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PandaX: Particle and Astrophysical Xenon Experiment

15 institutions, ~100 collaborators
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PandaX detectors
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CJPL-II
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PandaX-4T @ Hall B2 of CJPL-II



PandaX-4T

• A multi-ton dual-phase xenon TPC at B2 hall of China Jinping Underground Laboratory 

• 1.2 m (D) ×1.2 m (H); Sensitive volume: 3.7-ton LXe; 3-inch PMTs: 169 top / 199 bottom 

• Water shielding
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PandaX-4T timeline
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2020/11 – 2021/04 Commissioning (Run 0)
95 days data

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

2021/11 – 2022/05 Physics run (Run 1)
164 days data

2022/09 – 2023/12 CJPL B2 hall construction
xenon recuperation, detector upgrade

Detector is taking Run 2 data



Liquid Xenon Time Projection Chamber  (LXe TPC)

• Prompt scintillation signal (S1) followed by drift
electron signal (S2)

• Measures the 3D position, energy, and time

• Nuclear Recoil (NR) and electron recoil (ER) 
discrimination 

• Single-site (SS) and multi-site (MS) event
discrimination

• Large monolithic target: High signal efficiency and 
effective self-shielding

• LXe TPC as a Total-Absorption 5D Calorimeter
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Multiple physics goals in one detector

keV 10 keV 100 keV 1 MeV
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WIMP signals

• Large target mass

• Great energy threshold

• NR and ER discrimination 
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• Great energy threshold
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Neutrino-electron scattering

• Large target mass

• Energy threshold and 
resolution
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Xe

WIMP signals

• Large target mass

• Great energy threshold

• NR and ER discrimination 

Neutrino-electron scattering

• Large target mass

• Energy threshold and 
resolution

Double beta decay

• Large target mass

• Excellent energy resolution

• Single vs multiple site event



Detecting a possible DM particle

 

WIMPS… 
FROM COLLISIONS WITH ORDINARY MATTER 

CDMS, Berkeley 

52 L. Baudis / Physics of the Dark Universe 4 (2014) 50–59

Fig. 2. (Left) Summed differential energy spectrum for pp and 7Be neutrinos (red) in a LXe detector. The electron recoil spectrum from the double beta decay of 136Xe (blue),
as well as the expected nuclear recoil spectrum fromWIMP scatters for a spin-independent WIMP–nucleon cross section of 2 ⇥ 10�47 cm2 (solid black) and 2 ⇥ 10�48 cm2

(dashed black) andWIMPmasses of 100 and 40 GeV/c2 is also shown. A 99.5% discrimination of electronic recoils is assumed. (Right): The differential nuclear recoil spectrum
from coherent scattering of neutrinos (red) from the Sun, the diffuse supernova background (DSNB), and the atmosphere (atm), compared to the one from WIMPs for
various masses and cross sections (black). The coherent scattering rate will provide an irreducible background for low-mass WIMPs, limiting the cross section sensitivity to
⇠4⇥10�45 cm2 forWIMPs of 6 GeV/c2 mass, whileWIMPmasses above⇠10 GeV/c2 will be significantly less affected. For both plots, the nuclear recoil signals are converted
to an electronic recoil scale (see [27]) and a nuclear recoil acceptance of 50% is assumed. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
Source: Figure from [27].

typically determined via mass spectrometry or neutron activation
analysis, while the activities of the late part of these chains,
226Ra, 228Ac, 228Th, are determined via gamma spectrometry using
ultra-low background HPGe detectors [25]. The neutrons are
then transported using Monte Carlo simulations to evaluate the
expected number of single-scatter nuclear recoils, which might be
difficult to distinguish from a potential WIMP signal [26].

In liquefied noble gas detectors, sources of radioactivity intrin-
sic to the WIMP target materials such as 39Ar, 85Kr and radon dif-
fusion provide challenging backgrounds for current and possibly
future detectors. For instance, impurity levels of ⇠1 ppt in natural
krypton and ⇠1 µ Bq/kg radon must be achieved by ton-scale ex-
periments aiming to probe WIMP–nucleon cross sections down to
10�47 cm2, with typical expected background rates from external
sources below 1 event per ton of target material and year.

The ultimate background source might be provided by the ir-
reducible neutrino flux. Solar pp-neutrinos will contribute to the
electronic recoil background via neutrino–electron scattering at
the level of ⇠10–25 events/(ton ⇥ year) in the low-energy, dark
matter signal region of a typical detector. Depending on the detec-
tor’s discrimination capabilities between electronic andnuclear re-
coils, solar pp-neutrinos may thus become a relevant background
at cross sections <10�48 cm2. Neutrino-induced nuclear recoils
from coherent neutrino–nucleus scatters cannot be distinguished
from a WIMP-induced signal. The 8B solar neutrinos yield up to
103 events/(ton⇥ year) for heavy targets such as xenon [28], how-
ever most of these events are below the energy thresholds of cur-
rent and likely also future noble liquid detectors. Nuclear recoils
from atmospheric neutrinos and the diffuse supernovae neutrino
background will yield event rates in the range 1–5 events/(100 ton
⇥ year), depending on the target material, and hence will dom-
inate measured spectra at a WIMP–nucleon cross section below
10�49 cm2 [28–31,27]. Fig. 2 shows the expected background
spectrum from pp and 7Be solar neutrinos (left), as well as from
coherent scattering of solar, atmospheric and diffuse supernova
background neutrinos (right) in a detector using xenon as target
material. Also shown are predictedWIMP-induced differential nu-
clear recoil spectra for various WIMP masses and cross sections.
The underlying assumptions are detailed in the figure caption, and
in [27].

