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Majorana neutrino and double-beta decay

1930, Pauli
Idea of neutrino

1933, Fermi
Beta decay theory

From Physics World
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1935, Goeppert-Mayer
Two-Neutrino double beta decay (2nbb)

1937, Majorana
Majorana Neutrino

1939, Furry
Neutrinoless double beta decay (0nbb)
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0nbb probes the nature of neutrinos
• Majorana or Dirac
• Lepton number violation
• Effective Majorana mass
• Matter-antimatter asymmetry of the Universe
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Detection of 0nbb
• Measure energies of emitted electrons
• Electron tracks are a huge plus
• Daughter nuclei identification

Sum of two electrons energy

2νββ

0νββ

ν

136Xe 136Ba

e
e

ν

Emax=2458 keV

Simulated track of 0νββ in high pressure Xe
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Leading 0nbb experiments (isotope-enriched)

KamLAND-ZEN

Doped LS
136Xe

LEGEND family

HPGe
76Ge

EXO/nEXO

LXe TPC
136Xe
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CUORE/CUPID

Bolometer
130Te, 100Mo, 82Se



Astronomical evidence of dark matter (DM)
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星系旋转曲线

子弹星系团

引力透镜

宇宙背景微波辐射



Astronomical evidence of dark matter (DM)
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星系旋转曲线

子弹星系团

引力透镜

宇宙背景微波辐射



What could DM be...
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Samuel Velasco (Quanta Magazine)



暗物质
粒子

反冲能量

普通物质的原子

暗物质
探测器

“守株待兔”

DM direct detection
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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

Current landscape of WIMP search



Possible to combine searches for 0nbb and WIMP?
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Ø 3D position reconstruction

• Fiducialization

• Single-Site (SS) and Multi-Site (MS) discrimination

Ø Particle identification among a, neutron, and 
g/electron 

Ø Calorimeter from sub keV to a few MeV

Ø Monolithic and scalable

Suitable for detection of dark matter, 0nbb, and 
astrophysical neutrinos at the same time!  

Ø Low background

Ø Large target mass

Ø High detection efficiency

Dual-phase Xenon Time Projection Chamber (TPC)



PandaX: Particle and Astrophysical Xenon Experiment
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15 institutions, ~100 collaborators



PandaX pathway
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PandaX initiated

2020- 2027-2009 2010-2014 2015-2019

PandaX-I 
120 kg

PandaX-II 
580 kg

PandaX-4T 
3.7 tonne

PandaX-xT
20 tonne -> 47 tonne

Ø Increasing sensitive target volume
Ø Lowering radioactive background



China Jinping Underground Laborotary (CJPL)

～2400 ⽶

Ø Deepest (6800 m.w.e): < 0.2 muons/m2/day

Ø Horizontal access with ~9 km long tunnel: 
large truck can drive in
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CJPL-II layout
共4个主实验大厅，每个大厅尺寸：
65 m (长) x 14 m (宽) x 14 m (高)

世界上岩石覆盖最深，综合
条件最好的地下实验室
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PandaX-4T @ CJPL-II B2 Hall
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PandaX-4T @ CJPL-II B2 Hall
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Ø Dual-phase Xe TPC: 1.2 m (D) ×1.2 m (H)

Ø Total volume: 5.6 ton LXe

Ø Sensitive volume: 3.7 ton LXe

Ø 3-inch PMTs: 169 top / 199 bottom



PandaX-4T @ CJPL-II B2 Hall
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Ø Dual-phase Xe TPC: 1.2 m (D) ×1.2 m (H)

Ø Total volume: 5.6 ton LXe

Ø Sensitive volume: 3.7 ton LXe

Ø 3-inch PMTs: 169 top / 199 bottom

2020/11 – 2021/04 Commissioning run (Run0)
95 days of physics data

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

2021/11 – 2022/05 First science run (Run1)
164 days of physics data

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

Resume data-taking (Run2)



Some photos...
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CJPL-II B2 Hall

