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Dark matter searches
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• Direct detection, indirect detection, collider search

Ning Zhou, SUSY 2021, 2021-08-26



Dark matter direct detection
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• Solar system in the dark matter halo 
• Detection of incoming dark matter scattering off target atom

– Nuclear recoil (NR) signature
– Electronic recoil (ER) signature

– Small and rare signals: underground laboratory

DARK MATTER OVERVIEW: COLLIDER, DIRECT AND INDIRECT DETECTION SEARCHES -
QUEIROZ, FARINALDO S. ARXIV:1605.08788

ESO / L. Calçada.

Ning Zhou, SUSY 2021, 2021-08-26



Global efforts
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• Multi-tonne scale direct detection experiments

XENONnT, 6t LXe
LNGS, Italy

LZ, 7t LXe,
Sanford Lab, US

Ning Zhou, SUSY 2021, 2021-08-26

PandaX-4T, 4t LXe
CJPL, China

Darkside-20k, 23t LAr
LNGS, Italy



China Jinping Underground Laboratory (CJPL)
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• Deepest 
– 6800 m.w.e.

– < 0.2 muons/m2/day

• Horizontal access
– 9 km long tunnel

Ning Zhou, SUSY 2021, 2021-08-26



CJPL-II
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• 8 new experiment halls
– L: 65m

– H: 14m

– W: 14m

PandaX

CDEX

JUNA

2019-07-20

Ning Zhou, SUSY 2021, 2021-08-26



PandaX collaboration
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PandaX experiment
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• Dual-phase Xenon TPC
– Large scale target, precise energy and 3D-positon reconstruction

– Xenon self-shielding, NR and ER discrimination power

Ning Zhou, SUSY 2021, 2021-08-26



PandaX experiment
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• Particle and Astrophysical Xenon Experiments

PandaX-I, 120 kg
operation

PandaX-II, 580 kg
operationPandaX-I startedCollaboration 

formed

PandaX-I apparatus 
moved to Jinping

2009.3 2014.3

2014.5-102012.7

2016.7
-2019.7

2019.8-

PandaX-4T
moved to CJPL-II

Ning Zhou, SUSY 2021, 2021-08-26



PandaX-II: electron scattering
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• Signal: axions, neutrino magnetic moment
• Major background spectra obtained from 

calibration data directly
• Independent check of XENON1T low energy 

ER excess

CHIN. PHYS. LETT. Vol. 38, No. 1 (2021) 011301 Express Letter

to a nonlinear compression of the spectrum and appar-
ent excess of events towards the low end. A special cal-
ibration was carried out to measure the two suppres-
sion factors directly at different PMT gain settings,[28]
so the BLS effects can be properly corrected for the
entire data set. This is particularly important in our
understanding of the tritium spectrum, as its shape
could be distorted more acutely. The validity of the
BLS correction is demonstrated in Fig. 1(a), where
a comparison is made on tritium energy spectra in
T1 and T2, corrected for their corresponding BLS ef-
fects. The two spectra agree with each other with
�2/NDF = 69.4/50. The measured spectra are also in
good agreement with the tuned NEST2.0 model,[30]
with parameters identical to those used in the dark
matter analysis.[28]
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Fig. 1. (a) BLS-corrected tritium energy spectra from
T1 and T2, and the NEST model; (b) measured spectrum
of 85Kr, our best fit, and a recent theoretical evaluation;
(c) measured 220Rn calibration data in comparison with
the NEST model. The shaded area represents system-
atic uncertainty in spectrum shape due to PDE (4.9% rel.
uncert.), EEE⇥SEG(4.8% rel. uncert.), and the BLS cor-
rections.

The spectrum of 85Kr background is measured di-
rectly using our commissioning data sets (Run 8),
where a high 85Kr concentration is identified and con-
tributes to more than 98% of the low energy ER
events.[25] The shape of 85Kr is extracted by fitting
the data with an exponential function, as shown in
Fig. 1(b). A recent theoretical calculation[31] is com-
pared with the data, where a sizable difference is
observed, indicating potential systematics from both

ends. In this analysis, the difference is conservatively
taken as the shape uncertainty of 85Kr.

