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PandaX: Particle and astrophysical Xenon Experiment

HAN, Ke (SJTU) 3PandaX 0νββ



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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134Xe 2νββ and 0νββ

• 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

• Discovery within reach with a natural Xe TPC 
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V. RESULTS AND DISCUSSION

Figure 2 shows the profile-likelihood scan performed
for the 134Xe 2νββ and 0νββ decays, where the lower
limits of T2νββ

1=2 > 8.7 × 1020 yr and T0νββ
1=2 > 1.1 × 1023 yr

at 90% C.L. are derived for their half-lives, respectively.
The corresponding experimental sensitivities were evalu-
ated at 1.2 × 1021 yr and 1.9 × 1023 yr, respectively. The
results of the NLL fit from the 134Xe 2νββ search are
presented in Fig. 3, along with the fitted 134Xe 0νββ from
the other search. The limits presented in this paper increase
the sensitivity relative to those available in the current
literature by 5 orders of magnitude for the 2νββ search [10],
while the limit set for 0νββ is nearly twice as stringent as
the one in Ref. [12].
The significance of the presence of a signal relative to

the null hypothesis is calculated using fits of toy data sets

and comparing the NLL between hypotheses. The p-values
were found to be 0.24 and 0.19 for the 2νββ and 0νββ
searches, respectively, showing that there is no statistically
significant evidence for a nonzero signal.
Both fitted β-scales are consistent with unity to the

subpercent level. The fitted half-life of 2νββ of 136Xe agrees
to better than 1% with its precise measurement in Ref. [2],
which was obtained with a different analysis on a subset of
the present data. The observed residuals from both analyses
are comparable to those in Ref. [5], performed with a
reduced data set.
Figure 4 shows the contour lines of the profile-

likelihood ratio scanned for 85Kr β and 134Xe 2νββ.
The solid lines were evaluated incorporating all the
systematic errors in the NLL function, exactly as in
the 134Xe 2νββ search, whereas the dashed lines were
obtained with consideration of neither the normalization

FIG. 3. The top plot shows the SS energy projection for the results of the 134Xe-2νββ analysis, using the fitted central values. While the
0νββ search is performed in a separate fit with a higher energy threshold, it is overlaid here for comparison since the backgrounds at
these energies are the same. The last bin is the summed contents of all bins between 1700 keVand 9800 keV. The middle plot shows the
same results, where the 136Xe-2νββ component is subtracted from data and best-fit values. The bottom plot presents the residuals
between data and best fit normalized to the Poisson error.

J. B. ALBERT et al. PHYSICAL REVIEW D 96, 092001 (2017)

092001-6

EXO-200 
(2017) 

134Xe DBD

• Double beta decay of 134Xe into 134Ba：

• Q-value is 825.8±0.9 keV

• Half-life from  theoretical predictions: 1024-1025 yr

• Current experimental limit from EXO-200 :

• 𝑇1/2
2𝜈𝛽𝛽 > 8.7 ∙ 1020 yr at 90% CL, with 29.6 kg∙ 𝑦𝑟 data

• Key advantages in PandaX-4T:
• 10.4% 134Xe in natural xenon

• High precision position reconstruction: SS and MS

• Self shielding effect

• Low 136Xe DBD background

DBD & ν in PandaX-4T - Qiuhong Wang, FDU 24

134Xe 134Ba

Emax=825.8 keV

Phys.Rev.C 104 (2021) 6, 065501

NLDBD Zhuhai, May 2023



• 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

PandaX 0νββ HAN, Ke (SJTU) 13

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 

PRL 132, 152502 (2024) 
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Search for 136Xe 0νββ with natural Xe TPC 

Bkg rate 
(/keV/ton/y)

Energy 
resolution

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

Year

PandaX-II ~200 4.2% 219 403 days 2.4 ×1023 2019

XENON1T ~20 0.8% 741 203 days 1.2 × 1024 2022

PandaX 0νββ HAN, Ke (SJTU) 16

PandaX-II

Xenon1T



Background Model 

17

• 136Xe 2𝜈𝛽𝛽 (from PandaX measured 136Xe half-life)

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

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

PandaX 0νββ HAN, Ke (SJTU)



Stainless steel platform (SSP) contribution

Background-only fit of MS and SS spectrum

17
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• ROI :1100 keV-2800 keV. 

• 60Co, 40K, 232Th, 238U. The HPGe measurements are used as input.

• 232Th, 238U from SPF are float.

2024/12/21
Workshop on Double Beta Decay  and related 

underground experiments

preliminary
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Table 1: The background contributions. The fitted counts are derived from the background
only fit using both MS and SS spectra.

Sources Components Expected Fitted
Liquid xenon 136Xe 5057 ± 243 5288 ± 188

Detector materials

232Th 5799 ± 4523 9627 ± 441
238U 3927 ± 3103 2933 ± 412
60Co 6052 ± 3570 3169 ± 129
40K 7370 ± 3611 6652 ± 208

Environment

232Th - 7797 ± 521
238U - 3407 ± 593
60Co - -
40K - -

Figure 5: (a) A large water tank housing the detector. (b) The SPF inside the water tank
supports the detector. (c) The simulated simplified SPF geometric model from BambooMC
.