PandaX-4T Clean Room

Detector inside 
Water Shielding



PandaX-4T as multi-physics observatory
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•  
Ø Wide energy range: sub keV ~ a few MeV
Ø Large volume nature xenon target

Ø Background control and mitigation 

Majorana Neutrino
~2 MeV

Dark Matter
1 keV – 10 keV

Astrophysical Neutrino
~100 keV & sub-keV

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%



Some recent results...
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Dark Matter
Ø Run0+Run1 combined 1.54 tonne-year exposure

• Leading constraints for WIMP mass above 100 GeV
• Leading constraints for ALP and dark photon 150 keV - 1 MeV
• Competieve constaints on axion, neutrino magnetic moment, etc

Ø Limits on the luminance of dark matter
• First constraints on DM charge radius

PRL 134, 011805 (2025)
PRL 134, 071004 (2025)
PRL 134, 041001 (2025)

Nature 618, 47-50 (2023) 

Majorana
Neutrino

Ø First 136Xe 2nbb half-life precise measurement from natural xenon detector
• T1/2 = 2.27 ± 0.03(stat.) ± 0.10(syst.) × 1021 yr

Ø Leading 136Xe 0nbb half-life constraints from natural xenon detector
• 90% CL limits on half-life T1/2 > 2.1 × 1024 yr

Ø Leading 134Xe 2nbb and 0nbb half-life constraints
• 90% CL limits on half-life 𝑇!/#

#$%% > 2.8 × 1022 yr and 𝑇!/#
&$%% > 3.0 × 1023 yr

PRL 132, 152402 (2024)

arXiv: 2412.13979
available online at Sci. Bulletin

Astrophysical
Neutrino

CPC 48, 091001 (2024) 

Ø First indication of solar 8B neutrinos through CEnNS
• 2.64s significance
• Two ROI regions: paired (3.5±1.3 events) and S2-only (75±28 events)

Ø First attempt to detect solar pp neutrinos in xenon detector
• Flux: 8.0 ± 3.9(stat.) ± 10.0(syst.) × 1010 s−1 cm−2

PRL 133, 191001 (2024)

ν

136Xe 136Ba

e
e

ν

Emax=2458 keV

Research 2022, 9798721 (2022) 
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Extending energy from keV to MeV in Run0
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Dedicated data analysis pipeline is developed for O(100 keV) 
– O(MeV) energy range

Ø S2 waveform slicing to improve SS and MS identification

Ø PMT desaturation for large S2 signals

Ø Improvement of X-Y position reconstruction, energy 
linearity and energy resolution 0 1 2 3 4 5 6 7 8
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Bench test for saturation and new PMT base design

23

Ø New PMT base design to increase the dynamic range

Ø All PMT bases have been changed in Run2 

Ø PMT waveform saturation is studied by independent bench tests 

Ø Desaturation algorithm is checked and verified

05/19/2025 Xiang Xiao @ IHEP Seminar

JINST 19 P05021 (2024)



136Xe 2nbb spectrum and background fitting

24

Region 1

5

ated with the Decay0 package [33] as input for our simula-
tion. For DBD events with energy greater than 440 keV,
the SS fraction is 97.4% with a fractional uncertainty of
1.7% according to our detector response simulation.

A cylindrical FV with a radius of 33.2 cm and a height
of 66.3 cm in the geometrically center part of the detector
is selected for the final fit, with the range in the Z direc-
tion pre-determined by the event rate distribution in the
ROI. The FV is then determined from 220Rn and 83mKr
calibration data. Both internal calibration sources are
expected to be evenly distributed in the active volume.
The FV is defined where the proportionality between the
event counts and geometrically calculated volume is bet-
ter than 0.5%, and the uncertainty of the FV cut is esti-
mated as 1.0%. The FV is further divided into 4 regions,
as shown in Fig. 2 Bottom and data spectra are recon-
structed in each region. Region 1 is the innermost and
cleanest region. Region 2, 3, and 4 are on outside of
Region 1, where the external radioactive contaminations
from the top, bottom, and side of the detector, respec-
tively, have more impact.

