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We report the first search for the elastic scatterings between cosmic-ray boosted sub-MeV dark matter
(DM) and electrons in the PandaX-4T liquid xenon experiment. Sub-MeV DM particles can be accelerated
by scattering with electrons in the cosmic rays and produce detectable electron recoil signals in the detector.
Using the commissioning data from PandaX-4T of 0.63 tonne - year exposure, we set new constraints on
DM-electron scattering cross sections for DM masses ranging from 10 eV/c? to 3 keV/c?.

DOI: 10.1103/PhysRevLett.133.101805

The nature of dark matter (DM) is still a major mystery
in modern physics [1,2]. In particular, DM mass remains
unknown and its possible values span tens of orders in
magnitude. Direct detection experiments usually focus on
DM mass above GeV for the traditional weakly interacting
massive particle with nuclear recoils [3-5], and can go
lower to MeV range with electron recoils [6-9]. However, a
few very well-motivated DM models, such as the freeze-in
[10,11] or the asymmetric DM [12-14], with a character-
istic DM mass in the sub-MeV region, remain much less
explored due to the detection threshold in the direct
detection experiments. In recent years, direct detection
experiments have also begun to apply new mechanisms,
such as various acceleration processes [15-24] and absorp-
tion [25-27], in order to surpass the detector threshold to
probe sub-MeV DM.

Previously, experiments searching for the scatterings
between nucleons and sub-GeV DM accelerated by cosmic
rays (CRs) have been carried out by PROSPECT [28],
PandaX [29], CDEX [30], and SuperK [31]. Similarly, if
DM particles can scatter with electrons in the detector, they
will inevitably collide with electrons in the CRs. This
collision can boost their kinetic energy. Consequently, in
the detector, the electron recoil energy obtained from the
scattering by the DM can exceed the detection threshold
even for sub-MeV DM. In this Letter, we report a search
for the electron recoil signals from the scatterings of
CR electron boosted DM (CReDM) in the PandaX-4T
liquid xenon detector [3], located in the China Jinping
Underground Laboratory (CJPL) [32,33].

The prediction of CReDM signals involves the accel-
eration of DM by CRs, the attenuation of DM flux in the
Earth, and the DM scattering with electrons in the detector.
For the acceleration process, we employ the approach
in Ref. [34], which simulates the galactic CR electron
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distribution using the GALPROP code with the best-fit
parameters from the GALPROP-HELMOD analysis [35], and
assumes a Navarro-Frenk-White halo profile [36] for the
Galactic DM distribution. The local density of the DM is
set to be the conventional value of p, = 0.3 GeV/ cm? [3].
We consider a typical scenario where the fermionic DM
particle y and the electron e interact in the form
Lin = Gyy"yey,e, where G is the effective vector coupling
constant. The vector coupling is realized in popular
models such as dark photon [37] and B — L gauge boson
models [38]. The differential scattering cross section for the
relativistic CR electron scattering off the halo DM, which is
approximately at rest, can be calculated as

do o
£ = - 2m,,(m, + TSR)?
dT, ~ G2 TR 5 2m,) 2m(me + 1)

- T)((2m)(TER + (mZ +m,)?) + mXT)%], (1)

where m, (m,) and T, (T¢X) are the mass and kinetic
energy of the DM particle (CR electron), respectively,
Hye = m,m,/(m, 4+ m,) is the DM-electron reduced mass,

and the effective cross section 6, is defined as

6-)(8 = Gzﬂ)zfe/ﬂ:'

CJPL has a rock overburden of about 2.4 km. To
calculate the attenuation of the CReDM, we employ the
Monte Carlo simulation method developed in our previous
work [29], with nucleon targets replaced by electrons.
Although electrons within the Earth are usually bound
within atoms, the mean energy transfer associated with the
attenuation process for a typical MeV-energy CReDM
particle is around 0.3 MeV, which is significantly larger
than the binding energy of atoms, which is O(10) keV at
most. Therefore, we employ free electron scattering in our
simulation for simplicity. The resultant differential scatter-
ing cross section has the same formula as Eq. (1) with y
and e exchanged. Since the scattering cross section for
free electrons is typically larger than that for bound
electrons [39], this approximation results in stronger
attenuation and, consequently, more conservative DM
signal yield in the detector.

The upper panel of Fig. 1 shows the differential CReDM

flux reaching the detector d®/dT, for a set of benchmark

parameters m, = 1 keV/c? and 5,, = 107® cm?, com-

pared with the surface flux without the Earth attenuation.

