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Outline

• Introduction to Neutrinoless double beta decay (0νββ): the search for 
Majorana neutrinos.

• Current status and plans for 0νββ searches worldwide

• Opportunities at CJPL-II
• 0νββ proposals in China
• PandaX series experiments for 0νββ of 136Xe

马约拉纳中微子 韩柯，上海交通大学 2



Rewarding neutrinos

P. Lipari

• Various sources
• E.g. 1011 /cm2 s from the Sun at Earth 

surface

• Extremely abundant: 
• ~100 /cm3 relic ν
• Connect the tiny particle to 

cosmological scale
• Indirect observation
• Cosmological constraints on sum of 

neutrino mass (and number of 
neutrino flavors)

Current neutrino picture 
ü Neutrinos are massive: First evidence 

of physics beyond the SM.
ü Neutrino flavor oscillation ç mixing 

of massive neutrinos
ü Two hierarchical mass scales Δm2
ü Three mixing angles measured
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Majorana neutrino and 0νββ

1930, Pauli
Idea of neutrino

1933, Fermi
Beta decay theory

From Physics World

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

1937, Majorana
Majorana Neutrino

1939, Furry
Neutrinoless double beta decay 0νββ

!"
#$%𝑋𝑒 → !%

#$%𝐵𝑎 + 2𝑒& + (2�̅�)
马约拉纳中微子 韩柯，上海交通大学 4



First round of experiments

• Initial calculation showed half-life of 2νββ of 1021 year, and 0νββ of 1015 year

• Triggered a large number of experiments

• Detect electrons and/or daughter nuclei

1948, First experiment
• 25 g of enriched 124Sn

124𝑆𝑛 → 124𝑇𝑒 + 2𝑒! + (2)𝜈𝑒)

• Geiger counters to measure the emitted electrons

• 0νββ half-life estimation: 3×1015 year

1950, First evidence of 2νββ
• Geochemical experiment

130𝑇𝑒 → 130𝑋𝑒 + 2𝑒! + (2)𝜈𝑒)

• Count relative abundance of 130Xe in a 1.5 billion 

year old Tellurium ore.

1956, Lee and Yang

Parity non-conservation

1957, Lee and Yang, and others

Two-component theory of neutrino
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0νββ is forbidden in the SM

Two-component theory of neutrino

• Neutrinos are left-handed and antineutrinos are 
right-handed (helicity)

• Confirmed in experiments

• Incorporated into the SM

0νββ is forbidden in the SM
• Neutrino-antineutrino distinction 
• Helicity mis-match

“Marked decline” of interests in 0νββ experiments 
during the decade after parity non-conservation
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Renewed interest in experiment and theory

1982, Schechter and Valle

0νββàMajorana 

neutrinos

1967

Ge detector

1021y half-life limit

1984, Fiorini and 

Niinikoski

Low temperature detector

1987, Elliott, Hahn, Moe

First direct observation of 

2νββ(82Se); used a TPC

~2000, SK and SNO

Tiny but finite neutrino mass

Physics beyond the SM

Helicity flipping possible at 0νββ

!(") THE NOBEL PRIZE IN PHYSICS 2015 � THE ROYAL SWEDISH ACADEMY OF SCIENCES � HTTP://KVA.SE

A decisive piece of the puzzle fell in place when Sudbury Neutrino Observatory, SNO, performed their measure-
ments of neutrinos arriving from the Sun, where the nuclear processes only give rise to electron-neutrinos. Two 
kilometres below the Earth’s surface the rushing electron-neutrinos were monitored by 9,500 light detectors in 
a tank filled with 1,000 tonnes of heavy water. It is different from ordinary water in that each hydrogen atom in 
the water molecules has an extra neutron in its nucleus, creating the hydrogen isotope deuterium. 

The deuterium nucleus offers additional possibilities for the neutrinos to collide in the detector. For some 
reactions only the amount of electron-neutrinos could be determined, while others allowed scientists to 
measure the amount of all three types of neutrinos together, without distinguishing them from each other.

