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Beta decay

❖ Beta spectra, continuous or mono-
energetic?  Neutrinos

❖ 1930, Pauli: Idea of neutrino

❖ 1933, Fermi: Beta decay theory
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n → p + e− + ν̄e
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The Missing Energy and the
Neutrino Hypothesis

During the early decades of this 
entury, when radioactivity was first
eing explored and the structure of the
tomic nucleus unraveled, nuclear beta
ecay was observed to cause the trans-

mutation of one element into another.
n that process, a radioactive nucleus
mits an electron (or a beta ray) and 
ncreases its positive charge by one 
nit to become the nucleus of another
lement. A familiar example is the beta
ecay of tritium, the heaviest isotope 
f hydrogen. When it undergoes beta
ecay, tritium emits an electron and
urns into helium-3. 

The process of beta decay was 
udied intensely. In particular, 

cientists measured the energy of the
mitted electron. They knew that a 
efinite amount of nuclear energy was
eleased in each decay reaction and
hat, by the law of energy conservation,
he released energy had to be shared by 
he recoil nucleus and the electron. 

The requirements of energy conser-
ation, combined with those of momen-
um conservation, implied that the 
lectron should always carry away the
ame amount of energy (see the box
Beta Decay and the Missing Energy”
n the facing page). That expectation
eemed to be borne out in some experi-

ments, but in 1914, to the great conster-
ation of many, James Chadwick
howed definitively that the electrons
mitted in beta decay did not have one
nergy or even a discrete set of ener-
ies. Instead, they had a continuous
pectrum of energies. Whenever the
lectron energy was at the maximum
bserved, the total energy before and
fter the reaction was the same, that is,
nergy was conserved. But in all other
ases, some of the energy released in
he decay process appeared to be lost. 

In late 1930, Wolfgang Pauli 
ndeavored to save the time-honored
aw of energy conservation by propos-
ng what he himself considered a 
desperate remedy” (see the box “The

Desperate Remedy” on this page)—

4 December 1930
Gloriastr.

Zürich
Physical Institute of the
Federal Institute of Technology (ETH)
Zürich
Dear radioactive ladies and gentlemen,
As the bearer of these lines, to whom I ask you to listen

graciously, will explain more exactly, considering the
‘false’ statistics of N-14 and Li-6 nuclei, as well as the
continuous b-spectrum, I have hit upon a desperate remedy 
to save the “exchange theorem”* of statistics and the energy
theorem. Namely [there is] the possibility that there could
exist in the nuclei electrically neutral particles that I
wish to call neutrons,** which have spin 1/2 and obey the
exclusion principle, and additionally differ from light quan-
ta in that they do not travel with the velocity of light:
The mass of the neutron must be of the same order of magni-
tude as the electron mass and, in any case, not larger than
0.01 proton mass. The continuous b-spectrum would then become
understandable by the assumption that in b decay a neutron
is emitted together with the electron, in such a way that
the sum of the energies of neutron and electron is constant.

Now, the next question is what forces act upon the neu-
trons. The most likely model for the neutron seems to me to
be, on wave mechanical grounds (more details are known by
the bearer of these lines), that the neutron at rest is a
magnetic dipole of a certain moment m. Experiment probably
required that the ionizing effect of such a neutron should
not be larger than that of a g ray, and thus m should prob-
ably not be larger than e.10-13 cm.

But I don’t feel secure enough to publish anything 
about this idea, so I first turn confidently to you, dear 
radioactives, with a question as to the situation concerning
experimental proof of such a neutron, if it has something
like about 10 times the penetrating capacity of a g ray.

I admit that my remedy may appear to have a small a
priori probability because neutrons, if they exist, would
probably have long ago been seen. However, only those who
wager can win, and the seriousness of the situation of the
continuous b-spectrum can be made clear by the saying of my
honored predecessor in office, Mr. Debye, who told me a short
while ago in Brussels, “One does best not to think about
that at all, like the new taxes.” Thus one should earnestly
discuss every way of salvation.—So, dear radioactives, put 
it to test and set it right.—Unfortunately, I cannot 
personally appear in Tübingen, since I am indispensable here
on account of a ball taking place in Zürich in the night
from 6 to 7 of December.—With many greetings to you, also to
Mr. Back, your devoted servant,

W. Pauli

*In the 1957 lecture, Pauli explains, “This reads: exclusion
principle (Fermi statistics) and half-integer spin for an odd
number of particles; Bose statistics and integer spin for an
even number of particles.”

This letter, with the footnote above, was printed in the September 1978 issue of 
Physics Today.

**Pauli originally called the new particle the neutron (or the “neutral one”). Later, Fermi 
renamed it the neutrino (or the “little neutral one”). 
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Beta Decay and the Missing Energy

In all types of radioactive decay, a radioactive nucleus does not only emit alpha, beta, or gamma radiation, but it also converts
mass into energy as it goes from one state of definite energy (or equivalent rest mass M1) to a state of lower energy (or smaller
rest mass M2). To satisfy the law of energy conservation, the total energy before and after the reaction must remain constant, so
the mass difference must appear as its energy equivalent (kinetic energy plus rest mass energy) among the reaction products. 

Early observations of beta decay suggested that a nucleus 
decays from one state to a state with one additional unit of
positive charge by emitting a single electron (a beta ray). 
The amount of energy released is typically several million
electron volts (MeV), much greater than the rest mass energy
of the electron (0.51 MeV). Now, if a nucleus at rest decays
into two bodies—the final nucleus and the electron—the law 
of momentum conservation implies that the two must separate
with equal and opposite momentum (see top illustration).
Thus, conservation of energy and momentum implied that the
electron from a given beta-decay process would be emitted
with a constant energy.

Moreover, since a nucleus is thousands of times heavier than
an electron, its recoil velocity would be negligible compared with
that of the electron, and the constant electron energy would
carry off just about all the energy released by the decay.

The graph (center) shows the unexpected results obtained
from experiment. The electrons from beta decay were not
emitted with a constant energy. Instead, they were emitted
with a continuous spectrum of energies up to the expected
value. In most instances, some of the energy released in the
decay appeared to be lost. Scientists of the time wondered
whether to abandon the law of energy conservation when 
considering nuclear processes.

Three-Body Decay and the Neutrino Hypothesis. 
Pauli’s solution to the energy crisis was to propose that the
nucleus underwent beta decay and was transformed into three
bodies: the final nucleus, the electron, and a new type of 
particle that was electrically neutral, at least as light as the
electron, and very difficult to detect (see bottom illustration).
Thus, the constant energy expected for the electron alone was
really being shared between these two light particles, and the
electron was being emitted with the observed spectrum of 
energies without violating the energy conservation law. 

Pauli made his hypothesis in 1930, two years before Chadwick
discovered the neutron, and he originally called the new parti-
cle the neutral one (or neutron). Later, when Fermi proposed his famous theory of beta decay (see the box “Fermi’s Theory of
Beta Decay and Neutrino Processes” on the next page), he renamed it the neutrino, which in Italian means the “little neutral one.” 
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The Missing Energy and the
Neutrino Hypothesis

During the early decades of this 
entury, when radioactivity was first
eing explored and the structure of the
tomic nucleus unraveled, nuclear beta
ecay was observed to cause the trans-

mutation of one element into another.
n that process, a radioactive nucleus
mits an electron (or a beta ray) and 
ncreases its positive charge by one 
nit to become the nucleus of another
lement. A familiar example is the beta
ecay of tritium, the heaviest isotope 
f hydrogen. When it undergoes beta
ecay, tritium emits an electron and
urns into helium-3. 

The process of beta decay was 
udied intensely. In particular, 

cientists measured the energy of the
mitted electron. They knew that a 
efinite amount of nuclear energy was
eleased in each decay reaction and
hat, by the law of energy conservation,
he released energy had to be shared by 
he recoil nucleus and the electron. 

The requirements of energy conser-
ation, combined with those of momen-
um conservation, implied that the 
lectron should always carry away the
ame amount of energy (see the box
Beta Decay and the Missing Energy”
n the facing page). That expectation
eemed to be borne out in some experi-

ments, but in 1914, to the great conster-
ation of many, James Chadwick
howed definitively that the electrons
mitted in beta decay did not have one
nergy or even a discrete set of ener-
ies. Instead, they had a continuous
pectrum of energies. Whenever the
lectron energy was at the maximum
bserved, the total energy before and
fter the reaction was the same, that is,
nergy was conserved. But in all other
ases, some of the energy released in
he decay process appeared to be lost. 

In late 1930, Wolfgang Pauli 
ndeavored to save the time-honored
aw of energy conservation by propos-
ng what he himself considered a 
desperate remedy” (see the box “The

Desperate Remedy” on this page)—

4 December 1930
Gloriastr.

Zürich
Physical Institute of the
Federal Institute of Technology (ETH)
Zürich
Dear radioactive ladies and gentlemen,
As the bearer of these lines, to whom I ask you to listen

graciously, will explain more exactly, considering the
‘false’ statistics of N-14 and Li-6 nuclei, as well as the
continuous b-spectrum, I have hit upon a desperate remedy 
to save the “exchange theorem”* of statistics and the energy
theorem. Namely [there is] the possibility that there could
exist in the nuclei electrically neutral particles that I
wish to call neutrons,** which have spin 1/2 and obey the
exclusion principle, and additionally differ from light quan-
ta in that they do not travel with the velocity of light:
The mass of the neutron must be of the same order of magni-
tude as the electron mass and, in any case, not larger than
0.01 proton mass. The continuous b-spectrum would then become
understandable by the assumption that in b decay a neutron
is emitted together with the electron, in such a way that
the sum of the energies of neutron and electron is constant.

Now, the next question is what forces act upon the neu-
trons. The most likely model for the neutron seems to me to
be, on wave mechanical grounds (more details are known by
the bearer of these lines), that the neutron at rest is a
magnetic dipole of a certain moment m. Experiment probably
required that the ionizing effect of such a neutron should
not be larger than that of a g ray, and thus m should prob-
ably not be larger than e.10-13 cm.

