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Double beta decay

• it’s a second order nuclear transition with two neutrons decaying into two
protons:

(A,Z )→ (A,Z + 2) + 2e− + . . .

2-neutrinos double-β decay (2νββ)

• it’s a second order process, allowed in the
Standard Model of Particle Physics

• first suggested by Goeppert-Mayer in 1935
[M. Goeppert-Mayer, Phys. Rev., 48 (1935) 512]

• (A,Z)→ (A,Z + 2) + 2e− + 2ν̄e

• it has been measured in several isotopes

• T 2ν
1/2

in the range 1019 − 1024 yr

Double-� decays

Second order nuclear transitions ! decay of two neutrons into two protons:

(A, Z) ! (A, Z +2)+2e�+ . . .

2-neutrino double-� decay (2⌫��):

• (A, Z) ! (A, Z + 2) + 2e� + 2⌫̄e

• allowed in the Standard Model

• measured in several isotopes (48Ca, 76Ge, 82Se. . . )

• T 2⌫
1/2 in the range 1019 � 1024 yr

< 50% chance for an atom to decay

in a hundred trillion times the age of the universe
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Double beta decay

• it’s a second order nuclear transition with two neutrons decaying into two
protons:

(A,Z )→ (A,Z + 2) + 2e− + . . .

Neutrinoless double-β decay (0νββ)

• foreseen by many extensions of the
Standard Model of particle physics Particle Physics

• (A,Z)→ (A,Z + 2) + 2e−

• never observed so far, but allowed in several isotopes

• T 0ν
1/2

> 1026 yr

Double-� decays

Second order nuclear transitions ! decay of two neutrons into two protons:

(A, Z) ! (A, Z +2)+2e�+ . . .

Neutrinoless double-� decay (0⌫��):

• (A, Z) ! (A, Z + 2) + 2e�

• foreseen by many extensions of the Standard Model

• possible for several isotopes (48Ca, 76Ge, 82Se. . . )

• T 0⌫
1/2 limits in the range 1021 � 1026 yr

< 50% chance for an atom to decay

in a hundred trillion times the age of the universe
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Why search for neutrinoless double-β decay ?

• if observed, would show a violation of the lepton
number (∆L = 2)

• it’s the only known way to probe the Majorana
neutrino nature

• Black Box theorem ([Schechter and
Valle Phys.Rev.D25 (1982) 774]):

• non-null Majorana mass component

• bulk of neutrino mass not given by
black-box operator ([Duerr et al.,
JHEP 1106 (2011) 091])

Double-� decays

Second order nuclear transitions ! decay of two neutrons into two protons:

(A, Z) ! (A, Z +2)+2e�+ . . .

Neutrinoless double-� decay (0⌫��):

• (A, Z) ! (A, Z + 2) + 2e�

• foreseen by many extensions of the Standard Model

• possible for several isotopes (48Ca, 76Ge, 82Se. . . )

• T 0⌫
1/2 limits in the range 1021 � 1026 yr

< 50% chance for an atom to decay

in a hundred trillion times the age of the universe

Matteo Agostini (TU Munich) 1
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Figure 1: Contribution of the Black Box operator to the Majorana neutrino mass [9].

Then, it is possible to draw the diagram in Fig. 1, so that neutrinoless double beta decay
induces a non-zero effective Majorana mass for the electron neutrino, no matter which is the
underlying mechanism of the decay. The Black Box is nothing but an effective operator for
neutrinoless double beta decay which arises from some underlying New Physics. The first
assumption is necessary to ensure that two identical neutrinos are created. This can be seen
in the following way [10]: We do not know anything about the chirality of the electrons and
quarks produced by neutrinoless double beta decay. However, this assumption guarantees
that we can make the particles running in the loops in Fig. 1 left-handed, by mass insertion
if necessary. Thus the standard left-handed interaction from the second assumption produces
the same type of neutrino at both vertices. Otherwise it would be possible that a neutrino
and an antineutrino are created, which would give a Dirac mass term.