4. Liquefied noble gases as WIMP targets

From all noble elements, only argon and xenon are currently
used as targets for darkmatter detection. Neon has been suggested

as a medium for low-energy neutrino detection, and could po-
tentially be employed in the search for WIMPs [32]. In their liq-
uid phase, noble elements are excellent media for building large,
homogeneous, compact and self-shielding detectors. Liquid xenon
(LXe) and liquid argon (LAr) are excellent scintillators and good
ionizers in response to the passage of radiation. The simultaneous
detection of ionization and scintillation signals allows to identify
the primaryparticle interacting in the liquid, for the ratio of the two
observables depends on dE/dx. In addition, the 3Dposition of an in-
teraction can be determined with sub-mm (in the z-coordinate) to
mm (in the x–y-coordinate) precisions in a time projection cham-
ber (TPC). These features, together with the relative ease of scale-
up to large detector masses, have contributed to make LXe and LAr
powerful targets for WIMP searches [33,34].

Table 1 summarizes the physical properties of argon and xenon.
Their atomic number, density, boiling point temperature, dielectric
constant, abundance in the atmosphere and intrinsic radioactive
isotopes determine practical aspects of a dark matter detector.
Xenon is heavier and its high liquid density helps to design
a compact detector geometry with efficient self-shielding. Its
fraction in the atmosphere is very low, making it more expensive
than natural argon. Xenon does not contain radioactive isotopes,
apart from the double beta emitter 136Xe, with a half-life recently
measured to be (2.165 ± 0.016 ± 0.059) ⇥1021 yr [35].

Atmospheric argon contains the radioactive 39Ar, with a mea-
sured ratio of 39Ar to 40Ar of 8.1⇥ 10�16 g/g, resulting in a specific
activity of 39Ar of 1 Bq/kg [36]. Its production by cosmic ray induced
reactions is dominated by the process 40Ar(n,2n)39Ar, which has an
energy threshold around 1 MeV. This increases the effective costs
of argon for large dark matter detectors, since depletion in 39Ar
by isotopic separation or by extraction from underground wells is
necessary. Depletion factors of larger than 100 have been achieved
by using argon extracted from underground gas wells [37]. An an-
thropogenic radioactive isotope present in noble liquids extracted
from air is 85Kr. Currently achieved natKr-levels after purification
using krypton-distillation columns are (1.0 ± 0.2) ppt [38] (with a
detection limit by gas chromatography and mass spectrometry of
0.008ppt), (3.5±1.0) ppt [39] and<2.7 ppt [40]. Levels of⇠0.1 ppt
will be necessary for an ultimate noble liquid dark matter detector
[27].

The energy loss of an incident particle in noble liquids is shared
between ionization, excitation and sub-excitation electrons liber-
ated in the ionization process. The average energy loss in ionization

上海交⼤ 韩柯 13PandaX DM and Neutrino



Current landscape 

15 27. Dark Matter

Backgrounds, including neutrinos: Early direct detection experiments employing low-
background Ge spectrometers featured background levels around 2 events/(kg d keV), while the
latest generation of liquid Xe experiments reduced this noise by almost five orders of magnitude, to
4◊10≠5 events/(kg d keV). In liquid xenon detectors, the measured ER spectra at low energies are
for the first time dominated by solar pp neutrino interactions, second-order weak decays, as well as
214Pb —-decays from radon mixed with the xenon. Other backgrounds are due to the radioactivity
of detector components, followed by cosmic muons and their secondaries such as fast neutrons. The
cosmic and environmental radiation are suppressed by going deep underground and surrounding the
experiments with appropriate shielding structures (mainly large water Cherenkov detectors for the
current and next-generation detectors). Activation of materials via cosmic-ray interactions produce
long-lived radio-nuclides (e.g., 39Ar, 60Co, 68Ge, 32Si, etc), while long-lived, human-made isotopes
(85Kr, 137Cs, etc) can mix with detector materials or generate surface backgrounds. For details, we
refer to Section 36.6 of this Review.

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

The final backgrounds are due to the irreducible neutrino flux from the Sun, the atmosphere and
the di�use supernovae background [150]. Solar pp-neutrinos start dominating the electronic recoil
background due to elastic neutrino-electron scatters, at a level of ≥ (10 ≠ 25) events/(t y) below
energies of ≥100 keV, while coherent elastic neutrino-nucleus scatters (CE‹NS) from 8B solar neu-
trinos will induce up to ≥ 103 events/(t y) for high-A targets, at nuclear recoil energies below ≥few
keV. Nuclear recoils from atmospheric neutrinos and the di�use supernovae neutrino background
will yield event rates in the range (1 ≠ 5) events/(100 t y), depending on the detector material. In
general, 8B and atmospheric neutrinos will impact light (Æ 6 GeV) and heavy (100 GeV and above)
DM searches for cross sections on nucleons below ≥ 10≠45 cm2 and ≥ 10≠49 cm2, respectively. The
precise cross-sections where neutrinos constitute a dominant background strongly depend on the
systematic uncertainties on the neutrino flux normalisation for each source [151]. For very low
energy thresholds to nuclear recoils, e.g. 10-30 eV in Ge and Si detectors, CE‹NS due to the 7Be
neutrino flux become relevant for exposures of ≥50 kg y [152]. For DM searches with electron re-

31st May, 2024

PDG 2024

~1 event per ton-year
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Run1 Data Taking & Challenges

陶奕 中国物理学会⾼能物理分会(2024)

Run 0 Run 1

Ø  Gate -6kV, Cathode -16kV (Gate trip once)

Ø Failure of liquid level controlling
• liquid level sensitive to the circulation flow rate
• monitoring through the drift time of gate 

events and single electron gain (SEG)
• dividing into 6 subsets accordingly

e- lifetime

Liquid level

Ø  e--lifetime monitoring through α events
• maximum reaches 1800 us
• sensitive to operation condition

Ø Additional malfunctioned PMTs (see next)
Ø Improvements and updates

• Charge correction
• Position correction

PandaX-4T Summer 2024 data release (Run 0+Run 1)

• Run 1: Gate -6kV, Cathode -16kV (Gate trip once)

