
Determination of Double Beta Decay Half-life of 136Xe with1

the PandaX-4T Natural Xenon Detector2

Lin Si1, Zhaokan Cheng2, Abdusalam Abdukerim1, Zihao Bo1, Wei Chen1, Xun3

Chen1,3, Yunhua Chen4, Chen Cheng5, Yunshan Cheng6,7, Xiangyi Cui8, Yingjie4

Fan9, Deqing Fang10, Changbo Fu10, Mengting Fu11, Lisheng Geng12,13, Karl5

Giboni1, Linhui Gu1, Xuyuan Guo4, Ke Han1,*, Changda He1, Jinrong He4, Di6

Huang1, Yanlin Huang14, Zhou Huang1, Ruquan Hou3, Xiangdong Ji15, Yonglin7

Ju16, Chenxiang Li1, Jiafu Li5, Mingchuan Li4, Shu Li16, Shuaijie Li8, Qing Lin17,18,8

Jianglai Liu1,8,3,†, Xiaoying Lu6,7, Lingyin Luo11, Yunyang Luo17,18, Wenbo Ma1,9

Yugang Ma10, Yajun Mao11, Yue Meng1,3, Nasir Shaheed6,7, Xuyang Ning1,10

Ningchun Qi4, Zhicheng Qian1, Xiangxiang Ren6,7, Changsong Shang4, Guofang11

Shen12, Wenliang Sun4, Andi Tan15, Yi Tao1,3, Anqing Wang6,7, Meng Wang6,7,12

Qiuhong Wang10, Shaobo Wang1,19,††, Siguang Wang11, Wei Wang2,5, Xiuli Wang16,13

Zhou Wang1,3,8, Yuehuan Wei2, Mengmeng Wu5, Weihao Wu1, Jingkai Xia1,14

Mengjiao Xiao15, Xiang Xiao5,§, Pengwei Xie8, Binbin Yan1, Xiyu Yan14, Jijun15

Yang1, Yong Yang1, Chunxu Yu9, Jumin Yuan6,7, Ying Yuan1, Zhe Yuan10, Dan16

Zhang15, Minzhen Zhang1, Peng Zhang4, Shu Zhang5, Tao Zhang1, Li Zhao1, Qibin17

Zheng14, Jifang Zhou4, Ning Zhou1, Xiaopeng Zhou12, and Yong Zhou4
18

1School of Physics and Astronomy, Shanghai Jiao Tong University, MOE Key19

Laboratory for Particle Astrophysics and Cosmology, Shanghai Key Laboratory for20

Particle Physics and Cosmology, Shanghai 200240, China21

2Sino-French Institute of Nuclear Engineering and Technology, Sun Yat-Sen22

University, Zhuhai, 519082, China23

3Shanghai Jiao Tong University Sichuan Research Institute, Chengdu 610213, China24

4Yalong River Hydropower Development Company, Ltd., 288 Shuanglin Road,25

Chengdu 610051, China26

5School of Physics, Sun Yat-Sen University, Guangzhou 510275, China27

6Research Center for Particle Science and Technology, Institute of Frontier and28

Interdisciplinary Science, Shandong University, Qingdao 266237, Shandong, China29

7Key Laboratory of Particle Physics and Particle Irradiation of Ministry of30

1



Education, Shandong University, Qingdao 266237, Shandong, China31

8Tsung-Dao Lee Institute, Shanghai Jiao Tong University, Shanghai, 200240, China32

9School of Physics, Nankai University, Tianjin 300071, China33

10Key Laboratory of Nuclear Physics and Ion-beam Application (MOE), Institute of34

Modern Physics, Fudan University, Shanghai 200433, China35

11School of Physics, Peking University, Beijing 100871, China36

12School of Physics, Beihang University, Beijing 100191, China37

13International Research Center for Nuclei and Particles in the Cosmos & Beijing38

Key Laboratory of Advanced Nuclear Materials and Physics, Beihang University,39

Beijing 100191, China40

14School of Medical Instrument and Food Engineering, University of Shanghai for41

