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Dark Matter Direct Detection
• Incoming dark matter from the universe
• Scattering with target atom (nucleus and electrons)

– Goodman and Witten (1985)
– Energy deposit in the detector

Credit: James Josephides
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PandaX: dual-phase xenon TPC
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• Paired scintillation (S1) and ionization (S2) signals
– Precise energy measurement and 3-D position reconstruction
– Discrimination of nuclear recoil and electron recoil signals

Electron recoil

Nuclear recoil



PandaX Detectors
• Increasing the detector sensitive target volume
• Lowering radioactive background

PandaX start
PandaX-I 

120kg

PandaX-II 
580kg

PandaX-4T
(3.7 tonne)

2020-2009 2010-2014 2015-2019
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PandaX-4T Experiment
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• Sensitive volume: 3.7 tonne xenon
• 800m3 high-purity water shielding tank
• Commissioning started in 2020/11 



Physics Run
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•

CJPL-II B2 Hall

2020/11 – 2021/04 Commissioning (Run 0)
95 days: ~0.6 tonne-year

2021/07 – 2021/10 Tritium removal
xenon distillation, gas flushing, etc

2021/11 – 2022/05 Physics run (Run 1)
164 days: ~1.0 tonne-year

2022/09 – 2023/09 CJPL B2 hall construction
xenon recuperation, detector upgrade

Expect to resume by the end of 2023

Physics Run

Detector Upgrade



Detector Response Model
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• Detector response to DM signals

• Various calibration approaches

Signal type Response model parameters

DM-nucleon scattering
Nuclear Recoil Signal

DM-electron scattering
Electron Recoil Signal

1. Energy reconstruction
2. Light yield
3. Charge yield
4. Re-combination & fluctuation

Electron Recoil

Nuclear Recoil

Type Source Method
Electron recoil 83mKr/220Rn injecting gas source
Nuclear recoil 241Am-Be external source

Nuclear recoil D-D neutron external source



Energy Reconstruction
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• Light (S1) + Ionization (S2)
• Energy resolution @41.5keV: 6.8%

#Set PDE [%] EEE [%] SEG [PE/e]

1-2 9.0±0.2 90.2±5.4 3.8±0.1

3-5 9.0±0.2 92.6±5.4 4.6±0.1



Nuclear Recoil Calibration
• Neutron sources

– Deuteron-deuteron and 
AmBe neutrons

• Combined fitting to 
get the parameters
– Light yield
– Charge yield
– Fluctuations

Head-on 
collision peak

D-D neutron

AmBe neutron



Electron Recoil Calibration
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• Inject 220Rn into the detector, uniformly distributed
• Leakage of electron recoil events below NR median

– 6/1393 = 0.44!0.18%, response model agrees with data



Background composition
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• Background level at low 
energy region is 1/4 of 
PandaX-II
– Radon is reduced to 1/6
– Kr is reduced to 1/20
– Residual tritium is observed

Component Nominal (evts)
3T (from fit to data) 532 (32)

Flat ER* (18-30keV side band) 492 (31)

Rn 347 (190)

Kr 53 (34)

Material 40 (5)

pp neutrino 37 (8)

Xe-136 31 (6)

Xe-127 8 (1)

Neutron 0.9 (0.5)

Neutron-X 0.2 (0.1)

Surface 0.5 (0.1)

Accidental 2.4 (0.5)

B8 0.6 (0.3)

Sum 1037 (45)



Signal ROI
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• Fiducial volume: 2.67 tonne xenon
• Exposure: 0.63 tonne-year
• Signal selection criteria

– S1: 2 – 135 PE
– S2raw: > 80 PE
– S2 < 20000 PE

• Data: 1058 events observed
– 6 events below NR median, consistent 

with expectation of 9.8!0.6 events



DM-nucleon Spin-independent Scattering
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• Sensitivity improved from PandaX-II final analysis by 2.6 times 
at 40 GeV/c2

• Dived into previously unexplored territory!

