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Beta decay

❖ Beta spectra, continuous or mono-
energetic?  Neutrinos

❖ 1930, Pauli: Idea of neutrino

❖ 1933, Fermi: Beta decay theory

            

         

→

n → p + e− + ν̄e

3

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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Beta decay

❖ Beta spectra, continuous or mono-
energetic?  Neutrinos

❖ 1930, Pauli: Idea of neutrino

❖ 1933, Fermi: Beta decay theory

            

          

→

n → p + e− + ν̄e
3H → 3He+ + 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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particle that was electrically neutral, at least as light as the
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Thus, the constant energy expected for the electron alone was
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electron was being emitted with the observed spectrum of 
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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

6

 2n → 2p + 2e− + 2ν̄e
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Double β+, double EC, and β+EC 
8
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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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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 

2

Extremely rare events
9B. 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

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.
Previously, Primakoff and Rosen [20,21] predicted that for 2β(2ν) decay, the phase space 

available to the (four) emitted leptons is roughly proportional to the 7th through 11th power 
of energy release, and 2β(2ν) transition probability, W(2ν), depends on the maximum kinetic 
energy of the electron in the units of electron mass as

W(2ν) ∼ T 7
0 [1 + T0

2
+ T 2

0

9
+ T 3

0

90
+ T 4

0

1980
], (3)

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 
2β-transition half lives as [29]

T 2ν
1/2(0

+ → 0+) ≈ x

ξ2Q
y
2ββz

2
, (4)

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].
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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.
Previously, Primakoff and Rosen [20,21] predicted that for 2β(2ν) decay, the phase space 

available to the (four) emitted leptons is roughly proportional to the 7th through 11th power 
of energy release, and 2β(2ν) transition probability, W(2ν), depends on the maximum kinetic 
energy of the electron in the units of electron mass as

W(2ν) ∼ T 7
0 [1 + T0

2
+ T 2

0

9
+ T 3

0

90
+ T 4

0

1980
], (3)

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 
2β-transition half lives as [29]

T 2ν
1/2(0

+ → 0+) ≈ x

ξ2Q
y
2ββz

2
, (4)

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

Nuclear Physics A 1033 (2023) 122628 



韩柯：Double beta decay - an experimental review 

A bit history

❖ 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

10
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0νββ is forbidden in the SM

SM two-component theory of neutrino

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

0νββ is forbidden in the SM

•Neutrino-antineutrino distinction 

•Helicity mis-match

11
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Tiny but finite neutrino mass
12
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Open questions

� 1DWXUH�RI�QHXWULQR�PDVV�DQG�ZK\�LW¶V�VR�VPDOO"
± Massive neutrino Æ left and right-handed neutrinos
± Only left-handed Ȟ observed

spin

momentum

spin

momentum

XApP, July 11, 2016 曨㛮漓ᴉ㱶ᶣ弙⠦⩥ 5

Helicity flipping is possible
13

YES
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W

W

νi

d

d

u

e−

e−

u

Figure 3: Feynman diagram of the transition
dd → uue−e− which induces ββ0ν decay.

d

d u

u

e−

e−

W+

W+

ν̄e

νe

black box

ββ0ν

Figure 4: ν̄e → νe transition diagram
through a ββ0ν black box [94].

Let us consider the neutrino propagator. Taking into account the Majorana condition in
Eq. (4.3), we have

〈0|T (νeL(x1)ν
T
eL(x2)|0〉 = −

1− γ5
2

∑

i

U2
ei〈0|T (νi(x1)ν̄i(x2))|0〉

1− γ5
2

C

= −
i

(2π)4

∑

i

∫
d4q e−iq·(x1−x2) U2

eimi

q2 −m2
i

1− γ5
2

C. (4.6)

Thus, the neutrino propagator is proportional to mi. It is obvious from Eq. (4.6) that this is
connected with the fact that only left-handed neutrino fields enter into the Hamiltonian of
weak interactions. In the case of massless neutrinos (mi = 0, with i = 1, 2, 3), in accordance
with the theorem on the equivalence of the theories with massless Majorana and Dirac
neutrinos (see Refs. 95, 96), the matrix element of neutrinoless double-β decay is equal to
zero.