5 Systematic uncertainties295

The systematic uncertainties are summarized in Table 2, the originations are from overall296

e!ciency, detector response, signal selection, and background model. Firstly, the overall297

e!ciency includes factors such as the discrimination of MS and SS events and the data298

quality cuts. Additionally, uncertainties arise from the detector response, as discussed in299

Section 3. Furthermore, uncertainties in the signal selection are related to factors such as300

the liquid xenon density, the abundance of 136Xe, and the uniformity of the FV. Lastly, the301

uncertainties are introduced by the background model.302

The initial values of systematic uncertainties and constraints are obtained through303

– 9 –

ArXiv:2502.03017; 
JHEP



Blinded Fit and Sensitivity
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median
1s
2s

𝑻 ⁄𝟏 𝟐,	𝒔𝒆𝒏𝒔𝒊𝒕𝒊𝒗𝒊𝒕𝒚
𝟎𝝂𝜷𝜷 > 𝟐. 𝟕×	𝟏𝟎𝟐𝟒	𝒚𝒓 at 90% C.L.

Median sensitivity is estimated by fits to toy-data, 
generated from background model.

Run0 Run1

Goodness-of-fit:
c2/NDF = 1.14



Unblinded Fit and Results

20PandaX 0νββ HAN, Ke (SJTU)

Run0 Run1

• 136Xe exposure: 44.6 kg-yr
• Energy resolution @ 2615 keV: 2.0% in Run0 and  2.3% in Run1
• 136Xe 0𝜈𝛽𝛽 event rate: 14±55 𝑡!"𝑦𝑟!", <111	𝑡!"𝑦𝑟!"	at 90% C.L. 

• 𝑇 ⁄" $
%&'' > 2.1×	10$(	𝑦𝑟 at 90% C.L.

arXiv:2412.13979, Science Bulletin



Search for 136Xe 0νββ with natural Xe TPC 

Bkg rate 
(/keV/ton/y)

Energy 
resolution

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

Year

PandaX-II ~200 4.2% 219 403 days 2.4 ×1023 2019

XENON1T ~20 0.8% 741 203 days 1.2 × 1024 2022

PandaX-4T ~10 2.0-2.3% 735 258 days 2.1 × 1024 2024

PandaX 0νββ HAN, Ke (SJTU) 21

• The most stringent constraint from a natural xenon detector

• Improvement w.r.t PandaX-II by an order of magnitude and XENON1T by a factor of 1.8 

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



136Xe Decay to excited states (ArXiv:2502.03017, JHEP)

can scatter multiple times, leading to multi-site (MS) events. In this work, we focus on
the search for 136Xe 2ωεε-0+1 . Most signals associated with ϑs are MS events, therefore we
extended the signal selections to MS events. The combination of SS and MS events allows
us not only to make a significant improvement to our background model but also to derive
a combined limit for 136Xe 2ωεε-0+1 .

This paper is structured as follows: Section 2 describes the PandaX-4T detector and
its working principle; Section 3 discusses the data production, event selection procedures,
and event reconstruction; Section 4 presents the background components and their Monte
Carlo (MC) simulations; Section 5 explains the contributions of systematic uncertainties
and the fitting method used in this analysis; Section 6.1 demonstrates the background-only
fits and a highly precise fitted background model; Section 6.2 reports the half-life limit of
the 136Xe 2ωεε-0+1 ; and a summary is provided in Section 7.

2 The PandaX-4T experiment

PandaX-4T is the third generation PandaX experiment, located in the B2 hall of China
Jinping Underground Laboratory [28]. The detector is a cylindrical dual-phase TPC with
a diameter and height of 118.5 cm, filled with 3.7 tonnes of natural xenon in the sensitive
volume. The sensitive volume is surrounded by the field cage, with the gate electrode at the
top and the cathode plane at the bottom. As illustrated in Figure 2 (left), Photomultiplier
tubes (PMT) arrays, consisting of 199 and 169 three-inch Hamamatsu PMTs, are installed
below the cathode and above the anode for signal readout. A detailed description of the
detector is provided in Ref. [29].

Figure 2: Schematic diagram of the TPC (left) and typical waveforms for 136Xe 2ωεε-0+1
and 2ωεε (right).

The detector records both the three-dimensional position and the energy deposition
of an event inside the sensitive volume. An energetic event deposits energy inside the

– 3 –
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Figure 1: Decay scheme of 136Xe 2ωεε-0+1 and 2ωεε .

are typically accompanied by the emission of de-excitation ϑ rays, producing a distinct sig-
nature that di!erentiates them from typical ϑ backgrounds and 2ωεε events. 2ωεε-0+1 was
first observed in 100Mo [17] in 1995, and then its half-life was precisely measured by the
NEMO-3 experiment [18] where the tracks of all ε and ϑ particles were detected. In 2014,
2ωεε-0+1 of 150Nd was observed through the measurement of ϑ coincidence [19]. CUORE,
MAJORANA, and KamLAND-Zen experiments have set half-life limits on 2ωεε-0+1 at the
1023yr level for 130Te, 76Ge, and 136Xe, respectively [16, 20, 21]. The 136Xe 2ωεε-0+1 decay,
with a Q value of 878.8 keV, corresponds to 136Xe decaying into the the 0+1 excited state of
136Ba. As shown in Figure 1, the energies of the de-excitation ϑ rays are either a cascade
of 760.5 keV and 818.5 keV, or a single 1579.0 keV. The expected half-life in theory for the
136Xe 2ωεε-0+1 ranges from 1022 to 1026 yr, depending on the model used [13]. Current
experiments are entering the range of the predictions, thus 2ωεε-0+1 of 136Xe is considered
as one of the most promising rare processes to be discovered in the future. More recently,
the EXO-200 experiment has performed a search using a total isotope exposure of 234.1
kg·yr, establishing the best experimental limit on half-life at 1.4→1024 yr [22].