The shape of the flat ER background is studied
with the 220Rn injection data.[32] For comparison, us-
ing the ER model in Ref. [28] with a flat input energy
spectrum, the resulting Erec is in good agreement with
the data (�2/NDF =48.7/63), as shown in Fig. 1(c).
Theoretical shape uncertainties of the flat ER com-
ponents including 214Pb[20,31] are taken into account,
which are of up to a few percent level, and have less
than 1% impact on the final spectrum fit.

Totally 2121 events survive after all cuts, with 646,
249, 387, and 839 events in Run 9 (20.0 ton·day), Run
10 (19.4 ton·day), Run 11–1 (24.2 ton·day), and Run
11–2 (37.1 ton·day). With tightened fiducial volume
cut, we omit the position dependence in this analysis
and generate background and signal probability den-
sity functions in two-dimensional space of S1 and S2.
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Fig. 2. Electron recoil energy distributions for Runs
10, 11–1, and 11–2 with background-only pre-fits. Like-
lihood fits are performed in two-dimensional space. The
background due to 136Xe, neutron, and accidentals is not
drawn in the figure.

An unbinned likelihood fit is performed to test
the background and signal hypotheses, where the con-
struction of likelihood function is identical to that in
Ref. [26]. In Runs 10 and 11, to estimate the tritium
contribution, a background-only pre-fit is performed
independently for each run (span). The fit results are
shown in Fig. 2. The resulting tritium rates are 0.041±
0.013, 0.043±0.014, and 0.035±0.019µBq/kg for Runs
10, 11–1, and 11–2, consistent with a constant tritium
decay rate where the statistical uncertainty is domi-
nant. Another fit is performed with a common tritium
normalization in the runs. The best fit tritium rate is
0.040 ± 0.010 (stat. + sys.)µBq/kg, translating into a
concentration of (4.9±1.2)⇥10�24 mol/mol in xenon.
Similar fitting test is performed with Run 9 data, and
the result is consistent with the tritium-free scenario
as expected. Therefore, in the signal hypothesis test
discussed below, tritium background is not considered
in Run 9 and the overall tritium normalization in Runs
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10 and 11 is floating in the fit.
Table 1 summarizes the background composition

from the background-only fit. The summed energy
spectrum from all runs is shown in Fig. 3, with best-fit
background contributions superposed. The data are
consistent within 1� fluctuation of the background-
only hypothesis.

Energy [keV]

20

40

60

80

100

120

140

160

E
v
en

ts
 (

k
eV

)

!2 = 22.4

0 5 10 15 20 25

-2

0

2

"

Data Total fitted

Tritium

Flat ER

85Kr
136Xe + accidental + neutron 

127Xe

 XENON1T ABC axion 

Energy (keV)

Fig. 3. Low energy spectrum of electron recoil events for
the total 100.7 ton·day data. Simultaneous best-fit back-
ground contributions are overlaid, where tritium back-
ground rate is treated as the same in Runs 10 and 11.
The expected axion signal with XENON1T best-fit signal
strength is shown by the dashed grey line.

Table 1. Summary of the best fit background values and
data from the background-only likelihood fit.

Events Run 9 Run 10 Run 11–1 Run 11–2
127Xe 77.3 3.5 0.0 0.0
Tritium 0.0 49.6 60.1 92.2
85Kr 418.2 51.1 146.0 479.7
Flat ER 143.6 145.8 176.1 270.1
Accidental 1.5 0.8 0.8 1.2
Neutron 0.6 0.4 0.5 0.8
136Xe 2.3 2.2 2.7 4.1
Total 648.1±35.3 251.2±22.1 386.1±32.5 848.1±52.7
Data 646 249 387 839

Based on the above, we perform tests on the
axion and neutrino magnetic momentum hypotheses
with our data. For the axion hypothesis, we con-
sider the Atomic recombination and de-excitation,
Bremsstrahlung and Compton (ABC) solar axion
model.[11] The best fit axion signal yields 15.8
events with statistical-plus-systematic uncertainty
band [0, 84.8]. Assuming XENON1T best fit sig-
nal strength[28] (gAe = 3.15 ⇥ 10�12 for axion mass
smaller than 0.1 keV/c2), the expected number of sig-
nals would be 20.4 events in PandaX-II. Therefore, our
data is compatible with XENON1T excess within 1�
in number of events, but is also consistent with back-
ground fluctuations.