But I don’t feel secure enough to publish anything 
about this idea, so I first turn confidently to you, dear 
radioactives, with a question as to the situation concerning
experimental proof of such a neutron, if it has something
like about 10 times the penetrating capacity of a g ray.

I admit that my remedy may appear to have a small a
priori probability because neutrons, if they exist, would
probably have long ago been seen. However, only those who
wager can win, and the seriousness of the situation of the
continuous b-spectrum can be made clear by the saying of my
honored predecessor in office, Mr. Debye, who told me a short
while ago in Brussels, “One does best not to think about
that at all, like the new taxes.” Thus one should earnestly
discuss every way of salvation.—So, dear radioactives, put 
it to test and set it right.—Unfortunately, I cannot 
personally appear in Tübingen, since I am indispensable here
on account of a ball taking place in Zürich in the night
from 6 to 7 of December.—With many greetings to you, also to
Mr. Back, your devoted servant,

W. Pauli

*In the 1957 lecture, Pauli explains, “This reads: exclusion
principle (Fermi statistics) and half-integer spin for an odd
number of particles; Bose statistics and integer spin for an
even number of particles.”

This letter, with the footnote above, was printed in the September 1978 issue of 
Physics Today.

**Pauli originally called the new particle the neutron (or the “neutral one”). Later, Fermi 
renamed it the neutrino (or the “little neutral one”). 
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mass into energy as it goes from one state of definite energy (or equivalent rest mass M1) to a state of lower energy (or smaller
rest mass M2). To satisfy the law of energy conservation, the total energy before and after the reaction must remain constant, so
the mass difference must appear as its energy equivalent (kinetic energy plus rest mass energy) among the reaction products. 

Early observations of beta decay suggested that a nucleus 
decays from one state to a state with one additional unit of
positive charge by emitting a single electron (a beta ray). 
The amount of energy released is typically several million
electron volts (MeV), much greater than the rest mass energy
of the electron (0.51 MeV). Now, if a nucleus at rest decays
into two bodies—the final nucleus and the electron—the law 
of momentum conservation implies that the two must separate
with equal and opposite momentum (see top illustration).
Thus, conservation of energy and momentum implied that the
electron from a given beta-decay process would be emitted
with a constant energy.

Moreover, since a nucleus is thousands of times heavier than
an electron, its recoil velocity would be negligible compared with
that of the electron, and the constant electron energy would
carry off just about all the energy released by the decay.

The graph (center) shows the unexpected results obtained
from experiment. The electrons from beta decay were not
emitted with a constant energy. Instead, they were emitted
with a continuous spectrum of energies up to the expected
value. In most instances, some of the energy released in the
decay appeared to be lost. Scientists of the time wondered
whether to abandon the law of energy conservation when 
considering nuclear processes.

Three-Body Decay and the Neutrino Hypothesis. 
Pauli’s solution to the energy crisis was to propose that the
nucleus underwent beta decay and was transformed into three
bodies: the final nucleus, the electron, and a new type of 
particle that was electrically neutral, at least as light as the
electron, and very difficult to detect (see bottom illustration).
Thus, the constant energy expected for the electron alone was
really being shared between these two light particles, and the
electron was being emitted with the observed spectrum of 
energies without violating the energy conservation law. 

Pauli made his hypothesis in 1930, two years before Chadwick
discovered the neutron, and he originally called the new parti-
cle the neutral one (or neutron). Later, when Fermi proposed his famous theory of beta decay (see the box “Fermi’s Theory of
Beta Decay and Neutrino Processes” on the next page), he renamed it the neutrino, which in Italian means the “little neutral one.” 
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Double beta decay

                            48Ca → 48Ti++ + 2e− + 2ν̄e

4

 2n → 2p + 2e− + 2ν̄e
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Double β+, double EC, and β+EC 
5
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Fig. 2 Schematic of a 0/2νECβ+-decay signature inside a xenon time
projection chamber. As shown in the bottom panel, an initial positron
and atomic excitation quanta are emitted and deposit their energy close
to the nucleus. Two secondary γs are emitted after the annihilation of
the positron. One of those is directly absorbed and the other Compton-
scatters before photoabsorption. On the z-axis the ionization signals of
γ1, γ2,1 and γ2,2 can be distinguished from one another by their timing.
The positron and atomic deexcitation signals are merged with γ2,1 in
this example. The top panel shows the corresponding hit-pattern of the
ionization signal. In x–y-coordinates the individual scatters of γ2 can
be clearly distinguished from γ1, while the discrimination of the atomic
deexcitation quanta and the positron from γ1 is not trivial. The scintil-
lation signal is merged for all energy depositions and is not shown in
the figure. The sizes of the scintillation signals in x–y and z-coordinates
roughly correspond to the magnitudes of the energy depositions

estimates that apply across the possible range of existing and
future experiments.

3.2 Simulation

We generate the emitted quanta and their initial momen-
tum vectors for each decay channel with the event gener-
ator DECAY0 [44]. The version used here has been mod-
ified previously for the simulation of the positronic 124Xe
decay modes [17]. In the scope of this work, we verified the
implementation, added the resonant 0νECEC decay mode,
and implemented the angular correlations for the γ-cascades
under the assumption of J P = 0+ for the resonantly popu-

lated state [45,46]. In order to investigate the efficiency, at
least 104 events per decay channel have been used.

The particles generated for each decay are propagated
through simplified models of the detectors under investiga-
tion using the XeSim package [47], based on Geant4 [48].
These detector models consist of a cylindrical liquid xenon
volume in which we uniformly generate 124Xe decay events.
This volume is surrounded by a thin shell of copper which is
used for modeling the impact of external γ-backgrounds. We
simulate two different sizes of cylinders in this work, charac-
teristic of two classes of future experiments. The “Generation
2” (G2) experiments are defined as experiments which have
height/diameter dimensions of between one and two meters.
This class includes the LZ [26] and XENONnT Dark Mat-
ter experiments, which will use dual-phase TPCs filled with
natural xenon. It also includes the future nEXO neutrinoless
double-β decay experiment, which will use a single-phase
liquid TPC filled with xenon enriched to 90% in 136Xe. For
simplicity, we model all G2 experiments as a right-cylinder
of liquid xenon with a height and diameter of 120 cm each.3

We also simulate a “Generation 3” (G3) experiment, which
is intended to model the proposed DARWIN Dark Matter
experiment [30]. This detector is modeled as a right-cylinder
of liquid xenon with a height and diameter of 250 cm each.

For experiments using natXe targets, there will be approx-
imately 1 kg of 124Xe per tonne of target material. The G2
Dark Matter experiments would therefore be able to reach
124Xe-exposures of ∼ 50–100 kg-year in 10 years of run time.
By scaling the target mass up to 50 tonnes, the G3 experi-
ment DARWIN will amass an exposure of ∼500 kg-year. For
nEXO, the enrichment of the target in 136Xe will remove all
of the 124Xe; however, here we consider the possibility of
extracting the 124Xe from the depleted xenon and mixing it
back into the target. There will be approximately 50 kg of
124Xe in the nEXO tailings, meaning a 10 year experiment
could amass an exposure of ∼500 kg-year, competitive with
a G3 natural xenon experiment.

3.3 Energy resolution model

Within this study all simulated detectors use the energy
dependence of the resolution on the combined signal as
reported in [13], which is modeled as

σE

E
= a√

E
+ b. (17)

Here, σE is defined as the standard deviation of a Gaussian
energy peak. E is the energy and a = 31 keV1/2 and b = 0.37
are constants extracted from a fit to calibration data from 41.5

3 LZ and XENONnT are designed slightly larger than this, but we
show below that this assumption has a minimal effect on the calculated
efficiency.

123
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Candidate isotopes

❖ J.M. Yao, J. Meng, Y.F. Niu, P. Ring, Prog.Part.Nucl.Phys. 126 (2022), 103965
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Fig. 1. Cartoon pictures for (a) 2⌫�� decay and (b) 0⌫�� decay from an atomic nucleus (A, Z) to the neighboring one (A, Z + 2) via the emission
of two electrons with and without the emission of two electron antineutrinos, respectively. In (b), only the standard mechanism of an exchange of
a light Majorana neutrino is plotted for demonstration, even though there are many other possible non-standard mechanisms responsible for 0⌫��
decay, such as those with the emission of Majorons [19–24].

Fig. 2. The Q�� value of 35 natural isotopes fulfilling the energy condition for undergoing ���� decay. The isotopes with Q�� > 2.0 MeV are
candidates of 0⌫�� decay with experimental interest.

sequential single-� decays and it can only be detected in the nuclei where the single-� decay is energetically forbidden or
at least strongly suppressed by spin change. In nature, only 35 isotopes fulfill the energy condition B(A, Z + 2)+ 2�npe >

B(A, Z) > B(A, Z + 1) + �npe allowing for 2⌫���� decay [12],1 where B(A, Z) is the binding energy of the isotope (A, Z)2
and �npe = (mn �mp �me)c2 = 0.782 MeV. Fig. 2 shows the Q�� = B(A, Z + 2)� B(A, Z)+ 2�npe value of these isotopes.
Since the first experiments on 2⌫�� decay [14,15], a dozen of isotopes have already been measured with half-lives T 2⌫

1/2
ranging from 1018 to 1021 years [13,16–18].

