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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

1937, Majorana
Majorana Neutrino

1939, Furry
Neutrinoless double beta decay
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NLDBD probes the nature of neutrinos

• Majorana or Dirac

• Lepton number violation

• Measures effective Majorana mass: relate 0νββ to the neutrino 
oscillation physics 
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Detection of double beta decay

• Measure energies of emitted electrons

• Electron tracks are a huge plus

• Daughter nuclei identification
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Measuring the DBD half-life

• Precision measurement of DBD is a major first 
step for any NLDBD experiment

• Understand better the background for more rare 
searches

• Searching for possible shape distortion for new 
BSM physics 
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FIG. A.3. Left: Normalized 2⌫�� total electron kinetic energy decay distributions for SM 2⌫��

(dashed) and the right-handed lepton current case (solid), for the isotopes
76
Ge,

82
Se and

136
Xe

(top to bottom). Right: Likewise, the normalized single electron energy 2⌫�� decay distributions.

The bottom panels show the relative deviation of the exotic distribution from the SM case.
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<0:04 !Bq kg!1 (90% C.L.). In the data set, 72 "-#
coincidences are removed. The implementation of this cut
introduces a 6.3% dead time due to spurious ionization or
scintillation signals. Events are then classified as single- or
multicluster and energy spectra are obtained for these two
classes, as shown in Fig. 4. The spectra are simultaneously
fit to probability distribution functions for the 2$"" decay
signal (65% of which is above threshold) and various back-
grounds by using an unbinned maximum likelihood
method. The 2$"" probability distribution function is
produced by using the Fermi function calculation given in
Ref. [20]. The detector simulation predicts a small fraction
of the 2$"" decay signal to be classified as themulticluster
type because of bremsstrahlung as well as charge collection
effects. Backgroundmodels are developed for various com-
ponents of the detector, inspired by screening of materials
performed at the time of the detector’s construction and by
estimated cosmogenic activation. As Fig. 4 illustrates, the
backgrounds involving % rays are readily identified by their
clear multicluster signature, while the single-cluster spec-
trum is dominated by a large structure with a shape consis-
tent with the 2$"" decay of 136Xe. The simultaneous
likelihood fit to the single- and multicluster spectra reports
a strong signal from the 2$"" decay (3886 events) and a
dominant contamination from 40K at the location of theTPC

vessel (385 events). Other contributions account for a total
of less than 650 events, each with a very low significance in
the fit. These levels of contamination are consistent with the
material screening measurements [12]. By taking only the
single-cluster events into account, the signal-to-background
ratio is 9.4 to 1.
The #-spectroscopy analysis is used to bound any 238U

contamination in the bulk LXe. This is important because
238U decays are followed (with an average delay of"35 d)
by 234mPa decays, producing "’s with a Q value of
2195 keV. The # scintillation spectrum is calibrated by
using the lines observed from the 222Rn chain, obtaining a
limit for 238U (and 234mPa) of <10 counts for the data set
shown in Fig. 4. In addition, a study of the production of
fast neutrons resulting in recoils and captures in the LXe as
well as thermal neutrons resulting in captures is used to
bound these backgrounds to <10 events for the data set in
the figure.
The measured half-life of the 2$"" decay in 136Xe

obtained by the likelihood fit is T1=2 ¼ 2:11$ 0:04ðstatÞ $
0:21ðsystÞ ' 1021 yr, where the systematic uncertainty
includes contributions from the energy calibration
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FIG. 3. Top: Fractional residuals between the energy calibra-
tion points and the linear model discussed in the text. The single-
(solid line) and multicluster (dotted line) uncertainty bands are
systematic, stemming from the finite accuracy of the position
reconstruction and the &e correction. The thick dashed line
represents the central value of the shift predicted by the simu-
lation for pointlike energy depositions. Bottom: Measured en-
ergy resolution (points) along with a parameterization (line).
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FIG. 4. Energy distributions from 752.66 h of EXO-200 single-
cluster events (main panel) and multicluster events (inset). The
result of a likelihood fit to a model including the 2$"" decay
and several backgrounds is shown (solid line) along with the
2$"" component (shaded region) and some prominent back-
ground components at the radius of the TPC vessel (232Th, long
dashed line; 40K, dashed line; 60Co, dash-dotted line; 54Mn, thin
dashed line; 65Zn, thin solid line; 238U chain in equilibrium,
dash-double-dotted line). Other background components fitting
to negligible amounts are not shown, for clarity. The energy
scale used for the main panel is consistent with that of single-
cluster, "-like events, while the scale of the inset is consistent
with the multicluster events it represents. The combined
'2=degrees of freedom between the model and the data for the
two binned distributions shown here is 85=90.
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Detector techniques Giuliani, TAUP 2021