Let us consider the second term with p1 ! p2 of the matrix element in Eq. (4.5). We
have

uL(p1)γα(1− γ5)γβCuL
T (p2) = uL(p2)C

TγT
β (1− γT

5 )γ
T
αu

T
L(p1)

− uL(p2)γβ(1− γ5)γαCuT
L(p1). (4.7)

and
T (Jβ(x2)J

α(x1)) = T (Jα(x1)J
β(x2)). (4.8)

From Eqs. (4.7) and (4.8), it follows that the second term of the matrix element in Eq. (4.5)

20

Black-box Theorem: 0νββMajorana neutrinos

❖ “Minima” mechanism for 0νββ: 
exchange of a light Majorana 
neutrino

❖ However, many models exist

❖ 0νββ Black Box may include any 
models, but it always leads to an 
effective ν̄e ↔ νe

14

1982, Schechter and Valle

0νββ
Black Box
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0νββ Decay rate

(T 0⌫
1/2)

�1 = G0⌫(Q,Z) |M0⌫ |2 |hm��i|2

m2
e

16

Phase space factor Nuclear matrix element
|�m�� �| =

�����

3

�
i=1

U2
eimi

�����

Effective Majorana Mass:

0

@
ne
nµ
nt

1

A=UPMNS
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A=
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0νββ Decay rate

(T 0⌫
1/2)

�1 = G0⌫(Q,Z) |M0⌫ |2 |hm��i|2

m2
e

17

Phase space factor Nuclear matrix element
|�m�� �| =

�����

3

�
i=1

U2
eimi

�����

Effective Majorana Mass:

that couples to a charged lepton of a given flavour (an electron, a muon or a tau) via the weak charged
current (CC) is not a mass eigenstate, but a coherent superposition of mass eigenstates:

LCC =
gp
2

W�
µ

X

↵=e,µ,⌧

¯̀
↵L�µ⌫↵L + h.c. =

gp
2

W�
µ

X

↵=e,µ,⌧

¯̀
↵L�µ

X

i=1,2,3

U↵i ⌫iL + h.c. . (3)

It is this coherence that makes neutrino oscillations possible.
Being associated with a change of basis, the PMNS matrix is a unitary matrix. Like the CKM

matrix, it satisfies unitary relations, derived from UU † = U †U = 1:

X

i

U↵iU
⇤
�i

= �↵� (↵, � = e, µ, ⌧) ,
X

↵

U⇤
↵i

U↵j = �ij (i, j = 1, 2, 3) . (4)

Like any 3 ⇥ 3 unitary matrix, U can be parametrized by 3 mixing angles and 6 phases. However, not
all of these phases are physical, since lepton fields can be rephased to absorb some of them. Namely,
if neutrinos are Dirac fermions, one can rephase both the charged lepton and the neutrino fields,
`↵(x) ! ei�↵ `↵(x) and ⌫i(x) ! ei�i ⌫i(x), where `↵(x) and ⌫i(x) denote the 4-component Dirac fields
(i.e. the phases of the left-handed and right-handed lepton fields are shifted by the same amount, in
order not to a↵ect the mass terms �

P
↵
m`↵

¯̀
↵R`↵L �

P
i
mi⌫̄iR⌫iL + h.c.). This leaves the charged

current term (3) invariant, provided that one redefines the PMNS matrix in the following way:

U↵i ! ei(�↵��i) U↵i . (5)

Since there are 5 independent phase di↵erences �↵ � �i, one can remove 5 phases from the PMNS
matrix, leaving only one physical CP-violating phase, as in the CKM matrix. If neutrinos are Majorana
fermions, however, it is not possible to rephase the left-handed neutrino fields, because this would make
their masses complex. Indeed, Majorana mass terms are of the form �1

2 mi ⌫T

iL
C⌫iL + h.c., where C is

the charge conjugation matrix satisfying C�µC�1 = ��T

µ
(for a review on Majorana neutrinos, see e.g.

Ref. [42]). Thus only the charged lepton fields can be rephased, leading to

U↵i ! ei�↵ U↵i . (6)

One is therefore left with 3 physical CP-violating phases in the Majorana case, instead of a single one
in the Dirac case1.