Since only electron-neutrinos were supposed to arrive from the Sun, both ways of measuring the number 
of neutrinos should yield the same result. Hence, if the detected electron-neutrinos were fewer in number 
than all three neutrino types together, this would indicate that something had happened to the electron-
neutrinos during their 150 million kilometre long journey from the Sun. 

Out of the over 60 billion neutrinos per square centimetre that every second reach the Earth on their 
way from the Sun, the Sudbury Neutrino Observatory captured only three per day during its first two 
years of operation. This corresponded to a third of the expected number of electron-neutrinos that should 
have been caught in the detector. Two thirds had disappeared. The sum however, if counting all three types 
together, corresponded to the expected number of neutrinos. The conclusion was that the electron-neutrinos 
must have changed identities on the way. 

SUDBURY NEUTRINO OBSERVATORY (SNO)

SNO

ONTARIO, CANADA

Electron-neutrinos 
are produced in the 
solar core. 

2 100 m

18 m

CHERENKOV 
RADIATION

NEUTRINOS FROM
THE SUN

PROTECTING ROCK

HEAVY
WATER

Both electron neutrinos 
alone and all three types of 
neutrinos together give sig-
nals in the heavy water tank.

Sudbury Neutrino Observatory detects neutrinos from the Sun, where only electron-neutrinos are produced. The reactions between 
neutrinos and the heavy water in the tank yielded the possibility to measure both electron-neutrinos and all three types of neutrinos 
combined. It was discovered that the electron-neutrinos were fewer than expected, while the total number of all three types of neutrinos 
combined still corresponded to expectations. The conclusion was that some of the electron-neutrinos had changed into another identity.

!(")THE NOBEL PRIZE IN PHYSICS 2015 � THE ROYAL SWEDISH ACADEMY OF SCIENCES � HTTP://KVA.SE

faster than light in vacuum. In the water, the light is slowed down to 75 per cent of its maximum speed, 
and can be “overtaken” by the charged particles. The shape and intensity of the Cherenkov light reveals 
what type of neutrino it is caused by, and from where it comes.

A solution to the enigma
During its first two years of operation, Super-Kamiokande sifted out about 5,000 neutrino signals. This 
was a lot more than in previous experiments, but still fewer than what was expected when scientists esti-
mated the amount of neutrinos created by the cosmic radiation. Cosmic radiation particles come from all 
directions in space and when they collide at full speed with molecules in the Earth’s atmosphere, neutrino 
showers are produced.

Super-Kamiokande caught muon-neutrinos coming straight from the atmosphere above, as well as those 
hitting the detector from below after having traversed the entire globe. There ought to be equal numbers 
of neutrinos coming from the two directions; the Earth does not constitute any considerable obstacle to 
them. But the muon-neutrinos that came straight down to Super-Kamiokande were more numerous than 
those first passing through the globe. 

This indicated that muon-neutrinos that travelled longer had time to undergo an identity change, which 
was not the case for the muon-neutrinos that came straight from above and only had travelled a few dozen 
kilometres. As the number of electron-neutrinos arriving from different directions were in agreement with 
expectations, the muon-neutrinos must have switched into the third type – tau-neutrinos. However, their 
passage could not be observed in the detector.

Muon-neutrinos 
give signals in
the water tank.

COSMIC 
RADIATION ATMOSPHERE

SUPER-
KAMIOKANDE

Light detectors 
measuring Cherenkov 
radiation

1 000 m

Muon-neutrinos 
arriving directly 
from the 
atmosphere

Muon-neutrinos 
that have travelled 
through the Earth

CHERENKOV 
RADIATION

PROTECTING 
ROCK

40 m

SUPER-
KAMIOKANDE

NEUTRINOS FROM 
COSMIC RADIATION

KAMIOKA, JAPAN

MUON-
NEUTRINO

Super-Kamiokande detects atmospheric neutrinos. When a neutrino collides with a water molecule in the tank, a rapid, electrically 
charged particle is created. This generates Cherenkov radiation that is measured by the light sensors. The shape and intensity of the 
Cherenkov radiation reveals the type of neutrino that caused it and from where it came. The muon-neutrinos that arrived at Super-
Kamiokande from above were more numerous than those that travelled through the entire globe. This indicated that the muon-
neutrinos that travelled longer had time to change into another identity on their way.