Science and Technology, Shanghai 200093, China42

15Department of Physics, University of Maryland, College Park, Maryland 20742,43

USA44

16School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai45

200240, China46

17State Key Laboratory of Particle Detection and Electronics, University of Science47

and Technology of China, Hefei 230026, China48

18Department of Modern Physics, University of Science and Technology of China,49

Hefei 230026, China50

19SJTU Paris Elite Institute of Technology, Shanghai Jiao Tong University,51

Shanghai, 200240, China52

(PandaX-4T Collaboration)53

*Corresponding Author: ke.han@sjtu.edu.cn54

†Spokesperson: jianglai.liu@sjtu.edu.cn55

††Corresponding Author: shaobo.wang@sjtu.edu.cn56

§Corresponding Author: xiaox93@mail.sysu.edu.cn57

September 8, 202258

Abstract59

Precise measurement of two-neutrino double beta decay (DBD) half-life is an important60

step for the searches of Majorana neutrinos with neutrinoless double beta decay. We report61

the measurement of DBD half-life of 136Xe using the PandaX-4T dual-phase Time Projection62
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Chamber (TPC) with 3.7-tonne natural xenon and the first 94.9-day physics data release. The63

background model in the fiducial volume is well constrained in situ by events in the outer active64

region. With a 136Xe exposure of 15.5 kg-year, we establish the half-life as 2.27± 0.03(stat.)±65

0.10(syst.) × 1021 years. This is the first DBD half-life measurement with natural xenon and66

demonstrates the physics capability of a large-scale liquid xenon TPC in the field of rare event67

searches.68

Two-neutrino double beta decay (DBD) is a second-order weak process with an extremely long69

half-life [1]. Neutrinoless double beta decay (NLDBD), during which no neutrino is emitted, would70

be direct evidence of the Majorana nature of neutrinos and a clear violation of lepton number71

conservation [2, 3]. Therefore, the experimental search for NLDBD is an essential aspect of physics72

beyond the Standard Model (BSM) [4–6]. Various experimental projects aim to search for NLDBD in73

different candidate isotopes. Among them, enriched 136Xe has been used by EXO-200, KamLAND-74

ZEN, NEXT, etc [7–10]. PandaX-II has conducted the first search for NLDBD of 136Xe with75

a dark matter (DM) detector [11]. XENON1T, another natural xenon-based TPC, has demon-76

strated excellent detector performance at the MeV range [12] and performed a search for NLDBD77

recently [13]. The half-life of 136Xe DBD has been measured [14–16] and the most precise result of78

2.165± 0.016(stat.)± 0.059(syst.)× 1021 years is given by EXO-200 [14].79

Precise measurement of DBD half-life is an important step for NLDBD searches. For a finite80

detector resolution, DBD events contribute to the background of the NLDBD region of interest.81

Furthermore, a measurement of DBD half-life can help determine the nuclear matrix elements (NME)82

of the decay process and may shine light on the NME of NLDBD [17–19]. More recently, there have83

been growing interests in exploring BSM physics with the electron spectrum of DBD (e.g. [20–23]).84

In this letter, we present a new measurement of 136Xe DBD half-life with large statistics and85

a broad energy spectral range with the dual-phase xenon Time Projection Chamber (TPC) of86

PandaX-4T [24]. This represents the first DBD half-life measurement with natural xenon as the87

target. PandaX-4T has been originally optimized for signals in the low energy keV range for DM88

searches [25]. For the MeV energy range, we developed dedicated energy calibration procedures,89

reconstruction algorithms, and discrimination of single- and multiple-site events. We systematically90

select the innermost cleanest part of the detector as our fiducial volume (FV) while utilizing the91

outer region to robustly characterize the background distributions in situ.92

PandaX-4T detector is a large dual-phase xenon TPC with approximately 3.7 tonnes of natural93

xenon in the active volume [24]. The active volume is enclosed by the field cage on the side, and the94

gate and cathode electrodes on the top and bottom, respectively. The cross-section of the field cage95

is a polygon with 24 sides and its inscribed circle has a diameter of 1.185 m. The liquid xenon (LXe)96

inside the field cage is 1.185 m tall. The top and bottom PMT arrays have 169 and 199 three-inch97