• Updated detector response and background budgets
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Major improvement 
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Tritium Level (after unblinding)

陶奕 中国物理学会⾼能物理分会(2024)

Run0: Set ①-⑤    Run1: Set ①-⑥

Ø Significant reduction from Run0 to Run1 (~8 times)

Ø Consistent with S1-only estimation used before 
unblinding

Ø Floating in the final PLR fit

Run0

Run1

tritium

flat ER
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Tritium Level (after unblinding)

陶奕 中国物理学会⾼能物理分会(2024)

Run0: Set ①-⑤    Run1: Set ①-⑥

Ø Significant reduction from Run0 to Run1 (~8 times)

Ø Consistent with S1-only estimation used before 
unblinding

Ø Floating in the final PLR fit

Run0

Run1

tritium

flat ER

• Significant reduction from Run0 to Run1 (~8 times) 

• Consistent with S1-only estimation used before unblinding



Most recent DM result

• Fully blind analysis Run0+Run1: Scanning 
WIMP mass from 5 to 10000 GeV/c2 

• No significant excess!

• State-of-the-art: >100 GeV/c2 

• Lowest upper limit: 1.6×10−47 cm2 at 40 

GeV/c2 after -1σ power-constraint 

• arXiv:2408.00664
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(a) Y vs. X

(b) Z vs. R2

FIG. 2. Spatial distributions of the final dark matter candi-
dates in (a) Y vs. X, and (b) Z vs. R2, overlaid with FV
for Run0 (purple dashed) and Run1 (blue dashed). In (a),
areas enclosed by the green dashed lines indicate the regions
a↵ected by malfunctioned top PMTs in Run1. Events located
below the NR median curves are indicated in red dots, with
the same numbering scheme as in Fig. 1.

flux from our recent measurement [38] is used, the local
significance of the excess at 6 GeV/c2 is reduced to 1.4�.
On the other hand, a downward fluctuation is observed
for DM masses above 15 GeV/c2 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. 3. The limit is slightly outside +1� sen-
sitivity band at the low mass end, and approaches �1�
when the DM mass increases to above 15 GeV/c2 , consis-
tent with the data features discussed above. The lowest

excluded cross section of 1.6⇥10�47 cm2 occurs at a DM
mass of 40 GeV/c2 . In comparison to earlier results from
XENONnT [4] and LZ [3], we obtain the most stringent
upper limit for DM mass larger than 100 GeV/c2 .

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 ±1� 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
Run1 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⇥ 10�47 cm2 at 40 GeV/c2 DM mass.
These findings establish a new, stringent constraint at
a DM mass exceeding 100 GeV/c2 . 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 e↵orts 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.
This project is supported in part by grants from Na-

tional Science Foundation of China (Nos. 12090060,
12090061, 12205181, 12222505, 12325505, U23B2070), a
grant from the Ministry of Science and Technology of
China (Nos. 2023YFA1606200, 2023YFA1606201, and
by O�ce of Science and Technology, Shanghai Municipal
Government (grant No. 22JC1410100, 21TQ1400218).
We thank for the support by the Fundamental Research
Funds for the Central Universities. We also thank the
sponsorship from the Chinese Academy of Sciences Cen-
ter for Excellence in Particle Physics (CCEPP), Hong-



Multiple physics goals in one detector

keV 10 keV 100 keV 1 MeV
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Double beta decay 

• Large target mass

• Excellent energy resolution

• Single vs multiple site event

Xe-136, 
8.9%

Xe-134, 10.4%

Xe-132, 26.9%

Xe-131, 21.2%

Xe-130, 4.0%

Xe-129, 26.4%

Xe-124, 0.1%



Neutrinoless Double beta decay (NLDBD)

• Neutrinoless double beta decay probes the nature of neutrinos: Majorana or Dirac

• Lepton number violating process

• Measure energies of emitted electrons
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Run1

Search for 136Xe 0νββ with  LXe TPC 

Bkg rate 
(/keV/ton/y)

Energy 
resolution

FV mass (kg) Run time Sensitivity/Limit 
(90% CL, year)

Year

PandaX-II ~200 4.2% 219 403.1 days 2.4 ×1023 2019

XENON1T ~20 0.8% 741 202.7 days 1.2 × 1024 2022

PandaX-4T 6 1.9% ~650 ~250 days > 1024 Expeted soon
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Multiple physics goals in one detector
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Double beta decay 

• Large target mass

• Excellent energy resolution

• Single vs multiple site event

Xe-136, 
8.9%

Xe-134, 10.4%

Xe-132, 26.9%

Xe-131, 21.2%

Xe-130, 4.0%

Xe-129, 26.4%

Xe-124, 0.1%



• Q=826 keV; Half-life from theoretical predictions: 1024-1025 yr; Never been observed

• Previous 2νββ (0νββ) half-life limit from EXO-200 : 𝑇 >8.7x1020 yr (1.1x1023 yr) at 90% CL

• PandaX-4T: more 134Xe; much less 136Xe; wider energy range; discovery possible

134Xe (0)2νββ searches at PandaX-4T
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PandaX-4T EXO-200

134Xe mass 68.7 kg 18.1 kg

136Xe abundance 8.90% 81%

Analysis threshold 200 keV 460 keV

Live Time 94.9 days 600 days



134Xe half-life limits @ PandaX-4T
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• Simultaneous fit for 134Xe 2𝜈𝛽𝛽 and 0𝜈𝛽𝛽

• Final counts of 2𝜈𝛽𝛽 and 0𝜈𝛽𝛽: 10±269(stat.)±680(syst.) and 105±48(stat.)±38(syst.)