1991, IHEP et al

First 0νββ

experiment in China

Minghan Ye et al
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Detection of double beta decay

• Examples:

Sum of two electrons energy

2νββ

0νββ

• Measure energies of emitted electrons
• Electron tracks are a huge plus
• Daughter nuclei identification

X-axis (mm)
-170 -160 -150 -140 -130 -120 -110 -100 -90

Y-
ax

is
 (m

m
)

-250

-240

-230

-220

-210

-200

-190

-180

-170

-160

0

5

10

15

20

25

30

35

40

45

50

X-axis (mm)
-180 -160 -140 -120 -100 -80

Y-
ax

is
 (m

m
)

-260

-240

-220

-200

-180

-160

0

5

10

15

20

25

30

35

40

45

50

Simulated track of 0νββ in high pressure Xe

T-REX: arXiv:1512.07926
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0νββ 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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Current Experiments
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Impressive experimental progress

• Grams of isotopes

• Table-top experiment

• Above-ground

• Little shielding
Year

0ν
ββ
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• ~100 kg of isotopes

• ~100-person collaborations 

• Deep underground

• Shielding + clean detector

Partial list of selected isotopes; Pre-1984 data points 
from review article by Haxton and Stephenson, Jr.
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Major 0νββ experiments around the world

Canfranc
NEXT

Modane
SuperNEMO

LNGS
CUORE
GERDA
COBRA

CJPL
PandaX
CDEX

Y2L
AMoRE

Kamioka
KamLAND-Zen
CANDLES

SURF
Majorana

WIPP
EXO-200

SNOLAB
SNO+

Major players
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Detection channels

GERDA
Majorana
COBRA
PandaX-III

EXO/nEXO
NEXT
SuperNEMO

KamLAND-Zen
SNO+
CANDLES

AMoRE
CUPID

CUORE

Electrons
holes Photons

Phonons
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HPGe detectors (76Ge)

GERDA at LNGS, Italy Majorana Demonstrator at 
Sanford, US

Future: 
• LEGEND (Large Enriched Ge Experiment for ββ Decay)
• First phase: 200 kg @ LNGS (2020--)

Half-life limit: 0.9x1026 yr
Bkg: 5.7x10-4 c/kev/kg/yr (Science)

Half-life limit: 2.7x1025 yr
Bkg: ~5x10-3 c/kev/kg/yr (ArXiv:1902.02299)
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CUORE (130Te)

• Bolometric technique
• Excellent energy resolution by 

measuring temperature rise at mK
level.
• Current limit: 3.2x1025 yr
Future
• CUPID (CUORE with particle ID)

• Phonon + photon dual readout
• LiMoO4 scintillating bolometer array

World-largest Dilution Refrigerator <10mK 5GAD7 VSfS fS][`Y
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Exposure Accumulation - May 2020
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Phys. Rev. Lett. 124, 122501 (2020)

Presented at Neutrino2020

Presented at Neutrino2020

Optimization and
maintenance 

Optimization and
maintenance 

CUORE Preliminary
Exposure: 372.5 kg yr

Effective FWHM = 7.73 keV
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KamLAND-Zen (136Xe)

• KamLAND-Zen is leading the field of 0νββ experiment

• 136Xe half-life limit of 1.07 x 1026 yr (90%CL) 

• KamLAND-ZEN 800 is taking data. 
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Current experiments and future proposals

From: Matteo Agostini , et al, TAUP 2019
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Even further into the future (from US Snowmass)
Single barium ion in xenon ice: (nEXO)

Theia Overview

416 Page 4 of 31 Eur. Phys. J. C (2020) 80 :416

Fig. 1 The Theia detector. Top panel: Theia-25 sited in the planned
fourth DUNE cavern; lower left panel: an interior view of Theia-25
modeled using the Chroma optical simulation package [27]; lower mid-
dle panel: exterior view of Theia-100 in Chroma; lower right panel:

an interior view of Theia-100 in Chroma. In all cases, Theia has been
modelled with 86% coverage using standard 10-inch PMTs, and 4%
coverage with LAPPDs, uniformly distributed, for illustrative purposes

loaded scintillator would make a long-baseline analysis more
complex from an optical standpoint, or reduce fiducial mass.

