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Dark Matter Search Results from 1.54 Tonne-Year Exposure of PandaX-4T
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In this letter, we report the dark matter search results from the commissioning run and the first
science run of the PandaX-4T experiment. A blind analysis is carried out on the entire data set. The
data processing is improved compared to previous work, unifying the low-level signal reconstruction
in a wide energy range up to 120 keV. With a total exposure of 1.54 tonne-year, no significant excess
of nuclear recoil events is found. The lowest 90% confidence level exclusion on the spin-independent
cross section is 1.6 x 107*" cm? at a dark matter mass of 40 GeV/c?. Our results represent the
most stringent constraint for a dark matter mass above 100 GeV/c?.

Overwhelming astrophysical and cosmological evi- dence points to the existence of dark matter (DM) in



our Universe [I]. Direct detection of dark matter par-
ticles through their potential interaction with ordinary
matter is pivotal to our understanding of the fundamen-
tal nature of DM. Among many experimental endeav-
ors, liquid xenon time projection chambers (TPCs) have
spearheaded the detection sensitivities [2H4], with their
sensitivity steadily approaching the irreducible neutrino-
nucleus scattering background [B] [6].

The PandaX-4T experiment [7] is located in the B2 hall
of the China Jinping Underground Laboratory (CJPL-
IT) [8, @]. The xenon TPC is inside a dual-vessel stain-
less steel cryostat, which holds 5.6 tonnes of total liquid
xenon. The cryostat is housed in a 10-meter diameter by
13-meter height stainless steel tank, which is filled with
ultrapure water to provide radioactivity shielding. The
xenon cooling and purification system comprises three
cooling heads and two independent re-circulation loops,
continuously removing the electronegative impurities via
hot getters [I0]. The detector features a cylindrical, dual-
phase xenon TPC delineated by 24 reflective polytetraflu-
oroethylene (PTFE) panels, with an 1185 mm separation
across opposing panels at room temperature. Its internal
electrical fields are established through a cathode grid at
the bottom, and a gate and anode mesh positioned imme-
diately below and above the liquid level, with a vertical
spacing of 1185 mm and 10 mm, respectively. Energy de-
positions produce prompt scintillation (S1) and delayed
electroluminescence (S2) photons, which are detected by
a total of 368 Hamamatsu R11410-23 3-inch photomulti-
plier tubes (PMTSs) positioned at the top and bottom of
the TPC. Each PMT’s waveform is read out by a digitizer
channel running at a sampling rate of 250 MS/s, with a
self-trigger threshold set at around 1/3 of a photoelec-
tron [II]. The S1-52 detection allows precise energy and
position reconstruction of the events. The ratio S2/51
also provides excellent discrimination between electron
recoil (ER) and nuclear recoil (NR) events. More detailed
information of PandaX-4T configurations and operation
can be found in Ref. [2] and the associated references
therein.

The PandaX-4T commissioning run contains 95 days of
stable data taking operation from November 28, 2020, to
April 16, 2021 (Run0), separated into five sets according
to different detector conditions. Multiple analyses of the
Run0 data have been conducted to search for various
DM model particles [2, 12HI4]. To reduce the tritium
background identified in Run0, a dedicated offline xenon
distillation [I5] [16] was carried out after Run0. PandaX-
4T resumed operations in the summer of 2021, collecting
over 164 days of scientific data from November 16, 2021,
to May 15, 2022 (Runl). Afterwards, the operation was
halted until the end of 2023 due to ongoing construction
at CJPL-II. In this paper, we present a combined DM
analysis using data from both Run0 and Runl.

Although most of the detector configurations remained
the same as in Run0, several experimental issues oc-

curred during Runl. In total, an additional fifteen PMT
channels were malfunctioned: eight due to a short in
a shared negative high-voltage supply [I7], and the re-
maining seven were turned off due to high afterpulses
and dark rates. The shorted eight channels are adja-
cent to each other on the top array, which are also in the
vicinity of three dead channels happened earlier in Run0.
Events in this region suffer from non-negligible charge
loss, therefore special measures were taken in the data se-
lection. Additionally, liquid level control failed through-
out Runl. As a result, each time the re-circulation condi-
tions changed, the induced liquid level variations led to a
(correctable) difference in the amplification of S2 signals.
Accordingly, Runl data is divided into six subsets.