We constructed a simultaneous fit with the binned like-
lihood function defined as
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where Nobs
ij , Nij are the observed and expected event

numbers in the j-th energy bin of the i-th region. Nij

are modeled as Eq. 2 according to PDFs of the DBD
spectrum SXe

ij and 13 background spectra Bk
ij for 222Rn

and the (category, isotope) pairs listed in Table I. The
PDFs are weighted by the number of counts nXe and nk

ij

for signal and backgrounds respectively. For background,
nk
ij is fixed while the nuisance parameters ⌘k denotes the

di↵erence between the prior and fitted counts. In the
likelihood function, a Gaussian penalty is added for each
background except 222Rn based on the prior uncertainty
�k listed in Table I. The prior 222Rn level is measured in
situ with the number of high-energy alpha particles emit-
ted in the decay chain with small uncertainty. However,
the number of 214Pb may be smaller due to progenies
attaching to electrodes and the inner surface of the de-
tector [34]. Therefore, the amount of 222Rn decay chain
events is unconstrained in the fit. Possible NLDBD sig-
nal is not included in the fit since the estimated number
of counts is fewer than one given the current best half-life
limit [35].

The fitted spectra in Region 1 and the combined results
of the other three regions are shown in Fig. 4. In the FV,
136Xe DBD events are dominant. The total number of
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FIG. 4. Results of the simultaneous fit. For better visualiza-
tion, Region 1 is shown individually (top) and the other three
regions are shown together (bottom). In each figure, data
and fit results are shown in the top panel and residuals in the
bottom panel. The �2/NDF (number of degrees of freedom)
as an indicator of the goodness of fit is shown for each figure.

DBD events is 17468±243. A parallel fit is also performed
using the RooFit package [36] with consistent results.
The fitted results of all background sources are listed

in Table I in comparison with the expected counts. The
most noticeable background is from 222Rn, or more pre-
cisely its progeny 214Pb. The fitted ratio (78.2 ± 1.7)%
represents the aforementioned depletion of 214Pb. The
large sensitive volume of PandaX-4T helps determine the
external radioactive contaminations more accurately and
robustly, as demonstrated by the smaller uncertainties
on the fitted number of counts. Agreements within two
sigmas between our fit results and radioactive assays are
observed for most of the contributions. For comparison,
the best fit results are used to calculate the expected
spectrum for the regions outside of the FV, as outlined
by the three dashed rectangles in Fig. 2. Within our
DBD ROI, the largest di↵erence between expected and
measured rates is 2.3% and the agreement is within 1%
when the three dashed regions are considered together.
We performed the fit by varying bin size from 1 keV to

40 keV and lower (upper) fit range from 440 (2600) to 600
(3000) keV. The impact of both changes is at the 1% level
or smaller. Systematic uncertainties may also come from
the mismatch between simulated and measured spectra
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FIG. 4. Results of the simultaneous fit. For better visualiza-
tion, Region 1 is shown individually (top) and the other three
regions are shown together (bottom). In each figure, data
and fit results are shown in the top panel and residuals in the
bottom panel. The �2/NDF (number of degrees of freedom)
as an indicator of the goodness of fit is shown for each figure.

DBD events is 17468±243. A parallel fit is also performed
using the RooFit package [36] with consistent results.
The fitted results of all background sources are listed

in Table I in comparison with the expected counts. The
most noticeable background is from 222Rn, or more pre-
cisely its progeny 214Pb. The fitted ratio (78.2 ± 1.7)%
represents the aforementioned depletion of 214Pb. The
large sensitive volume of PandaX-4T helps determine the
external radioactive contaminations more accurately and
robustly, as demonstrated by the smaller uncertainties
on the fitted number of counts. Agreements within two
sigmas between our fit results and radioactive assays are
observed for most of the contributions. For comparison,
the best fit results are used to calculate the expected
spectrum for the regions outside of the FV, as outlined
by the three dashed rectangles in Fig. 2. Within our
DBD ROI, the largest di↵erence between expected and
measured rates is 2.3% and the agreement is within 1%
when the three dashed regions are considered together.
We performed the fit by varying bin size from 1 keV to