A major advantage of Theia is that the target can be mod-
ified in a phased program to address the science priorities. In
addition, since a major cost of Theia is expected to be pho-
tosensors, investments in Theia-25 instrumentation can be
transferred directly over to Theia-100. Thus, Theia can be
realized in phases, with an initial phase consisting of lightly-

doped scintillator and very fast photosensors, followed by
a second phase with enhanced photon detection to enable a
very low energy solar neutrino program, followed by a third
phase that could include doping with a 0!"" isotope and
perhaps an internal containment vessel. Table 2 lists the pri-
mary physics targets and the general configuration required
to achieve those physics goals for each phase.

123

(as a DUNE 
FD module)
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123

Theia100 
(100 kton 
at SURF)

• Theia Detector Concept

• Large liquid scintillator/water-

based LS detector

• Deep underground (SURF)

• New technologies: photon 

detection, LS, reconstruction

• Cherenkov + scintillation

• Physics Program ∼100 keV → GeV

• Solar neutrinos (pp, CNO)

• Long-baseline (LNBF)

• Mass ordering, δCP

• Supernovae & DSNB

• Nucleon decay

• NLDBD targeting NH sensitivity

Eur. Phys. J. C (2020) 80:416
https://doi.org/10.1140/epjc/s10052-020-7977-8
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Physics sensitivity paper 
Eur. Phys. J. C 80:416 (2020
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On behalf of the Theia Collaboration

Theia NLDBD
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Fig. 1 The Theia detector. Top panel: Theia-25 sited in the planned
fourth DUNE cavern; lower left panel: an interior view of Theia-25
modeled using the Chroma optical simulation package [27]; lower mid-
dle panel: exterior view of Theia-100 in Chroma; lower right panel:

an interior view of Theia-100 in Chroma. In all cases, Theia has been
modelled with 86% coverage using standard 10-inch PMTs, and 4%
coverage with LAPPDs, uniformly distributed, for illustrative purposes

loaded scintillator would make a long-baseline analysis more
complex from an optical standpoint, or reduce fiducial mass.

A major advantage of Theia is that the target can be mod-
ified in a phased program to address the science priorities. In
addition, since a major cost of Theia is expected to be pho-
tosensors, investments in Theia-25 instrumentation can be
transferred directly over to Theia-100. Thus, Theia can be
realized in phases, with an initial phase consisting of lightly-

doped scintillator and very fast photosensors, followed by
a second phase with enhanced photon detection to enable a
very low energy solar neutrino program, followed by a third
phase that could include doping with a 0!"" isotope and
perhaps an internal containment vessel. Table 2 lists the pri-
mary physics targets and the general configuration required
to achieve those physics goals for each phase.
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• Confirm by swapping isotope

• New enabling technologies 
• Direction reconstruction

• Cherenkov+scintillation PID

• Optics e.g. spectral sorting

• Scintillator tuning (timing, yield)

• Advanced reconstruction
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Fig. 18 Energy spectra near the NLDBD endpoint for events within
the 7-m fiducial volume and for 10 years data taking. A rejection factor
of 92.5% is assumed for 10C, of 99.9% for 214Bi, of 50% for the balloon

backgrounds, and 50% for the 8B solar neutrinos. (Left panel) 5% natTe
loading and (Right panel) 3% enrXe loading

tation, establish a confidence region using the Feldman-
Cousins frequentist approach, and derive an expected limit
on the NLDBD half-life:

!T 0!""
1/2 (#) = N · $ · t · ln 2

FC(n = b, b;#) (1)

where N is the number of atoms of active NLDBD isotope,
$ is the efficiency, t the live time, and b the expected back-
ground. ‘FC’ refers to a Feldman–Cousins interval at confi-
dence level #.