The PandaX-4T experiment uses a dual-phase Time Projection Chamber (TPC) with
3.7-tonne natural xenon in the sensitive volume to search for Weakly Interacting Massive
Particles dark matter (WIMPs) [23] and other rare events [24–27]. The detector can record
both the three-dimensional position and energy deposition of an event inside. The PandaX-
4T detector contains approximately 300 kg of 136Xe within the sensitive volume. Recently,
PandaX-4T has developed a dedicated analysis pipeline for the MeV energy scale signals
and performed calibration campaigns up to the MeV energy range, allowing the study of
double beta decay. In previous analysis [7, 24], we have searched for 136Xe 2ωεε events
which are primarily single-site (SS) events. In contrast, the MeV-scale ϑ background events

– 2 –



Results

• 𝑇!/#
#$%%7&! > 	7.5 ×10## yr at the 90% confidence level

• First such result from a natural xenon detector

• PandaX first MS analysis

PandaX 0νββ HAN, Ke (SJTU) 23
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Figure 3: Energy spectra of 2ωεε-0+1 (top) and 2ωεε (bottom) in FV with detector
response. The discrimination between MS and SS events is e!ective for the selection of
2ωεε-0+1 events.

double-hump structure in the spectrum. The left hump is primarily formed by the contin-
uous spectrum of two electrons, with the combined energy deposition of a single ϑ (760.5
keV or 818.5 keV) and the other ϑ undetected or partially detected. The right hump is
produced by the spectrum of two electrons and the energy deposition of all ϑs. In the case
of 2ωεε, the SS ratio below 250 keV is almost 100%, resulting in a negligible MS event
contribution.

The systematic uncertainty in the SS and MS ratios is evaluated using the calibration
data of 232Th. The 232Th calibration source was placed in an external loop surrounding
the detector. The decay chain of 232Th produces abundant ϑ rays that span the entire
ROI. As shown in Figure 4, the relative di!erence in the MS ratio between data and MC,
averaged over the |(data-MC)/MC| of each bin weighted by the number of events within
the ROI, is 3.4%. Meanwhile, the di!erence in the SS ratio is 13.3%. These di!erences are
conservatively adopted as the systematic uncertainties in the simultaneous fit of the MS
and SS spectra.

3.2 Event selection

The physical event selection criteria follow the previous analysis but are adjusted for this
study to remove surface backgrounds, accidentally paired events, and events with poorly
reconstructed waveforms. We first apply the data quality selection cuts [24] to remove non-

– 5 –
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Figure 6: Background only fits to MS (top) and SS (bottom) data from 1100 keV to
2800 keV with bin size of 4 keV. For the sake of clarity, we have combined 60Co, 40K,
232Th, and 238U into the Material in the plot. The blue dashed line represents the best fit
result excluding the SSP. The energy spectrum is extended to 700 keV, as shown in the left
of the black dash line. The contribution of 214Pb is from the previous analysis [24]. For
comparison, the final best fit 136Xe 2ωεε-0+1 signal is overlaid as the red hatched histogram.
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124Xe double electron capture (arXiv:2411.14355, JHEP)
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Figure 4: Results of the 2D unbinned likelihood fit to combined Run0 and Run1 data. For
better visualization, the results are projected into binned energy spectra (top) and time
evolution (bottom) for Run0 (left) and Run1 (right), respectively. The energy spectra in
data are divided into 1 keV each bin, and the time evolution is unequally grouped with
adjacent data, with 2→5 days each bin, for clearer display. The red solid line indicates
the best-fit signal plus the background model, and the cyan solid line indicates the 124Xe
2νDEC signal. Data and fit results are shown in each figure in the top panel, and the
corresponding residuals are in the bottom panel.

introduces a minor variation of 0.2% in the outcomes, which we account for as a systematic
uncertainty.

The uncertainties from the background models in time evolution are also manually
estimated, particularly for 214Pb, whose event rates varied over time. Different functions,
such as switching from exponential to polynomial, are applied to fit the ascending and
descending slopes of 222Rn α decays and used as an alternative model for 214Pb evolution.
However, these model variations are found to have a negligible impact on the final fit
results.

– 12 –
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Figure 5: Comparison of the measured half-life with theoretical predictions [43–45] and
other experiments [13, 14].

also demonstrate the wide application and full physics potential of large low-background
liquid xenon TPCs.
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could be quantified and led to a further removal of datasets (Methods). 
This yielded a final live time of 177.7 d.

Atomic X-rays and Auger electrons cannot be resolved individually 
owing to their sub-millimetre range in LXe and the rapid succession 
of the relevant atomic processes. Therefore, the experimental signa-
ture of K-shell 2νECEC in XENON1T is a single S1 + S2 pair. Both 
S1 and S2 signals were used for the analysis to achieve the optimal 
energy resolution for the resulting peak. The energy scale around 
the expected signal at E0 = (64.3 ± 0.6) keV was calibrated using 
monoenergetic lines of injected calibration sources (for example,83mKr),  
neutron-activated xenon isotopes and γ-rays from radioactive decays in 
the detector materials. The energy resolution of a Gaussian peak at E0 is 
σ/µ = (4.1 ± 0.4)%, where µ is the energy and σ is the width of the peak 
(Methods). The uncertainty on E0 reflects the uncertainties of both the 
energy reconstruction and the correction for sub-excitation quanta. 
An ellipsoidal 1.5-t inner fiducial mass was identified as providing the 
optimal signal-to-background ratio in sideband studies between 80 keV 
and 140 keV, above the blinded signal region.