Based on this parameter counting, the PMNS matrix can be written as the product of three rotations
through angles ✓23, ✓13 and ✓12, where the second (unitary) rotation depends on a phase �CP, and of a
diagonal matrix of phases P :

U =

0

@
1 0 0
0 c23 s23

0 �s23 c23

1

A

0

@
c13 0 s13e�i�CP

0 1 0
�s13ei�CP 0 c13

1

A

0

@
c12 s12 0

�s12 c12 0
0 0 1

1

A P

=

0

@
c12c13 s12c13 s13e�i�CP

�s12c23 � c12s13s23ei�CP c12c23 � s12s13s23ei�CP c13s23

s12s23 � c12s13c23ei�CP �c12s23 � s12s13c23ei�CP c13c23

1

A P . (7)

In Eq. (7), cij ⌘ cos ✓ij, sij ⌘ sin ✓ij and P is either the unit matrix 1 in the Dirac case, or a diagonal
matrix containing the two phases associated with the Majorana nature of neutrinos in the Majorana

1This parameter counting can be generalized to an arbitrary number N of lepton flavours. One finds, in the Dirac case,
N(N � 1)/2 mixing angles and (N � 1)(N � 2)/2 phases, and N � 1 additional phases in the Majorana case [43, 44, 45].
Thus, at variance with the quark sector, CP violation is possible already with 2 generations of leptons if neutrinos are
Majorana fermions, although CP violation in oscillations requires at least 3 generations (see Section 2.3).

5

UPMNS =
1 0 0
0 eiα2 0
0 0 eiα3
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Effective Majorana Mass
18

|�m�� �| =

�����

3

�
i=1

U2
eimi

�����

Inverted mass ordering:

 

       

 meV

m3 ≈ 0, m1 ≈ m2 ≈ Δm2
a

mββ = |U2
e1 + U2

e2 | Δm2
a

= |c2
12 + s2

12e
i2α2 | Δm2

a , (s13 ≈ 0, c13 ≈ 1)

Δm2
a ≈ 50

Δm2
a

Δm2
a cos(2θ12)
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Isotopic Abundance [atomic %]
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Importance of nuclear physics

❖

❖  depending on isotopes, 
models

❖ See more from Prof. Yao’s talk

G0ν ∝ Q5

M0ν ∈ [1,10]

19

Phase space factor Nuclear matrix element

(T 0⌫
1/2)

�1 = G0⌫(Q,Z) |M0⌫ |2 |hm��i|2

m2
e

136Xe → 136Ba++ + 2e− + Q(2458 keV)
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136Xe → 136Ba++ + 2e− + Q(2458 keV)
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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

21
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Experimental Searches

❖ Detect the electrons

❖ Energy

❖ Trajectories

❖ Detect the daughter nuclei

❖ Geochemical and radiochemical

❖ Imaging

23
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Geochemical and radiochemical
24

Phys. Rev. 78, 822 (1950) Phys. Rev. Lett. 67, 3211 (1991)
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Imaging daughter nuclei
25

NEXT, Phys. Rev. Lett. 120, 132504 (2018) nEXO, Nature. 569, 203 (2019)
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Experimental Searches

❖ Detect the electrons

❖ Energy

❖ Trajectories

❖ Detect the daughter nuclei

❖ Geochemical and radiochemical

❖ Imaging
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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 

27
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Impressive experimental progress 

❖ Still no discovery but half-life 
limits improved significantly

❖ MeV electron measurement is 
relatively straightforward

❖ From above-ground table-top 
experiments with grams of 
isotopes

❖ To underground ton-scale 
detectors, done by hundreds of 
collaborators  

❖

28

Par$al list of selected isotopes; Pre-1984 data points from review ar$cle by Haxton and Stephenson
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A bit history
❖ 1948: Coincidence counting with Geiger 

counter for 

❖ 百花齐放: cloud chamber, etc

124Sn → 124Te

29
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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

30
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Volume 25B, number 10 PHYSICS LETTERS 27 November 1967 
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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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❖ 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

❖ 1967: Fiorini et al., Ge detector

❖ 1980~: H.H. Chen et al., Xe TPC

124Sn → 124Te

32



韩柯：Double beta decay - an experimental review 

A bit history
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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

❖ 1967: Fiorini et al., Ge detector

❖ 1980~: H.H. Chen et al., Xe TPC

❖ 1984: Fiorini and Niinikoski, Low 
temperature detector  

124Sn → 124Te
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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
36
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A false discovery claim in early 2000

❖ Subset of Heidelberg-Moscow 
collaboration claims a signal 
from HM data

❖ Strong motivation for verification 
in early 2000

❖ Falsified by Gerda and other 
experiments subsequently 

❖ Can we learn something?