The expected event rates per year for a natTe or enrXe
loaded Theia detector are given in Table 7, for a fiducial vol-
ume radius cut of 7 m (67% acceptance) and an asymmetric
energy region, from !%/2 " 2% , to maximize signal accep-
tance ($ = 66.9%) while removing much of the steeply-
falling two-neutrino DBD background. Figure 18 shows the
background spectra near the endpoint in the Te (Fig. 18(left
panel)) and Xe (Fig. 18(right panel)) cases. A 75% signal effi-
ciency, following the 50% reduction in the 8B solar neutrino
events, is applied.

The expected sensitivity (90% CL) for 10 years of data
taking, using phase space factors from [145] and matrix ele-
ment from [146] (gA = 1.269) is:

Te : T 0!""
1/2 > 1.1 # 1028 y, m"" < 6.3 meV

Xe : T 0!""
1/2 > 2.0 # 1028 y, m"" < 5.6 meV.

It should be noted that for the case of Xenon, the use
of a more realistic light yield of about 1500 nhits/MeV, as
obtained from [123], would increase the half-life limit to
2.1 # 1028 years, corresponding to m"" < 5.4 meV. Unfor-
tunately, the required mass of Xe to reach the normal hier-

Fig. 19 Discovery sensitivity (3% ) for proposed future experiments.
The grey shaded region corresponds to the parameter region allowed in
the Inverted Hierarchy of the neutrino mass. The red error bars show the
m"" values such that an experiment can make at least a 3% discovery,
within the range of the nuclear matrix elements for a given isotope. The
parameters of the other experiments are taken from Refs. [147–151]

archy is about 10 times the world annual production, which
makes the use of Xe likely impractical.

A comparison of this sensitivity to other experiments is
shown in Fig. 19.

3.6.4 Alternative isotopes

A few alternative isotopes have been explored, which would
be favorable in terms of annual abundance and costs: 100Mo,
82Se and 150Nd. For these isotopes the main limiting factor
is leakage of the 2!"" into the signal ROI, which is sub-
stantially higher than for Te due to the shorter half-life of
the corresponding decay mode. A loading of 2% for Se and
Nd, and of 3% for Mo, has been chosen based on results of
stability tests in table-top experiments, for which the cock-
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Sensitivity (counting) analysis for: Xe, Te, Nd, Se, Mo 
• Potential to switch isotopes to confirm a discovery

• Can be improved by performing a fit in E, r, PID, ...

• Background rate in the ROI lower than  5E-4 
events/t/yr/keV, dominated by 8B ν-e 
scattering and 2νββ events. 

• Radiogenic backgrounds from detector 
components effectively suppressed by 
position-based cuts. 

•  RadonWithout Cherenkov cut sub-dominant 
thanks to low temperature of the Ar-Xe 
mixture 

• Cherenkov-based cut significantly reduces 
surviving single-ionization-track events    
(not shown in the plot)

• Projections with 1000t⋅y exposure (20y). 
• Assumed energy resolution: 0.7% at the 

ROI (EXO-200: 1.15±0.02%, nEXO: 1%) 
• High exposure thanks to TPC scalability 

and stability over time. 
• Strong background rejection in FV. 
• Sensitivity up to T1/2 ~1030 years  
• Exclusion limits for the effective 

Majorana mass down to ~1meV     
(model dependent).
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laser

fluorescence

Ba+

(1) Capture Ba in solid Xe on 
a cryogenic probe

(2) Extract probe to  
Ba imaging region

(3) Count Ba atoms by 
single Ba/Ba+ imaging

CUPID-1T: A FUTURE NORMAL HIERARCHY 
BOLOMETRIC EXPERIMENT

CUPID-1T: HALLMARKS
• 1000 kg of 100Mo in a new cryostat and/or multiple facilities worldwide
• Sensitivity: T1/2> 8×1027 years (3!), m"">4-7 meV (NH)