101805-2


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.133.101805&domain=pdf&date_stamp=2024-09-05
https://doi.org/10.1103/PhysRevLett.133.101805
https://doi.org/10.1103/PhysRevLett.133.101805
https://doi.org/10.1103/PhysRevLett.133.101805
https://doi.org/10.1103/PhysRevLett.133.101805
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 133, 101805 (2024)

1072 m,= 1keV/c?, 5,= 1073 cm? m,= 1 MeV/c?, ,= 107 cm? §
F —-=— Above the detector After attenuation
Below the detector
------- Before attenuation
After attenuation

10_3§

T, d®/dT, [cm™2 s7!]

—77 ol 0l
1010_3 1072 107!

100 10T 102 105 10*
T, [MeV]

LA B B S B S B S S B LA L S S B S —
m, = 1 keV/c?, 5, = 1076 cm?
m, = 1 MeV/c?, 5, = 107! cm?® |

101}

dR/dT, [(tonne year keV)~1]

100 PR S S S A S ST S SRS ST S S ST S S S R S Y
5 10 15 20 25 30
T, [keV]
FIG. 1. The upper panel shows the flux of CReDM for m, =

1 keV/c? and 5,, = 107 cm? on the Earth’s surface and that
reaching the PandaX-4T detector after attenuation, including
particles that come from above and below the detector’s hori-
zontal plane. For comparison, the CReDM flux after attenuation
with m, = 1 MeV/ ¢? and Gype = 1073 cm? is also shown in the
blue line. The lower panel shows the differential recoil events rate
in the xenon detector for m, = 1 keV/c* and m, = 1 MeV/c?.

As we can see, most DM particles after acceleration
become relativistic. The flux is distorted and shifted from
high energy to low energy after attenuation. The two bumps
are contributed by DM particles coming from above and
below the detector’s horizontal plane. At DM energy below
~3 x 1072 MeV, the underground flux is nearly identical to
that at the surface. This is because the energy dependent
cross section o, of DM scattering with electrons in the
Earth decreases as T, decreases. At T, =3 x 1072 MeV,
the corresponding mean free path is more than twice the
diameter of the Earth.

For the scattering of DM with electrons in the liquid
xenon detector, we take into account the effect of bound
electrons, since the detection threshold (~keV) is com-
parable to the binding energy of the inner electrons in
xenon atoms. The differential cross section for DM
particle scattering off bound electrons in the shell with
the principal (angular momentum) quantum number n(l)
can be calculated as

dc’! o (™
xe ey nl )
= — d 7 Te?
dTe SﬂgIU)Z(Te /qmi“ |q||q|| 1on( |q|)|
% (1 _ AE'nl _ q2 - AE%[Z) (2)
E, 4E;

where T, is the recoil energy of the electron, v, = |p,|/E,
is the speed of the incident DM particle, the energy
transfer AE,; is the sum of 7, and the binding energy
of the (n,I) shell, q is the three-momentum transfer,
the integration limits |qn/max (7, T.) are given by

P F (B, = AE,)? =2, and [fil(Te. [a]) is the
ionization factor calculated by the Dark ART code [40,41]
which treats the electron as nonrelativistic. In the deri-
vation of Eq. (2), the electron is considered as non-
relativistic to be consistent with the ionization factor,
while no approximation is made for the DM (see
Supplemental Material [42] for details). It is worthy to
note that, for the typical energy E, ~ 1 MeV of CReDM,
the factor in the second line of Eq. (2) is close to 1 in the
dominant region of |q|, and the differential cross section
becomes independent of 7, because the integral turns
out to be approximately proportional to T,, effectively
canceling the T, in the prefactor [39].

Then the differential electron recoil events rate can be
calculated as

dR o dolll d®

where N, ~ 4.6 x 10%*/kg is the number of xenon atoms
per unit target mass, Tj;‘in = AE,; is the minimal kinetic
energy of DM particle to produce an electron recoil energy
of T,, and the sum is over electron shells from 1s to 5p. The
lower panel of Fig. 1 shows the differential event rate for
two typical DM masses, 1 keV/c? and 1 MeV/c?. For the
1 keV/c? mass case (much less than typical T, of ~MeV),
the recoil event rate exhibits a flat spectrum in the energy
region of interest for this analysis, for two reasons. First, the
differential cross section do}./dT, in Eq. (3) is approx-
imately independent of T,, as discussed below Eq. (2).
Second, since the v} * factor in do/. /dT, is ~1 for keV/c?
mass DM, then the T, integration is mainly contributed by
the CReDM flux d®/dT, at higher energies around MeV
(as shown in the upper panel of Fig. 1). Thus, the T,
dependence of the lower limit T)‘(nin ~ T, at keV scale does
not significantly impact the integration result, leading to an
almost constant dR/dT,. For the 1 MeV/c? mass case, the
DM nparticle is nonrelativistic near the threshold energy,
thus the v;z factor is proportional to T;l that enhances the
contribution from the low-energy part of the CReDM flux
d®/dT,, resulting in an increase in the recoil event rate
toward the low energy.