• 90% CL lower limits on the half-life： 𝑇!/#
#$%% > 2.8 ( 1022	 yr  and 𝑇!/#

&$%% > 3.0 ( 1023	 yr 

PandaX, Phys.Rev.Lett. 132 (2024) 15, 152502
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上海交⼤ 韩柯LXe
TPC

Larger
Cleaner
Detector
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PandaX-xT: Multi-ten-tonne Liquid Xenon Observatory 

• Active target: 43 tons of Xenon
• Test the WIMP paradigm to the neutrino floor 

• Explore the Dirac/Majorana nature of neutrino 

• Search for astrophysical or terrestrial neutrinos and 
other ultra-rare interactions 

• Notable detector improvements:

• High-granularity, low-background 2-in PMT array

• Cu/Ti vessel for improved radiopurity

• Inner liquid scintillator veto

PandaX DM and Neutrino 上海交⼤ 韩柯 28

arXiv:2402.03596
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Distillation
Tower

Water Shielding Tank

OVETO

Dual-Phase Xenon 
Time Projection 
Chamber

Electronics and 
DAQ System

Cryogenics and 
Circulation System

arXiv:2402.03596



PandaX-xT physics

• 4 ton of 136Xe: one of the largest 0νββ experiments

• Effective self-shielding: Xenon-related background 
dominates in the 8.4-tonne center FV
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41 meV

10 meV

• WIMP search FV mass: 34 tons 

• 99.7% ER rejection power and a 50% NR acceptance



Multiple physics goals in one detector

keV 10 keV 100 keV 1 MeV
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𝜈
𝜈

Xe

• LXe TPC as a Total-Absorption 5D Calorimeter is a powerful tool 

• Fully exploit the entire energy range of LXe TPC for rich physics in dark 
matter and neutrino physics 



Thank you very much

We welcome new collaborators
 

at PandaX-xT 



Competitive in other neutrino physics topics as well

• Coherent scattering of solar 8B neutrino: from a first observation in LXe TPC to precision measurement 

• Electron scattering of solar pp neutrino: competitive precision at a wider energy range

• Neutrinos with abnormal magnetic moments: a better sensitivity than astrophysical observations 
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Head-to-head with other DM/0νββ experiments 
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Bkg rate 
(/keV/ton/y)

Energy 
resolution Mass (ton) Run time

Sensitivity/Lim
it (90% CL, 

year)

PandaX-4T 6 1.9% 4 94.9 days > 1024

XENONnT 1 0.8% 6 1000 days 
(expected) 2 × 1025

LZ 0.3 1% 7 1000 days 
(expected) 1 × 1026

KamLAND-ZEN 0.002 5% 0.8 (136Xe) 1.5 years 2.3 × 1026

nEXO 0.006 1% 5  (136Xe) 10 years 1.35 × 1028 **

DARWIN 0.004* 0.8% 40 10 years 2 × 1027

PandaX-xT 0.002* 1% 43 10 years 3⨉1027

* Major difference from cosmogenic 137Xe; ** '(	sensitivity is 6⨉1027 yr, for detector performance comparison in the table.



New 2” multi-anode R12699 PMT for LXe TPC

• Higher granularity while maintaining low dark noise: best of both large PMT and SiPM

• Improved position reconstruction for better event topology 

• 2” array has an effectively wider dynamic range for DM and DBD simultaneously 

• Faster timing for possible pulse shape analysis or Cerenkov/Scintillation separation

• Collaboration between PandaX and Hamamatsu for a low-radioactivity version of R12699

上海交⼤ 韩柯 35

R8520 R11410                R12699

Conceptual array for a PandaX-4T-sized TPC
PandaX DM and Neutrino



Possible isotope seperation/enrichment

• Xenon with artificially modified isotopic abundance (AMIA) for smoking gun discovery
• A split of odd and even nuclei

• Further enrichment of 136Xe

• to improve sensitivity to spin-dependence of DM-nucleon interactions and 0νββ
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Majorana neutrino and Double beta decay

1930, Pauli
Idea of neutrino

1933, Fermi
Beta decay theory

From Physics World

�̄ = �
1935, Goeppert-Mayer
Two-Neutrino double beta decay

1937, Majorana
Majorana Neutrino

1939, Furry
Neutrinoless double beta decay

!"
#$%𝑋𝑒 → !%

#$%𝐵𝑎 + 2𝑒& + (2𝜐̅)
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Detection of double beta decay

• Examples:

Sum of two electrons energy

2νββ

0νββ

• Measure energies of emitted electrons

• Electron tracks are a huge plus

• Daughter nuclei identification
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Extremely slow process

• 2νββ: Second-order weak interaction; half-life～1020 yr

• Sensitivity of next-generation 0νββ experiment: 1027yr

• Ton-scale experiment ～1 signal per year

B. Pritychenko Nuclear Physics A 1033 (2023) 122628

Fig. 1. Human/Astrophysical/Nuclear Time Scales. The nuclear time scale is based on the 128Te(2β−) half-life and the 
lower limit for hypothetical proton decay.

Two-neutrino decay mode is observed in more than a dozen nuclei [2–4], and experimental 
half-lives exceed the age of the Universe [5] by many orders of magnitude. 2β(2ν)-decay is 
the rarest observed nuclear decay in nature. Fig. 1 data show that double-beta decay half-lives 
exceed human and cosmological lifetimes, and only the hypothetical decay of protons into other 
subatomic particles [6] is rarer.

Since 1935, thousands of double-beta decay works were published in the literature. Analysis 
of the Nuclear Science References database [7] shows that ≈ 35% of papers are experimental, 
and the rest are theoretical. Published theoretical calculations provide a very extensive range of 
possible scenarios and observables. Due to the lack of a nuclear theory that comprehensively de-
scribes atomic nuclei from calcium to uranium with good precision, nuclear physicists often use 
different models to calculate the properties of chosen nuclei. To resolve variations in published 
predictions and produce realistic recommendations for the sensitivity estimates of future experi-
ments across the nuclear chart, it is worth to analyze the evaluated half-lives, deduce trends, and 
constrain the theoretical pursuits using a phenomenological approach [8,9].