Hamamatsu PMTs installed. All PMTs are read out with custom-designed bases for high voltage98

biasing and signal readout [26]. PMT signals are recorded by commercial 14-bit, 250 MHz sampling99

rate CAEN digitizers.100

An energetic event in the active volume of the detector generates a prompt scintillation signal101

(S1) and a delayed electroluminescence signal (S2). Energy deposition in the active volume generates102

ionization electrons and detectable prompt scintillation light signals S1. The ionization electrons103
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drift up to the top of the active volume where they are extracted into the gaseous region. The electric104

field in the gaseous region is much stronger, causing electrons to undergo an electroluminescence105

process to generate S2. The energy and position of each event can be calculated from the amplitude106

and temporal information of S1 and S2. The vertical (denoted as Z) position of an event can be107

determined from the drift velocity of electrons and the time delay between S1 and S2. The relative108

amount of photons seen by each PMT on the top PMT arrays is used to reconstruct the positions109

in the horizontal X-Y plane.110

In this analysis, we used the first data release of PandaX-4T, taken from Nov. 28, 2020 to Apr. 16,111

2021. The total exposure is 94.9 days and divided into five different data sets, as detailed in Ref. [24].112

This analysis emphasizes the energy range from 440 to 2800 keV, where the detector response is113

calibrated with external high-energy gamma sources including 137Cs, 60Co, and 232Th. The gamma114

sources are encapsulated in small, centimeter-scale stainless steel cylinders, and then inserted into115

dedicated calibration pipes near the detector. Due to the higher activities, 137Cs and 60Co are116

placed at 397 cm and 375 cm away from the central axis of the TPC respectively, while 232Th with117

lower activity is placed at 84 cm away. All of them are approximately at the same height as the118

geometrical center of the TPC active volume.119

For gamma events in the MeV range, energy loss via multiple Compton scattering dominates and120

can be identified via the timing profile of S2 signals. In the summed S2 waveforms of PMT arrays,121

multiple site (MS) events register different pulses as shown in Fig. 1 Top. The S2 pulses of MS122

events can overlap in time due to the diffusion effect and misidentified as one single site (SS) event.123

To discriminate SS and MS events, the summed pulse of all PMTs for a S2 is firstly smoothed by124

0 0.2 0.4 0.6 0.8 1 1.2
0

50

100

150

200

A
m

pl
itu

de
 [P

E
]

S1

360 365 370 375 380 385

S2

s]µTime [

0 1 2 3 4 5 6 7 8
s]µTime [

0

100

200

300

400

A
m

pl
itu

de
 [P

E
] Saturated S2

Desaturated S2
Reference interval

Figure 1: Top: Waveform of a sample MS event with one S1 peak and three S2 peaks identified by
the MS algorithm. The separation is indicated by the blue dots; Bottom: An example of saturated
S2 waveform (blue) with a charge of approximately 3.8×103 PEs. The desaturated S2 (red) from a
waveform template is scaled by matching the rising slope in the reference interval (green), resulting
in a corrected charge of ∼ 1.2× 104 PEs.
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a locally weighted regression algorithm [27]. We then identify peak(s) on the smoothed pulse, and125

a SS event is defined where all peaks are identified in a time window of ±0.75 µs, corresponding to126

∼2.2 mm in the vertical direction. Otherwise, the events are labeled as MS events.127

PMTs may suffer from the saturation effect with high energy S2 signals. For events in the MeV128

energy range, a typical PMT may collect up to thousands of photoelectrons (PEs). We observe129

obvious waveform distortion when the total charge collected is above 900 PEs or so, as illustrated130

in Fig. 1 Bottom. PMT saturation effect is corrected by matching the rising slope of the saturated131