To set the exclusion limit, we use the so-
called CLs+b method[33] based on profile likelihood
ratio[34] to make differential comparison of our data
with background-only and background-plus-signal hy-

potheses. The best fit to our data is compared to
fits to pseudo-data sets produced at individual sig-
nal strength, including statistical fluctuations and
spectral shape uncertainties discussed earlier. Con-
straints on the coupling constant gAe at 90% confi-
dence level (C.L.) are shown in Fig. 4. For the axion
mass smaller than 0.1 keV/c2, the upper limit on gAe

is at 4.6⇥ 10�12, corresponding to 90.9 signal events.
The neutrino magnetic moment hypothesis is tested
in the same way, which yields an upper limit of µ⌫ at
4.9 ⇥ 10�11µB, corresponding to 191.6 signal events,
as shown in Fig. 5. They represent one of the tightest
experimental constraints on the solar axion-electron
coupling and neutrino magnetic moment.
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Fig. 4. The upper limits on the solar axion coupling con-
stant gAe (90% C.L.), overlaid with that from LUX.[35]
The best fit region (90% C.L.) from XENON1T[20] for
gA� < 10�10 GeV�1 is shown as a shaded grey region.
The green and yellow bands represent the ±1� and 2�
sensitivity bands and the dashed line represents the me-
dian sensitivity. The upper bounds from red-giant branch
observation are also included.[36]
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Fig. 5. The upper limits on the neutrino magnetic mo-
ment (90% C.L.) is shown in red. The allowed range from
XENON1T[20] is marked in green and constraints from
other observations[37�40] are shown in black.

In summary, we have performed an analysis us-
ing the low energy ER data from the full data set
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10 and 11 is floating in the fit.
Table 1 summarizes the background composition

from the background-only fit. The summed energy
spectrum from all runs is shown in Fig. 3, with best-fit
background contributions superposed. The data are
consistent within 1� fluctuation of the background-
only hypothesis.
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ground contributions are overlaid, where tritium back-
ground rate is treated as the same in Runs 10 and 11.
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Table 1. Summary of the best fit background values and
data from the background-only likelihood fit.

Events Run 9 Run 10 Run 11–1 Run 11–2
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Based on the above, we perform tests on the
axion and neutrino magnetic momentum hypotheses
with our data. For the axion hypothesis, we con-
sider the Atomic recombination and de-excitation,
Bremsstrahlung and Compton (ABC) solar axion
model.[11] The best fit axion signal yields 15.8
events with statistical-plus-systematic uncertainty
band [0, 84.8]. Assuming XENON1T best fit sig-
nal strength[28] (gAe = 3.15 ⇥ 10�12 for axion mass
smaller than 0.1 keV/c2), the expected number of sig-
nals would be 20.4 events in PandaX-II. Therefore, our
data is compatible with XENON1T excess within 1�
in number of events, but is also consistent with back-
ground fluctuations.

To set the exclusion limit, we use the so-
called CLs+b method[33] based on profile likelihood
ratio[34] to make differential comparison of our data
with background-only and background-plus-signal hy-

potheses. The best fit to our data is compared to
fits to pseudo-data sets produced at individual sig-
nal strength, including statistical fluctuations and
spectral shape uncertainties discussed earlier. Con-
straints on the coupling constant gAe at 90% confi-
dence level (C.L.) are shown in Fig. 4. For the axion
mass smaller than 0.1 keV/c2, the upper limit on gAe

is at 4.6⇥ 10�12, corresponding to 90.9 signal events.
The neutrino magnetic moment hypothesis is tested
in the same way, which yields an upper limit of µ⌫ at
4.9 ⇥ 10�11µB, corresponding to 191.6 signal events,
as shown in Fig. 5. They represent one of the tightest
experimental constraints on the solar axion-electron
coupling and neutrino magnetic moment.
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Fig. 5. The upper limits on the neutrino magnetic mo-
ment (90% C.L.) is shown in red. The allowed range from
XENON1T[20] is marked in green and constraints from
other observations[37�40] are shown in black.