In this analysis, we re-blinded the Run0 data to main-
tain consistent treatment between Run0O and Runl. The
combined analysis includes the following major improve-
ments:

Unified signal reconstruction procedure Signal recon-
struction refers to the offline identification and recon-
struction of S1 and S2 signals from raw data, and the
building of physical “events” to become basic units of the
analysis. We adopt the “rolling gain” method instead of
using the PMT gains obtained from weekly calibration
with light-emitting diodes [I8]. As previously, after hit
clustering, the S1 and S2 signals are identified based on
the number of hits, the charge ratio between the top and
bottom arrays, and the signal width. To discriminate S1s
from fragments of single electron ionization S2 signals, we
impose a series of requirements on S1 when paired with
52, including criteria on the S1 pulse shape profile, light
pattern topology, and noise levels in PMT waveforms im-
mediately before and after. The event building is now
performed with a 2-ms fixed window length (maximum
electron drift time is about 900 ps). This allows more
consistent event level parameters, e.g. waveform noise
parameter, in comparison to the dynamic event window
used in Ref. [2], and further eases the selection efficiency
evaluation. The improved signal reconstruction proce-
dure is consistently applied to data from the low energy
threshold up to 120 keV in electron equivalent energy, to
facilitate future analyses on solar pp neutrinos, etc.

Blinded data selection Data selection criteria are set
“blindly”. We conduct dedicated optimizations on data
selection cuts based solely on all low-energy ER and NR
calibration data [19]. We eliminate periods with high S1
rates and veto the “afterglow” time window after large
signals (varying with the signal size), resulting in a re-
duction of approximately 12% of the exposure. At the
signal level, the data quality cuts include those related
to the S1 and S2 pulse shapes, as well as the charge
distribution on PMTs. Furthermore, the S1 top-bottom
charge partition is required to be consistent with the ver-
tical position of the event, and the width of S2 should
correlate with the drift time according to diffusion effect.
For Run 1, these cuts are relaxed if S2 is reconstructed



close to the malfunctioned PMTs (green dashed regions
in later Fig. . At the event level, events with excessive
noise in the waveform are further removed. To identify
genuine single-site events, instead of simply counting the
number of S2s, multiple waveform cuts are developed
and applied. For the DM search, we set the range of
corrected S1 to be [2, 135] PE (with at least two PMTs
in coincidence) and that for S2 to be [120, 20 000] PE,
respectively. This corresponds to an average ER (NR)
energy window from 1 (4) to 25 (94) keV for Run0 and
1 (3) to 26 (103) keV for Runl. Candidate events are
also required to be above the 99.5% NR quantile to fur-
ther suppress surface background and multi-site events
depositing their energy partially below the cathode plane.
The efficiencies and associated uncertainties in data se-
lection are established using calibration and simulation
data. [19] 20].

Improved spatial and temporal signal corrections The
event position reconstruction mostly follows the meth-
ods developed in Refs. [2, 2I]. An extra azimuth-angle-
dependent scaling correction is applied based on the uni-
formly distributed 3mKr ER events [19]. Within the
fiducial volume (FV), the uniformity of 3™Kr events in
four quadrants is within +8%, reflecting the impact of
malfunctioned PMTs on the position reconstruction. A
series of S1 and 52 charge corrections vs. event position
are performed, using the in situ (***Rn 5.6 MeVas) and
injected (83™Kr 41.5 keV internal conversion electrons)
radioactive sources, as described in Ref. [19]. To avoid
systematic effects due to dead channels and saturation of
the top PMTs, bottom-only S2 (i.e. S2,) is used for en-
ergy reconstruction. The electron-equivalent energy Feo
of a single-site event in PandaX-4T is reconstructed as:

c c
Eee =W, <QSl + SZ\)) 7 (1)
g1 g2,

where W, = 13.7eV, and Q§; and Q5,, are the corrected
S1 and bottom S2 charges in photoelectrons, respec-
tively. The detector parameters (g1, go,) are pre-fitted
using the mono-energy ER peaks of ®3mKr (41.5 keV),
13Im¥e (163.9 keV) and 1?9mXe (236.2 keV). Due to vari-
ations in the operation conditions such as the liquid lev-
els, the values of (g1, g2,,) in subsets of Run0 and Runl
are related by constant factors, which can be tracked and
boot-strapped using in situ « peaks from radon decay.
The final values of (g1, g2,) used for the DM analysis is
derived from the best fit to the continuous ER and NR
calibration data [I9]. The mean values in Run0 and Runl
are (0.100£0.005, 4.14+0.4) and (0.0914+0.004, 5.0+0.5).

Comprehensive signal response model To model the
ER and NR signal responses in the detector, as well
as to optimize selection criteria, several low-energy cal-
ibrations are carried out with radioactive sources. The
ER response is calibrated using the [-decay progenies
of 22Rn and ?22Rn, which are injected through one
of the circulation loops [2]. Neutrons produced by

a deuterium-deuterium (D-D) neutron generator or an
241 AmBe source are employed to calibrate the NR re-
sponse. The signal response model of the PandaX-4T de-
tector is derived from a simultaneous fit of all the cali-
bration data from Run0 and Runl [19].

The following major background compositions are con-
sidered, also summarized in Table[l] All background com-
ponents are re-estimated using modified data processing
and selection efficiencies, and our updated RunO esti-
mates generally agree with Ref. [2] within uncertainties.

One of the top ER background contributions comes
from f3-decays of 214Pb and ?2'2Pb, the decay progenies of
222Rn and 22°Rn, respectively. The average decay rate of
222Rn is measured with its decay as at a level of 7.140.2
uBq/kg in Run0, and increases to an average of 8.7+0.3
uBq/kg in Runl. The level of 2!4Pb is depleted from
222Rn due to the re-circulation flow and electric field in
the TPC [22]. Since 2'*Pb B-decay has a characteristic
shape at high energy, we take the best-fit214Pb level from
Ref. [I8] for Run0, then scale it to Runl according to the
measured 222Rn « rate. Similar procedures are adopted
for Bs from 2'2Pb. Due to the short half-life of 22°Rn
(55 s) and the long half-life of 22Pb (10.6 hr), ?2°Rn «
rate does not reflect the internal activity of 2'2Pb. In-
stead, the level of the daughter 22Po « decays is taken
as an estimate, which is 0.1 uBq/kg for both Run0 and
Runl.

The background from ®°Kr [-decay is estimated
through the correlated emission of 5-vy via the metastable
state ™Rb (514 keV) with a branching ratio of 0.44%.
Average Kr/Xe ratios in Run0 and Runl are 0.52 +
0.27 ppt and 0.94 £ 0.28 ppt respectively, under the
assumption of a 2 x 107! isotropic concentration of
85Kr [23], leading to an expected background of 80 = 40
and 289 + 88 events within the DM detection window in
Run0 and Runl, respectively.

The estimation of solar neutrino-electron elastic scat-
tering is adopted from Ref. [24], which incorporates neu-
trino flux from the standard solar model, three-flavor
neutrino oscillation, and the Standard Model neutrino-
electron scattering with xenon atomic effects [25]. The
two-neutrino double-3 decay of 136Xe is calculated based
on the half-life measurement from our recent study [26].
Additionally, the double electron capture from the LL-
shell of 124Xe from XENON [27] is incorporated as a sin-
gle Gaussian peak at 10 keV. The contributions of LM-
and LN-shell double electron capture are minor and thus
not considered in this analysis.