The 0⌫�� decay mode was first considered by Furry [25] who was motivated by the seminal papers of Majorana [26]
and Racah [27] which suggested that the neutrino may coincide with its own antiparticle. Even though 0⌫�� decay is
forbidden in the standard model because it violates lepton number conservation, it is preferred by many extensions of
the standard model [28–31]. According to the black-box theorem proposed by Schechter and Valle [32], the observation
of 0⌫�� decay would confirm the existence of a Majorana mass term for neutrinos, even though the black-box induced
Majorana mass could be only an extremely tiny correction �m⌫ = O(10�28) eV [33,34]. It implies that other lepton-
number-violating operators (such as seesaw mechanisms) must provide a leading contribution to the Majorana neutrino
mass term. In any case, the search of 0⌫�� decay provides a direct way to disclose the physics of neutrinos and
the existence of a lepton-number-violation process which has an important implication for the matter–antimatter
asymmetry [35] in the Universe as indicated from the ratio of baryon-to-photon number density nb/n� ⇠ 10�10 [36,37].

1 Some isotopes can undergo the 2⌫�+�+ decay, including 78Kr(0.355%), 96Ru(5.54%), 106Cd (1.25%), 124Xe (0.095%), 130Ba (0.106%), and 136Ce
(0.185%) [13] with the numbers in the parenthesis indicating their natural abundances. Note that the abundances of these isotopes are generally
very low, except for 96Ru and 106Cd whose abundances are comparable to some of 0⌫��-decay candidates but with smaller Q�� values.
2 It is noted that the impacts of electron binding energies, small corrections due to atomic physics, nuclear recoil, and a possible nonzero neutrino

mass are usually neglected.

3
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B. Pritychenko Nuclear Physics A 1033 (2023) 122628

Fig. 1. Human/Astrophysical/Nuclear Time Scales. The nuclear time scale is based on the 128Te(2β−) half-life and the 
lower limit for hypothetical proton decay.

Two-neutrino decay mode is observed in more than a dozen nuclei [2–4], and experimental 
half-lives exceed the age of the Universe [5] by many orders of magnitude. 2β(2ν)-decay is 
the rarest observed nuclear decay in nature. Fig. 1 data show that double-beta decay half-lives 
exceed human and cosmological lifetimes, and only the hypothetical decay of protons into other 
subatomic particles [6] is rarer.

Since 1935, thousands of double-beta decay works were published in the literature. Analysis 
of the Nuclear Science References database [7] shows that ≈ 35% of papers are experimental, 
and the rest are theoretical. Published theoretical calculations provide a very extensive range of 
possible scenarios and observables. Due to the lack of a nuclear theory that comprehensively de-
scribes atomic nuclei from calcium to uranium with good precision, nuclear physicists often use 
different models to calculate the properties of chosen nuclei. To resolve variations in published 
predictions and produce realistic recommendations for the sensitivity estimates of future experi-
ments across the nuclear chart, it is worth to analyze the evaluated half-lives, deduce trends, and 
constrain the theoretical pursuits using a phenomenological approach [8,9].

2. Compilation and evaluation of experimental data

Double-beta decay is an important nuclear physics phenomenon and experimental results in 
this field have been compiled by several groups [3,10,11], and multiple evaluations have been 
produced [2,12,4]. In this work, we will select the NNDC evaluation [2] that was produced using 
the internationally recommended nuclear structure and decay evaluation practices [13–15].

3. Analysis of evaluated half lives

Table 1 shows the NNDC evaluated values which were deduced using the limitation of mini-
mum statistical weight procedures [16]. All final results from distinct experiments were included 
in the evaluation process. It is helpful to analyze the evaluated half-lives using the Grodzins’ 
method [8,9]. In the analysis, we will consider only 2β−-decay 0+ → 0+ ground-state transi-
tions, i.e. transitions without γ -rays. 2β−-decay relatively high Q-values [17] and deformation 
parameters (β2) [18] lead the decay to the level of sensitivity of modern experiments, and it has 
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Table 1
2β− decay Q-values [17], deformation parameters [18], evaluated T1/2(2β) and effective nuclear matrix elements [2].

Nucleus Q2β -value (MeV) β2 T
2ν,eval.
1/2 (y) M

2ν,eval.
eff

48Ca 4.26808 0.1054(50) (4.39±0.58)x1019 0.0383±0.0025
76Ge 2.03906 0.2650(15) (1.43±0.53)x1021 0.120±0.021
82Se 2.9979 0.1939(53) (9.19±0.76)x1019 0.0826±0.0034
96Zr 3.35603 0.0615(33) (2.16±0.26)x1019 0.0824±0.0050
100Mo 3.03436 0.2340(49) (6.98±0.44)x1018 0.208±0.007
116Cd 2.81349 0.194(44) (2.89±0.25)x1019 0.112±0.005
128Te 0.8667 0.1862(37) (3.49±1.99)x1024 0.0326±0.0093
130Te 2.52751 0.1185(20) (7.14±1.04)x1020 0.0303±0.0022
136Xe 2.45791 0.0949(75) (2.34±0.13)x1021 0.0173±0.0005
150Nd 3.37138 0.2825(16) (8.37±0.45)x1018 0.0572±0.0015
238U 1.1446 0.2741(36) (2.00±0.60)x1021 0.185±0.028

been observed in 11 nuclei. The eleven parent nuclei from Z=20 to Z=92 provide a reasonable 
statistical sample for investigating systematic trends. T 2ν

1/2 values are often described as follows 
[19]

(T 2ν
1/2(0

+ → 0+))−1 = G2ν(E,Z) × |M2ν
GT − g2

V

g2
A

M2ν
F |2, (2)

where the function G2ν(E, Z) results from lepton phase space integration and contains all rel-

evant constants, and |M2ν
GT − g2

V

g2
A

M2ν
F | is nuclear matrix element. From the Eq. (2) one may 

conclude that decay half-lives depend on decay energy, nuclear charge, and deformation.
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available to the (four) emitted leptons is roughly proportional to the 7th through 11th power 
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where T0=Q2β/mc2, Q2β− = M(A, Z) − M(A, Z + 2), and M(A, Z) is the atomic mass of 
the isotope with mass number A and atomic number Z [19,22]. Furthermore, it is known half-
lives depend on dimensionless Coulomb energy parameter ξ ≈ ZA−1/3 [23,24,22], and several 
authors showed the relation between nuclear deformation [25] and the 2ν mode nuclear transition 
matrix element [26–28].

These findings and formula (2) suggest a possibility for the phenomenological description of 
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where T 2ν
1/2 in years, Q2β in MeV and x, y and z are fitting parameters. The fitting parameters for 

evaluated half-lives [2] are given in Table 2. The least-squares fit data confirm theoretical findings 
that half-lives are inversely proportional to decay Q-value (transition energy) and quadrupole 
deformation parameter values in eight and fifth degrees [21,26], respectively. The observed tran-
sition energy dependence validates the previous result on 128,130Te half-life systematic [2,29], 
and is consistent with the prediction of Primakoff and Rosen [20,21].

3

B. Pritychenko Nuclear Physics A 1033 (2023) 122628

Table 1
2β− decay Q-values [17], deformation parameters [18], evaluated T1/2(2β) and effective nuclear matrix elements [2].

Nucleus Q2β -value (MeV) β2 T
2ν,eval.
1/2 (y) M

2ν,eval.
eff

48Ca 4.26808 0.1054(50) (4.39±0.58)x1019 0.0383±0.0025
76Ge 2.03906 0.2650(15) (1.43±0.53)x1021 0.120±0.021
82Se 2.9979 0.1939(53) (9.19±0.76)x1019 0.0826±0.0034
96Zr 3.35603 0.0615(33) (2.16±0.26)x1019 0.0824±0.0050
100Mo 3.03436 0.2340(49) (6.98±0.44)x1018 0.208±0.007
116Cd 2.81349 0.194(44) (2.89±0.25)x1019 0.112±0.005
128Te 0.8667 0.1862(37) (3.49±1.99)x1024 0.0326±0.0093
130Te 2.52751 0.1185(20) (7.14±1.04)x1020 0.0303±0.0022
136Xe 2.45791 0.0949(75) (2.34±0.13)x1021 0.0173±0.0005
150Nd 3.37138 0.2825(16) (8.37±0.45)x1018 0.0572±0.0015
238U 1.1446 0.2741(36) (2.00±0.60)x1021 0.185±0.028
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Effective Majorana Mass
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Importance of nuclear physics

❖

❖  depending on isotopes, 
models

G0ν ∝ Q5

M0ν ∈ [1,10]

10

Phase space factor Nuclear matrix element

(T 0⌫
1/2)

�1 = G0⌫(Q,Z) |M0⌫ |2 |hm��i|2
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136Xe → 136Ba++ + 2e− + Q(2458 keV)

J.M. Yao, J. Meng, Y.F. Niu et al. Progress in Particle and Nuclear Physics 126 (2022) 103965

Fig. 1. Cartoon pictures for (a) 2⌫�� decay and (b) 0⌫�� decay from an atomic nucleus (A, Z) to the neighboring one (A, Z + 2) via the emission
of two electrons with and without the emission of two electron antineutrinos, respectively. In (b), only the standard mechanism of an exchange of
a light Majorana neutrino is plotted for demonstration, even though there are many other possible non-standard mechanisms responsible for 0⌫��
decay, such as those with the emission of Majorons [19–24].

Fig. 2. The Q�� value of 35 natural isotopes fulfilling the energy condition for undergoing ���� decay. The isotopes with Q�� > 2.0 MeV are
candidates of 0⌫�� decay with experimental interest.

sequential single-� decays and it can only be detected in the nuclei where the single-� decay is energetically forbidden or
at least strongly suppressed by spin change. In nature, only 35 isotopes fulfill the energy condition B(A, Z + 2)+ 2�npe >

B(A, Z) > B(A, Z + 1) + �npe allowing for 2⌫���� decay [12],1 where B(A, Z) is the binding energy of the isotope (A, Z)2
and �npe = (mn �mp �me)c2 = 0.782 MeV. Fig. 2 shows the Q�� = B(A, Z + 2)� B(A, Z)+ 2�npe value of these isotopes.
Since the first experiments on 2⌫�� decay [14,15], a dozen of isotopes have already been measured with half-lives T 2⌫

1/2
ranging from 1018 to 1021 years [13,16–18].