GERDA
Majorana
COBRA
CDEX

EXO/nEXO
NEXT
SuperNEMO
PandaX

KamLAND-Zen
SNO+
CANDLES
JUNO-ββ

AMoRE
CUPID

CUORE

ionization photon

phonon

DBD half-life with PandaX-4T Ke Han, SJTU 6



The big four 

CUORE/CUPID

Bolometer

KamLAND-ZEN

Doped LS

LEGEND family

HPGe

EXO/nEXO

LXe TPC
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CJPL: Deepest underground lab

CJPL-I

CDEX
PandaX

2430m

8750m

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

• Horizontal access with ~9 km long tunnel: large truck 
can drive in.

• National key science research facility for dark matter 
searches, neutrino physics, and astroparticle physics, etc. 
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CJPL-II: much enlarged underground lab space

From: The China Jinping Underground 
Laboratory and Its Early Science; 
Ann.Rev.Nucl.Part.Sci. 67 (2017) 231-251
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Expected DBD experiments at CJPL-II

CUPID-China

Bolometer

PandaX

Xe TPC

CDEX

HPGe

NνDEx

Ion TPC
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PandaX Collaboration

• Particle and Astrophysical Xenon Experiment; started in 2009; now ~80 authors
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PandaX detectors

PandaX-I: 120kg LXe 
(2009 – 2014)

PandaX-II: 500kg LXe 
(2014 – 2018)

PandaX-4T: 4 ton
(2019-)

WIMP searches
(DBD as well)

PRL 117, 121303 (2016)
…
…

PandaX-III: 100kg - 1 ton 
HPXe for DBD (future)
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NLDBD search at PandaX-II
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arXiv:1906.11457; Chinese Physics C 43, 113001 (2019) 

• 580 kg natural xenon; ~50 kg of 136Xe.

• 403.1 day of dark matter physics data

• Null results; Lower limit for decay half-life: 
2.4×1023 yr at 90% CL

• Effective Majorana mass upper limit: 1.3-3.5 eV.

• First NLDBD result reported from a dual-phase 
xenon experiment

• Proof of Principle Saturated pulses



NLDBD searches at XENON1T

20

Neutrinoless double beta-decay

Tim Wolf (MPIK) - 4th of June 2022 Neutrino 2022 - Seoul/Online

• Exploiting 3D position reconstruction 
for fiducialisation of the analysis 
space 
—> 741 kg total mass of fiducial 
volume 

• Science data blinded between 2300 
and 2600 keV 

• Lower limit at 90% CL from profiled 
likelihood: 

 

• Most stringent limit by a non-
enriched dark matter detector!

T 0νββ
1/2 > 1.2 × 1024yr

• Super-ellipsoidal shape to reduce material 
backgrounds while maintaining large signal 
acceptance arxiv:2205.04158
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Neutrinoless double beta-decay

Tim Wolf (MPIK) - 4th of June 2022 Neutrino 2022 - Seoul/Online

• Exploiting 3D position reconstruction 
for fiducialisation of the analysis 
space 
—> 741 kg total mass of fiducial 
volume 

• Science data blinded between 2300 
and 2600 keV 

• Lower limit at 90% CL from profiled 
likelihood: 

 

• Most stringent limit by a non-
enriched dark matter detector!