PRL 127, 261802 (2021), Editors’ suggestion



Luminance of Dark Matter
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• Residual weak EM properties: coupling with photons

微弱电荷
millicharge
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electric dipole
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magnetic dipole
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Photon-Mediated Interaction
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• Various nuclear recoil signatures
• Dedicated searches of these EM properties
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Nature Vol. 618, Issue 7963, 47-50 (2023)

Results from Xenon Recoil Data
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• First experimental constraints on DM 
charge radius

• 4 orders of magnitude smaller than neutrino

• Strong constraints on other EM properties
– up to 3 – 10 times improvement 

dark matter neutrino neutron

Charge radius ( fm2) <1.9×10í10 [-2.1,3.3] 10í6 -0.1155
Millicharge (e) <2.6×10í11 <4×10í35 (-2 ± 8)×10í22

Magnetic dipole (µB) <4.8×10í10 <2.8×10í11 -1×10í 3

Electric dipole (ecm) <1.2×10í23 <2×10í21 <1.8×10í26

Anapole (cm 2) <1.6×10í33 a10í34 a10í28
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�


�


�


�


�† 

‡ §


 Datas are taken from PDG [32]
† Taken from [31]
‡ Taken from [33]
§ Taken from [34]

Table 1 | Comparison of electromagnetic properties

×



DM-electron Scattering
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• DM and neutrino may have a 
connection
– Behave similarly as a heavy neutrino
– Mono-energetic recoil energy

• Bump-hunting on the electron 
recoil spectrum

𝜒𝑒 → 𝑒𝜈



Cross-check XENON1T Excess
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• Effective field models
– vector, axial-vector

• Result doesn’t support the excess

PRL 129, 161804 (2022) Editors’ Suggestion

Axial-vector operator

Vector operator



Tritium Removal
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• Preliminary estimation of tritium level for Run 1
– Fitting S1 spectrum, keeping S2 blinded

• Extensive tritium measures planned for next run (Run 2)
Period Run0 Set 4 Run0 Set 5 Run1

Tritium
Counts/day/tonne 3.0 ± 0.3 1.6 ± 0.2 0.4 ± 0.1

Run0
Set4

Run0
Set5

Run1

PreliminaryPreliminary



Reducing Detection Threshold
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• Ionization-only (S2-only): no scintillation signal (S1) requirement
– ROI S2 [60, 200]PE: threshold down to ~100 eV (from ~1 keV)
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Ionization-only ROI
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• Key challenge: background components
– No full picture in previous xenon-based experiments
– Conservative results only 

XENON1T PRL PandaX-II PRL 



Ionization-only Data
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• First complete understanding of all 
the main backgrounds
– Micro-discharging (MD)

ØSmall charge, strong run-condition dependence

– Cathode activity
ØLarge charge, large pulse-shape width

• Blind analysis of 0.55 tonne-year 
exposure
– 105 events
– Best-fit background: 95.8 ! 11.3



Constraints on DM-electron Scattering
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• Most stringent constraints are derived
– DM-electron interaction with heavy mediator, 2×10'() cm2

– Freeze-out and Freeze-in

PRL 130, 261001 (2023), Editors’ Suggestion



Cosmic-ray Boosted Dark Matter
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• Light DM with cosmic ray boosting
• New signature: diurnal modulation due to earth shielding 

210 thus significantly attenuated by the Earth when the GC and
211 the detector are on opposite sides of the Earth but much less
212 affected if they are on the same side. To avoid confusion
213 with the usual diurnal effect for nonrelativistic DM [53,54],
214 we call this the “boosted diurnal effect.”
215 Figure 4 shows the diurnal modulation of the CRDM at a
216 direct detection experiment located at a latitude of 28°N
217 (approximate location of the China Jinping Underground
218 Laboratory) and a depth of 2 km underground. Within one
219 sidereal day, the underground lab rotates around the Earth
220 axis and its position is parameterized by the sidereal hour in
221 the range between 0 and 24 hours. We define a survival
222 probability as the ratio between the attenuated CRDM flux
223 in the underground lab and the one arriving the Earth. At a
224 cross section of 1 × 10−32 cm2, we observe significant
225 “boosted diurnal modulation” with the survival probability
226 varying in the range of 64%–95%. For comparison, we also
227 show the curves for a cross section of 3 × 10−32 cm2 where
228 a larger modulation can be observed. Given the DM
229 energy Tχ, the nuclear recoil has a wide distribution,
230 0 ≤ Tr ≤ Tmax

r ðTχÞ, and hence only a fraction,
231 1 − Tth=Tmax

r ðTχÞ, can pass the detection threshold, leading
232 to a reduction from the red curve to the blue one in Fig. 4.
233 Instead of via a numerical integration of Eq. (4), the
234 curves in Fig. 4 are obtained by Monte Carlo simulations.
235 Since the spectrum of the CRDM is almost independent of
236 its direction, it is a good approximation to first sample the
237 direction of the incoming DM particles according to the sky
238 map in Fig. 1 and then sample the boosted DM kinetic
239 energy Tχ according to the spectrum in Fig. 2. The incident
240 DM particle would then experience multiple scatterings
241 when crossing the Earth. For each interaction step, we first
242 sample the length that the DM particle travels before the
243 next scattering based on the mean free path and then sample