The 0⌫�� decay mode was first considered by Furry [25] who was motivated by the seminal papers of Majorana [26]
and Racah [27] which suggested that the neutrino may coincide with its own antiparticle. Even though 0⌫�� decay is
forbidden in the standard model because it violates lepton number conservation, it is preferred by many extensions of
the standard model [28–31]. According to the black-box theorem proposed by Schechter and Valle [32], the observation
of 0⌫�� decay would confirm the existence of a Majorana mass term for neutrinos, even though the black-box induced
Majorana mass could be only an extremely tiny correction �m⌫ = O(10�28) eV [33,34]. It implies that other lepton-
number-violating operators (such as seesaw mechanisms) must provide a leading contribution to the Majorana neutrino
mass term. In any case, the search of 0⌫�� decay provides a direct way to disclose the physics of neutrinos and
the existence of a lepton-number-violation process which has an important implication for the matter–antimatter
asymmetry [35] in the Universe as indicated from the ratio of baryon-to-photon number density nb/n� ⇠ 10�10 [36,37].

1 Some isotopes can undergo the 2⌫�+�+ decay, including 78Kr(0.355%), 96Ru(5.54%), 106Cd (1.25%), 124Xe (0.095%), 130Ba (0.106%), and 136Ce
(0.185%) [13] with the numbers in the parenthesis indicating their natural abundances. Note that the abundances of these isotopes are generally
very low, except for 96Ru and 106Cd whose abundances are comparable to some of 0⌫��-decay candidates but with smaller Q�� values.
2 It is noted that the impacts of electron binding energies, small corrections due to atomic physics, nuclear recoil, and a possible nonzero neutrino

mass are usually neglected.
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The importance of 0νββ

❖ Majorana or Dirac nature of neutrinos

❖ Measures effective Majorana mass: relate 0νββ to the neutrino oscillation

❖ Lepton number violating process: beyond neutrino physics

12
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Experimental Searches

❖ Detect the electrons

❖ Energy

❖ Trajectories

❖ Detect the daughter nuclei

❖ Geochemical and radiochemical

❖ Imaging

14
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Half-life sensitivity from experiments
❖ Number of signals over fluctuation of background for 

possible observation

❖ Extreme requirements for detector performance and 
background control 

15
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A bit history
❖ 1948: Coincidence counting with Geiger 

counter for 

❖ 百花齐放: cloud chamber, etc

124Sn → 124Te
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A bit history
❖ 1948: Coincidence counting with Geiger 

counter for 

❖ 百花齐放: cloud chamber, etc

❖ 各显神通: Cowan and Reines, C.S. Wu, etc

124Sn → 124Te

17



韩柯：⽆双实验
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Fig. 1. Experimental setup. 

was used to reduce the background due to spuri- 
ous signals. A 10 cm thick layer of lead with a 
low radioactivity level and an external layer of 
normal lead of the same thickness are used to 
reduce the background due to y rays. Between 
these layers a “neutron shield” was placed, made 
of a 10 cm layer of resin impregnated wood act- 
ing as a neutron moderator, and of a 2 mm thick 
cadmium absorber. 

The pulse spectrum from the Ge(Li) in anti- 
coincidence with the scintillation counter, ob- 
tained in 712 hours of running time, has a con- 
tinuous shape and shows no peak in the energy 
region of neutrinoless /3p decay. The background 
counting rate in this region is 1.1 x 10-2 h-1 keV-1. 
By applying a maximum likelihood procedure we 
can exclude a half-life below 3.1 X lo20 with a 68% 
confidence level. 

From refs. 1 and 2 one can predict half-lives 
of lO17&2y and 102k2y for neutrinoless and two- 
neutrino /3p decay, respectively. The errors 
arise mainly from the incertainty in the estimate 
of the nuclear matrix element. The present ne- 
gative result on neutrinoless decay of 76~e agrees 
with those recently obtained for 48Ca [3,6], and 
is consistent with the lepton conservation law. In 
an earlier nuclear-emulsion experiment [lo] on 
the pp decay of 76~e, yielding ~1 > 2.8 x 1017y, 
no distinction could be made bet&een the two 
possible decay modes. 

It is a pleasure to acknowledge very useful 
discussions with Prof. A. Malvicini and the help 
of Mr. G. Alberti. Most of the lead used in this 
experiment has been graciously lent by the 
Societa Tonolli, Milano. 
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Discovery of 2νββ
❖ Elliott, Hahn, Moe, Direct evidence for 

two-neutrino double-beta decay in . 
Phys. Rev. Lett. 59, 2020 (1987)

❖ UC Irvine (Reines)
❖ “The two-neutrino mode of double-beta 

decay  in has been observed in a time-
projection chamber at a half-life of  

 yr (68% confidence level). 
… It is the rarest natural decay process ever 
observed directly in the laboratory.”

82Se

82Se

(1.1+0.8
−0.3) × 1020
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First experiment in China
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❖ Current half-life limits >1026 year

❖ 100 kg 90% enriched 136Xe: fewer than 
three signals per year

❖ Sensitivity of ton-scale experiments: 1027 to 
1028 year

❖ Fewer than 1 event/year

S = ln(2) M ⋅ NA ⋅ a ⋅ ε
W

t
T0ν

Small signals

M Mass ε Efficiency
NA 6.02×1023 W Molar mass
a Abundance t Detection time

24
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Extreme Detector requirements
❖ Background

❖ Performance (Efficiency, Resolution)
❖
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Phonon
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LEGEND
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KamLAND2-Zen

CUPID
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International players 
for the next  
20+ years
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Phonon

PhotonElectron

CDEX
NνDEX

PandaX JUNO-0νββ
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Chinese efforts
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固体探测器阵列 ⽓液探测器

CUPID, AMoRE KamLAND-ZEN

LEGEND nEXO, XLZD

CDEX PandaX

CUPID-CJPL NνDEX

JUNO-0νββ
TAUP 2019
Journal of Physics: Conference Series 1468 (2020) 012111

IOP Publishing
doi:10.1088/1742-6596/1468/1/012111

2

Figure 1. Left: Sensitivity for signal discovery as a function of exposure for di↵erent background
levels. Right: LEGEND-200 cryostat with the detector strings surrounded by the wavelength
shifting fibers of the liquid argon veto.

1027 yr and in the second phase up to 1028 yr both for setting a 90% C.L. half-life limit as well
as for discovery of 0⌫�� decay defined as a 50% chance for a signal at 3� significance. Fig. 1
shows the sensitivity for signal discovery as a function of exposure for di↵erent background
levels taking into account a signal e�ciency of 0.6. The goal is to perform a ”background-free”
measurement, defined as less than one background count expected at the design exposure, in
order to gain a linear increase of sensitivity with exposure. In the first phase, LEGEND-200,
about 200 kg of enriched Ge detectors will be operated in the existing Gerda infrastructure
at the Laboratori Nazionali del Gran Sasso (LNGS) in Italy. For an exposure of 1 t·yr and
close to background-free conditions, LEGEND-200 is required to reach a background index of
0.6 cts/FWHM·t·yr. The following phase, LEGEND-1000, will be a new facility probably in
a new location holding about 1 t of Ge detectors. In order to reach the sensitivity goal with
10 t·yr exposure, a background index better than 0.1 cts/FWHM·t·yr is needed.

2. LEGEND-200 design and backgrounds

LEGEND-200 is designed based on the experience from Gerda and Majorana as well as from
other LEGEND collaborators with expertise in low-background measurements. The careful
selection and control of the radiopurity of all materials surrounding the Ge detectors, like cables
and holders, has been proven essential in Majorana without an internal active veto system.
Additionally, the low noise readout electronics of Majorana allow for a low energy threshold
and the best resolution in the field. LEGEND-200 has adopted the Gerda design of a low-Z
shielding with water and liquid argon (LAr) and an active veto through the detection of argon
scintillation light. The clean fabrication techniques and the control of the surface exposure of
the enriched Ge material from zone refinement through crystal pulling to detector fabrication
and characterisation will be followed as done in the previous experiments.

Fig. 1 shows the schematic view of the upgraded Gerda cryostat that is surrounded by a
water tank (not shown) together with a zoom to the Ge detector array with the wavelength
shifting fibers of the LAr veto system. The ultra-pure water serves as a Cherenkov detector
to veto muons passing through the setup and as shielding against environmental radioactivity
including neutrons. The cryostat from Gerda will be modified with a new lock, new cabling and
new suspension systems for the detectors and calibration sources. The LAr veto system is based
on the latest developments for Gerda using TPB coated wavelength shifting fibers read out
by silicon photomultipliers. The enriched Ge detectors will be arranged in strings and mounted
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Cosmic rays

❖ Muons and muon-induced (e.g. 
neutrons) background

❖ Cosmogenic radioactivity (60Co, 68Ge, 
etc)

❖ Challenges even for R&D aboveground 

❖ Mitigated by going underground: 
muon flux is reduced by a factor of 10 
per 1500 m.w.e.

30
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Figure 2
The measured residual muon fluxes in key underground facilities, which are consistent with predicted values
( gray line). The sizes of the circles correspond to laboratory space by volume; red or blue denotes access by
road tunnels or shafts, respectively.

The facility is the deepest operating underground laboratory in the world. The measured fluxes
of residual cosmic-ray muons (12) at CJPL-I, and a comparison with various active underground
laboratories, are displayed in Figure 2. We note for completeness that early cosmic-ray mea-
surements were performed at the Kolar Gold Fields in India, at locations with 2,760 m of rock
overburden (13).

International access to CJPL is by regular flights from various hub cities in China to Xichang
Domestic Airport. The laboratory is located 90 km from the airport and is reachable by both
highways and paved two-lane private roads shared with Yalong River Hydropower Development
Company; the driving time is approximately 2 hours. A guest house, dormitory accommodation,
canteens, and office space are available near the west entrance of the tunnel.