PMT waveforms to the non-saturated waveforms in the same event. We use the summed PMT132

waveforms with charges in the range of 50 to 900 PEs as templates of non-saturated waveforms. The133

waveform template is then scaled to match the rising slope of the saturated waveforms in a dynamic134

reference interval by minimizing the reduced χ2 between the two waveforms. The scaled template135

offers an estimate of the true charge of saturated waveforms [12]. We also validate the effectiveness136

of the desaturation with a bench measurement using PMTs illuminated by high-intensity photons137

with S2-like timing profiles. The desaturation protocol is applied to the top PMTs for all events with138

distorted waveforms. For events in the energy range of 1 to 3 MeV, the average correction factor139

is ∼3.0. The S2 waveforms for the bottom PMTs are not corrected for saturation, but a residual140

correction is applied to the reconstructed energy (see later). On the other hand, we do not observe141

apparent saturation for S1 signals in the energy region of interest.142

Position reconstruction is significantly improved with desaturated PMT charges. At high energy,143

we use the photon acceptance function (PAF) method [28] to reconstruct the position. PAF describes144

the expected charge detected by a certain PMT as a function of the event’s position and is determined145

iteratively from data. A likelihood function is constructed to describe the charge distributions among146

each PMTs for an event, and the horizontal position is determined by maximizing the likelihood.147

In Fig. 2 Top, the distributions of positions reconstructed from desaturated and uncorrected PMT148

charges, respectively, are shown as a function of R2, where R is the radial position. The wiggles in149

the uncorrected curve are significantly smoothed out by the desaturation process.150

The detector response to physical signals in different parts of the detector is non-uniform and151

the correction is done in situ with data. S2 signals suffer from the absorption of electrons on electro-152

negative impurities in LXe while drifting up. The electron lifetime is calculated with the 164 keV153

γ-ray peak from 131mXe run by run and used to correct S2 signals with an exponential function.154

Electron loss may be convoluted with a saturation effect for large S2 signals, especially for the top155

PMT array. Therefore, the electron lifetime correction is extracted based on S2 charges collected156

by the bottom PMT array (called S2b), and the corresponding correction is applied to S2b in the157

physics data. The average electron lifetime by dataset ranges from 800.4 to 1288.2 µs, while the158

maximum drift time is from 800 to 841 µs [24].159

Gaseous 83mKr calibration source is injected into the detector via the circulation loop [29] to160

map out the non-uniform response of the detector. To get a response map to S1 signals, 41.5 keV161

events emitted from 83mKr are grouped into different voxels in the detector and the mean S1 charge162

in each voxel is calculated to represent the detector response at the corresponding positions. For the163

S2 signals, the response map is generated in the X-Y plane. The S1 and S2 signals for any event are164

corrected according to their position to achieve a uniform response throughout the active volume.165
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Figure 2: Top: Event position distribution in radius-squared (R2) of the physics data in the energy
range of [440, 2800] keV reconstructed from the PAF algorithm with PMT charges before (green)
and after (red) desaturation. Bottom: Event distributions of the physics data in the energy range
of [440, 2800] keV in Z vs R2 coordinates, with the color bar showing counts in each bin. The FV
is divided into 4 regions, projected as 4 rectangles with numbers accordingly. The outer regions
outlined by the dashed rectangles are used for cross-validation of the results obtained from the FV.
The top and bottom shaded regions close to the PMT arrays are excluded in the top panel.