In summary, we have performed an analysis us-
ing the low energy ER data from the full data set
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10 and 11 is floating in the fit.
Table 1 summarizes the background composition

from the background-only fit. The summed energy
spectrum from all runs is shown in Fig. 3, with best-fit
background contributions superposed. The data are
consistent within 1� fluctuation of the background-
only hypothesis.
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Table 1. Summary of the best fit background values and
data from the background-only likelihood fit.

Events Run 9 Run 10 Run 11–1 Run 11–2
127Xe 77.3 3.5 0.0 0.0
Tritium 0.0 49.6 60.1 92.2
85Kr 418.2 51.1 146.0 479.7
Flat ER 143.6 145.8 176.1 270.1
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Based on the above, we perform tests on the
axion and neutrino magnetic momentum hypotheses
with our data. For the axion hypothesis, we con-
sider the Atomic recombination and de-excitation,
Bremsstrahlung and Compton (ABC) solar axion
model.[11] The best fit axion signal yields 15.8
events with statistical-plus-systematic uncertainty
band [0, 84.8]. Assuming XENON1T best fit sig-
nal strength[28] (gAe = 3.15 ⇥ 10�12 for axion mass
smaller than 0.1 keV/c2), the expected number of sig-
nals would be 20.4 events in PandaX-II. Therefore, our
data is compatible with XENON1T excess within 1�
in number of events, but is also consistent with back-
ground fluctuations.

To set the exclusion limit, we use the so-
called CLs+b method[33] based on profile likelihood
ratio[34] to make differential comparison of our data
with background-only and background-plus-signal hy-

potheses. The best fit to our data is compared to
fits to pseudo-data sets produced at individual sig-
nal strength, including statistical fluctuations and
spectral shape uncertainties discussed earlier. Con-
straints on the coupling constant gAe at 90% confi-
dence level (C.L.) are shown in Fig. 4. For the axion
mass smaller than 0.1 keV/c2, the upper limit on gAe

is at 4.6⇥ 10�12, corresponding to 90.9 signal events.
The neutrino magnetic moment hypothesis is tested
in the same way, which yields an upper limit of µ⌫ at
4.9 ⇥ 10�11µB, corresponding to 191.6 signal events,
as shown in Fig. 5. They represent one of the tightest
experimental constraints on the solar axion-electron
coupling and neutrino magnetic moment.
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Fig. 5. The upper limits on the neutrino magnetic mo-
ment (90% C.L.) is shown in red. The allowed range from
XENON1T[20] is marked in green and constraints from
other observations[37�40] are shown in black.

In summary, we have performed an analysis us-
ing the low energy ER data from the full data set
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PandaX-II: WIMP-electron scattering

11

• light WIMP scattering with electrons
• S2-only analysis!effective threshold 80eV
• 15-30 MeV/c2 WIMP: strongest constraints

field of 400 and 318 V=cm, respectively. In general, the
constant model predicts smaller charge yield in comparison
with NEST 2.0. For run 9, the PandaX-II model agrees with
other two models within 1! at 0.9 keV. On the other hand,
for runs 10 and 11, the PandaX-II model agrees with the
constant model, but has slight tension with NEST 2.0.
Therefore, the constant model is selected as the nominal
model in this analysis to conservatively estimate the
number of primary ionized electrons, as well as to be
consistent with other analysis. But one should keep in mind
that for the charge yield in a liquid xenon detector, the
lowest energy measurement has only recently been made at
186 eV at 180 V=cm [37]. The spectrum of detected

ionization signals, i.e., US2 events in PE, can then be
predicted based on the measured detector parameters [28],
listed in Table I for convenience, and the efficiencies in
Fig. 2. The electron lifetime, i.e., the attenuation of ionized
electrons due to electronegative impurities, is incorporated

TABLE I. The PandaX-II detector parameters, including elec-
tron extraction efficiency (EEE), single-electron gain (SEG), and
its measured resolution (!SE) [28]. They are used to estimate the
relation between ER energy and detected ionization electrons.