REQUIREMENTS 
• Reduction in the background compared to CUPID (x20)
• Readout for O(10k) crystal array

POTENTIAL EXPANSIONS
• Large volume cryogenic facilities in multiple UG labs worldwide
• Possible detector parameters:

• Main detectors: 
• ~1900 kg of Li2MoO4, few keV thresholds possible

• Light detectors:
• ~6200 units, 68 kg of Ge (or 29 kg of Si)
• O(10 eV) threshold, active # and surface veto

• Could also deploy specialized towers, e.g. SuperCDMS style DM 
detectors

TARGET TIMELINE: ANTICIPATED CONSTRUCTION LATE 
2020'S, COMMISSIONING EARLY 2030'S
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• Background rate in the ROI lower than  5E-4 
events/t/yr/keV, dominated by 8B ν-e 
scattering and 2νββ events. 

• Radiogenic backgrounds from detector 
components effectively suppressed by 
position-based cuts. 

•  RadonWithout Cherenkov cut sub-dominant 
thanks to low temperature of the Ar-Xe 
mixture 

• Cherenkov-based cut significantly reduces 
surviving single-ionization-track events    
(not shown in the plot)

• Projections with 1000t⋅y exposure (20y). 
• Assumed energy resolution: 0.7% at the 

ROI (EXO-200: 1.15±0.02%, nEXO: 1%) 
• High exposure thanks to TPC scalability 

and stability over time. 
• Strong background rejection in FV. 
• Sensitivity up to T1/2 ~1030 years  
• Exclusion limits for the effective 

Majorana mass down to ~1meV     
(model dependent).
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0νββ searches at CJPL-II

• CUPID-China: bolometers for 100Mo
• PandaX: TPCs for 136Xe
• CDEX: HPGe for 76Ge
• NvDeX: gainless TPC for 82Se

马约拉纳中微子 韩柯，上海交通大学 18



CJPL: Deepest underground lab
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Science Mag.
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From Yue Qian
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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

马约拉纳中微子 韩柯，上海交通大学 20



CUPID-China: scintillating bolometer

§ Light and heat readout with two bolometer 
setups for one crystal

§ LiMoO4 scintillating bolometer arrays

§ Particle ID to reject alpha background

§ High Q-value (3.0 MeV) for low gamma 
background

§ Technical development in the next 3-5 years

CUPID-Mo @CSNSM Orsay

Li
gh

t Y
ie

ld
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CUPID-China concept

From HZ Huang
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CUPID-China: USTC

切割 刻蚀 去氧化

LMO_SIC_45x45x45 mm3 LD HPGe Phi45x0.175 mm Proposed Assembly Gluing NTD to crystal

Preparing Ge wafer for neutron transmutation Custom designed ADC
From: Mingxuan Xue

马约拉纳中微子 韩柯，上海交通大学 23



PandaX Detectors

PandaX-I: 120kg LXe 
(2009 – 2014)

PandaX-II: 500kg LXe 
(2014 – 2018)

PandaX-xT LXe
(future)

WIMP searches
(0νββ as well)

PRL 117, 121303 (2016)
PandaX-III: 100kg - 1 ton 
HPXe for 0νββ (future)

马约拉纳中微子 韩柯，上海交通大学 24



PandaX-III: high pressure gas TPC for 0νββ of 136Xe

• TPC: 100 kg scale high pressure TPC with charge 
readout
• Main design features: good energy resolution and 

tracking capability
• Traditional cuts and neural network topological 

studies (arXiv:1903.03979 ;1802.03489).

马约拉纳中微子 韩柯，上海交通大学 25



Charge-only readout plane with Microbulk MicroMegas (MM)

• Microbulk MicroMegas films made of Copper 
and Kapton only

• Perfect for radio-purity purpose

• ~ 1000X gain

• 3% (FWHM) resolution expected at 2.5 MeV.