Note, however, that the diagram in Fig. 1 is certainly not the only one that generates a
non-zero effective Majorana mass for the electron neutrino. Other tree and loop diagrams
exist and in addition the physical neutrino masses depend also on Dirac mass terms. Further-
more, there may even be cancellations between different Majorana contributions which are
induced by the Black Box diagram(s). This may appear as a fine-tuning, but the observed
fermion mass patterns suggest that symmetries which explain these patterns may exist, and
such symmetries could also lead to non-trivial cancellations. Taking into account this possi-
bility of cancellations, Takasugi [10] and Nieves [11] improved the argument of Schechter and
Valle [9], and showed that there cannot be a continuous or discrete symmetry protecting a
vanishing Majorana mass to all orders in perturbation theory. We will follow the arguments
of Takasugi [10] here. He assumed an unbroken discrete symmetry protecting the Majorana
neutrino mass (the η’s are global phase factors):

νeL → ηννeL, eL → ηeeL, qL → ηqqL (q = u, d), W+µ
L → ηW W+µ

L . (1)

To forbid the Majorana mass term, we need to have

η2
ν ̸= 1 , (2)

and the invariance of the left-handed interaction requires

η∗
νηeηW = η∗

uηdηW = 1 . (3)

However, the existence of 0νββ (that is, the process dL + dL → uL + uL + eL + eL) implies

η2
uη

∗2
d η

2
e = 1 . (4)

It is easy to see that Eqs. (2), (3), and (4) cannot be solved simultaneously. Thus, if
the Majorana mass term is forbidden by an unbroken discrete symmetry, there will be no
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Double-β decay experimental signatures

2νββ decay

• energy continuum
from 0 to Qββ

• 2 electrons from
vertex, 2 νs
undetected

• foreseen in the SM

0νββ decay

• peak at Qββ

• 2 electrons from
vertex

• lepton number
violation ∆L = 2

Energy (keV) 
500 1000 1500 2000

C
ou

nt
s 

/ k
eV

 

1−10

1

10

210

310

yr⋅enriched detectors - 53.9 kg

 yr)25 10⋅= 1.0 
1/2

   (Tββν0

 yr [EPJC 75 (2015) 9])21 10⋅= 1.93 
1/2

   (Tββν2

G
E

R
D

A
 1

8-
06

Energy (keV) 
1800 2000

C
ou

nt
s 

/ k
eV

 

2

4

Why to look for neutrinoless double-� decay?

Exchange of light-Majorana ⌫

• possible in a minimal extension of the SM
(massive + majorana ⌫)

• dominant channel for most of the models

Assuming the exchange of light ⌫:

(T 0⌫
1/2)

�1 = G0⌫ · |M0⌫(A, Z)|2 · |m�� |2

• G0⌫ phase space factor

• M0⌫ nuclear matrix element

• |m�� | e↵ective Majorana mass

• additional uncertainty from quenching
of axial vector coupling (ga)

 0

 1

 2

 3

 4

 5

 6

 7

 8

48 76 82 96    100 116 124  130  136 150

M
0ν
ββ

A

SM St-Md+Tk
SM Mi
IBM-2

QRPA CH+Ts
QRPA Tu
QRPA Jy

R-EDF
NR-EDF

[Engel, Menendez, 1610.06548]

Matteo Agostini (TU Munich) 3

Double-� decays

Second order nuclear transitions ! decay of two neutrons into two protons:

(A, Z) ! (A, Z +2)+2e�+ . . .

2-neutrino double-� decay (2⌫��):

• (A, Z) ! (A, Z + 2) + 2e� + 2⌫̄e

• allowed in the Standard Model

• measured in several isotopes (48Ca, 76Ge, 82Se. . . )

• T 2⌫
1/2 in the range 1019 � 1024 yr

< 50% chance for an atom to decay

in a hundred trillion times the age of the universe
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Double-β active isotopes

• ∼ 35 isotopes available, 9 can be used for 0νββ
searches

• to observe double β-decay, single β-decay must be
forbidden due to energy conservation constraints

Isotope Natural Qββ
Abundance [%] [keV]

48Ca 0.19 4262.96(84)
76Ge 7.6 2039.04(16)
82Se 8.7 2997.9(3)
96Zr 2.8 3356.097(86)
100Mo 9.6 3034.40(17)
116Cd 7.5 2813.50(13)
130Te 34.5 2526.97(23)
136Xe 8.9 2457.83(37)
150Nd 5.6 3371.38(20)

Double-� decaying isotopes

Single �-decay must be energetically
forbidden:

[From G Benato]

• (T 0⌫
1/2)

�1 / G0⌫(Q�� , Z) / (Q��)5

• isotopic enrichment

• di↵erent detection techniques for
di↵erent isotopes

Matteo Agostini (TU Munich) 11

The shape of the two-electron sum-energy spectrum enables to 
distinguish between the 0n (new physics) and the 2n decay modes 