Understanding the measured energy spectrum is essential when 
searching for a small peak from 2νECEC. Three classes of backgrounds 
contribute to the spectrum: from intrinsic radioactive isotopes that are 
mixed with the LXe, from radioactive isotopes in the detector materials 
and from solar neutrinos. The latter is subdominant and well con-
strained from solar and nuclear physics. γ-rays from 60Co and 40K, as 
well as from 238U and 232Th decay chains, constitute the bulk of the 
detector material backgrounds. They can undergo forward Compton 
scattering before entering the 2.0-t active mass and produce a flat spec-
trum at low energies. Multiple scatters inside the active volume are 
rejected by selecting events with only a single S2 compatible with a 
single S1. The most important intrinsic background components are  
β decays of 214Pb, a daughter of 222Rn that is emanated from inner 
surfaces in contact with xenon, the two-neutrino double β decay of 
136Xe and the β decay of 85Kr. Monoenergetic peaks from 83mKr injected 
for calibration and activation peaks that occur after neutron calibra-
tions (131mXe and 129mXe) are present in the spectrum as well. The acti-
vation 124Xe + n → 125Xe + γ has implications for 2νECEC search, as 
125Xe decays to 125I via electron capture. With a branching ratio of 100% 
and a half-life of 59.4 d, 125I decays into an excited state of 125Te. The 
subsequently emitted γ-ray together with the K-shell X-ray, which is 
produced in 87.5% of cases, leads to a monoenergetic peak at 67.3 keV. 
Owing to its proximity to E0, this peak would present a large background  

for the 2νECEC search that would only become apparent after 
unblinding. Using an activation model based on the parent isotope, we 
verified that 125I was removed from the detector with a time constant 
of τ = (9.1 ± 2.6) d (Methods). This is in accordance with continuous 
xenon purification using hot zirconium getters26. Accounting for arti-
ficial neutron activation from calibrations and for activation by radio-
genic thermal neutrons in the purification loop outside the water tank, 
we expect = ±N (10 7) events125I

 in the 177.7-d dataset.
The background model was constructed by matching Monte Carlo 

simulations of all known background components18 with the meas-
ured energy spectrum. Taking into account the finite detector resolu-
tion, events with single energy depositions in the active volume were 
selected from the Monte Carlo data and convolved with the measured 
energy resolution. The weighted sum of all spectra was optimized 
simultaneously to resemble the measured energy spectrum (Methods). 
The blinded signal region was not used in the fit. The measured  
energy spectrum with the best fits for the individual components is 
shown in Fig. 2. After unblinding of the signal region, a clear peak  
at E0 was identified. The energy and signal width obtained from  
the spectral fit to the unblinded data are µ = (64.2 ± 0.5) keV and 
σ = (2.6 ± 0.3) keV, respectively. The resulting sum spectrum of the 
event rate is shown in Fig. 3. Converting the fit to the total event count 
yields = ±N (9 7) events125I

 from the decay of 125I and N2νECEC = 
(126 ± 29) events from 2νECEC. Compared to the null hypothesis, the 

χ∆ 2  value of the best fit is 4.4.
Several consistency checks were carried out. We verified that the 

signal was homogeneously distributed in space and accumulated lin-
early with the exposure. A simultaneous fit of an inner (1.0 t) and an 
outer (0.5 t) detector mass with different background compositions 
yielded consistent signal rates. We verified the linearity of the energy 
calibration by identifying the 125I activation peak at its expected posi-
tion, which is separated from E0 by more than the energy resolution.

The fit accounts for systematic uncertainties, such as cut acceptance 
and the number of 125I events, by including them as fit-parameter 
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Fig. 1 | Schematic of two-neutrino double electron capture. In the 
2νECEC process the nucleus captures two atomic-shell electrons (black), 
usually from the K shell, and simultaneously converts two protons (red) to 
neutrons (white). Two neutrinos (black) are emitted in the nuclear process 
and carry away most of the decay energy while the atomic shell is left in 
an excited state with two holes in the K shell. A cascade of X-rays (red, ‘X’) 
and Auger electrons (red, ‘e’) are emitted during atomic relaxation, when 
the K shell is refilled from the higher-energy L, M and N shells. In turn, 
vacancies are created in the refilling shells and are refilled with electrons 
from the higher-energy shells (arrows).
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Fig. 2 | Fit of the background model to the measured energy spectrum. 
The exposure of the background data is 177.7 d in the 1.5-t inner fiducial 
mass and the uncertainties are Poissonian. a, The data are described by 
a simultaneous fit of Monte Carlo-generated background spectra, taking 
into account all known background sources and the 2νECEC signal (solid 
red line; χ2/d.o.f. ≈ 527.3/462; d.o.f., degrees of freedom) in two sub-
volumes of the detector (Methods). The linear interpolation of the detector 
material backgrounds below 100 keV is indicated by the purple dashed 
line. The remaining intrinsic background sources are shown as solid and 
dashed coloured lines. The energy region around the expected 2νECEC 
peak was blinded (grey band) until the background model was defined.  
b, The residuals between the data and the fit, including the 1σ (2σ) bands, 
are shown in green (light green).
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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 0νββ HAN, Ke (SJTU) 27