Double side Cu-coated (5 µm) Kapton foil (50 µm)

Construction of readout strips/pads (photolithography) 

Attachment of a single-side Cu-coated Kapton foil

Andriamonje, S. et al. JINST 02 (2010): P02001

Construction of readout lines

Etching of Kapton  

Vias construction

2nd Layer of Cu-coated Kapton  

Photochemical production of mesh holes  

Kapton etching / Cleaning

Amplification 
region

Strip readouts

Gonzalez-Diaz, et al. NIMA 804 8 (2015)

Spectrum with MM

马约拉纳中微子 韩柯，上海交通大学 26



Exploring other Micromegas options

• Thermal bonding Micromegas from USTC

• Bulk Micromegas from CIAE

• Bulk Micromegas from Sacaly

马约拉纳中微子 韩柯，上海交通大学 27



Scalable Radio-pure Readout Module (SR2M)

• SR2M: Mosaic layout to cover readout planes
• Solderless system 
• Strip and mesh signal readout
• Second iteration with custom-designed face-to-face 

connectors

• 52 tiled 20×20cm SR2Ms for charge readout

×52

马约拉纳中微子 韩柯，上海交通大学 28



Field cage

• Tiled Kapton Flexible PCB + SMD resistors
• Tested in small and medium scale
• HV performance comparable with copper 

bar options
• Exploring production options

Design of field cage of full TPC
马约拉纳中微子 韩柯，上海交通大学 29



Electronics and DAQ

Frontend: PCB Based on AGET ASIC chips
• 64 channel per AGET
• 512 sampling point per channel
• Dynamic range up to 10 pC
• Sampling rate: 1 MHz to 100 MHz
Custom designed PCB for low radioactivity 
• Kapton PCB
• Components assayed with HPGe 

Backend: The Trigger and Data Concentrator Module –
TDCM

• Designed by Saclay for PandaX-III and T2K-II
• A custom-made 6U form factor carrier board 

with two physical layer mezzanine cards for 32 
FECs

• DAQ software based on MIDAS under development.

马约拉纳中微子 韩柯，上海交通大学 30



FEC V2 MRC

Custom designed PCB (USTC) 

31

DCM V3FEC V3

FECs (by USTC) TDCM (by Saclay)



Quest for low background

32

Sample: 976mHz
Background: 20mHz

FEC with FR4

FEC with FR4 FEC with Kapton

Sample: 193 mHz
Background: 17 mHz

Sample: 26mHz
Background: 20mHz

FEC with KaptonFEC board with Kapton

Low background connector 

found by USTC

FEC V5



Electric field 
shaping cage 

Charge 
readout plane

Cathode

Ports for high voltage, 
pumping, gas filling, etc SS pressure vessel 

Micromegas 
module

Top flat flange

El
ec
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n 

dr
ift
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ire

ct
io

n

To electronics

Prototype TPC at Shanghai
• About 600 L inner volume

• Field cage: 66 cm diameter, 78 cm drift length

• 16 kg of xenon at 10 bar
• SS pressure vessel

• 7 MM

马约拉纳中微子 韩柯，上海交通大学 33



Data from Prototype TPC

1bar Xe-1%TMA

1bar Ar-5%iso

5bar Xe-1%TMA
10 bar Xe-0.75%TMA

(Low gain~75)

7 MMs data taking

Muon track analysis
PandaX-III prototype TPC

Electronics test with USTC

马约拉纳中微子 韩柯，上海交通大学 34



Traditional “cut” based analysis

N
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Steps 

• Reconstructing tracks in XZ, YZ planes

• Number of tracks optimization by tuning “track distance”

• Energy of end blobs cut optimization 

arXiv:1903.03979
J. Phys. G accepted 

Energy of the smaller blob
马约拉纳中微子 韩柯，上海交通大学 35



Convolutional Neural network (CNN) for track classification
• XZ, YZ 2D snapshots of an event as input of CNN to spill out an index of signal/background

• Prepare image collections for CNN training, validation, and classification. 

• No track reconstruction needed.
• More effective than traditional cut based approach. 