T 0νββ
1/2 > 1.2 × 1024yr

arxiv:2205.04158
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• Data between 2300 and 2600 keV 

• Lower limit at 90% CL from profiled likelihood 

• T > 1.2 × 1024yr 



Ambitious natural LXe TPC can achieve competitive NLDBD sensitivity

22

Neutrinoless double beta-decay
• Promising projections for this 

technology in the upcoming 
generation of experiments 

• More careful estimation of 
background components is needed 
due to larger size and lower 
background level 

• Radiogenic and cosmogenic Xe 
and B solar neutrino scattering on 
atomic electrons taken into account

137

8

Tim Wolf (MPIK) - 4th of June 2022 Neutrino 2022 - Seoul/Online

Eur. Phys. J. C 80, 808 (2020)
Phys. Rev. C 102, 014602 (2020) arxiv:2205.04158
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T. Wolf, Neutrino2022
The multi-physics game is on



PandaX-4T @ CJPL-II
DBD half-life with PandaX-4T Ke Han, SJTU 17



DBD half-life with PandaX-4T Ke Han, SJTU 18



PandaX-4T Commissioning onsite

Ultra-pure water system

Electronics and DAQ TPC and PMT Distillation Tower

Cooling Bus

Lowering TPC to 
Inner Vessel
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Stable data taking during commissioning runs: 94.9 days for DBD analysis

• Nov. 28, 2020 to Apr. 16, 2021 
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External calibration sources for high energy detector 

response: 232Th (loops), 127Cs, and 60Co (DD tunnel)
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DD tunnel



Extending DM detector response to MeV range

• 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)
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Data-driven diffusion width as input for simulation

• Pulse width of SS events are calculated from data

• Used for simualtion of waveforms after Geant4 output
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Validation with calibration data
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PMT pulse saturation and desaturation

• PMT bases suffer serious saturation for MeV range events. 

• Match the rising slope of the saturated to the non-saturated 
templates in the same eventsà True charge collected

• For events in the energy range of 1 to 3 MeV, the average 
correction factor is ∼3.0 for the top PMT array
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Validation with bench tests and improvement of  PMT bases

• Desaturation algorithm validated with a bench measurement 

• PMTs illuminated by high intensity photons with S2 timing profiles

• Newly designed PMT bases can improvement the linear dynamic 
range by >30 
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Data-driven detector response and correction

• Gaseous 83mKr feed into the TPC à uniformly distributed 41.5 keV events à 3D detector response

• S1 (3D) and S2 (2D) signals are corrected respectively; E-lifetime correction done for S2 before this

• Also validated with higher energy peaks (164 keV and even 2615 keV)

DBD half-life with PandaX-4T Ke Han, SJTU 27

X [mm] X [mm]

Dr
ift

 T
im

e 
[u

s]

Y 
[m

m
]

S2S1



Position reconstruction improvement with desaturation

• Position reconstruction based on PAF (photon 
acceptance function) methods devloped in DM analysis

• Reconstruction at HE is significantly improved with 
desaturation

• Removed the band structure in R2 distribution 
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Energy reconstruction

• Energy reconstruction: E = 13.7 eV × (S1/PDE + S2b/(EEE × SEGb)) 

• High energy peak positions off by ~10% with inputs from DM analysis

• Further tune S1 and S2b vs. energy and position à deviations of peak 
positions to the percent level.
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PDE: photon detection efficiency for S1

EEE: electron extraction efficiency

SEGb: single-electron gain for S2b

Calibration data

131mXe (164 keV), 129mXe (236 keV) 137Cs 60Co 208Tl



Background peaks

• Resolution of background data: 1.9% at 2615 keV; 3.0% at 236 keV

• Resolutions from different peaks as input for simulated spectrum
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Signal Efficiencies

• SS efficiency: 97.4% for DBD events > 440 keV

• DBD events generated with DECAY0 package and 
went through PandaX-4T simulation and data 
processing chain.

• (Very mild) Data quality cut efficiencies: (99.4 ±
0.4)%

• S1, S2, S1/S2: remove non-electron recoil and 
alpha events

• Top and bottom S1 charge asymmetry vs. drift 
time: reject accidental coincidence events and 
events originating from the gate electrode. 