SCPMA 68, 221011 (2025)

PandaX-xT

• 47-ton xenon, including 43-ton sensitive 

volume
• 2.7 meters in diameter and height
• Eliminate LXe veto
• Cold LS veto right outside Cu cryostat 
• Staged and upgradable
• Dual-phase or single-phase options

31



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
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Distillation
Tower

Water Shielding Tank

OVETO

Dual-Phase Xenon 
Time Projection 
Chamber

Electronics and 
DAQ System

Cryogenics and 
Circulation System

SCPMA 68, 221011 (2025)



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

HAN, Ke (SJTU) 29

R8520 R11410             R12699
Conceptual array for a PandaX-xT

PandaX 0νββ



Timeline
Schedule

51

Operation of PandaX-4T, and R&D for the 
upgrade

Project Phase-I：construct and operate 
PandaX-xT; procure xenon by stages and 
upgrade detector along the way while 
keeping high running-time; 20T => 43T

Project Phase-II: with isotopically 
separated xenon (versatile configurations)

PandaX 0νββ HAN, Ke (SJTU) 30

20T 43T



PandaX-xT 20T stage

• Mostly funded

• Detector prototyping and construction in progress

• More at PandaX-xT Open Meeting: https://indico-tdli.sjtu.edu.cn/event/2934

PandaX 0νββ HAN, Ke (SJTU) 31



PandaX-xT for 0νββ

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

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

PandaX 0νββ HAN, Ke (SJTU) 32

PandaX Collaboration, A. Abdukerim, et al. Sci. China-Phys. Mech. Astron. January (2017) Vol. 60 No. 1 000000-8

214Bi nevertheless. Under the “ideal” assumption, we assume
that the material background is reduced by 5 times from the
“baseline” and the background from 222Rn is negligible.
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Figure 3 The energy spectra of individual background components be-
tween 1 and 150 keV (DM and solar neutrino regions) with veto applied.
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Figure 4 The energy spectra of individual background components in the
MeV region under the “baseline” background assumption. See text for de-
tails.

Table 1 Expected background for the DM search region between 1 to 10
keVee. The FV mass is 34.2 tonnes.

ER (1/tonne/year) NR (1/tonne/year)

Photosensors 8.4 0.0004
Copper vessel 0.1 0.0001
85Kr 1.2 -
222Rn 28.2 -
136Xe 9.6 -
Solar ⌫ 27.5 -
Atmospheric ⌫ 0.0 0.02
Di↵usive supernova ⌫ 0.0 0.002

Total 75.0 0.02

Table 2 Expected background for the solar neutrino-electron elastic scat-
tering region between 10 to 150 keV for the 34.2-tonne FV.

ER (1/tonne/year)

Photosensors 270
Copper vessel 21
85Kr 19
222Rn 439
136Xe 1927
124Xe 276
Solar ⌫ 343

Total 3295

Table 3 Expected background under the baseline and ideal scenarios for
the NLDBD energy range between 2433 and 2483 keV for the 8.4-tonne FV.
See text for details.

Baseline (1/tonne/year) Ideal (1/tonne/year)

Photosensors 1.4⇥10�2 2.8⇥10�3

Copper vessel 3.2⇥10�2 6.3⇥10�3

222Rn 4.5⇥10�2 -
136Xe DBD 5.2⇥10�4 5.2⇥10�4

137Xe 8.7⇥10�4 8.7⇥10�4

Solar 8B ⌫ 1.4⇥10�2 1.4⇥10�2

Total 1.1⇥10�1 2.4⇥10�2

4 Physics potential

Being a unique deep underground and ultralow background
liquid xenon observatory, the physics potential of PandaX-
xT is very rich. Instead of presenting an exhaustive list of
physics, we benchmark the capability of PandaX-xT in the
WIMP search, NLDBD, and solar neutrino detection, cover-
ing an e↵ective energy range from keV to MeV. Within these
energy windows, the sensitivity of alternative signals with a
single-scattering nature can be estimated based on the back-
ground rate presented in the previous section. The sensitivi-
ties to more exotic signals, for example, with multiple energy
depositions via nuclear or atomic excitations or with time cor-
relations, have to be studied case by case and are beyond the
scope of this paper.

For the WIMP search in the DM ROI, the background
level is 75 events/tonne/year for electron recoil (ER) and 0.02
events/tonne/year for nuclear recoil (NR), respectively (Ta-
ble 1). With the simple “cut-and-count” assumptions of an
ER background rejection power of 99.7% and an NR accep-
tance of 50%, the ER and NR backgrounds in the ROI are
0.23 events/tonne/year and 0.01 events/tonne/year, respec-
tively. With the standard DM halo and nuclear form fac-
tors parameters, and the spin-independent or spin-dependent
isospin-conserving DM-nucleon interaction [94], and with
a projected exposure of 200 tonne·year, the sensitivities are

41 meV

10 meV



Head-to-head with other DM/0νββ experiments 

PandaX 0νββ HAN, Ke (SJTU) 33

Bkg rate 
(/keV/ton/y)

Energy 
resolution Mass (ton) Run time Sensitivity/Limit 

(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/XLZD ～0.004*/2E-4 0.8%/0.6% 40/80 10 years 2 × 1027/1.35 × 1028

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.