40 keV and lower (upper) fit range from 440 (2600) to 600
(3000) keV. The impact of both changes is at the 1% level
or smaller. Systematic uncertainties may also come from
the mismatch between simulated and measured spectra

Ø Run0 commissioning data (95-day, 15.5 kg-year 136Xe exposure)
Ø Segmented FV to partially include position information
Ø Binned Poisson likelihood fitting on SS energy spectrum performed simultaneously in four regions
Ø Outer regions to check background model, consistent at ~1%

05/19/2025 Xiang Xiao @ IHEP Seminar



136Xe 2nbb half-life and background estimation

25

Material, “Side” category 

136Xe 2nbb half-life measured as: 2.27 ± 0.03(stat.) ± 0.10(syst.) × 1021 year
Ø First such measurement from natural xenon detector
Ø Comparable precision with dedicated 136Xe-enriched 0nbb experiments
Ø Much lower analysis threshold compared with previous measurements
Ø “in-situ” material background fitting results compatible and more precise than HPGe assay

Research 2022, 9798721 (2022) 
05/19/2025 Xiang Xiao @ IHEP Seminar



Unified data reconstruction for Run0 and Run1

26

Optimizations in data processing:

Ø Recovered ~0.5% SS events by an improved 
time window cut

Ø S1 waveform slicing to improve alpha events 
reconstruction

Ø 3.5 ms dead-time cut before 214Po events to 
remove isolated 214Bi events: ~1% 
background reduction and negligible data loss

Ø And more...

Unified pipeline for Run0 and Run1

Ø Reconstructed spectra of Run0 and Run1 are consistent, 
considering the 222Rn increase in Run1

Blind analysis: ROI = [2356, 2560] keV, only SS events used

05/19/2025 Xiang Xiao @ IHEP Seminar



Background model 

27

Spectrum fitting range chosen as [1100, 2800] keV, to fully 
exclude 214Pb

Background components:

Ø 136Xe 2𝜈𝛽𝛽 (from 136Xe 2nbb half-life measurement)

Ø Detector material: 60Co, 40K, 232Th, 238U (from HPGe
material assay), and grouped into top, side, and bottom parts 

Ø Stainless steel platform (SSP): 232Th, 238U (from MS fitting)

Other background components are checked:

Ø Residual 214Bi in TPC -> negligible

Ø Gammas of 214Bi from LXe skin region -> negligible

Ø 2.5 MeV peak from 60Co cascade gammas -> well 
modelled 

05/19/2025 Xiang Xiao @ IHEP Seminar



Unblinded Fitting and Results of 136Xe 0nbb

2805/19/2025 Xiang Xiao @ IHEP Seminar

Goodness-of-fit: 
c2/NDF = 1.15

Run0 Run1

136Xe 0𝜈𝛽𝛽 event rate is fitted to be 14±37 𝒕!𝟏𝒚𝒓!𝟏, 
with a p-value of 0.49 for null results.

𝑻 ⁄𝟏 𝟐
𝟎𝝂𝜷𝜷 > 𝟐. 𝟏× 𝟏𝟎𝟐𝟒 𝒚𝒓 at 90% C.L.

Upward fluctuation, the limit is consistent with 
the median sensitivity within 1.1s.

Ø Best results among natural xenon detectors so far

Ø Improvement to our previous PandaX-II results by an 
order of magnitude and to the XENON1T results by a 
factor of 1.8 

Ø Demonstrating the potential of 136Xe 0νββ search with 
next-generation multi-ten-tonne natural xenon detectors

136Xe exposure:
44.6 kg-yr

Energy resolution @ 
2615 keV in FV:
2.0% in Run0 and  
2.3% in Run1

arXiv: 2412.13979
available online at Sci. Bulletin



A blessing: 134Xe 2νββ/0νββ searches
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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

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

Ø Previous 2νββ (0νββ) half-life limit from EXO-200: 𝑇 >8.7 × 1020 yr (1.1 × 1023 yr) at 90% CL