• Calculated by region

• Calculated from 9.6 days of physics data; validated 
with full data

• Validated with 164 and 236 keV peaks
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Fiducial Volume: emphasis on systematics, not statistics

• Compare the number of events of 83mKr and 220Rn 
with geometric volume; the non-linearity between 
the two <0.5% defines the cut in R direction

• Z direction: smaller background rate

• Outer (dashed) region for cross-validation
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Background components

• Grouped detector components into three categories: top 
bottom and side, based on weight and relative 
contribution to background counts in the ROI

• Input values based on HPGe assay results and high energy 
alpha events
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energy resolution is used to smear the simulated spectra
later to allow a data/simulation comparison.

Data quality selection cuts to remove unphysical events
and select electron recoil events are developed based on
calibration data, including that from 137Cs, 60Co, 232Th,
83mKr, and 220Rn. Non-electron recoil and alpha events
can be removed with a cut on the charge of S1 and/or S2
as well as the ratio between the two. The relative size of
S1 charges collected by the top and bottom PMT arrays
and drift time can be cross-compared to reject accidental
coincidence events and events originating from the gate
electrode. All the cuts were optimized and determined
with the last 9.6 days of data after going through the
high-energy specific data processing, while the rest of the
data is blinded. The total cut e�ciency is calculated to
be (99.4 ± 0.4)%, while the uncertainty is estimated by
the di↵erence in di↵erent detector volume. These cuts are
applied to all physics data, and the e�ciency is validated
to be the same as that from 9.6 days of data.

Detailed simulation with Geant4-based Monte Carlo
framework BambooMC [29] is established with full de-
tector geometry, including top and bottom PMT ar-
rays with individual PMT and base, field cage, stain-
less steel vessels, supporting frame, and water shielding
tanks. LXe responses to ER in the MeV range are mod-
eled from standard NEST 2.0 construction [28, 30], with
light yield, charge yield, and recombination parameters
extracted from calibration. Energy depositions simulated
in Geant4 are converted into individual S2s, which are
then smeared in time with drift-time correlated Gaus-
sian di↵usion measured in the data. The pseudo-S2
waveforms are then piped through the SS/MS discrim-
ination algorithm. The resulting SS and MS spectra are
compared to the corresponding spectra in the calibration
runs. No systematic deviation is observed as a function
of energy, and within 440 keV to 2800 keV, the overall
agreement is at 1.7% level, which is taken as a systematic
uncertainty in the final DBD half-life calculation (Fig. 3).

The majority of the background events in our ROI are
from radioactive contamination of detector components
and impurities in the xenon. Radioactive contamination
of 60Co, 40K, and the U/Th chain from major detector
components is assayed with dedicated setups such as high
purity germanium detectors, with results summarized in
Ref. [31]. We generate expected background contribu-
tions in SS spectra according to simulation, assay results,
and the discrimination algorithm. The major detector
components are grouped into three categories, denoted as
top, bottom, and side. The top category includes the top
flanges of the vessels and the top PMT assembly, which
consists of the PMT array, readout circuits, cabling, and
the mechanical supporting structure. The counterpart
bottom PMT assembly and the bottom hemisphere of
the vessels are grouped as the bottom category. The side
category is composed of the field cage and cylindrical bar-
rel of the vessels. Other detector components are found
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FIG. 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 aver-
age di↵erence of 1.7%. The uncertainties of MC spectrum is
shown in green shaded band.

TABLE I. 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 334± 127 483± 45
232Th 397± 131 660± 45
60Co 322± 137 542± 48
40K 296± 155 358± 26

Bottom

238U 143± 52 187± 38
232Th 240± 120 157± 27
60Co 161± 97 185± 54
40K 90± 85 240± 41

Side

238U 469± 697 1056± 192
232Th 777± 945 2169± 248
60Co 1227± 938 182± 10
40K 1498± 822 772± 35

LXe 222Rn 8951± 186 6996± 116

to have negligible background contributions and thus not
included. The weighted sums of expected background
counts in the ROI from four radioactive contaminations
are listed in Table I.