0νββ + 0νββ-ES

PandaX 0νββ HAN, Ke (SJTU) 34

• Future 0νββ projects:
• Modular solid-state detectors (LEGEND, CUPID, etc)

• Liquid scintillator detectors (K2Z, JUNO)

• Xenon TPC (PandaX, XLZD)

• Xenon TPC is the most effective technology to detect 
0νββ-ES
• tag beta + gamma

• Less background-prone

• A combined analysis of 0νββ + 0νββ-ES helps improve 
the sensitivity to mββ.
• Chenrong Ding, KH, Shaobo Wang, Jiangming Yao
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FIG. 1. (a) Schematic illustration of the 0ωεε decay of X136 e; (b)
cartoon of signal detection in a TPC for decays to the first two 0+
states. The 0ωεε-ex decay produces MS events with characteristic
energy depositions, while the events of 0ωεε-gs decay appear as SS
events near the Q value.

0ωεε-ex decays are, respectively, determined by [41]

S ϑ = ln 2 · NA · ϖϑ · ϱϑ/ma · (1/T 0ω
1/2),

Bϑ =ϱϑ · BIϑ · ∆Eϑ,
(1)

where NA is Avogadro’s number, ϖϑ the signal efficiency of
the ϑ-th channel, ϱϑ = aMϑtϑ the exposure [ton yr] with a the
isotopical abundance, Mϑ the optimal mass [ton] and tϑ the
measurement time, and ma the molar mass of the candidate
nucleus. And here BIϑ is the background level [cts/(keV ton
yr)].

In this work, based on the published experimental configu-
rations [33, 42], we employ a customized Geant4-based sim-
ulation framework, BambooMC [43], to estimate the back-
ground levels for the 0ωεε-ex transition in the XLZD and
PandaX-xT experiments. The simulation implements three se-
lection cuts to identify candidate events. The energy region of
interest (ROI) spans a 50-keV window, [2433, 2483] keV, cen-
tered on the Q-value of 136Xe double-beta decay. An energy
resolution of 0.8% at the Q-value is modeled consistently for
both single-site (SS) and multi-site (MS) events [42]. Signal
identification follows the methodology used in the PandaX-
xT experiment: SS events are selected for the 0ωεε-gs search,
while MS events—with characteristic energy deposits at 0.88,
0.76, and 0.82 MeV—are used to target the 0ωεε-ex transition.
This MS-based selection achieves approximately 60% signal
efficiency while reducing background by three orders of mag-
nitude. Fiducial volume (FV) cuts are optimized separately
for each decay mode. For the 0ωεε-gs analysis, we adopt the
standard FV settings used in the XLZD and PandaX-xT exper-
iments. In contrast, the 0ωεε-ex search benefits from an en-
larged FV, enabled by the enhanced background suppression
of the MS signature, effectively establishing a background-
free regime.

The 0ωεε-ex decay of 136Xe, characterized by a Q-value of
0.88 MeV and emitting two de-excitation ς rays (0.76 MeV
and 0.82 MeV), is illustrated in Fig. 1(a). The detector’s TPC
records both the three-dimensional position and energy depo-

TABLE I. Parameters used in the calculations. The values for 0ωεε-
gs decay are taken from the XLZD [33] and PandaX-xT [42] experi-
ments.

XLZD PandaX-xT

Isotopical abundance a 8.86% 8.86%

0ωεε-gs
Efficiency ϖ 0.76 0.6

Exposure Mt [ton yr] 82 84
Background B [cts/yr] 0.315 0.818

0ωεε-ex
Efficiency ϖ 0.6 0.6

Exposure Mt [ton yr] 200 84
Background B [cts/yr] 0.006 0.063

sition of such events within its sensitive volume. As shown
in Fig. 1(b), these signals are collected by top and bottom
photomultiplier tube (PMT) arrays. The system distinguishes
between MS and SS events through 3D position reconstruc-
tion. While most 0ωεε-gs events appear as SS interactions
near the Q-value, the 0ωεε-ex decay typically produces MS
events with characteristic multiple energy depositions.

The simulation-derived parameters are listed in Table I. For
the XLZD experiment, the identification efficiency for 0ωεε-
ex decay events is maintained at a level comparable to that
for 0ωεε-gs events, while the optimal mass increases by ap-
proximately a factor of 1.5. Meanwhile, the background is
suppressed to 0.06 events per decade, effectively achieving a
background-free regime. For the PandaX-xT experiment, al-
though the performance is not as optimal as that of the XLZD
experiment, the simulated 0ωεε-ex decay results still exhibit a
significant improvement over the 0ωεε-gs case. In particular,
when assuming the same optimal mass and signal efficiency,
the background level for 0ωεε-ex decay is reduced to approx-
imately one-tenth that of 0ωεε-gs events.