Test Samples

arXiv:1802.03489, Sci. China Phys. Mech. 
Astron. 61 (2018) 101007

47.5%

0.6%
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Summary

• Double beta decay: exciting physics ahead!
• PandaX-III 100-kg scale high pressure gas TPC module to start assembly in 2020
• Half-life sensitivity with 3 years of data: 9× 1025 yr (90% CL)

马约拉纳中微子 韩柯，上海交通大学 37



马约拉纳中微子 韩柯，上海交通大学 38



Dual phase Xe TPC for dark matter

Anode grid

Eextra

Gate grid

Edrift

Cathode

• PandaX-II: 2014-2018
• 60 cm x 60 cm dual-phase xenon TPC
• 580 kg LXe in sensitive volume

• Dual-phase xenon detectors:
• Large monolithic target
• 3D reconstruction and fiducialization
• Calorimeter capable of seeing a couple of 

photons/electrons
• Good ER/NR rejection 

马约拉纳中微子 韩柯，上海交通大学 39



PandaX-II data taking

2015 2016

Nov. 22 – Dec. 14, 
Physics commission 
(Run8, 19.1 days, 
stopped due to high 
Krypton background)

Mar. 9 – June 30, 
low background 
with 10-fold 
reduction of Kr  
(Run9, 79.6 days) 

Nov. 2016 – Mar. 
2017, 2nd distillation  
campaign and 
recommissioning

Jul – Oct, ER 
calibration & 
tritium removal

2017

Apr.22 – July15, 
dark matter data 
taking (Run10, 
77.1 days)

Jul. 2017-Aug. 2018, 
220Rn/AmBe runs, 
followed by  DM data 
taking (Run11)

2019

• Run9 =79.6 days, exposure:  26.2 ton-day

• Run10 = 77.1 days, exposure:  27.9 ton-day

• Run11 = 246.4 days, exposure 89.2 ton-day

2018

Aug. 2018 – June 
2019 R&D runs 
for PandaX-4T

June 2019 
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Liquid xenon dark matter detectors for 0νββ

• Natural isotopic abundance of 136Xe: 8.9%
• Large amount of isotope for multi-ton LXe TPCs

• High signal efficiency ~90% and excellent up-time.

• Key challenges: background level and energy resolution at MeV

Saturated pulses

马约拉纳中微子 韩柯，上海交通大学 41



PandaX-II event selection

• Re-tuned pulse quality cuts at MeV
• Re-tuned fiducial volume according to the MeV event distribution 

马约拉纳中微子 韩柯，上海交通大学 42



Final spectrum fit for PandaX-II data

• Energy resolution: 4.2%

• 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 0νββ result reported from a 
dual-phase xenon experiment

arXiv:1906.11457; Chinese Physics C 43, 113001 (2019) 
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PandaX-4T for 0νββ

• Larger TPC with 4T of xenon in active region

• Ultra-pure water shielding
• 5 m of water shielding in all directions

• Online xenon purification
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Xe136 Neutrino

• Newly designed readout bases to avoid PMT saturation 
• Dual-readout bases for center 7 PMTs

• Signals are readout from a middle dynode and the 
last dynode.

• Expected half-life sensitivity is at 1025 yr level
• 1% (σ) energy resolution
• PanadaX-4T expected bkg
• More aggressive fiducial cuts

马约拉纳中微子 韩柯，上海交通大学 44



PandaX-xT: xenon TPC for multiple physics

200吨x年总曝光量

马约拉纳中微子 韩柯，上海交通大学 45



Summary

• With PandaX-II data, we demonstrated the feasibility to search for 0νββ with dual-phase 
xenon detectors.
• PandaX-4T will continue the effort besides dark matter searches.

PandaX-4T

PandaX-II

马约拉纳中微子 韩柯，上海交通大学 46



ü Neutrinos are massive

ü Neutrino flavor oscillation ç mixing of massive
neutrinos

ü Two hierarchical mass scales Δm2

ü Three mixing angles measured

Current neutrino picture 

Solar 
KamLAND

Short Baseline Reactor
Long Baseline Accelerator

Atmospheric
LBL Accelerator
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