Q a 2-3 MeV for the most 
promising candidates 

sum electron energy / Q 

2n DBD: (A,Z)o(A,Z+2)+2e+2n 
continuum with maximum at a1/3 Q 

0n DBD: (A,Z)o(A,Z+2)+2e 
peak enlarged only by  

the detector energy resolution 

What we are looking for 

The signal is a peak (at the Q-value) 
over an almost flat background 

Double-� decaying isotopes

35 isotopes available, ⇠ 9 used for 0⌫�� searches:

[from K. Schä↵ner]

Matteo Agostini (TU Munich) 10
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How is 0νββ related to the neutrino mass

The simplest theory approach

• assume exchange of a light-Majorana ν

• possible in minimal extensions of the
Standard Model (massive + Majorana ν)

• it is the dominant channel in most models

What we measure(
T 0ν

1/2

)−1
= G0ν · |M0ν(A,Z)|2 · |mee |2

- G0ν : phase space factor (calculable)

- mee =
∣∣∑

i U
2
eimi

∣∣
- Uei : PNMS mixing matrix (complex) elements

- M0ν : nuclear matrix element

- |mee | : effective Majorana mass

additional uncertainty from quenching
of axial vector coupling (gA)

Why to look for neutrinoless double-� decay?

Exchange of light-Majorana ⌫

• possible in a minimal extension of the SM
(massive + majorana ⌫)

• dominant channel for most of the models

Assuming the exchange of light ⌫:

(T 0⌫
1/2)

�1 = G0⌫ · |M0⌫(A, Z)|2 · |m�� |2

• G0⌫ phase space factor

• M0⌫ nuclear matrix element

• |m�� | e↵ective Majorana mass

• additional uncertainty from quenching
of axial vector coupling (ga)
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Figure 1: The “ladybird” diagram (a) for the 0νββ decays induced by an effective operator O0νββ , and

the “butterfly” diagram (b) for the corresponding Majorana neutrino mass term δmee
ν νeLνc

eL generated at

the four-loop level [12].

2 Majorana Masses from 0νββ Decays

In this section, we present a brief review on the calculation of Majorana neutrino masses radiatively

generated from the operator that leads to the 0νββ decays, following Ref. [13] closely. Such a calculation

can be readily generalized to the case of Majorana neutrino masses induced by the LNV meson decays, as

shown in the next section.

At the elementary-particle level, the 0νββ decays can be expressed as d + d → u + u + e− + e−, where

the up quark u, the down quark d and the electron e− are all massive fermions. If the 0νββ decays take

place, they can be effectively described by the LNV operator O0νββ = d̄d̄uuee, in which the chiralities of

charged fermions have been omitted and will be specified later. As already pointed out by Schechter and

Valle [12], this operator will unambiguously result in a Majorana neutrino mass term δmee
ν νeLνc

eL. The

relevant Feynman diagrams are given in Fig. 1. It is worthwhile to notice that quark and charged-lepton

masses are indispensable for the Schechter-Valle theorem to be valid, as emphasized in Ref. [13]. In the

Standard Model (SM), only left-handed neutrino fields participate in the weak interactions, so the electron

masses can be implemented to convert the right-handed electron fields into the left-handed ones, which are

then coupled to left-handed neutrino fields via the charged weak gauge boson W+. This does make sense,

since the chirality of electrons in the operator O0νββ can in general be either left-handed or right-handed.

For the same reason, quark masses are also required to realize the hadronic charged-current interactions in

the SM. In this case, the operator O0νββ in Fig. 1(a) can be attached to the left-handed neutrinos through

two propagators of W+, leading to the neutrino self-energy diagram in Fig. 1(b).

Assuming that 0νββ decays are mediated by short-range interactions, one can write down the most

general Lorentz-invariant Lagrangian that contains various point-like operators as follows [14]

L0νββ =
G2

F

2mp

(
ϵ1JJj + ϵ2J

µνJµνj + ϵ3J
µJµj + ϵ4J

µJµνjν + ϵ5J
µJjµ

)
, (1)

where GF = 1.166 × 10−5 GeV−2 and mp = 938.27 MeV denote respectively the Fermi constant and the

proton mass, and ϵi (for i = 1, 2, · · · , 5) are effective coupling constants. In Eq. (1), the hadronic currents

are defined as [14]

J ≡ ū(1 ± γ5)d , Jµ ≡ ūγµ(1 ± γ5)d , Jµν ≡ ū
i

2
[γµ, γν ](1 ± γ5)d , (2)

while the leptonic currents are given by

j = ē(1 ± γ5)e
c , jµ = ēγµ(1 ± γ5)e

c , jµν = ē
i

2
[γµ, γν ](1 ± γ5)e

c , (3)