Energy calibration coefficients of SS events are inherited from the low energy analysis and applied166

with additional non-linearity correction. Since the desaturation procedure introduces associated167

fluctuations, S2b without desaturation is used to reconstruct energy. Although not being corrected168

with the desaturation algorithm directly, S2b benefits from improved position reconstruction and169

uniformity correction. Energy is calculated from S1 and S2b according to the formula [30] E =170

13.7 eV × (S1/PDE + S2b/(EEE× SEGb)), where PDE, EEE, and SEGb are the photon detection171

efficiency for S1, electron extraction efficiency, and the single-electron gain for S2 recorded by the172

bottom PMT array S2b, respectively. When applying the parameters for 5 datasets obtained from173

low energy analysis, we observe a 10% level deviation for gamma peaks above 1 MeV, likely due174

to residual energy and position-dependent effects such as saturation. As both S1 and S2b are not175

desaturated, S1 and S2b signals are further corrected to optimize the energy-dependent linearity176

for all locations in the detector. The signals are corrected according to the reconstructed gamma177

peaks of the calibration data in different regions, and deviations of peak positions are reduced to the178

percent level. The relative energy resolution σE/E at the 2615 keV (236 keV) peak is 1.9% (3.0%)179

in the physics data and similar results are obtained at other peaks. Considering the fact that the180

desaturation is not applied to S1 and S2b, an empirical function fit to the fitted energy resolution181

is used to smear the simulated spectra later to allow a data/simulation comparison.182

Data quality selection cuts to remove unphysical events and select electron recoil events are183

developed based on calibration data, including that from 137Cs, 60Co, 232Th, 83mKr, and 220Rn.184
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Non-electron recoil and alpha events can be removed with a cut on the charge of S1 and/or S2 as185

well as the ratio between the two. The relative size of S1 charges collected by the top and bottom186

PMT arrays and drift time can be cross-compared to reject accidental coincidence events and events187

originating from the gate electrode. All cuts were optimized and determined with the last 9.6 days188

of data after going through the high-energy specific data processing, while the rest of the data is189

blinded. The total cut efficiency is calculated to be (99.4±0.4)%, while the uncertainty is estimated190

by the difference in different detector volumes. These cuts are applied to all physics data, and the191

efficiency is validated to be the same as that from 9.6 days of data.192

Detailed simulation with Geant4-based Monte Carlo framework BambooMC [31] is established193

with full detector geometry, including top and bottom PMT arrays with individual PMT and base,194

field cage, stainless steel vessels, supporting frame, and water shielding tanks. LXe responses to ER195

in the MeV range are modeled from standard NEST 2.0 construction [30, 32], with light yield, charge196

yield, and recombination parameters extracted from calibration. Energy depositions simulated in197

Geant4 are converted into individual S2s, which are then smeared in time with drift-time-correlated198

Gaussian diffusion measured in the data. The pseudo-S2 waveforms are then piped through the199

SS/MS discrimination algorithm. The resulting SS and MS spectra are compared to the correspond-200

ing spectra in the calibration runs. No systematic deviation is observed as a function of energy,201

and within 440 keV to 2800 keV, the overall agreement is at 1.7% level (Fig. 3). When taking the202

bin-by-bin deviation into account, the fit result (see later) shifts by 1.5%. Conservatively, we use203

1.7% as a systematic uncertainty in the final DBD half-life calculation.204

The majority of the background events in our region of interest (ROI) from 440 to 2800 keV are205

from radioactive contamination of detector components and impurities in the xenon. Radioactive206

contamination of 60Co, 40K, and the U/Th chain from major detector components is assayed with207

dedicated setups such as high purity germanium detectors, with results summarized in Ref. [33]. We208

generate expected background contributions in SS spectra according to simulation, assay results,209

500 1000 1500 2000 2500
Energy [keV]

1000

2000

3000

4000

C
ou

nt
s

Th Data MS+SS232

Th Data SS232

500 1000 1500 2000 2500
Energy [keV]

0

0.2

0.4

0.6

S
S

/(
S

S
+

M
S

)