Combined analysis of sensitivity to effective neutrino
mass. In order to improve the sensitivity of effective neu-
trino mass |mεε|, we follow the approach in Ref. [44] and con-
struct the following φ2 function:

∆φ2 = →2[lnL(N |B) → lnL(N |N)]

= 2
∑

ϑ

[
Nϑ ln

(
1 +

S ϑ
Bϑ

)
→ S ϑ
]
,

(2)

where the total events Nϑ = S ϑ + Bϑ. The likelihood func-
tion is constructed using a Poisson distribution. In the com-
bined analysis, a requirement of ∆φ2 ↑ 9 defines the region of
|mcomb
εε | where a positive 0ωεε signal can be established at the

3↼ confidence level.
The half-life of 0ωεε decay for each channel in Eq.(1) is

determined by

[T 0ω,ϑ
1/2 ]→1 = g4

AG0ω
ϑ |M0ω

ϑ |2
|mεε|2

m2
e
, (3)

where gA = 1.27, G0ω
ϑ is the phase space factor (PSF) for ϑ-th

channel and M0ω
ϑ is the NME. We consider the NMEs from dif-

ferent nuclear models, including the renormalized quasiparti-



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

PandaX 0νββ HAN, Ke (SJTU) 35
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Double beta decay with PandaX natural xenon TPC

• 0νββ: important neutrino physics topic

• Competitive results from PandaX-4T

• Exciting future with PandaX-xT

PandaX 0νββ HAN, Ke (SJTU) 36

Solar 8B neutrino

WIMP and other 
dark matter

1 MeV100 keV10 keVkeV

PandaX Analysis
in MHE region

Existing Analysis at low energy 

124Xe 2nDEC

134Xe DBD

124Xe 0nDEC

Full range ER spectrum: exotic BSM physics, nuclear physics

136Xe DBD



Thank you very much

We welcome new collaborators
 

at PandaX-xT 



SS vs. MS

• MeV gamma events are mostly multiple-scattering events; 

while signals (DBD) are mostly single site (SS)

• Identifying Multi-Site (MS) events with PMT waveforms

• Width of waveforms dominated by Z (electron diffusion)

PandaX 0νββ HAN, Ke (SJTU) 38
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Extending energy from keV to O(100 keV) – O(MeV)

39

• PMT desaturation for large S2 signals

• Improvement of X-Y position reconstruction, 
energy linearity and energy resolution

• No longer an issue in Run 2
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SS Fraction (SS/Total) determination

40

• Data-driven S2 waveform simulation + data processing

• SS fraction uncertainty is estimated by comparison 
MC/data of 232Th calibration

• Spectrum average of the absolute bin-by-bin deviation 
between data and MC taken as SS fraction uncertainty

PandaX 0νββ HAN, Ke (SJTU)



Likelihood and Systematics

41

• Binned Poisson likelihood with Gaussian penalty terms to constrain nuisance parameters

• Systematics include three categories: energy response, overall efficiency, 136Xe mass

• 136Xe mass uncertainties:  abundance from RGA measurement; FV mass from the non-
uniformity of 83mKr + LXe density fluctuation

PandaX 0νββ HAN, Ke (SJTU)



Data selection

PandaX 0νββ HAN, Ke (SJTU) 42

• 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%

PandaX 0νββ HAN, Ke (SJTU) 43

Physical Review C 85, 034316 (2012)

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


Background model

PandaX 0νββ HAN, Ke (SJTU) 44

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 



Bench test for saturation and new PMT base design

45

• New PMT base design to increase the dynamic range

• All PMT bases have been changed in Run2 

• PMT waveform saturation is studied by independent bench 
tests 

• Desaturation algorithm is checked and verified

PandaX 0νββ HAN, Ke (SJTU)

JINST 19 P05021 (2024)



Unified Data Reconstruction Pipeline

46

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

PandaX 0νββ HAN, Ke (SJTU)



Background Model 

47

• 136Xe 2𝜈𝛽𝛽 (from PandaX measured 136Xe half-life)

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

• 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 

PandaX 0νββ HAN, Ke (SJTU)



Likelihood and Systematics
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• Binned Poisson likelihood with Gaussian penalty 
terms to constrain nuisance parameters

• Systematics include three categories: energy 
response, overall efficiency, 136Xe mass

• Background model and systematics are included in 
likelihood fitting

• 136Xe abundance is measured by RGA with xenon samples 
from detector

• FV mass uncertainty is estimated from the non-
uniformity of 83mKr calibration data distribution, plus the 
LXe density fluctuation (pressure fluctuation) during 
data-takingPandaX 0νββ HAN, Ke (SJTU)



Background counts and parameter pulls
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Background counts in the ROI

Ø All pulls of nuisance parameters fall within the ±2σ range

Ø All best-fit nuisance parameters are consistent between the 
blinded and unblinded fits

Ø Pull of top 60Co reaches 1.8σ, indicating that the model 
expectation from the HPGe material assay might be slightly 
underestimated

paper on arXiv

arxiv:2412.13979



Fiducial Volume (FV)

• FV is optimized by maximizing the FoM

• FV is further divided into four regions to better constrain detector material background 
from top, side, and bottom parts
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Energy Response Model
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• Residual shift between simulated energy and reconstructed 
energy

• Energy resolution vs. reconstructed energy

• Response model from physics data in slim regions outside FV

• Model parameters naturally included in the likelihood fitting

PandaX 0νββ HAN, Ke (SJTU)
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Figure 3. Energy spectra of SS events from signal and relevant backgrounds for
0ωεε decay in the inner region of XLZD considering the nominal scenario (see Table 3).
The black (gray) line shows the external ϑ-ray background from detector materials after
(before) excluding events with coincident signals in the vetoes; their contribution in
the 0ωεε ROI (vertical yellow band, defined as Qωω±1ϖ with 0.65% energy resolution)
is clearly dominated by the 2448 keV ϑ-ray from the decay of 214Bi in the 238U chain.
The irreducible background from 8B solar neutrinos (shown in purple) dominates the
internal backgrounds relatively to 137Xe at the various XLZD candidate host sites
(shown by the red dotted lines) except at Kamioka and LNGS (where it is at the
same level). 222Rn (green line) is subdominant even in the nominal scenario, while the
contamination from 2ωεε decay (light blue) in the ROI is negligible given the excellent
energy resolution achieved by LXe-TPCs. Also shown is a hypothetical 0ωεε signal
with a half-life of 5→1027 yr (orange line).