The bedrock surrounding CJPL is made of marble, with relatively low radioactivity from the
contamination of 232Th and 238U isotopes (measurements of these isotopes and other background
characterizations are discussed in Section 5). The laboratory space is shielded from the bare rock
by a 0.5-m-thick layer of concrete. Ventilation is provided by a 10-km-long, 55-cm-diameter
pipeline that brings in fresh air from the west entrance of the tunnel at an air-exchange rate of
4,500 m3 h−1, allowing the radon level to be kept below 20 Bq m−3.

The laboratory is connected by internet cables at a bandwidth of 10 GHz. The storage capacity
of the computer servers, located in an exterior office, is up to 300 TB, with a transfer capacity of
10 GHz from the experiments. The laboratory is equipped with surveillance CCD cameras and
audiovisual alarm systems, and ambient conditions including temperature, pressure, humidity,
and air composition are continually recorded. All recording devices are accessible from and can
be monitored at remote sites.

234 Cheng et al.
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Mitigate muon-induced background
❖ Deeper lab or more powerful active veto

34

Majorana Demonstrator (1109.4154)
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Background in CUPID

17

Background goal: 10-4 ckky

CUPID will reduce backgrounds primarily by

‣ Eliminating surface α’s with PID

‣ Reducing β/γ continuum backgrounds by moving the ROI from 2.5 MeV to 3 
MeV (~10x), lower cross section and delayed coincidence (bkgd from 214Bi/
208Tl β continuum from contaminations in crystal bulk and on nearby surfaces)

‣ Eliminating muons with a muon tagger

CUORE BI 
(at 2527 keV)

CUORE BI  
(at 3034 keV) Mitigation

CUPID BI 
Goal  

(at 3034 keV)
ckky ckky ckky

Surface 
α’s 1.4×10-2 1.4×10-2

Particle 
Identificatio

n
Negligible

Compto
n γ’s 10-3 10-4

Moving the 
ROI

5×10-5Delayed 
Coincidence

Muons 10-4 10-4 Muon Veto 
Panels <10-6

Pileup Negligible Negligible LD Timing 
Resolution 5×10-5

Topics in Astroparticle and Underground Physics, 2021Jonathan Ouellet (MIT)

CUPID Experiment

Backgrounds In CUPID

▸ CUPID background model is data driven 
▸ All CUPID components have been directly measured in CUORE, 

CUPID-0, or CUPID-Mo 

▸ CUPID Background Goal: 10-4 cnts/(keV∙kg∙yr) 
▸ Not quite background free: ~2 cnts in the ROI over 10 year 

exposure 

▸ Primary backgrounds 
▸ 50% 2νββ decay pileup 

▸ 40% surface backgrounds (β/γ’s) from nearby parts 

▸ 10% β/γ’s from cryostat shields 

▸ <1% Muons

13

6−10 5−10 4−10
BI [counts/keV/kg/yr]

 pileupββν2

Crystals U+Th

Holders

Shields

Muons

Total
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r Background model
ββν2

pileup
U238Crystal 
Th232Crystal 

K40Crystal 
Cryostat
Copper frames

CUPID Background Model

CUPID PRELIMINARY

CUPID PRELIMINARY

Intrinsic 2νββ background
❖ 2νββ may be a problem if the 

half-life is short and energy 
resolution is VERY bad

❖ 100Mo has a relatively short half-
life (1018 year, fastest 2νββ) and 
pileup of two 100Mo 2νββ decay 
is a major concern for CUPID

35





韩柯：Double beta decay - an experimental review 37

from CUPID



韩柯：⽆双实验 38

Majorana Demonstrator 



⽆双实验：国际竞争 韩柯
上海交通⼤学

Assergi



韩柯：⽆双实验 40

Phonon

PhotonElectron

LEGEND nEXO KamLAND2-Zen

CUPID
AMoRE

International players 
for the next  
20+ years

4亿美元

4.4亿美元

6千万美元



CUPID: scintillating bolometer array for 100Mo
CUPID: CUORE Upgrade with Particle IDentification

CUORE: Cryogenic Underground Observatory for Rare Events
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Bolometers (calirometers)
❖ Bolometer: measure the energy via 

temperature change

                             

❖ Phonons carry energy quanta: very 
high intrinsic energy resolution

❖ Smart absorber choice: small heat 
capacity C

❖ Sensitive thermistor 

ΔT = E
C

42
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Wide applications in particle/astro/cosmology
43

Spider Web MARE SuperCDMS
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CUORE bolometer array

❖ Search for 0νββ of 130Te and other rare events

❖ 988 TeO2 crystals run as a bolometer array

44
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CUORE bolometer array

❖ Search for 0νββ of 130Te and other rare events

❖ 988 TeO2 crystals run as a bolometer array

❖ 19 Towers

❖ 13 floors 

❖ 4 modules per floor
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CUORE bolometer array

❖ Search for 0νββ of 130Te and other rare events

❖ 988 TeO2 crystals run as a bolometer array

❖ 19 Towers

❖ 13 floors 

❖ 4 modules per floor

❖ 10 mK in a custom dilution refrigerator
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CUORE bolometer array

❖ Search for 0νββ of 130Te and other rare events

❖ 988 TeO2 crystals run as a bolometer array

❖ 19 Towers

❖ 13 floors 

❖ 4 modules per floor

❖ 10 mK in a custom dilution refrigerator
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CUORE bolometer array

❖ Search for 0νββ of 130Te and other rare events

❖ 988 TeO2 crystals run as a bolometer array

❖ 19 Towers

❖ 13 floors 

❖ 4 modules per floor

❖ 10 mK in a custom dilution refrigerator

❖ Gran Sasso underground lab (LNGS), Italy

48
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CUORE 2 ton-year data
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Fig. 4. Fit to the ROI spectrum. The best-fit curve (purple) and the best-fit curve with the 0ωεε decay
rate fixed to the 90% C.I. limit (dashed green) to the spectrum (yellow) in the ROI after all selection cuts.

We observe no statistically significant evidence of 0ωεε decay and report a best-fit decay rate of

!̂0ω = 4.5+6.9
→4.5 (stat.+syst.) → 10→27 yr→1 and set a limit on the decay rate of !0ω

1/2 > 1.8 → 10→26 yr→1

at 90% credibility interval (C.I.) corresponding to a decay half-life limit of T 0ω
1/2 > 3.8 → 1025 yr (90%

C.I.) (Fig. 9). We also perform a frequentist fit and using the Rolke method [49], set a half-life limit of

T
0ω
1/2 > 3.7 → 1025 yr at 90% confidence level (C.L.) (Fig. 10), which is compatible with the Bayesian fit

result. Using the background-only hypothesis to fit the ROI, we obtain a background index (BI) for each

dataset (Fig. 11) with an exposure-weighted mean of (1.42 ± 0.02) counts keV→1kg→1yr→1. We use the

BIs to extract a median exclusion sensitivity of 4.4 → 1025 yr (90% C.I.) (Fig. 12) [44]. Compared to

this value, the probability of obtaining a stronger limit is 67%.

The simplest model that is commonly used to compare 0ωεε decay search results across isotopes

is the light-neutrino exchange model [11] from which we extract an effective Majorana neutrino mass

(mεε). Thus, we place a limit of mεε < 70 – 240 meV, where the spread comes from the range of

different nuclear model parameters currently available in the literature [50, 51, 52, 53, 54, 55, 56, 57, 58].

The CUORE limit, along with the most stringent mεε constraints obtained with other isotopes are shown

in Fig. 5.
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Fig. 5. Limits on mωω. The allowed parameter space as a function of the lightest neutrino mass in the
case of inverted (normal) ordering is shown in green (purple). The lighter shaded areas correspond to the
3ω uncertainties on the oscillation parameters [11]. The yellow band corresponds to the limit obtained
from this analysis. Limits obtained from 76Ge [59], 82Se [16], 100Mo [17], 136Xe [60] are also shown.

Impact

CUORE has demonstrated over 5 years stable operation of an array of 988 cryogenic calorimeters and

will continue taking data until reaching 3 tonne·yr (→1 tonne·yr) analyzed TeO2
(130Te

)
exposure. With

our current analyzed exposure of 2039.0 kg·yr, we have demonstrated an efficient analysis framework

for processing the continuous data stream of →1000 cryogenic calorimeters reaching →4 years total

livetime. Furthermore, the limit we extracted is the most stringent on the 0εϑϑ decay half-life of 130Te.

The instrumentation and the analysis infrastructure developed in this work not only enables a world-

leading 0εϑϑ decay search, but also establishes large-volume cryogenic calorimetry as a unique path for

a future multi-isotope 0εϑϑ decay search program.

After CUORE reaches its target exposure, the experiment will begin phase II and pivot its primary

focus to low-energy processes. This phase is motivated by the knowledge gained from our new denoising

12

Fig. 2. CUORE exposure. Left: The color of each crystal reflects its total analyzed exposure divided
by the maximum value for all the calorimeters. The calorimeters with the lowest exposures are typically
near the top of their towers, making them more susceptible to vibrations. Due to their low performance,
they were removed from the analysis. Right: The cumulative analyzed exposure averaged over tower by
dataset is shown in green. For each dataset, we show the distribution of livetime-normalized exposures
of towers in purple.

To identify pulses and classify them as events for the energy reconstruction, we apply a low-threshold

trigger, called optimal trigger (OT) [45], to the denoised data. Then, to measure the pulse amplitude

more accurately, we filter events with the optimal (matched) filter (OF) [46] that maximizes the signal-

to-noise ratio by exploiting the distinct shapes of the stochastic noise and the particle-induced signal

power spectra. Since fluctuations in the baseline temperature can affect the pulse amplitude measure-

ment thereby degrading our energy resolution, we use events corresponding to fixed energy depositions

(i.e., heater-induced or gamma peak-based) to characterize and correct for this effect. To convert the

corrected amplitude measurements to energy, we use calibration data to correlate the peak positions in

the amplitude spectrum with the gamma-ray emissions of the deployed radioactive sources [47].