The radioactivity of detector materials, mainly stem-
ming from the PMTs and stainless steel vessels, is as-
sessed using a GEANT4-based Monte Carlo (MC) simula-
tion [28]. The data match the simulations in the energy
and position distributions for high-energy gamma rays.
The total contribution to background is 147 + 12 events.

The unstable 127Xe, produced through the capture of
cosmogenically generated neutrons, decays via electron



capture. The L-shell X-ray with an energy of 5.2 keV
contributes to the ER background. In this analysis, the
rate in Runl is estimated from that obtained in Run0 [2]
using the decay half-life of 36.3 days. The contribution
in Runl is almost negligible. The total background is
7.7+ 0.8 events.

To allow an approximate online assessment of the tri-
tium background, we perform one-dimensional spectral
fits only based on S1 using a set of relaxed cuts, while
keeping S2 data blinded. In the final DM data fit,
tritium levels from both runs are again left floating.
One observes a significant decrease of tritium level in
Runl, from 2.04 £ 0.25/tonne/day at the end of Run0 to
0.264+0.07/tonne/day in Runl. These findings are consis-
tent with an independent analysis with one-dimensional
energy spectrum fit [29].

The low-energy neutron background originating from
detector materials is evaluated as the weighted average
of three different estimates [30], by scaling the measured
high-energy xenon-capture ~ rays, by scaling the mea-
sured multi-site neutron events, and by direct MC pre-
diction. The contributions of multi-site neutrons that
satisfy the single-site cuts are also taken into account in
all three estimates. The total number of neutron back-
ground is 1.7 + 0.3 events.

Solar ®B neutrinos can produce coherent elastic scat-
tering (CEvNS) [31], thereby contributing to the NR
background in the low-energy region. Our new estimate
of 0.31 events for Run0 is about half of that in Ref. [2],
due to the update of the signal response model and a
smaller F'V, yet still consistent within the previously as-
signed uncertainty. The total contribution of 8B CEvNS
is 1.0 £ 0.3 events in Run0 and Runl combined.

The surface background comes from the low-energy -
decay events due to radon plate-out on the PTFE panels.
The S2 of these events are significantly suppressed due
to distorted electric field lines close to the PTFE sur-
face. A data-driven background model is established us-
ing 219Po « surface events, whose S2s are similarly sup-
pressed. Within the optimized FV selection, the total
surface background is estimated to be 0.26 £+ 0.12 events.

Unphysical accidental coincidence (AC) backgrounds
are estimated similarly as in Ref. [32]. The S1 (52) iden-
tified in a fixed 2-ms event window without any pairable
S2 (S1) is defined as an isolated-S1 (isolated-S2). In
Run0 and Runl, the rates of isolated-S1 (isolated-S2) are
13.3 Hz (0.125 Hz) and 14.4 Hz (0.146 Hz), respectively,
under a set of loose selection cuts. The AC rate is esti-
mated by manually pairing randomly scrambled isolated-
S1 and isolated-S2 pulses, and then applying the full
data selection procedure. The pre-unblinding AC back-
grounds were estimated as 5.6 £ 1.7 and 7.9 £ 2.4 events
for Run0 and Runl, respectively [33]. In the two runs,
numbers of AC background do not quite scale with ex-
posures primarily due to different cut efficiencies.

The FV in Run0 and Runl is optimized separately,
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FIG. 1. Distributions of the Run0 (top) and Runl (bottom)
final DM candidates in log,,(525/S1) vs S1, overlaid with
5% and 95% ER quantiles (dashed navy blue) NR median
curves (solid pink), 99.5% NR acceptance boundaries (dashed
violet), and the equal NR energy curves (dashed gray). Events
located below the NR median curves are highlighted by blue
dots (numbered according to the order of calendar time), with
their normalized likelihood values for signal and background
components (see legends) stacked in the insets. The 1o (dark)
and 20 (light) contours are also overlaid: AC (brown), *B
CEvNS (pink), and 6 GeV/c? DM (blue solid and dash-dot).

utilizing a figure-of-merit based on signal efficiency
and background levels [34]. The final fiducial masses
are 2.38 + 0.04 tonne (Run0) and 2.48 + 0.05 tonne
(Runl). The uncertainties are derived from the non-
uniformity of 3™Kr and 220/222Rn calibration events,
therefore encompassing systematics arising from mal-
functioned top PMTs. The total accumulated exposure
is 1.54 tonne-year.