37

Modern Physics Letters A 21 1547 (2006)
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No magic isotopes
❖ No isotopes with high Q, high natural isotopic abundance, and large NME

❖ Choice of isotope depends on detector technology (generally speaking)

38
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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

39
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极致探测器技术挑战 
❖ 极低本底

❖ 极⾼性能（效率、分辨率）
❖
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Phonon

PhotonElectron

CUORE

Gerda
Majorana
LEGEND

CDEX
NνDEX

PandaX
EXO-200

nEXO
NEXT

SuperNEMO

KamLAND-Zen
SNO+

CANDLES
JUNO-0νββ

AMoRE
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CUPID-CJPL
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Phonon

PhotonElectron

LEGEND nEXO KamLAND-Zen

CUPID

International players 
for the next  
20+ years
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Phonon

PhotonElectron

CDEX
NνDEX PandaX JUNO-0νββ

CUPID-CJPL

Chinese efforts
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固体探测器阵列 ⽓液探测器

CUPID KamLAND-ZEN

LEGEND nEXO

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



韩柯：Double beta decay - an experimental review 

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.
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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

49
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Background source Background index Rate Rel. uncertainty
[events/(t·yr·keV )] [events/yr]

External sources (5 t FV):
214Bi peaks + continuum 1.36⇥ 10�3 0.313 ±3.6%
208Tl continuum 6.20⇥ 10�4 0.143 ±4.9%
44Sc continuum 4.64⇥ 10�6 0.001 ±15.8%

Intrinsic contributions:
8B (⌫ � e scattering) 2.36⇥ 10�4 0.054 +13.9%,�32.2%
137Xe (µ-induced n-capture) 1.42⇥ 10�3 0.327 ±12.0%
136Xe 2⌫�� 5.78⇥ 10�6 0.001 +17.0%,�15.2%
222Rn in LXe (0.1µBq/kg) 3.09⇥ 10�4 0.071 ±1.6%

Total: 3.96⇥ 10�3 0.910 +4.7%,�5.0%

Table 3: Expected background index averaged in the 0⌫��-ROI of [2435 - 2481] keV,
corresponding event rate in the 5 t FV and relative uncertainty by origin.

Fig. 6: Predicted background spectrum around the
0⌫��-ROI for the 5 t fiducial volume. A hypothetical
signal of 0.5 counts per year corresponding to T 0⌫

1/2 ⇡

2⇥ 1027 yr is shown for comparison. Bands indicate
±1� uncertainties.

6 Sensitivity Calculation

We use the background rates predicted in Sect. 5.3 to
derive a limit on the half-life sensitivity at 90% confi-
dence level (C.L.) as well as the 3� discovery potential
for the 0⌫��-decay. The latter is defined as the mini-
mal value of T 0⌫

1/2 required to exclude the null hypothesis
with a median significance of 99.7% C.L.

6.1 Half-life sensitivity estimation

Based on the figure-of-merit estimator proposed in [31]
we calculate the half-life sensitivity at 90% C.L. as:

T 0⌫
1/2 = ln 2

✏ fROI ↵NA

1.64MXe

p
Mt

p
B�E

, (3)

with ✏ = 0.9 being the detection e�ciency of a single
site 0⌫��-decay event, fROI = 0.76 the fraction of signal
covered by the ROI, ↵ = 0.089 the abundance of 136Xe
in natural xenon, NA the Avogadro number in mol�1,
MXe the molar mass number of xenon in t/mol, M the
fiducial mass in tons, t the exposure time in years, B
the background index in t�1yr�1keV�1, and �E the
width of the ROI in keV. The value 1.64 is the number
of standard deviations corresponding to a 90% C.L.