2. Compilation and evaluation of experimental data

Double-beta decay is an important nuclear physics phenomenon and experimental results in 
this field have been compiled by several groups [3,10,11], and multiple evaluations have been 
produced [2,12,4]. In this work, we will select the NNDC evaluation [2] that was produced using 
the internationally recommended nuclear structure and decay evaluation practices [13–15].

3. Analysis of evaluated half lives

Table 1 shows the NNDC evaluated values which were deduced using the limitation of mini-
mum statistical weight procedures [16]. All final results from distinct experiments were included 
in the evaluation process. It is helpful to analyze the evaluated half-lives using the Grodzins’ 
method [8,9]. In the analysis, we will consider only 2β−-decay 0+ → 0+ ground-state transi-
tions, i.e. transitions without γ -rays. 2β−-decay relatively high Q-values [17] and deformation 
parameters (β2) [18] lead the decay to the level of sensitivity of modern experiments, and it has 

2

209Bi (𝛼)

Phase	space	factor Nuclear	matrix	element
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Multiple physics goals in one detector

keV 10 keV 100 keV 1 MeV
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Neutrino-electron scattering

• Large target mass

• Energy threshold and 
resolution



Solar pp neutrino scattering on electrons

• The world’s leading direct detection result is from Borexino with a recoil energy of >165 keV 

• PandaX-4T aims to measure the lower energy spectrum than Borexino 
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ranging from less than one to a few tens of counts per day per 100 tons 
(t) for different solar-neutrino components. To cope with such a low 
event rate, Borexino has a large target mass (about 300 t) and is housed 
deep underground, under 3,800 m water equivalent of dolomitic rock 
that suppresses the flux of cosmic radiation by a factor of approximately 
one million. For more details on the detector, see Methods.

Radioactive decays of unstable isotopes contained in the scintillator 
or in the materials surrounding it represent the main sources of back-
ground (referred to as internal and external, respectively). Whereas 
external background is greatly reduced by concentric layers of high- 
purity materials surrounding the scintillator and by the selection of a 
centrally located software-defined fiducial volume, most of the inter-
nal background can only be cut down by means of liquid-scintillator 
purification. Particularly, interactions of beta particles (β; electrons 
and positrons) and of gamma particles (γ; high-energy photons) must 
be reduced to very low levels, since they cannot be distinguished from 
neutrino interactions on an event-by-event basis. Borexino has reached 
unprecedented levels of scintillator radio-purity. As an example, one 
gram of liquid scintillator contains less than 9.4 × 10−20 grams of 
uranium-238 and less than 5.7 × 10−19 grams of thorium-232 (95% 
confidence level, C.L.), a concentration about ten orders of magni-
tude smaller than in any natural material on Earth. This low level of 
background has enabled real-time detection of solar neutrinos with an 
energy threshold of 0.19 MeV, and allowed us to perform the complete 
spectroscopy of the pp chain.

Solar neutrinos reach the Earth as a mixture of all neutrino flavours 
(electronic, muonic, and tauonic) owing to the flavour-conversion mech-
anism enhanced by the MSW effect (see Methods). Borexino detects 
them by means of their weak elastic scattering off electrons. A fraction 
of the incoming neutrino energy Eν is transferred to one electron, which 

deposits it in the liquid scintillator. The scintillator light is detected by 
about 2,000 photomultiplier tubes, which ensure high detection effi-
ciency of photoelectrons produced by incident optical photons at their 
photocathodes. For 7Be (Eν = 0.384 MeV and 0.862 MeV) and pep 
(Eν = 1.44 MeV) neutrinos, the induced electron recoil endpoints are 
0.230 MeV, 0.665 MeV and 1.22 MeV, respectively. For the continuous pp 
and 8B spectra, they are 0.261 MeV and 15.2 MeV, respectively.

The detected light and its time distribution among photomultiplier 
tubes yield three important quantities for each interaction event in  
the detector: its deposited energy, roughly proportional to the total 
number of detected photoelectrons; its position within the detector, 
obtained from the analysis of the photon arrival times at each photo-
multiplier tube; and its particle identification, based on a pulse-shape 
discrimination method that exploits the different time structure of 
liquid-scintillator light pulses produced by different particles (elec-
trons, positrons, α particles and protons)27. For reference, a 1-MeV 
electron produces on average 500 photoelectrons in 2,000 photomul-
tiplier tubes, its energy is measured with σ ≈ 50 keV and its position is 
reconstructed28,29 with σ ≈ 12 cm.

We divided the analysis into two energy regions that are affected 
by different backgrounds, which need to be handled differently: a 
low-energy region (LER) of 0.19–2.93 MeV, to measure the pp, 7Be 
and pep neutrino interaction rates, and a high-energy region (HER) of 
3.2–16 MeV, to measure 8B neutrinos. For the same reason, the HER is 
further divided into two subregions, below and above 5.7 MeV (HER-I 
and HER-II). The measurement of 8B neutrinos cannot be extended 
below 3.2 MeV because of the 2.614-MeV γ-ray background from 208Tl 
decays, originating from trace 232Th contamination of the thin nylon 
liquid-scintillator containment vessel.

The reconstructed position of each event within the detector allows 
us to define a fiducial volume optimized differently for the analysis in 
the LER and HER-I/II. The LER fiducial volume is chosen to suppress 
external γ-rays from 40K, 214Bi and 208Tl contained in materials sur-
rounding the scintillator and consists of the innermost 71.3 t of scintil-
lator selected with a radial cut (radius R < 2.8 m) and a cut in the vertical 
direction (−1.8 m < z < 2.2 m). The HER is above the energy of the 
aforementioned γ-rays. The analysis in HER-I requires only a z < 2.5 m 
cut to suppress background events related to a small pinhole in the inner 
vessel that causes liquid scintillator to leak into the region outside the 
inner vessel. The total selected mass in this case is 227.8 t. In contrast, 
the analysis in HER-II uses the entire scintillator volume, 266 t, since 
the above-mentioned background does not affect this energy window.