The unblinding of science data was performed with a
three-step procedure, by sequentially unblinding about
10%, 50%, then the entire data set from both runs, and
performing sanity checks on the data selections. No ad-



TABLE 1.

Expected background contributions to DM candidates for Run0 and Runl with their uncertainties. “Other ER

(data)” combines contributions from radon progenies, krypton, backgrounds related to detector materials, solar neutrinos, and
136Xe. It is independently derived for each dataset using the normalization obtained from 20 to 30 keV. Tritium contributions
are determined through unconstrained fit. The neutron, 8B CEvNS, surface, and accidental backgrounds are assumed to be
constant for each run. The best-fit values from a background-only fit are also shown.

Run0 Runl Total Below NR median Best fit
214p, 281 + 13 675 + 35 956 + 38 3.6702 -
212py, 49413 97 4+ 25 146 + 30 0.6703 -
85Ky 80 + 40 289 =+ 88 369 + 96 1.4152 -

Material ER 4245 105+ 11 147412 0.61572 -
Solar v 38+4 TAET 111 +8 04701 .
136Xe 28 +1 59 +3 87+3 0.2157 -
Other ER. (data) 504 + 16 1226 =+ 28 1730 =+ 32 6.4717 1767 4+ 39
CH5T 556 + 33 114 + 33 670 + 47 52113 677 + 47
127Xe 77408 0.0+0.1 77408 0.1075:05 7.740.2
124Xe 2.340.6 41+1.1 6.3+1.7 0.0370:01 6.2+ 1.7
Neutron 0.6 +0.2 1.140.2 1.74+0.3 1.0151 1.840.3
8B CEvNS 0.340.1 0.74+0.2 1.0£0.3 1.0tg3 1.14+0.3
Surface 0.09 =+ 0.06 0.17 £ 0.11 0.26 £ 0.12 0.261013 0.25 +0.11
Accidental 11+3 13+4 2445 6.4717% 26 +5
Sum 1079 & 37 1355 + 43 2434 + 43 20.5725 2487 + 56
Observed 1117 1373 2490 24 -

justments were made to the data selection. After fully
unblinding the data, we realized that our AC background
was estimated too low by about a factor of 2, due to an
inconsistent acceptance cut on the scrambled data. In-
stead of making post-unblinding tightening to the cuts,
we updated the nominal AC predictions (Table 7 which
were then fed into the likelihood fits. As a result, the
overall AC contribution in this analysis is increased from
Ref. [2], but the impact is minor to our DM sensitivity
for a DM mass above 40 GeV /c?.

After unblinding, a total of 2490 final candidate events
are identified in Run0 and Runl within the FV and DM
ROI selection window. As presented in Fig. [I} twelve
(Run0) and twelve (Runl) events are found below the
NR median curves in log;(S2,/51) vs. S1. These events
are uniformly distributed inside the TPC (Fig.[2)) and in
time. Compared with the six events found below the NR
median in the previous RunO analysis [2], five of them
(#2, #3, #5, #9, #11) are the same, and one event is
removed by the newly optimized FV and the afterglow
cut. All seven newly observed events are near the bound-
aries of one or two selection cuts: events #4, #6, #7, #8,
#10, and #12 do not satisfy previous afterglow or sev-
eral previous quality cuts, and event #1 was above the
previous NR median curve.