Following Eq. (3) and using the background index
for the 5 t fiducial mass (Table 3), we obtain a half-life
sensitivity of 2.0⇥ 1027 yr (1.3⇥ 1027 yr) after 10 (4)
years of exposure.

This figure-of-merit estimation is an established tool
to directly compare 0⌫�� sensitivities of di↵erent ex-
periments using common statistical methods and as-
sumptions. It also allows for a straightforward assess-
ment of the sensitivity as a function of di↵erent param-
eters, such as the fiducial mass. It does not, however,
consider background uncertainties, but assumes perfect
knowledge of the background rates.

6.2 Frequentist profile-likelihood analysis

To account for and e↵ectively constrain the background
uncertainties, we apply a profile-likelihood analysis
based on the background model discussed in Sect. 5.2.
The inserted signal is a Gaussian peak with Q�� and
�E(Q��) according to Eq. (2), which is scaled by the
136Xe atoms in the target volume, an activity corre-
sponding to T 0⌫

1/2 and the detection e�ciency, as shown
in Fig. 6.

Background uncertainties from the model are
treated as nuisance parameters with Gaussian con-
straining terms in the likelihood. For external back-
ground contributions, their variances are obtained ei-
ther by the model fit on the spectrum corresponding

Mitigate muon-induced background

❖ Muon activated 136Xe to 137Xe, 
which is the main background in 
the ROI for 0νββ searches with 
DARWIN@LNGS

❖ Can not be vetoed in a large liquid 
xenon detector

❖ This background is 100 times 
smaller at CJPL

❖  
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Background source Background index Rate Rel. uncertainty
[events/(t·yr·keV )] [events/yr]

External sources (5 t FV):
214Bi peaks + continuum 1.36⇥ 10�3 0.313 ±3.6%
208Tl continuum 6.20⇥ 10�4 0.143 ±4.9%
44Sc continuum 4.64⇥ 10�6 0.001 ±15.8%

Intrinsic contributions:
8B (⌫ � e scattering) 2.36⇥ 10�4 0.054 +13.9%,�32.2%
137Xe (µ-induced n-capture) 1.42⇥ 10�3 0.327 ±12.0%
136Xe 2⌫�� 5.78⇥ 10�6 0.001 +17.0%,�15.2%
222Rn in LXe (0.1µBq/kg) 3.09⇥ 10�4 0.071 ±1.6%

Total: 3.96⇥ 10�3 0.910 +4.7%,�5.0%

Table 3: Expected background index averaged in the 0⌫��-ROI of [2435 - 2481] keV,
corresponding event rate in the 5 t FV and relative uncertainty by origin.

Fig. 6: Predicted background spectrum around the
0⌫��-ROI for the 5 t fiducial volume. A hypothetical
signal of 0.5 counts per year corresponding to T 0⌫

1/2 ⇡

2⇥ 1027 yr is shown for comparison. Bands indicate
±1� uncertainties.

6 Sensitivity Calculation

We use the background rates predicted in Sect. 5.3 to
derive a limit on the half-life sensitivity at 90% confi-
dence level (C.L.) as well as the 3� discovery potential
for the 0⌫��-decay. The latter is defined as the mini-
mal value of T 0⌫

1/2 required to exclude the null hypothesis
with a median significance of 99.7% C.L.

6.1 Half-life sensitivity estimation

Based on the figure-of-merit estimator proposed in [31]
we calculate the half-life sensitivity at 90% C.L. as:

T 0⌫
1/2 = ln 2

✏ fROI ↵NA

1.64MXe

p
Mt

p
B�E

, (3)

with ✏ = 0.9 being the detection e�ciency of a single
site 0⌫��-decay event, fROI = 0.76 the fraction of signal
covered by the ROI, ↵ = 0.089 the abundance of 136Xe
in natural xenon, NA the Avogadro number in mol�1,
MXe the molar mass number of xenon in t/mol, M the
fiducial mass in tons, t the exposure time in years, B
the background index in t�1yr�1keV�1, and �E the
width of the ROI in keV. The value 1.64 is the number
of standard deviations corresponding to a 90% C.L.

Following Eq. (3) and using the background index
for the 5 t fiducial mass (Table 3), we obtain a half-life
sensitivity of 2.0⇥ 1027 yr (1.3⇥ 1027 yr) after 10 (4)
years of exposure.