Th MC232

Th Data232

Figure 3: Top: SS (magenta) and MS+SS (cyan) spectra of 232Th calibration data. Bottom:
Comparison of SS fraction between MC (shaded green) and data (black), with an average difference
of 1.7%. The uncertainties of the MC spectrum are shown in the green shaded band.
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and the discrimination algorithm. The major detector components are grouped into three categories,210

denoted as top, bottom, and side. The top category includes the top flanges of the vessels and the211

top PMT assembly, which consists of the PMT array, readout circuits, cabling, and the mechanical212

supporting structure. The counterpart bottom PMT assembly and the bottom hemisphere of the213

vessels are grouped as the bottom category. The side category is composed of the field cage and214

cylindrical barrel of the vessels. Other detector components are found to have negligible background215

contributions and thus not included. The weighted sums of expected background counts in the ROI216

from four radioactive contaminations are listed in Table 1.217

222Rn emanated from the inner surface of the detector and circulation pipes is the major internal218

contamination. 214Pb and 214Bi, progenies of the 222Rn, contribute mostly to the ROI of DBD. 97%219

of the beta decays from 214Bi can be rejected together with their subsequent alpha decay of 214Po220

with a half-life of ∼ 163 µs [34]. The remaining 214Bi activity is less than 0.1 µBq/kg, which makes221

a negligible contribution to our ROI. Therefore, only the contribution from 214Pb is considered and222

simulated with BambooMC. 85Kr beta decay also contributes to the lower end of the ROI with223

end-point energy of 687 keV. However, with an extremely low concentration level at 85Kr/Xe ratio224

of 6.6± 4.2× 10−24 [24], the tail of its beta spectrum has a marginal impact on our result and has225

not been included in the fit.226

DBD signal spectrum is also simulated with BambooMC. The energy of two electrons from DBD227

is generated with the Decay0 package [35] as input for our simulation. For DBD events with energy228

greater than 440 keV, the SS fraction is 97.4% with a fractional uncertainty of 1.7% according to229

our detector response simulation.230

A cylindrical FV with a radius of 33.2 cm and a height of 66.3 cm in the geometrically center part231

of the detector is selected for the final fit, with the range in the Z direction pre-determined by the232

event rate distribution in the ROI. The FV is then determined from 220Rn and 83mKr calibration233

data. Both internal calibration sources are expected to be evenly distributed in the active volume.234

Table 1: Expected and fitted contribution of background contaminations originating from the top,
bottom, and side of the detector and LXe inside. All values are reported in the number of counts in
the FV.

Detector part Contamination Expected counts Fitted counts

Top

238U 339± 129 490± 52
232Th 402± 133 670± 56
60Co 327± 141 550± 49
40K 300± 156 363± 40

Bottom

238U 141± 51 185± 40
232Th 237± 119 155± 53
60Co 159± 95 183± 48
40K 89± 84 100± 39

Side

238U 475± 707 1070± 118
232Th 786± 959 2194± 117
60Co 1244± 945 185± 98
40K 1518± 835 782± 84

LXe 214Pb (222Rn progeny) [0, 12057] 7180± 152
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The FV is defined where the proportionality between the event counts and geometrically calculated235

volume is better than 0.5%, and the uncertainty of the FV cut is estimated as 1.0%. The FV is236

further divided into 4 regions, as shown in Fig. 2 Bottom and data spectra are reconstructed in each237

region. Region 1 is the innermost and cleanest region. Region 2, 3, and 4 are on outside of Region238

1, where the external radioactive contaminations from the top, bottom, and side of the detector,239

respectively, have more impact.240

We constructed a simultaneous fit with the binned likelihood function defined as241

L =

NR∏
i=1

Nbins∏
j=1

(Nij)
Nobs

ij

Nobs
ij !

e−Nij

Nbkgs∏
k=1

1√
2πσk

e
− 1

2 (
ηk
σk

)2
, (1)

242

Nij = nXeS
Xe
ij +

Nbkgs∑
k=1

(1 + ηk)nkB
k
ij , (2)

where Nobs
ij , Nij are the observed and expected event numbers in the j-th energy bin of the i-th243

region. Nij are modeled as Eq. 2 according to PDFs of the DBD spectrum SXe
ij and the background244

components Bk
ij given as (category, isotope) pairs and 214Pb listed in Table 1. The PDFs are weighted245

by the number of counts nXe and nk for signal and backgrounds respectively. For background, nk246

is fixed while the nuisance parameters ηk denotes the fractional difference between the prior and247

fitted counts. In the likelihood function, a Gaussian penalty is added for each background except248