Our segmented detector design enables us to perform coincidence-based event selections. Monte

Carlo simulations indicate that →88% of 0ωεε decay events are contained in a single crystal while

events induced by crystal surface radioactivity and gamma rays undergoing Compton scattering could

deposit energy in multiple crystals. Therefore, we remove events depositing >40 keV in more than one

crystal within 5 ms of each other [9]. This time interval is a compromise between the time resolution of

8

FWHM: 7.3 keV

Background index: 1.4 cts/keV/kg/yr

T1/2 > 3.8 × 1025 yr (90% C.L.)

mββ < (70 − 240) meV

arXiv:2404.04453
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TeO2 TeO2 

γ 

α α 
α 

α 

Copper frame and shielding ! 

" 

# 

CUORE challenge: surface  backgroundα

❖ Surface background a common challenge 
for solid-state detector modules

❖ CUORE cannot distinguish  particles

❖ A heat pulse is a heat pulse for TeO2

❖ Extremely careful treatment of copper/
crystal surfaces
❖ Coating/etching copper surface
❖ Lapping crystal surface 

α/β/γ
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CUPID: scintillating bolometer
❖ Li2MoO4 (LMO) scintillating crystals 
❖ 100Mo enrichment > 95%
❖ 45×45×45 mm3 crystals 
❖ ∼1500 crystals → ∼250 kg of 100Mo 

❖ Goal FWHM: 5 keV at Qββ 
❖ α rejection via particle identification on light detector 

❖ Li2MoO4 (LMO) crystals scintillates and light yield 
is particle dependent

❖ Goal background: 10-4 counts/keV/kg/yr  

❖ New challenge: detect tiny scintillation light
❖ Another bolometer

52
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CUPID: scintillating bolometer
53

810 Page 4 of 9 Eur. Phys. J. C (2022) 82 :810

Fig. 2 Photo of the array during the decommissioning. Here are shown
2 baseline modules of CUPID, which form the first floors of the 2 mini-
towers. In one of the 2 modules an LMO crystal is missing and a quasi-
square LD is visible on the bottom

frame, to allow the bonding of Neutron Transmutation Doped
germanium (NTD-Ge [63]) thermistors and the heaters (P-
doped Si [64]). The former are meant for the read-out of both
the LMO crystals and LDs, and produce a typical voltage
signal of 10–100 µV per 1 MeV of deposited energy. The
latter are used to periodically inject thermal pulses at a fixed
energy for the thermal gain correction [61].

A CUPID tower will consist of 14 modules stacked on top
of each others simply by gravity. This structure shows sev-
eral advantages: it minimizes the amount of inert material,
relaxes the constraints on mechanical tolerances, simplifies
the production of copper elements and their cleaning, and
also the assembly is simplified as well. On the other hand,
such novel design was never tested before, so the thermal
properties and the propagation of noise across the floors of
the tower needed to be characterized. Furthermore, the novel
assembly of the LDs could potentially induce a larger noise,
due to a less firm positioning of the detector module compo-
nents with respect to previous assemblies. In this work we
made an exploratory study of the new mechanical structure,
by mounting 2 mini-towers of only 2 (out of 14) floors each
(Fig. 2).

Each floor hosted 2 natural LMO cubic crystals, with
dimensions 45 × 45 × 45 mm3 and mass ∼ 280 g each, for
a total of 8 crystals with the same specifications foreseen for
CUPID. High radiopurity copper and PTFE elements were
selected for the mechanical structure. Each crystal faces 2
LDs, on top and bottom. These are thin cryogenic germanium
calorimeters. An antireflecting 60 nm thick layer of SiO [65]

Fig. 3 Schematic view of the 2 LD configurations: the grey squares
and the purple strips represent respectively the LMO crystals and the
LDs. Left: “baseline” configuration with LDs spaced 0.5 and 4 mm from
the bottom and top of the crystal respectively. Right: “gravity-assisted”
configuration with LDs spaced 0.5 mm on bottom and leaned on top of
the crystal

was deposited on both sides of the Ge faces to increase the
light collection, as already done in CUPID-Mo [56]. This is
the most reliable technology to be operated at cryogenic tem-
peratures to detect scintillation light from the crystals, which
typically corresponds to an equivalent deposition of keV per
MeV of energy deposit in the crystal [49,51,56,58,66].

We tested 2 possible configurations of the LDs as outlined
in Fig. 3:

– in the first floor, LDs were spaced 0.5 and 4 mm from
the bottom and top of the crystal respectively. From now
on, we will refer to this configuration as the “baseline”
configuration for the CUPID experiment, as it allows a
simple engineering of a large modular array.

– in the second floor, the bottom LDs were again spaced
0.5 mm, but the top LDs were leaned on the LMO crys-
tals. This “gravity-assisted” positioning, originally pro-
posed in Ref. [67], could allow to further increase the
light collection.

One of the goals of this measurement was to establish
if the larger light collection which could be offered by the
“gravity-assisted” configuration is worth the complication in
the detector engineering and assembly. Indeed, leaned LDs
are difficult to implement on a large scale experiment with a
proper assembly reproducibility.

We performed two experimental runs, one in the config-
uration described above, and the second one by surrounding
the crystals with a Vikuiti™ reflecting foil. The latter would
complicate the assembly in view of CUPID, it would be an
additional source of background and it would affect the effi-
ciency of coincidence tagging of α events. Thus we consider
the reflecting foil only as a potential back-up solution to fur-
ther enhance the light collection (see [58]).

The LDs were constantly exposed to an X-rays source
(55Fe, which produces peaks at 5.9 and 6.4 keV) to energy-
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LEGEND: HPGe array for 76Ge 0νββ



韩柯：⽆双实验 56



韩柯：⽆双实验

HPGe technology for double beta decay 

❖ Mature technology chain with wide 
industrial applications

❖ Little detector R&D except 
background control

❖ Superb energy resolution (FWHM/
Q ~ 0.1%)

❖ Solid basis for unambiguous 
discovery

57
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HPGe technology for double beta decay 

❖ Mature technology chain with wide 
industrial applications

❖ Little detector R&D except 
background control

❖ Superb energy resolution (FWHM/
Q ~ 0.1%)

❖ Solid basis for unambiguous 
discovery
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Signals from HPGe
59

courtesy of David Hervas
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Pulse Shape Discrimination

Ge detectors have excellent energy 
resolution …
- 0.12% FWHM at Qββ  

But they are more than calorimeters!
- Signal/Bkg exhibits different event topology 
- Pulse Shape Discrimination (PSD) allows additional 

background rejection channel

18

0νββ signal candidate 
(single-site)

γ-background 
(multi-site)

Acceptance Window

Acceptance Window

Pulse Shape Discrimination (PSD)
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LEGEND-200 first results
❖ Background index: 0.5 cts /(keV ton yr); resolution 2.1-4.4 keV (FWHM)

❖ T1/2 > 1.9 × 1026 yr (90% C.L.); mββ < (75 − 200) meV

62

ArXiv:2505.10440

5

Figure 1. The energy spectrum of the first LEGEND-200 data set, corresponding to 61 kg yr of germanium exposure, above the 39Ar
𝐿! = 565 keV. The gray histogram shows events passing quality and muon anti-coincidence cuts and with energy deposited in one single HPGe
detector. The main radioactive background contributors are indicated in green. The red histogram shows the subset of events passing the LAr
anti-coincidence cut and pulse shape discrimination. The inset shows a close-up around the region of interest for 0!¨¨ decay with finer binning.
The expected contribution from the 2!¨¨ decay of 76Ge (𝑀2¨

1/2 = 2.022 → 1021 yr [46]) corresponds to the solid blue line. The events used to set
a constraint on the 0!¨¨ decay rate are contained by the analysis window, marked in green. Only two significant ΅ peaks (shaded areas) are
expected within this window, and the corresponding 10 keV wide energy regions are excluded from the statistical analysis.

with the HPGe signal, SiPM traces are analyzed to reconstruct
the time and amplitude of each pulse. Low-amplitude pulses
from transient noise in the SiPMs are discarded, with a rejec-
tion threshold varying between channels, typically around 0.5
photo-electrons (p.e.). The coincidence window is defined as
[↑1, 5] !s relative to the onset of the HPGe rising edge. Events
are excluded from the analysis if the sum of the amplitudes
across all SiPM channels exceeds four p.e., or if the multiplicity
(i.e., the number of channels with a signal above threshold)
exceeds four, considering only pulses within the coincidence
window. This cut results in a survival fraction of signal events
of (93.3 ± 0.5)%, as determined using forced trigger events
and 40K full energy peak (FEP) events, where no coincident
light is expected.

The shape of the rising edge of HPGe signals is analyzed to
further identify background events. We use two PSD techniques
to identify signal-like event topologies in detectors featuring a
small p+ electrode: first, 𝑁/𝑂 measures the maximum current
amplitude (𝑁) over the charge amplitude (𝑂) [48, 49]. Second,
late-charge (LQ) measures the area above the last 20% of the
charge signal normalized by the charge amplitude [8]. For
signal-like events, these parameters are normally distributed,
with mean and standard deviation measured using the 1593 keV
double escape peak (DEP) induced by the 2614 keV 208Tl ¨
ray from the calibration sources, a SSE-enriched event sample.
Both PSD estimators are corrected for correlations with drift
time [50] and energy.