This figure-of-merit estimation is an established tool
to directly compare 0⌫�� sensitivities of di↵erent ex-
periments using common statistical methods and as-
sumptions. It also allows for a straightforward assess-
ment of the sensitivity as a function of di↵erent param-
eters, such as the fiducial mass. It does not, however,
consider background uncertainties, but assumes perfect
knowledge of the background rates.

6.2 Frequentist profile-likelihood analysis

To account for and e↵ectively constrain the background
uncertainties, we apply a profile-likelihood analysis
based on the background model discussed in Sect. 5.2.
The inserted signal is a Gaussian peak with Q�� and
�E(Q��) according to Eq. (2), which is scaled by the
136Xe atoms in the target volume, an activity corre-
sponding to T 0⌫

1/2 and the detection e�ciency, as shown
in Fig. 6.

Background uncertainties from the model are
treated as nuisance parameters with Gaussian con-
straining terms in the likelihood. For external back-
ground contributions, their variances are obtained ei-
ther by the model fit on the spectrum corresponding

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

half-life is short and energy 
resolution is VERY bad
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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

5×10-5
Delayed 

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

2940 2960 2980 3000 3020 3040 3060 3080 3100
Energy [keV]
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s/
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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
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Figure 13. Background index estimated for the significant backgrounds expected for LEGEND-1000.
Bands indicate 1-s uncertainties (or 90% C.L. upper limits) due to the assay and simulation estimation
of background-rejecting analysis cuts. For details of the calculation of these estimates, see [24].

! larger detectors ꔄ less cables and holders
! new cables & ASIC read-out 
! increased detector spacing

! underground Ar

! larger detectors ꔄ larger surface-to-volume ratio
! only 210Pb supported term

! 68Ge decays away, 2 yr less cool down than in GERDA

! Factor 6 reduction, driven by underground Ar

Background reduction due to:

10�4 10�3 10�2

hQi�H

*QbKQ;2MB+

am`7�+2 ↵

42E BM G�`

238l

232h?

+ib f UF2o F; v`V
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:1_.�- "1:2 /�i�b2i- UC>1S yj- kyky- RjNV

Figure 14. The expected background index associated with each of the dominant sources, before ap-
plying analysis cuts, projected for LEGEND-1000 (blue) and measured in GERDA (red). It illustrates
the reduction power coming from a careful detector design and choice of materials. For details of the
calculation of these estimates, see [24].

As said, a particles are able to propagate into the diode through the thin p+ surface and
passivated insulating grooves. The estimation of their contributed rate is hard to perform
a priori, and the projections were taken from the experience accumulated in previous
experiments. However, the PSD is very effective in rejecting them based on the principles
introduced in Section 3.3.1. The survival probability after the PSD, as demonstrated by
GERDA, is of about 10�3 (implied in Figure 14).

Assuming an FWHM energy resolution of 2.5 keV, the lower limit and 3-s sensitivity
to the 0n2b half-life of 76Ge are shown in Figure 15.

Background from detector material/shielding

❖ Shielding is mandatory to stop 
gamma background from 
underground lab environment

❖ Detector/shielding material screening 
is a major task for 0νββ experiments
❖ Natural radioactivity: 1-100 Bq/kg

❖ 0νββ requirement: < 1 mBq/kg

❖ High Q of 0νββ helps since most 
natural gamma is less than 2.6 MeV
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总结与思考

❖ 什么是⽆双实验；为什么要做⽆双实验？

❖ 有效中微⼦质量计算

❖ ⽆双实验的挑战：信号⼤⼩与本底来源

❖ 如何测量材料放射性？
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⽆双实验题⽬

习题1：双中微⼦双贝塔衰变（DBD）⽬标核素众多，但是发现DBD的核素仅有
10种左右，热门核素仅仅有数个。调研3个尚未实验确认DBD的⽬标核素，给出
实验观测的实际困难，提出相应的可能解决⽅案。

习题2：⽆中微⼦双贝塔衰变实验的技术核⼼是测量MeV能量电⼦。除了课堂讲
授的常见测量⼿段，思考⼀种新颖的电⼦测量⽅法，论证其可能的优点和挑战。
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All plots are from corresponding collaborations