214Pb based on the prior fractional uncertainty σk derived from Table 1. The prior 222Rn level is249

measured in situ with the number of high-energy alpha particles emitted in the decay chain with250

small uncertainty. However, the number of 214Pb may be smaller due to progenies attaching to251

electrodes and the inner surface of the detector [36]. Therefore, the number of 214Pb events is252

unconstrained in the fit.253

The fitted spectra in Region 1 and the combined results of the other three regions are shown in254

Fig. 4. In the FV, 136Xe DBD events are dominant. The total number of DBD events is 17468±257.255

A parallel fit is also performed with the RooFit package [37] giving consistent results.256

The fitted results of all background sources are listed in Table 1 in comparison with the ex-257

pected counts. The most noticeable background is from 214Pb, the progeny of 222Rn. The ratio of258

59.6% between the fitted count of 214Pb and the expected count of 222Rn, which is estimated from259

its alpha events, represents the aforementioned depletion of 214Pb. The large sensitive volume of260

PandaX-4T helps determine the external radioactive contaminations more accurately and robustly,261

as demonstrated by the smaller uncertainties on the fitted number of counts. Agreements within two262

sigmas between our fit results and radioactive assays are observed for most of the contributions. For263

comparison, the best fit results are used to calculate the expected spectrum for the regions outside264

of the FV, as outlined by the three dashed rectangles in Fig. 2. Within our DBD ROI, the largest265

difference between expected and measured rates is 2.3% and the agreement is within 1% when the266

three dashed regions are considered together.267

We performed the fit by varying bin size from 1 keV to 40 keV and lower (upper) fit range from268

440 (2600) to 600 (3000) keV. The impact of both changes is at the 1% level or smaller. Systematic269
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Figure 4: Results of the simultaneous fit. For better visualization, Region 1 is shown individually
(top) and the other three regions are shown together (bottom). Fitted spectral of background
components of (category, isotope) pairs are grouped and plotted based on isotopes. In each figure,
data and fit results are shown in the top panel and residuals in the bottom panel. The χ2/NDF
(number of degrees of freedom) as an indicator of the goodness of fit is shown for each figure.

uncertainties may also come from the mismatch between simulated and measured spectra in the FV.270

Three independent effects are studied including uncertainties in energy resolution, energy scale, and271

the relative variation of weights among the four regions. To cleanly evaluate the systematic effect272

of energy reconstruction, the maximum deviation of both the reconstructed energy peak and energy273

resolution is included. PDFs from the simulation are generated with energy resolutions scaled from274

0.8 to 1.2 times the measured resolutions. We also shifted the peak positions of PDFs by up to275

±10 keV. The relative weight nk in Eq. 2 is calculated from the geometry or scaled by the measured276

222Rn rates in each region. Different impact on DBD half-life between the two sets of weights277

is treated as the regional weight systematics, as listed in Table 2. All the background PDFs are278

generated assuming secular equilibrium of the U/Th chains. If the early and late parts of the decay279

chains are allowed to float independently in our spectrum fit, we observe a 2.0% shift in our DBD280
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Table 2: Summary of relative systematic uncertainties.