Run 9 Run 10 Run 11

EEE (%) 46.4! 1.4 50.8! 2.1 47.5! 2.0
SEG (PE) 24.4! 0.4 23.7! 0.8 23.5! 0.8
!SE (PE) 8.3 7.8 8.1
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FIG. 4. Detected ionization signals (US2, black histograms)
and expected signals from DM-electron scattering with FDM " 1
(upper) and "2m2

e=q2 (lower), with blue (red) histogram corre-
sponding to a DM mass of 20 MeV=c2 200 MeV=c2). The gray
shadow shows the ROI of this analysis. The excess in the data
peaking at !25 PE comprises single-electron events, likely due to
stray electrons in LXe.

TABLE II. The number of US2 candidates, exposure, and
known ER background events for the three DM search runs.
The span 1 and span 2 of run 11 are listed separately due to the
different background rates. ROI is chosen as 50 PE to 75 PE,
corresponding to a mean ER energy between 0.08 and 0.15 keV.
The flat ER background includes 85Kr, 222Rn, 220Rn, material ER,
solar neutrino, and 136Xe [28].

Run 9 Run 10
Run 11
span 1

Run 11
span 2 Total

Exposure
(tonnes/day)

9.3 9.0 28.6 46.9

DM-electron candidates
(events)

287 340 1194 1821

Flat ER background
(events)

0.8 0.2 0.3 0.6 1.8

Tritium background
(events)
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FIG. 5. 90% C.L. upper limits (solid, the constant model;
dashed, NEST 2.0) on light DM-electron scattering cross section
from PandaX-II data for FDM " 1 (upper) and FDM " "2m2

e=q2

(lower). Results from XENON1T [15], XENON10 [40], Dark-
Side-50 [16], SENSEI [18], DAMIC [17], and EDELWEISS [42]
are also shown for comparison.
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constant model, but has slight tension with NEST 2.0.
Therefore, the constant model is selected as the nominal
model in this analysis to conservatively estimate the
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listed in Table I for convenience, and the efficiencies in
Fig. 2. The electron lifetime, i.e., the attenuation of ionized
electrons due to electronegative impurities, is incorporated

TABLE I. The PandaX-II detector parameters, including elec-
tron extraction efficiency (EEE), single-electron gain (SEG), and
its measured resolution (!SE) [28]. They are used to estimate the
relation between ER energy and detected ionization electrons.

Run 9 Run 10 Run 11

EEE (%) 46.4! 1.4 50.8! 2.1 47.5! 2.0
SEG (PE) 24.4! 0.4 23.7! 0.8 23.5! 0.8
!SE (PE) 8.3 7.8 8.1
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FIG. 4. Detected ionization signals (US2, black histograms)
and expected signals from DM-electron scattering with FDM " 1
(upper) and "2m2

e=q2 (lower), with blue (red) histogram corre-
sponding to a DM mass of 20 MeV=c2 200 MeV=c2). The gray
shadow shows the ROI of this analysis. The excess in the data
peaking at !25 PE comprises single-electron events, likely due to
stray electrons in LXe.

TABLE II. The number of US2 candidates, exposure, and
known ER background events for the three DM search runs.
The span 1 and span 2 of run 11 are listed separately due to the
different background rates. ROI is chosen as 50 PE to 75 PE,
corresponding to a mean ER energy between 0.08 and 0.15 keV.
The flat ER background includes 85Kr, 222Rn, 220Rn, material ER,
solar neutrino, and 136Xe [28].