222Rn emanated from the inner surface of the detector
and circulation pipes is the major internal contamina-
tion. 214Pb and 214Bi, progenies of the 222Rn, contribute
mostly to the ROI of DBD. Most of the beta decays from
214Bi can be rejected together with their subsequent al-
pha decay of 214Po with a half-life of ⇠ 163 µs [32].
Therefore, only the contribution from 214Pb is considered
and simulated with BambooMC. 85Kr beta decay also
contributes to the lower end of the ROI with end-point
energy of 687 keV. However, with an extremely low con-
centration level at 85Kr/Xe ratio of 6.6±4.2⇥10�24 [22],
the tail of its beta spectrum has a marginal impact on
our result and not included in the fit.
DBD signal spectrum is also simulated with Bam-

booMC. The energy of two electrons from DBD is gener-
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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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NRY
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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

136Xe fit results: 17468±243; 2.27 ± 0.03(stat.) ± 0.09(syst.) × 1021 year half-life  

Cross check with RooFit likelihood fit 
DBD half-life with PandaX-4T Ke Han, SJTU 34
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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



Background results

• Compatible and more precise results from PandaX-4T than HPGe

• 214Pb is only (78.2 ± 1.7)% of the input value of 222Rn, as measured by high energy alphas: depeletion
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Cross validation in the outer region
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Systematic uncertainties

systematic source Uncertainty [%]

Quality cut 0.39
FV cut 0.99
SS cut 1.75

LXe density 0.13
Pb214 spectrum correction 2.03

Bin size 0.05
Xe136 abundance 1.92

Energy range 1.23
Region difference 1.58

resolution 0.58
shift MC spectrum 0.26

total 4.05
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Systematic uncertainties

systematic source Uncertainty [%]

Quality cut 0.39
FV cut 0.99
SS cut 1.75

LXe density 0.13
Pb214 spectrum correction 2.03

Bin size 0.05
Xe136 abundance 1.92

Energy range 1.23
Region difference 1.58

resolution 0.58
shift MC spectrum 0.26

total 4.05

• 136Xe IA: 8.79% if ionization efficiencies 
not corrected; 9.03% if corrected with 
NIST values

• Taken nominal value 8.86% as input and 
difference to our measurement as 
uncertainties
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Final results

• 136Xe DBD half-life measured by PandaX-4T: 2.27 ± 0.03(stat.) ± 0.09(syst.) × 1021 year

• Comparable precision with leading results

• First such measurement from a DM detector with natural xenon

• 440 keV – 2800 keV range is the widest ROI
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NLDBD-ES U238

PandaX-4T for more neutrino physics

• Double beta decay to excited states of daughter nuclei

• Dual-electron + Gamma emission: clearer signature

• 136Xeà136Ba* to be discovered; half-life measurement 
would help understand the nuclear physics of DBD 
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PandaX-4T for more neutrino physics

• (Neutrinoless) Double electron capture (DEC) is an equivalent 2nd-
order weak process

• XENON1T recently reported the first observation of DEC of 124Xe: 
very nice bonus feature for natural xenon detectors

• Neutrinoless DEC can be enhanced if mass difference between 
intial and intermediate states. (Admittedly still very long half-life)

DBD half-life with PandaX-4T Ke Han, SJTU 41

LETTER RESEARCH

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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Comparison with other LXe TPC

Bkg rate 
(/keV/ton/y)

Energy 
resolution

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

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

PandaX-4T 9 1.9% 649.7 ± 6.5 94.9 days > 1024

XENON1T ~20 0.8% 741 ± 9 202.7 days 1.2 × 1024

XENONnT ~2 0.8% 1128 1000 days 2.1 × 1025

LZ ~0.1 1% 967 1000 days 1.06 × 1026

DARWIN ~0.004 0.8% 5000 10 years 2.4 × 1027
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Upgrade of PandaX-4T with improved PMT bases is planned 

• Better energy resolution

• Better SS/MS discrimination 



Major advantages of natural xenon measurement

• Fiducialization (and MS/SS discrimination) to suppress background.

• Robust determination of background throughout the FV

• Extremely versatile physics program (DM/neutrino/exotics)

Þ A very appealing interim solution. 
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Possible isotope seperation/enrichment

A separation of even/odd nucleus would already have huge advantage (beam on-off experiment)

• SI/SD dark matter interaction, combating neutrino floor
• Significant boost in NLDBD
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Stay tuned for multi-physics program with PandaX!
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