The LER analysis uses exclusively Borexino Phase-II data collected 
between December 2011 and May 2016, in which the internal 85Kr and 
210Bi contamination was reduced with respect to Borexino Phase-I, 
thanks to a liquid-scintillator purification campaign carried out in 
2010 and 2011. The total LER exposure is 1,291.51 days × 71.3 t.  
With the exception of 208Tl decays (Q-value, total energy released  
in the decay, about 5 MeV), the HER is above the natural, long-lived 
radioactive background, making it possible to use a larger dataset, col-
lected between January 2008 and December 2016, for a total exposure 
of 2,062.4 days × 227.8 (266.0) t for HER-I (or HER-II), respectively.

The analysis proceeds in two steps: (1) the event selection, with a 
different set of cuts in the three energy regions to maximize the signal- 
to-background ratio, and (2) the extraction of the neutrino and  
residual background rates with a combined fit of distributions of global 
quantities built for the events surviving the cuts. The main event selec-
tion criteria are conceptually similar for the LER and the HER and are 
conceived to: reject cosmic muons surviving the mountain shield30; 
reduce the cosmogenic background (that is, radioactive elements pro-
duced in muon-induced nuclear spallation processes); and select an 
optimal spatial region of the scintillator (the fiducial volume). More 
details on the cuts are discussed in Methods.

Several backgrounds, listed in Table 1 and described in detail in 
Methods, survive the event selection cuts. To disentangle the neu-
trino signal from these backgrounds, two different fitting strategies 
are adopted for the LER and the HER. The LER analysis follows a 

Fig. 1 | Nuclear fusion sequences and neutrino energy spectrum. 
Schematic view of the pp and CNO nuclear fusion sequences. The solar-
neutrino energy spectrum is obtained from http://www.sns.ias.edu/~jnb/, 
using the updated fluxes taken from ref. 18. The flux (vertical scale) is given 
in units of cm−2 s−1 MeV−1 for continuum sources and in cm−2 s−1 for 
monoenergetic sources.
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Solar pp neutrino scattering on electrons

• The world’s leading direct detection result is from Borexino with a recoil energy of >165 keV 

• PandaX-4T aims to measure the lower energy spectrum than Borexino 
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ranging from less than one to a few tens of counts per day per 100 tons 
(t) for different solar-neutrino components. To cope with such a low 
event rate, Borexino has a large target mass (about 300 t) and is housed 
deep underground, under 3,800 m water equivalent of dolomitic rock 
that suppresses the flux of cosmic radiation by a factor of approximately 
one million. For more details on the detector, see Methods.

Radioactive decays of unstable isotopes contained in the scintillator 
or in the materials surrounding it represent the main sources of back-
ground (referred to as internal and external, respectively). Whereas 
external background is greatly reduced by concentric layers of high- 
purity materials surrounding the scintillator and by the selection of a 
centrally located software-defined fiducial volume, most of the inter-
nal background can only be cut down by means of liquid-scintillator 
purification. Particularly, interactions of beta particles (β; electrons 
and positrons) and of gamma particles (γ; high-energy photons) must 
be reduced to very low levels, since they cannot be distinguished from 
neutrino interactions on an event-by-event basis. Borexino has reached 
unprecedented levels of scintillator radio-purity. As an example, one 
gram of liquid scintillator contains less than 9.4 × 10−20 grams of 
uranium-238 and less than 5.7 × 10−19 grams of thorium-232 (95% 
confidence level, C.L.), a concentration about ten orders of magni-
tude smaller than in any natural material on Earth. This low level of 
background has enabled real-time detection of solar neutrinos with an 
energy threshold of 0.19 MeV, and allowed us to perform the complete 
spectroscopy of the pp chain.

Solar neutrinos reach the Earth as a mixture of all neutrino flavours 
(electronic, muonic, and tauonic) owing to the flavour-conversion mech-
anism enhanced by the MSW effect (see Methods). Borexino detects 
them by means of their weak elastic scattering off electrons. A fraction 
of the incoming neutrino energy Eν is transferred to one electron, which 

deposits it in the liquid scintillator. The scintillator light is detected by 
about 2,000 photomultiplier tubes, which ensure high detection effi-
ciency of photoelectrons produced by incident optical photons at their 
photocathodes. For 7Be (Eν = 0.384 MeV and 0.862 MeV) and pep 
(Eν = 1.44 MeV) neutrinos, the induced electron recoil endpoints are 
0.230 MeV, 0.665 MeV and 1.22 MeV, respectively. For the continuous pp 
and 8B spectra, they are 0.261 MeV and 15.2 MeV, respectively.

The detected light and its time distribution among photomultiplier 
tubes yield three important quantities for each interaction event in  
the detector: its deposited energy, roughly proportional to the total 
number of detected photoelectrons; its position within the detector, 
obtained from the analysis of the photon arrival times at each photo-
multiplier tube; and its particle identification, based on a pulse-shape 
discrimination method that exploits the different time structure of 
liquid-scintillator light pulses produced by different particles (elec-
trons, positrons, α particles and protons)27. For reference, a 1-MeV 
electron produces on average 500 photoelectrons in 2,000 photomul-
tiplier tubes, its energy is measured with σ ≈ 50 keV and its position is 
reconstructed28,29 with σ ≈ 12 cm.

We divided the analysis into two energy regions that are affected 
by different backgrounds, which need to be handled differently: a 
low-energy region (LER) of 0.19–2.93 MeV, to measure the pp, 7Be 
and pep neutrino interaction rates, and a high-energy region (HER) of 
3.2–16 MeV, to measure 8B neutrinos. For the same reason, the HER is 
further divided into two subregions, below and above 5.7 MeV (HER-I 
and HER-II). The measurement of 8B neutrinos cannot be extended 
below 3.2 MeV because of the 2.614-MeV γ-ray background from 208Tl 
decays, originating from trace 232Th contamination of the thin nylon 
liquid-scintillator containment vessel.