Run 9 Run 10
Run 11
span 1

Run 11
span 2 Total

Exposure
(tonnes/day)

9.3 9.0 28.6 46.9

DM-electron candidates
(events)

287 340 1194 1821

Flat ER background
(events)

0.8 0.2 0.3 0.6 1.8

Tritium background
(events)
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FIG. 5. 90% C.L. upper limits (solid, the constant model;
dashed, NEST 2.0) on light DM-electron scattering cross section
from PandaX-II data for FDM " 1 (upper) and FDM " "2m2

e=q2

(lower). Results from XENON1T [15], XENON10 [40], Dark-
Side-50 [16], SENSEI [18], DAMIC [17], and EDELWEISS [42]
are also shown for comparison.
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PandaX-II: cosmic ray boosted DM
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• Light DM with cosmic ray boosting
• Signature: diurnal modulation
• Using events below NR median

– 25 events (expected 26.6 background)

Ning Zhou, SUSY 2021, 2021-08-26

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 T!, the nuclear recoil has a wide distribution,
230 0 " Tr " Tmax

r !T!", and hence only a fraction,
231 1 ! Tth=Tmax

r !T!", 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 T! 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 "!p #
2551!3" ! 10!32 cm2 and m! # 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 m! ! 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 m! # 10 MeV, and typical
268momentum transfer Q % ! % 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
273O!1" 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 O!1 MeV",

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 "!p # 1!3" ! 10!32 cm2. The red curves
F4:5 correspond to the total CRDM arriving at the detector with
F4:6 T! # Tmin

! , 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 #nadir.
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PandaX-4T @ CJPL-II
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• high purity water shielding
– 13m H x 10m D ~ 900 m3

• Sensitive volume: 3.7-tonne LXe
– 1.2m H x 1.2m D

• 3-inch PMTs: 169 top / 199 bottom 

Ning Zhou, SUSY 2021, 2021-08-26



PandaX-4T major milestones
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• 2018/04/02 
– B2 hall construction started

• 2019/08/19 
– infrastructure completed

– detector installation started
• 2020/05/06 

– offline xenon distillation completed

• 2020/05/28 
– installation completed

• 2020/11/28 – 2021/04/16 
– commissioning run

Radon removal system

Ning Zhou, SUSY 2021, 2021-08-26



PandaX-4T subsystems
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• Kr distillation tower

Gas storage systemCryogenics system

TPC PMT Electronics

Ning Zhou, SUSY 2021, 2021-08-26



PandaX-4T commissioning
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• Stable data running period: 95.0 calendar days

Ning Zhou, SUSY 2021, 2021-08-26



PandaX-4T major improvement
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• Triggerless DAQ: low threshold
– read out pulses above 20 ADC (~1/3 PE)

• 222Rn: ~ 5 uBq/kg
– 1/6 of PandaX-II

• 85Kr: ~0.3 ppt mol/mol
– 1/20 of PandaX-II

Typical single 
photon pulse

Vertex distribution 
of β-γ candidates

Ning Zhou, SUSY 2021, 2021-08-26

average single 
photon detection 
efficiency: 96%.



Energy reconstruction
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• Energy resolution @ 41.5 keV: 6.8%

#Set PDE [%] EEE [%] SEGb [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

131Xe*

129Xe*

Ning Zhou, SUSY 2021, 2021-08-26

Kr83m 
calibration



Detector response calibration
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• Light/charge yield, as well as fluctuations
– Deuteron-deuteron (DD) neutron data used together with AmBe

– Rn data

Ning Zhou, SUSY 2021, 2021-08-26

Head-on 
collision peak

DD AmBe Rn



Efficiencies obtained from calibration data
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• Same S1 and S2 efficiency obtained from the ER and NR data
• Plateaued efficiency ~ 80%
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Fiducial volume determination

21

• Based on background simulation
– Uniform ER (including tritium) 

normalization from data

• Define FoM = sqrt(B)/M
• Best FV = 2.67 tonne
• FV cuts in the data maintaining the 

same FV (correcting for 
reconstruction bias) 

Ning Zhou, SUSY 2021, 2021-08-26



Tritium background
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• Tritium spectrum identified in 
the data

