo, A.J. Millar, C. A.J. O’Hare, and E. Vitagliano,
Phys. Rev. D 104, 095029 (2021).

[52] K. Fuyuto, X.-G. He, G. Li, and M. Ramsey-Musolf, Phys.
Rev. D 101, 075016 (2020).

[53] Y. Cheng, X.-G. He, M.J. Ramsey-Musolf, and J. Sun,
Phys. Rev. D 105, 095010 (2022).

[54] For fermionic DM, the annihilation cross section
is not suppressed by the velocity, and the model is
ruled out by the Planck cosmic microwave background
data [13,55].

[55] N. Aghanim et al. (Planck Collaboration), Astron.
Astrophys. 641, A6 (2020); 652, C4(E) (2021).

[56] E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro, Phys. Rev.
Lett. 115, 251301 (2015).

[57] T. Akesson ef al., arXiv:2203.08192.

[58] T. Emken, R. Essig, C. Kouvaris, and M. Sholapurkar,
J. Cosmol. Astropart. Phys. 09 (2019) 070.

191002-6


https://doi.org/10.1088/1742-6596/2391/1/012011
https://arXiv.org/abs/1707.04591
https://arXiv.org/abs/2307.02404
https://arXiv.org/abs/2307.02404
https://doi.org/10.1103/PhysRevD.98.112004
https://doi.org/10.1103/PhysRevD.63.112001
https://doi.org/10.1103/PhysRevD.63.112001
https://doi.org/10.1103/PhysRevLett.113.171802
https://doi.org/10.1103/PhysRevLett.113.171802
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1103/PhysRevD.99.075001
https://doi.org/10.1007/s11433-022-1983-8
https://doi.org/10.1007/s11433-022-1983-8
https://doi.org/10.1088/1748-0221/17/02/T02004
https://doi.org/10.1088/1748-0221/17/02/T02004
https://www.caen.it/products/v1725/
https://www.caen.it/products/v1725/
https://www.caen.it/products/v1725/
https://doi.org/10.1088/1475-7516/2009/04/010
https://doi.org/10.1088/1475-7516/2009/04/010
https://doi.org/10.1103/PhysRevD.89.035009
https://doi.org/10.1103/PhysRevD.89.035009
https://doi.org/10.1140/epjc/s10052-021-09655-y
https://doi.org/10.1007/JHEP03(2018)194
https://doi.org/10.1007/JHEP03(2018)194
https://doi.org/10.1103/PhysRevLett.123.241803
https://doi.org/10.1103/PhysRevLett.123.241803
https://doi.org/10.1103/PhysRevD.108.072006
https://doi.org/10.1103/PhysRevD.108.072006
https://doi.org/10.1103/PhysRevLett.122.131301
https://doi.org/10.1103/PhysRevLett.122.131301
https://doi.org/10.1103/PhysRevD.100.102002
https://doi.org/10.1103/PhysRevD.100.102002
https://doi.org/10.1103/PhysRevD.107.112013
https://doi.org/10.1103/PhysRevD.107.112013
https://doi.org/10.1103/PhysRevD.105.052005
https://doi.org/10.1103/PhysRevD.105.052005
https://doi.org/10.1016/j.astropartphys.2023.102853
https://arXiv.org/abs/2307.12952
https://indico.cern.ch/event/1188759/contributions/5222299/
https://indico.cern.ch/event/1188759/contributions/5222299/
https://indico.cern.ch/event/1188759/contributions/5222299/
https://indico.cern.ch/event/1188759/contributions/5222299/
https://doi.org/10.1103/PhysRevD.107.035032
https://doi.org/10.1103/PhysRevD.107.035032
https://arXiv.org/abs/2307.12820
https://doi.org/10.1103/PhysRevLett.130.021802
https://doi.org/10.1103/PhysRevLett.130.021802
https://doi.org/10.1103/PhysRevLett.130.261001
https://doi.org/10.1103/PhysRevLett.130.261001
https://pandax.sjtu.edu.cn/public/data_release/PandaX-4T/run0_S2_only
https://pandax.sjtu.edu.cn/public/data_release/PandaX-4T/run0_S2_only
https://pandax.sjtu.edu.cn/public/data_release/PandaX-4T/run0_S2_only
https://pandax.sjtu.edu.cn/public/data_release/PandaX-4T/run0_S2_only
https://pandax.sjtu.edu.cn/public/data_release/PandaX-4T/run0_S2_only
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://arXiv.org/abs/1105.3166
https://arXiv.org/abs/1105.3166
https://doi.org/10.1103/PhysRevLett.126.211803
https://doi.org/10.1103/PhysRevLett.126.211803
https://doi.org/10.1103/PhysRevLett.128.171801
https://doi.org/10.1103/PhysRevLett.128.171801
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1103/PhysRevD.107.063001
https://doi.org/10.1103/PhysRevD.107.063001
https://doi.org/10.1103/PhysRevLett.116.071301
https://doi.org/10.1103/PhysRevLett.116.071301
https://doi.org/10.1103/PhysRevLett.130.101001
https://doi.org/10.1103/PhysRevLett.130.101001
https://arXiv.org/abs/1311.0029
https://doi.org/10.1103/PhysRevD.104.095029
https://doi.org/10.1103/PhysRevD.101.075016
https://doi.org/10.1103/PhysRevD.101.075016
https://doi.org/10.1103/PhysRevD.105.095010
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1103/PhysRevLett.115.251301
https://doi.org/10.1103/PhysRevLett.115.251301
https://arXiv.org/abs/2203.08192
https://doi.org/10.1088/1475-7516/2019/09/070