101805-3



PHYSICAL REVIEW LETTERS 133, 101805 (2024)

PandaX-4T utilizes a dual-phase xenon time projection
chamber that contains 3.7 tonnes of liquid xenon in the
sensitive volume. When a particle scatters with xenon
nucleus or electron in the liquid xenon, prompt scintillation
photons (S1) and delayed proportional electroluminescence
photons (S2) are generated. Both signals are collected
by top and bottom arrays of 368 Hamamatsu R11410-23
3-inch photomultiplier tubes. The S1 and S2 signal dis-
tributions from nuclear recoil and electron recoil in the
PandaX-4T detector are simulated using the standard NEST
v2.2.1 framework [43,44] with parameters fitted to low
energy calibration data. More detailed descriptions of the
PandaX-4T experiment can be found in Ref. [3].

This analysis uses the data from PandaX-4T commis-
sioning run, corresponding to an exposure of 86.0 live-
days. The data quality selection criteria are the same as in
Ref. [3]. The electron-equivalent energy of a given event is
reconstructed as E,, = 13.7 eV x (S1/PDE + S2,/EEE/
SEG,), where S2,, is the bottom-only S2 to avoid photo-
multiplier tube saturations. PDE, EEE, and SEG,, represent
the photon detection efficiency, electron extraction effi-
ciency, and single electron gain using S2,, respectively.
Their values are taken from Ref. [3]. The lower energy
threshold of the DM candidates is defined by requiring a S1
above 2 photoelectrons (PEs) and a §2 > 80 PEs. To cover
more CReDM signals, we extend the energy range up to
30 keV while avoiding the backgrounds from >*Xe, 1%,
and '?"Xe in the range of 30 to 40 keV. In total, 1116 events
are selected in the data.

In this analysis, relevant backgrounds, including tritium,
material radioactivity, B neutrinos, neutrons, '*’Xe, sur-
face events and accidental background are estimated
according to the method in the previous analysis [3] and
our extended energy region. Other backgrounds, including
222Rp, 220Rp, 35Kr, have been better understood and re-
estimated in Ref. [45]. Their nominal contributions and
uncertainties in our energy window are summarized in
Table 1. The assumed spectra of *?’Rn, 2>°Rn, 8Kr are the
same as in our previous analysis in Ref. [46].

Solar neutrino background mainly includes solar pp
neutrino from proton-proton fusion chain and solar Be
neutrino from electron capture of "Be according to the
standard solar model [47]. Their contributions are estimated
using the energy spectrum in Ref. [48], with xenon atomic
effects taken into account, resulting in 43.3 £ 8.9 events.

The background from '3®Xe two-neutrino double-j-
decay is estimated to be 34.0 £ 1.9 events, using the
half-life measured in the PandaX-4T experiment [49].
The process of two-neutrino double-electron-capture
of 12*Xe, which has been observed by XENONIT experi-
ment [50], deposits an energy around 10 keV (LL shells).
Its contribution is estimated to be 2.2 + 0.5 events accord-
ing to the measured half-life [51].

A binned likelihood fit is carried out on the data
with measured and background spectra. The background

TABLE I. Expected background contribution of each kind in
selected data, as well as the background-only best-fit values. The
tritium values are obtained from unconstrained fit.

Component Expected counts Best-fit counts
Tritium 525 4+ 31 525 + 31
222Rn 323+ 16 321 +£13
220Rn 58415 57+13
85Kr 94 + 47 81 +24
Material 41.9 £ 8.6 41.4 £ 8.0
Solar neutrino 433 +8.9 42.7 £ 8.3
136X e 340£19 33.8+19
127% e 8.2+2.1 84+2.0
1245 2.240.5 2.24+0.5
B 0.84+0.3 0.8+0.2
Neutron 1.1 +0.6 1.1£0.5
Accidental 2.4 4+0.5 244+0.6
Surface 0.54+0.1 0.5+0.1
Sum 1134 £ 75 1117 £50
Data 1116

systematic uncertainties have been independently estimated
based on Refs. [3,46]. Figure 2 shows the energy distri-
bution in data, in comparison to the background-only best-
fit spectra. After the fit, the data distribution is consistent
with no excess of signal. A profile likelihood ratio [52,53]
is constructed as the test statistics to derive the upper limits
of CReDM signals. Figure 3 shows the 90% confidence
level exclusion on the DM-electron cross sections, together
with the 10 sensitivity band obtained from the back-
ground-only pseudodata. The lowest DM mass in Fig. 3 is