An unbinned likelihood function [12] is constructed,
with an update of nuisance parameters from a combined-
fit signal response model utilizing all available low-energy

ER and NR calibration data [19]. The likelihood fit takes
background and nuisance parameters from Table[l] as in-
puts. Due to their similar distributions in S1 and S2, we
combine the continuous ER components (220/ 222Rn, %K,
solar neutrino, 3%Xe, and detector materials) with their
nominal contribution in Table[[|into a single “Other ER”
component. The overall normalization is independently
determined from the data within 20 to 30 keV, which
agrees with the sum of individual components but with
better statistical uncertainty. The tritium levels in both
runs are set floating. In general, background-only fit re-
sults agree with pre-unblinding estimates (Table [I). For
those events below the NR median curves, based on the
likelihood composition of each event in Fig. |1} events with
small S1 are dominated by AC background and large S1
events are ER leaks from tritium in Run0O and “Other
ER” in Runl.

The DM search is carried out for a mass range between
5 GeV/c?and 10 TeV/c?. The standard conventions for
direct dark matter searches [35] are adopted, using a pro-
file likelihood ratio method to derive statistical interpre-
tation [36]. A local best fit is observed for a DM mass
at 6 GeV/c? with a strength of 4.3 events, correspond-
ing to the slight excess of events observed at low S1 and
S2 (Fig. [1]). Testing against a background-only hypoth-
esis, the local significance is 1.80, but reduced to 1.20
(global p-value of 0.11) after the look-elsewhere effect cor-
rection [37]. Alternatively, if the central value of the ®B
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FIG. 2. Spatial distributions of the final dark matter candi-
dates in (a) Y vs. X, and (b) Z vs. R?, overlaid with FV
for Run0 (purple dashed) and Runl (blue dashed). In (a),
areas enclosed by the green dashed lines indicate the regions
affected by malfunctioned top PMTs in Runl. Events located
below the NR median curves are indicated in red dots, with
the same numbering scheme as in Fig.

flux from our recent measurement [38] is used, the local
significance of the excess at 6 GeV/c?is reduced to 1.40.
On the other hand, a downward fluctuation is observed
for DM masses above 15 GeV/c? due to fewer events ap-
pearing within the core of DM signal region. The derived
90% CL upper limits (without power constraint [39]) on
the spin-independent (SI) DM-nucleon cross section is
shown in Fig. 8] The limit is slightly outside +1c sen-
sitivity band at the low mass end, and approaches —1o
when the DM mass increases to above 15 GeV/c? | consis-
tent with the data features discussed above. The lowest

excluded cross section of 1.6 x 10747 cm? occurs at a DM
mass of 40 GeV/c?. In comparison to earlier results from
XENONnT [] and LZ [3], we obtain the most stringent
upper limit for DM mass larger than 100 GeV/c?.
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FIG. 3. The 90% C.L. upper limit of SI DM-nucleon elastic
cross section vs. m, from this work (red), overlaid with that
from the LZ 2023 [3] (cyan), XENONnT 2023 [4] (orange)
and PandaX-4T 2021 [2] (black). The shaded green region
represents the +1o sensitivity band of this work, overlaid with
its own median curve (red dashed) and the median sensitivity
of PandaX-4T Run0 (black dashed).

In summary, we present the results of a DM search
from a blind analysis of data collected during Run0 and
Runl at PandaX-4T, amounting to a cumulative live ex-
posure of 1.54 tonne-year. No significant event excess is
observed above the expected background. Our analysis
derives the 90% CL upper limits on the spin-independent
DM-nucleon scattering cross section, with the lowest ex-
cluded value of 1.6 x 10747 ¢cm? at 40 GeV/c?> DM mass.
These findings establish a new, stringent constraint at
a DM mass exceeding 100 GeV/c?. During the CJPL
construction shutdown, PandaX-4T completed upgrades
to its PMT, electronics, DAQ, and external water veto
systems. The second science run has now commenced,
with ongoing efforts to further suppress background. We
expect that the sensitivity of the DM search will improve
by a factor of 2-3 with a complete 6-tonne-year exposure.
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