The reconstructed position of each event within the detector allows 
us to define a fiducial volume optimized differently for the analysis in 
the LER and HER-I/II. The LER fiducial volume is chosen to suppress 
external γ-rays from 40K, 214Bi and 208Tl contained in materials sur-
rounding the scintillator and consists of the innermost 71.3 t of scintil-
lator selected with a radial cut (radius R < 2.8 m) and a cut in the vertical 
direction (−1.8 m < z < 2.2 m). The HER is above the energy of the 
aforementioned γ-rays. The analysis in HER-I requires only a z < 2.5 m 
cut to suppress background events related to a small pinhole in the inner 
vessel that causes liquid scintillator to leak into the region outside the 
inner vessel. The total selected mass in this case is 227.8 t. In contrast, 
the analysis in HER-II uses the entire scintillator volume, 266 t, since 
the above-mentioned background does not affect this energy window.

The LER analysis uses exclusively Borexino Phase-II data collected 
between December 2011 and May 2016, in which the internal 85Kr and 
210Bi contamination was reduced with respect to Borexino Phase-I, 
thanks to a liquid-scintillator purification campaign carried out in 
2010 and 2011. The total LER exposure is 1,291.51 days × 71.3 t.  
With the exception of 208Tl decays (Q-value, total energy released  
in the decay, about 5 MeV), the HER is above the natural, long-lived 
radioactive background, making it possible to use a larger dataset, col-
lected between January 2008 and December 2016, for a total exposure 
of 2,062.4 days × 227.8 (266.0) t for HER-I (or HER-II), respectively.

The analysis proceeds in two steps: (1) the event selection, with a 
different set of cuts in the three energy regions to maximize the signal- 
to-background ratio, and (2) the extraction of the neutrino and  
residual background rates with a combined fit of distributions of global 
quantities built for the events surviving the cuts. The main event selec-
tion criteria are conceptually similar for the LER and the HER and are 
conceived to: reject cosmic muons surviving the mountain shield30; 
reduce the cosmogenic background (that is, radioactive elements pro-
duced in muon-induced nuclear spallation processes); and select an 
optimal spatial region of the scintillator (the fiducial volume). More 
details on the cuts are discussed in Methods.

Several backgrounds, listed in Table 1 and described in detail in 
Methods, survive the event selection cuts. To disentangle the neu-
trino signal from these backgrounds, two different fitting strategies 
are adopted for the LER and the HER. The LER analysis follows a 

Fig. 1 | Nuclear fusion sequences and neutrino energy spectrum. 
Schematic view of the pp and CNO nuclear fusion sequences. The solar-
neutrino energy spectrum is obtained from http://www.sns.ias.edu/~jnb/, 
using the updated fluxes taken from ref. 18. The flux (vertical scale) is given 
in units of cm−2 s−1 MeV−1 for continuum sources and in cm−2 s−1 for 
monoenergetic sources.
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PandaX-4T result

• The first solar pp neutrino measurement in recoil 
energy from 24 to 144 keV with 0.63-tonne × year 
of PandaX-4T Run 0 exposure

• Consistent with Standard Solar Model and existing 
measurements. 
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Multiple physics goals in one detector

CE𝜈NS (NR)

• Large target mass

• Better energy threshold

• NR and ER discrimination

keV 10 keV 100 keV 1 MeV
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52 L. Baudis / Physics of the Dark Universe 4 (2014) 50–59

Fig. 2. (Left) Summed differential energy spectrum for pp and 7Be neutrinos (red) in a LXe detector. The electron recoil spectrum from the double beta decay of 136Xe (blue),
as well as the expected nuclear recoil spectrum fromWIMP scatters for a spin-independent WIMP–nucleon cross section of 2 ⇥ 10�47 cm2 (solid black) and 2 ⇥ 10�48 cm2

(dashed black) andWIMPmasses of 100 and 40 GeV/c2 is also shown. A 99.5% discrimination of electronic recoils is assumed. (Right): The differential nuclear recoil spectrum
from coherent scattering of neutrinos (red) from the Sun, the diffuse supernova background (DSNB), and the atmosphere (atm), compared to the one from WIMPs for
various masses and cross sections (black). The coherent scattering rate will provide an irreducible background for low-mass WIMPs, limiting the cross section sensitivity to
⇠4⇥10�45 cm2 forWIMPs of 6 GeV/c2 mass, whileWIMPmasses above⇠10 GeV/c2 will be significantly less affected. For both plots, the nuclear recoil signals are converted
to an electronic recoil scale (see [27]) and a nuclear recoil acceptance of 50% is assumed. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
Source: Figure from [27].

typically determined via mass spectrometry or neutron activation
analysis, while the activities of the late part of these chains,
226Ra, 228Ac, 228Th, are determined via gamma spectrometry using
ultra-low background HPGe detectors [25]. The neutrons are
then transported using Monte Carlo simulations to evaluate the
expected number of single-scatter nuclear recoils, which might be
difficult to distinguish from a potential WIMP signal [26].

In liquefied noble gas detectors, sources of radioactivity intrin-
sic to the WIMP target materials such as 39Ar, 85Kr and radon dif-
fusion provide challenging backgrounds for current and possibly
future detectors. For instance, impurity levels of ⇠1 ppt in natural
krypton and ⇠1 µ Bq/kg radon must be achieved by ton-scale ex-
periments aiming to probe WIMP–nucleon cross sections down to
10�47 cm2, with typical expected background rates from external
sources below 1 event per ton of target material and year.