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

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%
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134Xe 2νββ/0νββ searches with Run0
Ø Simultaneous fit for 134Xe 2νββ and 0νββ

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

Ø 90% CL lower limits on the half-life: 𝑇)/+
+,-- > 2.8 × 1022 yr and 𝑇)/+

.,-- > 3.0 × 1023 yr

PRL 132, 152402 (2024)



Search for axion-like particle and dark photon
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625 ± 10 kg 

Ø Single-site only, [25, 1050] keV, total exposure of 
440 kg-yr with Run0 + Run1

Ø Material contribution (60Co, 40K, 232Th, 238U) is 
constrained by side band fit from previous analysis

Ø Background component: In Run0, 164 and 236 keV 
peaks from 131mXe and 129mXe dominates; In Run1, 
214Pb and 136Xe dominates



Time evolution model of short-live Xe isotopes
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625 ± 10 kg 

Ø Time evolution model of short-live Xe isotopes: 127Xe, 129mXe and 131mXe 

• 127Xe from the xenon injection, 129mXe and 131mXe from neutron calibration

• Characterize with a Gaussian + linear function for each Gaussian component

• The measured half-lives of these xenon isotopes agree with the theoretical 
values

131mXe



Spectrum fitting
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Ø Mass scan of MeV ALPs/DPs in [30, 1000] keV/c2 with a step of 10 keV/c2

Ø No excess; the look-elsewhere effect taken into account, the global significance is 1.5𝜎



Limits of ALP/DP couplings
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Ø The most competitive limits almost range from 150 keV/c2 to 1 MeV/c2, with an average improvement 
of 1.5 times better

Ø Only considered absorption process, Compton-like process (mostly MS events) will be studied later
PRL 134, 071004 (2025)



Solar pp neutrino scattering on electrons
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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.

Neutrino energy (MeV)
10–1 1 10

S
ol

ar
 n

eu
tr

in
o 

!u
x 

(c
m

–2
 s

–1
)

102

103

104

105

106

107

108

109

1010

1011

1012

1013

hep [±30%]

pp [±0.6%]

8B [±12%]

13N [±15%]

15O [±17%]

17F [±20%]

7Be [±6%]

±1%]pep [

2H + p → 3He + γ

3He + 3He → 4He + 2p

3He + 4He → 7Be + γ

7Be + p → 8B + γ

7Li + p → 24He

8Be* + p → 24He

12C + p → 13N + γ

13C + p → 14N + γ

14N + p → 15O + γ

15N + p → 4He + 12C

pp-Q pep-Q

99.6% 0.4%

hep-Q

7Be-Q

8B-Q

85%

15%

0.13%

2 × 10–5 %

99.87%

pp chain CNO cycle

CNO-Q

15N + p → 16O + γ

16O + p → 17F + γ

17O + p → 14N + 4He

99.96% 0.04%

pp-I

pp-II
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Borexino
Ø The world’s leading direct detection result is from Borexino with a recoil energy of >165 keV 

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

Ø PandaX-4T aims to measure the lower energy spectrum than Borexino
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An attempt: solar pp neutrino results with Run0

Ø The first solar pp neutrino measurement in recoil 
energy from 24 to 144 keV with 0.63 ton-yr of Run0

Ø Consistent with Standard Solar Model and existing 
measurements
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Future plan: PandaX-xT
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Ø Staged plan, finally reaching 43 tonne natural Xe in sensitive volume

Ø Key tests on WIMP and Dirac/Majorana neutrino

Outer
Vessel

IVETO

Inner Cu 
Vessel

Top 
PMT Array

Active Volume

Bottom
PMT Array

arXiv:2402.03596, SCPMA 68, 221011 (2025)



PandaX-20T: intermediate stage
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Ø Multi-physics targets

• Energy range 100 eV – 10 MeV

Ø Estimated timeline

• 2026: move to CJPL and assembling

• 2027: commissioning

PandaX-20T

PandaX-xT



Planed layout at CJPL-II B2 Hall for PandaX-xT
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PandaX-xT First Open Meeting
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PandaX-xT First Open Meeting
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