• Likely originated from a 
tritium calibration at the end 
of PandaX-II

• Level floating in the final dark 
matter fit: ~ 5(0.3)x10-24
(mol/mol)

Toy fit – only
Tritium + flat background

Erec (keV)

set 4

Ning Zhou, SUSY 2021, 2021-08-26



Background composition

23

• Background per unit target is 
improved from PandaX-II by 
4 times (<10 keV) 

• Expected below-NR-median 
events: 9.8 (0.6) evts

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)

Xe136 31 (6)
Xe127 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)
Ning Zhou, SUSY 2021, 2021-08-26



DM candidates

24

• FV: 2.67 tonne
• Exposure: 0.63 tonne-year
• Selection:

– S1: 2 – 135 PE

– S2raw: > 80 PE

– S2 < 20000

• Candidates
– 1058 candidates
– 6 below NR median line  

Ning Zhou, SUSY 2021, 2021-08-26



Position distributions

25

• Events uniformly distributed in the FV, expected if dominated by 
tritium and radon events.

Ning Zhou, SUSY 2021, 2021-08-26
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Spectral comparison
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• Fit data with unbinned likelihood 
with all signal/background PDFs 
in (S1, S2b) 

• No excess found, background-
only p-value 0.58

• Spectrum agrees with expected 
background

Ning Zhou, SUSY 2021, 2021-08-26



WIMP-nucleon SI exclusion limits
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SUSY benchmark contours (MasterCode)

EPJC 78, no.3, 256 (2018), EPJC 78, 158 (2018) 

arXiv: 2107.13438
• Exposure: 0.63 tonne-year
• Sensitivity improved from 

PandaX-II final analysis by 2.9
times  (30 GeV/c2)

• Our limit is ~1.24 times stronger 
than XENON1T around 30 GeV/c2

• Dived into previously unexplored 
territory!

• Approaching the “low E” neutrino 
floor

Ning Zhou, SUSY 2021, 2021-08-26



Next plan

28

• Xenon distillation to remove radioactive impurity like tritium
• Multiple physics tasks: DM, Xe136 0vDBD, solar neutrino, etc
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Original: 4.8%

HE optimized: 1.5%

Energy resolution @2.6 MeV 
reaches 1.5% with 
preliminary optimization

Ning Zhou, SUSY 2021, 2021-08-26

dark matter
1– 30 keVee

0vDBD
> 2MeVee

solar neutrino
< 200 keVee



Next-generation detector R&D
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• Low background PMT, xenon isotope separation, etc

30!"#$%&'()*+,
Ning Zhou, SUSY 2021, 2021-08-26

Unit: mBq/pc R12699 (30T) R11410 (4T)

Co-60 0.76±0.10 1.16±0.72
<2.34

Cs-137
0.02±0.08

<0.16
0.52±0.81

<1.85

K-40 26.42±1.78 8.37±8.47
<22.31

Th-232(early)
0.06±0.25

<0.46
4.33±2.16

<7.88

Th-232(late)
0.00±0.08

<0.12
1.50±0.96

<3.08

U-235
0.00±0.68

<1.11
13.13±8.53

<27.16

U-238(early)
3.32±1.84

<6.35
26.29±16.90

<54.09

U-238(late) 0.60±0.14 2.05±1.18
<3.99



Neutrino floor 
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• Non-uniform atmosphere neutrinos distribution, due to magnetic field
• CJPL has a unique advantage towards the “neutrino floor”

Honda et al. arXiv: 1502.03916magnetic field neutrino flux

Ning Zhou, SUSY 2021, 2021-08-26



Summary
• PandaX-II has completed successfully in 2019
• PandaX-4T, x10 more sensitive than PandaX-II
• PandaX-4T commissioning has completed
• Currently, PandaX-4T is performing an offline 

tritium removal, aiming to reduce the electron 
recoil background 

• In parallel, developing plan for the next 
generation experiment at CJPL

• Stay tuned!

31

THANK YOU

Today we hold the long 
cord in our hands，

when shall we bind fast 
the Grey Dragon?

Ning Zhou, SUSY 2021, 2021-08-26