𝑁/𝑂 is used to reject MSEs, which exhibit lower 𝑁/𝑂 values
than SSEs. The cut threshold is tuned to achieve 90% survival
fraction of 208Tl DEP events. ΅ and ῭ particles incident on
surfaces can also be rejected by PSD. Events near the p+
electrode result in high values of 𝑁/𝑂 and LQ. Events near
the n+ and passivated surfaces produce low values of 𝑁/𝑂 and
high values of LQ. For Mirion IC and BEGe detectors with

a narrow passivated groove between the p+ and n+ electrode,
a value of 𝑁/𝑂 three standard deviations above the mean
is used to reject these events. For Ortec detectors with a
wide passivated surface (PPCs and one IC), a value of LQ
three standard deviations above the mean is used. Five IC
detectors with abnormally wide p+ pads (indicated as IC2) had
a significant population of MSE that passed the 𝑁/𝑂 cut. For
these detectors LQ values three standard deviations above the
mean are also used to reject MSEs. The Coax detectors exhibit
di!erent pulse-shape characteristics than detectors featuring a
small p+ electrode, severely reducing the e!ectiveness of 𝑁/𝑂
and LQ cuts. Following the procedure in [48], an artificial
neural network is employed to reject MSEs, while a rise time
cut is applied to eliminate fast events originating from the p+
electrode.

The 0%῭῭ decay survival fraction is corrected for several
systematic e!ects. We correct for dependence on energy, mea-
sured using a 56Co source with multiple DEPs ranging from
1013 to 2429 keV [8]. We also correct for the di!erences in
spatial distribution between DEP events (concentrated near
surfaces) and ῭῭ events (uniformly distributed in the bulk)
by measuring the detection e"ciency for 2%῭῭ events in an
energy range of 1.0–1.3 MeV. These corrections reduce the
0%῭῭ decay detection e"ciency (reported in Table I) by a few
percent. Finally, we add uncertainties related to weekly shifts
in the DEP e"ciency and energy dependence. Data from peri-
ods characterized by significantly unstable PSD performance,
amounting to 13.2 kg yr, are only used to determine event
multiplicity.

After data selection, the total exposure used for analysis
amounts to 61 kg yr. The energy spectrum, after applying the
LAr anti-coincidence and PSD cuts, is shown in red in Fig. 1. A
remarkably low background level is observed across the entire
energy range, above the 2%῭῭ decay events. At 𝐿!!, the LAr

https://arxiv.org/abs/2505.10440
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LEGEND-1000
• Two experimental sites are under consideration: 

• SNOLAB:  Deeper underground site but difficult 
to access 

• LNGS: Easy access but additional neutron 
shielding needed

4 arrays 

1000 kg 
total 
mass

100 
ICPCs 
per 
array

ASIC 
Readout

• New cables and ASIC read-out electronics for lower 
backgrounds 

• 2.6kg average detector mass reduces backgrounds 
• 1000kg total mass loading by 4 ICPC detector arrays 
• Underground sourced Ar to reduce surface β 

backgrounds

LEGEND-1000
LEGEND-1000 aims for unambiguous discovery of 0νββ with 1028 years of sensitivity

Targeting 10 ton-years exposure: 1000 kg mass, 10 year run plan 
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KamLAND-ZEN: Xe-loaded LS 
Kamioka Liquid Scintillator Anti-neutrino Detector – Zero Neutrino Double β-Decay
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KamLAND Detector

❖ 1 kiloton of ultra-low radioactivity liquid 
scintillator (LS) 

❖ 13-meter-diameter transparent balloon 
surrounded by a mineral oil buffer

❖ LS is viewed by 1,879 photomultiplier 
tubes (PMTs) providing ~34% photo-
coverage

❖ Water Cherenkov outer detector (for 
tagging muons)

6
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Xenon loading
❖ 136Xe: Isotopic enrichment = 

90.86%

❖ 3% wt soluble in Liquid 
Scintillator (XeLS)

67

XeLS

KamLS

The KamLAND-Zen 
inner balloon
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Taking physics data 
since January 2019. 

15
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KamLAND-ZEN upgrade path
71
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Results from complete KamLAND-Zen 800 dataset
72

❖ 2.097 ton yr of 136Xe

❖ T1/2 > 3.8 × 1026 yr (90% C.L.)

❖  mββ < (28 − 122) meV

❖ World-leading limit on mββ. 3

are roughly a factor of 10 smaller than those measured on
the previous IB [12]. The reference calculations for 238U
and 232Th mentioned here assume secular equilibrium for
comparison with the previously reported values. In the
earlier period of the dataset, we found an increase in the
background rate at the IB bottom, possibly due to the
settling of dust particles containing radioactive impuri-
ties. To avoid this possible background, we tag and re-
move this high-background period from the dataset using
machine learning algorithms, as discussed in Ref. [3, 18].

Solar neutrinos are an intrinsic background source for
KamLAND-Zen. Based on neutrino flux calculations us-
ing the standard solar model [19], the elastic scattering
(ES) of 8B solar neutrinos on electrons in the Xe-LS is
estimated to be (4.9 ± 0.2) → 10→3 (ton day)→1, includ-
ing the e!ect of three-flavor neutrino oscillations. The
charged-current (CC) interactions on 136Xe produce e→,
136Cs, and ω’s from the excited states, and the subse-
quent decays of 136Cs (ε = 19.0 days, Q = 2.548MeV)
create a background peak around 2.0MeV in visible
energy, mostly overlapping with the resolution tail of
2ϑϖϖ decays. The interaction rate is expected to be
(0.8± 0.1)→ 10→3 (ton day)→1 based on the cross section
calculated in Ref. [20, 21].

Cosmic-ray muons produce neutrons and radioactive
isotopes through nuclear spallation of carbon and xenon,
which decay by emitting ϖ’s or ω’s. To remove these
events, we apply cuts based on space and time correlation
with muon and neutron capture ω events. In the 0ϑϖϖ
window, decays of 10C (ε = 27.8 s, Q = 3.65MeV) and
6He (ε = 1.16 s, Q = 3.51MeV) dominate the muon spal-
lation backgrounds. To reduce these short-lived back-
grounds, we remove events within 150ms after muons,
and events reconstructed within 1.6m of neutron ver-
tices for 180 s. In addition, we reject remaining back-
ground events by the “shower” likelihood method based
on reconstructed muon shower profiles [22–26]. The over-
all rejection e”ciencies for 10C and 6He are >99.7%
and (97.3 ± 1.5)%, respectively. To reduce the 137Xe
(ε = 5.5min, Q = 4.17MeV) background, we remove
events reconstructed within 1.6m for 27min of vertices
identified as neutron captures on 136Xe, which produce
high energy ω’s (Q = 4.03MeV). This cut removes
(74± 7)% of 137Xe.

The products of muon spallation with lifetimes greater
than O(100 s), denoted as “long-lived products”, are at-
tributed to the decay of heavy isotopes produced by
xenon spallation. Xenon spallation can be tagged by de-
tecting multiple neutrons. To characterize the long-lived
products, we define a likelihood ratio, RL = Lspa/(Lspa+
Lacc). Here Lspa and Lacc are the probability density
functions (PDFs) for long-lived muon-spallation pairs
and accidental pairs, respectively. These PDFs are con-
structed as a function of neutron multiplicity, distance
to neutron vertices, and time interval from preceding
muons. The cut value on RL is optimized using an esti-
mate with MC simulation tools. FLUKA [27, 28] is used
to calculate the spallation isotope yields, and Geant4 to
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FIG. 2: Energy spectra of selected ωω candidates within a
1.57-m-radius spherical volume drawn together with best-fit
backgrounds, the 2εωω decay spectrum, and the 90% C.L.
upper limit for 0εωω decay of (a) singles data (SD), and (b)
long-lived data (LD). The LD exposure is about 10% of the
SD exposure.

calculate the radioactive decays and energy spectra of the
isotopes, considering their sequential decay chain. The
predicted backgrounds are primarily from 132I, 130I, 124I,
122I, 118Sb, 110In, 88Y, and from other isotopes in smaller
amounts (Table IX in Ref. [26]). The total background
rate in the 0ϑϖϖ window is 30.0± 2.2 (ton yr)→1 in total,
in units of 136Xe exposure. Events that are not classi-
fied as coming from long-lived backgrounds are referred
to as “singles data” (SD), and the others are referred to
as “long-lived data” (LD).

We improved the neutron identification for post-muon
events to enhance the tagging e”ciency of the long-lived
backgrounds. We identify these neutrons with a second,
deadtime-free electronics system, called MoGURA [26].
Previously, the neutron vertex was reconstructed using
only PMTs with normal gain. In this analysis, we added
low gain PMTs to the photon counting, achieving an in-
crease in the mean number of PMT hits from 181 to 201
for 2.225MeV ω’s from neutron capture, after subtract-
ing afterpulse noise contributions. The resulting neutron
tagging e”ciency is estimated to be (74.5± 0.4)% based
on the neutron capture time distribution, approximately
2% better than in the previous analysis. Our MC study
shows that (47.1 ± 8.7)% of long-lived spallation back-
grounds are classified as LD, whereas only 9.0% of un-
correlated events are mis-classified.

The total livetime for SD and LD in KamLAND-Zen
800 is 1131 days and 111 days, respectively. The total ex-
posure of SD, which is sensitive to the 0ϑϖϖ signal, is
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FIG. 3: Allowed region for the 136Xe 0ωεε rate and the long-
lived spallation background rate in the energy region 2.35 <
E < 2.70MeV (0ωεε window). The red dot and contour lines
correspond, respectively, to the best-fit and the 1ϑ, 90%, 95%,
99% C.L. intervals for two degrees of freedom. The horizontal
line indicates the MC-based prediction.

2097 kg yr of 136Xe, more than double the amount of the
previous search [3]. The 0ωεε decay rate is estimated
from a simultaneous likelihood fit to the binned energy
spectra of SD and LD between 0.5 and 4.8MeV. The
binned energy spectra are made by dividing the 2.5-m-
radius fiducial volume into 40 equal-volume bins (illus-
trated in Fig. 1), considering the time variation of event
rates. The contributions from major backgrounds in the
Xe-LS, such as 85Kr, 40K, 210Bi, the 228Th-208Pb sub-
chain of the 232Th series, and long-lived spallation prod-
ucts, are free parameters and are left unconstrained in the
spectral fit. The contributions from the 222Rn-210Pb sub-
chain of the 238U series and short-lived spallation prod-
ucts are constrained by their independent measurements.
The parameters of the detector energy response model
are constrained by 214Bi data. The energy spectral dis-
tortion parameter (a linear rescaling) for the long-lived
spallation products is constrained by its estimated un-
certainty (Fig. 10 in Ref. [26]).