The ultimate background source might be provided by the ir-
reducible neutrino flux. Solar pp-neutrinos will contribute to the
electronic recoil background via neutrino–electron scattering at
the level of ⇠10–25 events/(ton ⇥ year) in the low-energy, dark
matter signal region of a typical detector. Depending on the detec-
tor’s discrimination capabilities between electronic andnuclear re-
coils, solar pp-neutrinos may thus become a relevant background
at cross sections <10�48 cm2. Neutrino-induced nuclear recoils
from coherent neutrino–nucleus scatters cannot be distinguished
from a WIMP-induced signal. The 8B solar neutrinos yield up to
103 events/(ton⇥ year) for heavy targets such as xenon [28], how-
ever most of these events are below the energy thresholds of cur-
rent and likely also future noble liquid detectors. Nuclear recoils
from atmospheric neutrinos and the diffuse supernovae neutrino
background will yield event rates in the range 1–5 events/(100 ton
⇥ year), depending on the target material, and hence will dom-
inate measured spectra at a WIMP–nucleon cross section below
10�49 cm2 [28–31,27]. Fig. 2 shows the expected background
spectrum from pp and 7Be solar neutrinos (left), as well as from
coherent scattering of solar, atmospheric and diffuse supernova
background neutrinos (right) in a detector using xenon as target
material. Also shown are predictedWIMP-induced differential nu-
clear recoil spectra for various WIMP masses and cross sections.
The underlying assumptions are detailed in the figure caption, and
in [27].

4. Liquefied noble gases as WIMP targets

From all noble elements, only argon and xenon are currently
used as targets for darkmatter detection. Neon has been suggested

as a medium for low-energy neutrino detection, and could po-
tentially be employed in the search for WIMPs [32]. In their liq-
uid phase, noble elements are excellent media for building large,
homogeneous, compact and self-shielding detectors. Liquid xenon
(LXe) and liquid argon (LAr) are excellent scintillators and good
ionizers in response to the passage of radiation. The simultaneous
detection of ionization and scintillation signals allows to identify
the primaryparticle interacting in the liquid, for the ratio of the two
observables depends on dE/dx. In addition, the 3Dposition of an in-
teraction can be determined with sub-mm (in the z-coordinate) to
mm (in the x–y-coordinate) precisions in a time projection cham-
ber (TPC). These features, together with the relative ease of scale-
up to large detector masses, have contributed to make LXe and LAr
powerful targets for WIMP searches [33,34].

Table 1 summarizes the physical properties of argon and xenon.
Their atomic number, density, boiling point temperature, dielectric
constant, abundance in the atmosphere and intrinsic radioactive
isotopes determine practical aspects of a dark matter detector.
Xenon is heavier and its high liquid density helps to design
a compact detector geometry with efficient self-shielding. Its
fraction in the atmosphere is very low, making it more expensive
than natural argon. Xenon does not contain radioactive isotopes,
apart from the double beta emitter 136Xe, with a half-life recently
measured to be (2.165 ± 0.016 ± 0.059) ⇥1021 yr [35].

Atmospheric argon contains the radioactive 39Ar, with a mea-
sured ratio of 39Ar to 40Ar of 8.1⇥ 10�16 g/g, resulting in a specific
activity of 39Ar of 1 Bq/kg [36]. Its production by cosmic ray induced
reactions is dominated by the process 40Ar(n,2n)39Ar, which has an
energy threshold around 1 MeV. This increases the effective costs
of argon for large dark matter detectors, since depletion in 39Ar
by isotopic separation or by extraction from underground wells is
necessary. Depletion factors of larger than 100 have been achieved
by using argon extracted from underground gas wells [37]. An an-
thropogenic radioactive isotope present in noble liquids extracted
from air is 85Kr. Currently achieved natKr-levels after purification
using krypton-distillation columns are (1.0 ± 0.2) ppt [38] (with a
detection limit by gas chromatography and mass spectrometry of
0.008ppt), (3.5±1.0) ppt [39] and<2.7 ppt [40]. Levels of⇠0.1 ppt
will be necessary for an ultimate noble liquid dark matter detector
[27].

The energy loss of an incident particle in noble liquids is shared
between ionization, excitation and sub-excitation electrons liber-
ated in the ionization process. The average energy loss in ionization



First indication of solar 8B neutrino CE𝜈NS 

• 1.5 tonne-year exposure

• (S1+S2) and (S2-only) data combined

• 2.64 s!

• Announced on 2024/7/8 at IDM2024; 7/15 
to arXiv and PRL

45

国际竞争：XENONnT 2.73 s, 7/10 IDM公布，8/6 arXiv

上海交⼤ 韩柯PandaX DM and Neutrino



Data selection
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• An identical FV as in 136Xe analysis, total isotopic exposure: 17.9 kg·yr

• Single site vs multi-site selection measured by 232Th calibration data

• Little impact to DBD signals (𝛽 SS events)

PandaX, Phys.Rev.Lett. 132 (2024) 15, 152502



Signal efficiencies

• 134Xe 2𝜈𝛽𝛽 and 0𝜈𝛽𝛽 events generated with the theoretical calculation

• The signal events went through PandaX-4T simulation and data processing chain

• ROI [200,1000]keV cut:

• 2𝜈𝛽𝛽: 60.56%

• 0𝜈𝛽𝛽: 99.98%

• SS ratio in ROI:

• 2𝜈𝛽𝛽: 99.89%

• 0𝜈𝛽𝛽: 98.23%
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Physical Review C 85, 034316 (2012)

http://dx.doi.org/10.1103/PhysRevC.85.034316


Background model
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Component Input Counts Constraint

60Co 130 13%

Materials 40K  133 8%

232Th 950 5% Measured in 136Xe 2𝜈𝛽𝛽 analysis

238U 274 8% Research 2022 (2022) 9798721

136Xe 12372 5%

212Pb 1012 29% Measured by its daughter 212Po alpha decay

85Kr 296 52% Determined by β−γ emission through the metastable state 85mRb

LXe 133Xe 3423 10% Estimated the β+γ shoulder of 133Xe between 90 and 120 keV

214Pb 19429 Free Determined by 222Rn

125Xe - Free short-lived xenon isotopes induced by neutron calibration 

Other Xe - Free 127Xe and  129mXe 