244the reduced kinetic energy. The simulation stops when the
245DM particle reaches the underground detector or drops
246below the detection threshold.
247Imposing the detection threshold on the nuclear recoil
248energy Tr ≥ 3 keV for a liquid xenon detector [72] would
249reduce the event rate but still keep the modulation behavior
250as illustrated in Fig. 4. This is because the diurnal modu-
251lation mainly comes from the high recoil part, as illustrated
252in Fig. 3. For two years of data at a benchmark liquid xenon
253detector PandaX-4T (5.6 tons × year exposure) [73], on
254average 8.1 (55) events are expected for σχp ¼
2551ð3Þ × 10−32 cm2 and mχ ¼ 10 MeV, which is quite sig-
256nificant compared to the background level [74]. For the same
257detector, the event rate and hence the sensitivity is roughly
258independent of the DM mass for mχ ≲ 0.1 GeV. In addition
259to a quadratic scaling with the cross section, one from the
260CRDM production and the other from its detection, the event
261rate also receives suppression due to the attenuation from the
262Earth for a sufficiently large cross section (∼10−28 cm2)
263[36]. The cross section region that this technique can probe
264spans roughly 4 orders of magnitude.
265Another factor is the scattering angle, which leads to
266deflection [19]. For the relativistic CRDM with typical
2671 GeV kinetic energy, mass mχ ¼ 10 MeV, and typical
268momentum transfer Q ≈ Λ ≈ 200 MeV [56], the scattering
269angle is 3°–5°. Although not completely negligible, the
270scattering angle does not affect the diurnal modulation
271effect due to the following arguments. For the peak region
272of Fig. 4, the DM from the GC only needs to penetrate
273Oð1Þ km. With a mean free path of around 17 km, most
274CRDMs experience only one scattering at most. Therefore,
275the peak region would not be affected significantly.
276Multiple scatterings will further suppress the valley region
277of the curve and therefore enhance the modulation effect.
278The recoil energy spectra for incident CRDMs along
279different nadir angles in a liquid xenon detector are shown
280in Fig. 5. Since the recoil energy can reach Oð1 MeVÞ,

F4:1 FIG. 4. The survival probability of CRDM arriving at an
F4:2 underground lab at latitude 28°N and a depth of 2 km vs the
F4:3 sidereal hour relative to those arriving at the Earth for two
F4:4 different cross sections σχp ¼ 1ð3Þ × 10−32 cm2. The red curves
F4:5 correspond to the total CRDM arriving at the detector with
F4:6 Tχ ≥ Tmin

χ , and the blue curves are those above the detector
F4:7 threshold (Tr > 3 keV for a liquid xenon detector).

F5:1FIG. 5. The nuclear recoil spectrum, including the 3 keV
F5:2detector threshold, for a xenon detector with 1 ton year exposure.
F5:3To illustrate the attenuation effect, each curve corresponds to the
F5:4integrated DM flux at a given nadir angle θnadir.
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PHYSICAL REVIEW LETTERS VOL..XX, 000000 (XXXX)
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S.-F. Ge, J. Liu, Q. Yuan, NZ, PRL 126, 091804 (2021)



Diurnal Modulation Search
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• PandaX-II data
– Using events below NR median: 25 events (expected 26.6 background)

• Extend the DM search window to sub-GeV
– Expand to the region beyond the astrophysical and cosmological probes 

PRL 128, 171801 (2022)  Editors’ Suggestion



New results from Super-K
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• 20 years’ data from Super-Kamiokande PRL 130, 031802 (2023)

• Directional detection of cosmic-ray boosted DM



Future plan: PandaX-xT
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• Next generation liquid xenon experiment
– with >30 tonne sensitive volume
– decisive test on WIMP with 200 tonne-year



Summary
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• PandaX-4T is exploring various types of DM
• Novel probes are tested to expand the physics reach
• Run 2 data-taking will start soon
• Planning future PandaX-xT project

Thank You!



PandaX
• PandaX: particle and astrophysical xenon detector

– dark matter, Majorana neutrino, astrophysical neutrino

33