Figure 2 shows the energy spectra of selected candi-
date SD and LD events within a 1.57-m-radius spherical
volume together with the best-fit curves. The exposure
of 136Xe for SD in this reduced volume is 1.13 ton yr. The
best-fit background contributions are summarized in Ta-
ble I. The 0ωεε signal best-fit is 0 events, indicating no
event excess over the background expectation. We ob-
tain a 90% confidence level (C.L.) upper limit on the
number of 0ωεε decays of < 10.0 events (< 8.0 events in
the range 2.35 < E < 2.70MeV), which corresponds to
a limit of < 8.9 (ton yr)→1 in units of 136Xe exposure, or
T 0ωεε
1/2 > 3.4 → 1026 yr (90% C.L.). An analysis based

on the Feldman-Cousins procedure [29] gives a slightly
stronger limit of 4.3 → 1026 yr (90% C.L.), indicating a
limited impact of the physical boundary on the 0ωεε
rate at low statistics. An MC simulation of an ensemble
of experiments assuming the best-fit background spec-
trum rwithout a 0ωεε signal indicates a median sensi-

1 10 210

(b) IO

1 10 210
0

50

100

150

 (m
eV

)
〉 

β
β

m〈
Ef

fe
ct

iv
e 

M
aj

or
an

a 
m

as
s 

Shell Model
QRPA
EDF
IBM

(a) NO

0

50

100

150

Xe

Ge
Te

(A) (B) (C)

(c)

 (meV)lightestm

FIG. 4: E!ective Majorana neutrino mass →mωω↑ as a func-
tion of the lightest neutrino mass mlightest. The dark shaded
regions are predictions based on best-fit values of neutrino
oscillation parameters for (a) the normal ordering (NO) and
(b) the inverted ordering (IO), and the light shaded regions
indicate the 3ϑ ranges calculated from oscillation parameter
uncertainties [30, 31]. The horizontal lines indicate 90% C.L.
upper limits on →mωω↑ with 136Xe from KamLAND-Zen (this
work), considering an improved phase space factor calcula-
tion [32, 33] and phenomenological NME calculations: shell
model [34–37] (dot-dashed lines), quasiparticle randomphase
approximation (QRPA) [38–42](dotted lines), energy-density
functional (EDF) theory [43–45] (solid lines), interacting bo-
son model (IBM) [46, 47] (dashed lines). (c) The correspond-
ing limits for 136Xe, 76Ge [48], and 130Te [49]. Three theoreti-
cal predictions in the IO region are also shown: (A)[4], (B)[5],
(C)[6].

tivity of 2.3 → 1026 yr. The probability of obtaining a
limit stronger than that reported here is 24%. In addi-
tion to the frequentist analyses above, we also performed
a statistical analysis within the Bayesian framework, as-
suming a flat prior for 1/T 0ωεε

1/2 . The Bayesian limit and

median sensitivity are 3.4→1026 yr and 2.4→1026 yr (90%
C.L.), respectively.

Figure 3 shows the allowed region of the 136Xe 0ωεε
rate and the long-lived spallation background rate from a
combined fit of the KamLAND-Zen 400 and 800 datasets,
giving a limit of

T 0ωεε
1/2 > 3.8→ 1026 yr (90% C.L.). (1)

The best-fit long-lived spallation background rate is
30.2± 4.5 (ton yr)→1indicating good consistency between
the MC-based prediction and the LD analysis. This com-
bined analysis has a sensitivity of 2.6 → 1026 yr, and the
probability of obtaining a stronger limit is 29%. The
lower limit on T 0ωεε

1/2 can be converted to an upper limit

ArXiv: 2406.11438 

https://arxiv.org/abs/2406.11438


韩柯：⽆双实验

KamLAND2-ZEN

❖ Improve energy resolution 4%  2%: 

❖ Light collection with Winston Cones 
(x1.8)

❖ High light yield scintillator (x1.4)

❖ High QE 20" PMTs (x1.9)

❖ Scintillating inner balloon

❖ New electronics to reject cosmic ray 
spallation background

→

73

1000 kg 
136Xe
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韩柯：⽆双实验

Te-LS or 
Xe-LS 

JUNO-0νββ

❖ 现有物理⽬标完成后下⼀阶段重点
❖ 1028年量级的半衰期灵敏度
❖ 20 kton LS 可以掺杂约100吨量级同
位素（Te）

❖ 极低本底
❖ ⾼能量分辨率< 3% @ 1 MeV → 

2.4x better than KamLAND-Zen 

75





韩柯：⽆双实验

JUNO-0νββ 物理潜⼒（Xe）
77



韩柯：⽆双实验

CJPL: China JinPing underground Lab

CJPL-I

CDEX
PandaX

2430m
8750m

❖ 6800 m.w.e overburden: < 0.2 muons/m2/day

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

❖ Dark matter searches, neutrino physics, and 
astroparticle physics, etc. 
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韩柯：⽆双实验

CJPL-II pictures
80
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Welcome!CJPL-I entrance



韩柯：⽆双实验

CUPID-CJPL
❖ Li2MoO4 scintillating bolometers 

at CJPL in the next 3-5 years

❖ Synergy with CUPID: 

❖ LMO crystal production 
radioactivity control and  QA

❖ Electronics

❖ Data analysis

81



韩柯：⽆双实验

 NνDEx: high pressure ion TPC 

❖ High-pressure ion-drifting 82SeF6 TPC with 
Topmetal readout

❖ 100 kg prototype in design and production phase

82
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• 316Lptu

• ÓÔÄ©176 cm5ÚÛ©120 cm5e©1 cm

• v§pà?1X10-10mbar L/s 

• r!_`56ãw˘˙˚“xy
!" –#$%&'()*

NnDEx-100

• Î~“ÏÌ&~100kg 10 atm 82SeF6—“

• ÓÔ160cm5—ÒÚÛ120cm

• Ùı”_Oˆ:SF6—“

• ˜C¯}\Ö–—Ò¯˘˙˚“¯TPC¸˝¯—“K˛cˇ!"

• #}10 atm—–âî$%—&Ø——SeF6&ˆ5'(Ì(Ω)<0.05 ppm



韩柯：⽆双实验

CDEX dark matter and 0νββ program

Established in 2009; over 100 
collaborators from 11 institutions

CDEX-300ν: 

❖ 200 enriched HPGe detectors 

❖ 20T LAr active veto shielding 

❖ 1725 m3 LN2 passive shielding 

83
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Overview of the Experiment setup

Ø Hall-C1 at CJPL-II

Ø LN2 tank shared with 
CDEX-50

Ø LAr tube containing 
LAr submerged in LN2

Ø Ge detector array 
immersed in LAr tube

Ø Ge detectors divided 
into ~19 strings (200 
in total) 



韩柯：⽆双实验

32

Baseline design of Ge detector array

Ø 200 Ge-76 enriched detectors: 19 strings, 10~11 det/string
Ø Top clean room for Ge detector and fiber installation 

2024/12/12

Current Status of the Clean Room

Central Flange

CDEX-300ν status
Total ~190 kg enriched GeO2 in hand

❖ 90 kg from Russia

❖ 100 kg from CNNC @China

❖ Ge-76 enrichment: 86%-92%

84
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Key Technology: Enriched Material

Homemade Ge-76 enriched GeO2 @CNNC
(Ge-76 enrichment: 86%-92%; Purity: >99.99%)

Total~190 kg enriched GeO2
ü 90 kg from Russia
ü 100 kg from CNNC @China 

76GeO2 Materials

LN2 filling in progress





韩柯：⽆双实验

PandaX LXe TPC: Total-Absorption 5D Calorimeter  
❖ Precisely measure 3D position, energy, and timing information in the energy range from sub-keV to 10MeV

❖ Large monolithic volume: total absorption; ~20 x MeV ɣ attenuation length

❖ Single-site (SS) and multi-site (MS) event for event topology and particle ID 

86



韩柯：⽆双实验

 Recent PandaX-4T DBD results

136Xe 2𝜈𝛽𝛽 half-life: 2.27 ± 
0.03(stat.) ± 0.09(syst.) × 1021 yr

Research, 9798721 (2022) 

87

136Xe 0𝜈𝛽𝛽 half-life  > 2.1 × 1024 yr 
(90% C.L.)

 mββ < (0.4 − 1.6) eV
Science Bulletin 70, 1779 (2025)

The most stringent 134Xe 2𝜈𝛽𝛽 
and 0𝜈𝛽𝛽 half-life limits

PRL 132, 152502 (2024) 





韩柯：⽆双实验

PandaX-xT for 0𝜈𝛽𝛽
❖ 4 ton of 136Xe: one of the largest 0𝜈𝛽𝛽 experiments

❖ Effective self-shielding: Xenon-related background dominates
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韩柯：⽆双实验

PandaX-xT 20T stage
❖ Mostly funded

❖ Detector prototyping and construction in progress

90

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

PhotonElectron

CUORE

Gerda
Majorana
LEGEND

CDEX
NνDEX

PandaX
EXO-200

nEXO
XLZD
NEXT

SuperNEMO

KamLAND-Zen
SNO+

CANDLES
JUNO-0νββ

AMoRE
CUPID

CUPID-CJPL

科学技术化
技术科学化



韩柯：⽆双实验 92

Blue-sky thinking



韩柯：⽆双实验

History and future landmark dates?

❖ 1930, Pauli: Idea of neutrino

❖ 1933, Fermi: Beta decay theory

❖ 1935, Goeppert-Mayer: Two-Neutrino double beta decay

❖ 1937, Majorana: Majorana Neutrino

❖ 1939, Furry: Neutrinoless double beta decay 0νββ
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