Source Percentage Source Percentage
Quality cut 0.39% SS cut 1.7%

FV cut 0.99% Bin size 0.05%
Fit range 1.2% Energy resolution 0.58%

Energy scale 0.26% Regional weight 1.6%
214Pb spectrum 2.0% LXe density 0.13%
136Xe abundance 1.9% 136Xe spec. shape 0.36%

Non-equilibrium decay chain 2.0% Total 4.5%

result, mainly due to the thorium chain. The shift is treated as a systematic uncertainty from the281

non-equilibrium decay chain. Moreover, a recent re-evaluation of 214Pb beta decay spectrum pointed282

out that the spectrum calculated by Geant4 may not be precise [38] In our ROI, the new theoretical283

calculation changes the spectrum by approximately -6% to 30% from low energy to high energy,284

if we assume the same correction can be applied to 214Pb decay to excited states as well as the285

ground state. Therefore, a sizable impact of 2.0% is observed in our fit result. Similarly, 136Xe DBD286

shape may also influence the half-life measurement. An alternative shape assuming a single-state287

dominance hypothesis (SSD) [39] is used in the spectrum fit and the result differs from the baseline288

choice by 0.36%.289

Aside from what has already been mentioned earlier, we have also evaluated the systematics290

related to the 136Xe abundance. The fluctuation of gas phase pressure 2.064± 0.008 bar during the291

data taking leads to an LXe density of 2.8502±0.0036 g/cm3, based on the saturated vapor properties292

of Xe. Therefore, the total xenon mass in the FV is 649.7±6.5 kg, where the uncertainty comes from293

the FV cut and LXe density. We adopt the reported 136Xe abundance of 8.86% in natural xenon294

and measure the xenon samples from the PandaX-4T TPC by a residual gas analyzer (RGA) [40] for295

cross-check and error estimation. With and without the relative ionization efficiencies of different296

xenon isotopes [41] taken into account, the measured isotopic abundance of 136Xe is (9.03± 0.03)%297

and (8.79 ± 0.03)%, respectively. Conservatively, we use (8.86 ± 0.17)% in the half-life evaluation,298

resulting in a 136Xe mass of 59.6± 1.3 kg in the FV.299

The total relative systematic uncertainty is 4.5%, including all the systematics listed in Table 2300

summed in quadrature. With a live time of 94.9 days, a selection and SS efficiency of 99.4% and301

97.4%, respectively, and a DBD event fraction of 86.3% within our fit range, we obtain a final302

DBD half-life measurement of 2.27 ± 0.03(stat.) ± 0.10(syst.) × 1021 years. This result agrees with303

the previous measurements from KamLAND-ZEN, EXO-200, and NEXT collaborations [14–16], as304

shown in Fig. 5. Our measurement with PandaX-4T, which is initially designed as a dark matter305

direct detection experiment, demonstrates the physics reach of large liquid xenon TPC on multiple306

fronts. Thanks to its emphasis on low energy, our analysis threshold is at least 260 keV lower307

compared to the previous measurements. With a large active volume and self-shielding, we can308

aggressively select the innermost and cleanest part of the detector for the measurement. The outer309

part of the active volume is used to cross-check the background and signal model in situ. Such310

advantages can also be exploited in other physics searches in the MeV range in the future.311
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Figure 5: Comparison with half-life measurements from enriched xenon experiments [14–16]. The
box and cap-tipped error bars represent statistical and systematic uncertainties respectively.

In summary, we have measured the DBD half-life of 136Xe with the 94.9 days of PandaX-4T data.312

Our analysis uses an FV at the very center of the detector with 649.7± 6.5 kg of xenon and a total313

number of 17468± 257 DBD events was observed in the energy range of 440 to 2800 keV. The final314

result 2.27 ± 0.03(stat.) ± 0.10(syst.) × 1021 years is one of the most precise measurements to date315

and the first result using a natural xenon dark matter detector with robust background control. Our316

DBD analysis is a major step forward for the NLDBD searches with a large-scale multiple-purpose317

liquid xenon TPC. PandaX-4T has continued data taking with the physics goal of dark matter direct318

detection, double beta decay searches, and measurement of neutrinos from astrophysical sources. We319

are also developing upgrade plans to enhance the detector response at the MeV level and possibly320

lower the background rate by replacing detector components. More and higher quality data will321

further improve our measurement of DBD half-life and understanding of the background relevant to322

NLDBD searches, and may be used to explore potential new physics [20–23].323
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