We find the optimal fiducial volume by gradually adding contiguous detector regions

with lowest background index until the sensitivity is maximized. We find optimal natXe

masses of 8.2 t (11.0 t) and 13.6 t (17.2 t) for the 3ω-significance discovery potential in

the nominal (optimistic) scenario for the 60 t and 80 t configurations, respectively.

After this point, B grows faster than E and the sensitivity decreases gradually. The

precise optimum volume depends on the underlying sensitivity metric, with 3ω discovery

potential generally leading to larger fiducial masses compared to the 90% CL exclusion

sensitivity in all studied detector configurations. The external background is dominant

in more than 75% of the active mass, and accordingly the optimised fiducial mass

contains less than a quarter of the available target.

The choice of the optimal ROI depends on the spectral shape of the background:

on a flat background dominated by the internal background sources, S/
↑
B optimises

in a symmetric ±1.4ω ROI, yielding a 4% relative increase in T 0ω
1/2 sensitivity compared

to a ±1ω ROI; in a background setting dominated by the external 214Bi ε-ray peak,
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The DM ROI, [1, 10] keVee, includes both low energy
ER and NR background (neutron and neutrino-nuclear co-
herent scattering) events. The solar neutrino ROI, [10,
150] keVee, refers to the primary energy region for elastic-
electron scattering signals from solar pp neutrinos [119].
The NLDBD ROI, [2433, 2483] keVee, covers a 50-keV win-
dow around the Q-value of 136Xe NLDBD (2458 keV). To
implement a simplified energy response model, the ER en-
ergy deposition is smeared with a resolution function σ/E
of 30%/

√
E/keV + 0.4%. The NR energy is converted into

an equivalent ER energy using the Lindhard factor [120,121]
but without the smearing.

(4) FV cuts are optimized with a simple “cut-and-count”

figure-of-merit
εM × T√

B
in which ε is the signal efficiency, M

is the fiducial mass, T is the data taking time, and B is the cor-
responding number of background events. For the DM ROI,
since the signal is the DM-nucleus NR scattering, we assume
an ER background rejection power of 99.7% and an NR ac-
ceptance of 50% with the standard ionization-to-scintillation
ratio cut in LXe DM experiments. There is only ER back-
ground in the solar neutrino and NLDBD ROIs. The result-
ing optimized cylindrical FV for the DM and solar neutrino
region is 34.2 t (190 mm to the top, 170 mm to the bottom,
and 102 mm to the side of the TPC) and NLDBD is 8.4 t (780
mm to the top, 816 mm to the bottom, and 484 mm to the side
of the TPC) of natural xenon.

After these cuts, background energy spectra below 150
keV (the DM and solar neutrino-electron scattering regions)
and the high energy NLDBD region are shown in Figures 3
and 4. Corresponding background events in the DM, solar
neutrino, and NLDBD energy regions are summarized in Ta-
bles 1–3 [122]. Note that the background rate in the NLDBD
ROI is highly sensitive to the background assumption, so the
results of a “baseline” and “ideal” assumption are given. Un-
der the “baseline” assumption, one major background arises
from the 214Bi β-decay, the daughters of the internal 222Rn
daughter. Although 214Bi can be very efficiently tagged and
vetoed via the delayed coincidence of 214Bi-214Po decay, we
assume a 0.1% residual untagged 214Bi nevertheless. Under
the “ideal” assumption, we assume that the material back-
ground is reduced by 5 times from the “baseline” and the
background from 222Rn is negligible.

4 Physics potential

Being an unique deep underground and ultralow background
liquid xenon observatory, the physics potential of PandaX-
xT is very rich. Instead of presenting an exhaustive list of
physics [39], we benchmark the capability of PandaX-xT

in the WIMP search, NLDBD, and solar neutrino detection,
covering an effective energy range from keV to MeV. Within
these energy windows, the sensitivity of alternative signals
with a single-scattering nature can be estimated based on the
background rate presented in the previous section. The sen-

Figure 3 (Color online) The energy spectra of individual background com-
ponents between 1 and 150 keV (DM and solar neutrino regions) with SS,
veto, and FV cuts applied.

Figure 4 (Color online) The energy spectra of individual background com-
ponents in the MeV region with SS, veto, and FV cuts applied under the
“baseline” background assumption. See text for details.

Table 1 Expected background for the DM search region between 1 to 10
keVee. The FV mass is 34.2 t. The rates are obtained without applying the
ER/NR rejection cut

ER (event/(t·year)) NR (event/(t·year))

Photosensors 8.3 0.00007
Copper vessel 0.02 0.000002

85Kr 1.2 –
222Rn 28.2 –
136Xe 9.6 –
Solar ν 27.5 –

Atmospheric ν 0.0 0.02
Diffusive supernova ν 0.0 0.002

Total 74.8 0.02