% —— Data §
C —— CReDM 1 keV/c? 3
2L —
10°¢ —— CReDM | MeV/c® 3
” 10 ;_ Rn222 —EE
= Fl— K185 3
2 % :
O L
15 T =
E Xel24 E
10_1 L Accidental Xel36 .
E BS E
1072 P Lo by by
0 5 10 15 20 25 30

Energy [keV_]

FIG. 2. Energy distribution of selected events in data and
stacked background components from the background-only fit.
The expected signals in PandaX-4T for DM masses of 1 keV/c?
and 1 MeV/c? are shown in solid red and blue lines (unstacked),
with assumed DM-electron cross section of 1073 cm? and
10731 em?, respectively.
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FIG. 3. The 90% confidence level exclusion region (red
region), as well as the green £1¢ sensitivity band for the lower
boundary. For comparison, the constraints from DAMIC-M [7]
(gold) and CDEX solar reflection [24] (gray) are also shown. The
brown dotted line indicates the constraint from Pauli exclusion
principle applied to dwarf galaxies (DG) [57], below which
masses are disfavored (as indicated by the arrow). Complemen-
tary constraints from cosmology and astrophysics are also over-
laid, including BBN and CMB [58,59], and stellar cooling
constraints from red giant (RG) stars [60].

set to be 10 eV/c? to avoid the constraint by the Pauli
exclusion principle with the required local DM density for
fermionic DM [54]. For m, < m,, the lower exclusion
boundary is approximately proportional to mf for the
following reasons. The accelerated CReDM flux
d®/dT, roughly scales with 1/m? due to the DM number
density and that do/dT, approximately scales with
m,,/uz, ~ 1/m, [see Eq. (1)]. The differential cross section
in the detector in Eq. (2) also scales with 1/u, ~1/m2.
The resulting 1/ mf; dependence of the expected number
of signal events leads to a m}( dependence on the lower
exclusion boundary of 6,,.. The earth shielding effects drive
the upper exclusion boundary, above which DM particles
can barely reach the detector. Near the minimum 7,
required for the detection threshold (~1 keV), the average
energy loss of DM per scattering has an increasing
dependence on m,,. This results in stronger Earth attenu-
ation and decreases the slope of the upper boundary for
m, > 1 keV/ c?. The theoretical uncertainties from CR
distribution and DM density profile are estimated to
introduce a variation of 12% or less on the lower exclusion
boundary, by comparing results from an assumed homo-
geneous CR distribution with local interstellar spectrum
and various DM profiles [55,56].

As shown in Fig. 3, the direct-detection experimental
coverage for the fermionic DM-electron interaction in the
sub-MeV range is sparse. In comparison to the recent
CDEX constraint using solar reflection [24], we extend the

mass range down by more than 2 orders of magnitude.
There are other stringent constraints on sub-MeV DM
obtained from astrophysical and cosmological observations
shown in the figure, such as stellar cooling [60] and big
bang nucleosynthesis (BBN) combined with cosmic micro-
wave background (CMB) [58,59]. In addition, the Pauli
exclusion principle applied to dwarf galaxies can derive
lower bounds on the fermionic DM mass around
0(0.1) keV [57]. Our work, on the other hand, derives
limits based on experimental data and relies only on
information of the present-day local Universe, therefore
is highly complementary to the astrophysical and cosmo-
logical constraints.

In summary, we presented a new search for the DM-
electron interactions from the PandaX-4T detector at CJPL.
This is the first time that a direct-detection experiment
searches for DM boosted by electrons in cosmic rays,
complementary to our previous search for DM boosted by
nuclei. Neutrino experiments may also be sensitive to the
same parameter region using this boosted DM scenario [16].
With the same tree-level vector DM-electron interaction in
the DM boosting, attenuation, and detection, the search
strategy bears little theoretical uncertainty in the fundamental
DM properties. In addition, the relativistic effects are
properly and consistently evaluated in the acceleration
and attenuation processes. With a 0.63 tonne - year expo-
sure, no excess of events are observed above the background
prediction. We present constraints on DM-electron cross
sections for the unexplored DM mass in direct detection
experiments between 10 eV/c? and 3 keV/c?, pushing the
current mass range down by more than 2 orders of
magnitude, all the way to the minimum fermionic particle
mass allowed by the local density of DM.
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