3

[J. Liu et al., Phys. Lett. B 760 (2016) 571,

arXiv 1606.0488]
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Two experimental approaches

Source = Detector
• the source sample is active and acts

simultaneously as detector of the ββ
decay

• Pros :

high detection efficiency

provides the highest tested masses
and best sensitivity, so far

• Cons :

serious limitations in the choice of the
0νββ isotope

only few materials can satisfy the
request to be at the same time the
active material of a detector

• emblematic exceptions: 76Ge
(germanium diodes), 136Xe (gas and
liquid chambers) and 130Te
(bolometers)

Source 6= Detector

• use an external-source (or in
homogeneous, or passive source) :

the electrons emitted by a very thin
source sample (∼ 60 mg/cm2 in
NEMO3) are observed by means of
external detectors (tracker,
calorimeter)

• Pros :

- allow a full topological reconstruction
of a 0νββ event

- much easier access to other physics
channels (i.e. Majoron)

- in principle can deploy any 0νββ
active isotope in the same detector

• Cons :

- much lower masses available

- very low detection efficiency

A. Garfagnini (UniPD/INFN-PD) 7



Experimental sensitivities

ROI background free

T 0ν
1/2 > ln 2 · ε · (mass · time)

ROI background limited

T 0ν
1/2 > ln 2 · ε ·

√
mass·time

∆E ·BI

mass · time = exposure

∆E : energy resolution

BI : background level at Qββ

Mass, ∆E and BI at Qββ are crucial parameters for designing a 0νββ experiment
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FIG. 7. 76Ge T1/2 discovery sensitivity as a function of sensi-
tive exposure for a selection of sensitive background levels.

Using equations (B1) and (B2), the T1/2 sensitivity for
76Ge as a function of E and B is shown in FIG. 7. Val-
ues for other isotopes can be obtained by dividing by the
ratio of their molar mass to that of 76Ge. Discovery sen-
sitivity increases linearly with exposure until the exper-
iment exceeds the background-free threshold of 0.0027
counts. For a given exposure, the sensitivity degrades
rapidly with background level.

In a similar manner, the discovery probability is de-
fined to be the probability that an experiment will
measure a 3� positive fluctuation above B, given
the probability distribution function dP/dm�� for m��

(i.e. FIG. 2). Explicitly, the discovery probability (DP)
is computed as

DP =

Z 1

0

dP

dm��
CDFPoisson(C3�|S(m��) + B) dm�� ,

(B3)
where S(m��) is the expected signal counts in the exper-
iment for a given value of m�� .

For high resolution experiments with flat background
spectra in the vicinity of the Q value, we performed an
optimization of the ROI width by maximizing the figure-
of-merit

F.O.M. =
erf

�
n/

p
2
�

S3�(bn)
(B4)

where n is the ROI half-width in units of the energy res-
olution (�), and b is the background counts per unit �

at 5 years of live time. Since S3�(bn) /
p

bn for large
values of b, in this regime the F.O.M. is maximal for
the value of n that solves the transcendental equation

ne�n2/2 = erf
�
n/

p
2
�p

⇡/4. This gives an optimal ROI
width of 2.8� for background-dominated experiments,
with a corresponding signal e�ciency of 84%. At lower
background the sensitivity improves with a wider ROI.
In the background-free regime, the F.O.M. is optimized
when the ROI width is expanded until the region contains
0.0027 count. Above this region, the F.O.M. was max-
imized numerically, making use of equation (B2). The
deviations from the asymptotic value of 2.8 were plotted
on a log-log scale and were found to be well-approximated
by a 2nd-order polynomial. This gives the following ex-
pression for the optimum ROI accurate to <1%:

ROIopt = 2.8 + 10a0+a1 log10 b+a2 log10 2b (B5)

where the parameter values are a0 = �0.40, a1 = �0.29,
and a2 = �0.039.

Our treatment ignores uncertainty in the background
rate as well as systematic uncertainties. Backgrounds
are typically well-constrained in 0⌫�� experiments using
sidebands in energy and, for some detectors, position.
Similarly, systematic uncertainties are typically well be-
low 10%. This makes these sources of uncertainty sub-
dominant to the large fluctuations that drive low-count-
rate Poisson statistics.

Appendix C: Experimental parameters

This appendix discusses the experiments and parame-
ters listed in TABLE I. The parameter values are taken
from o�cial publications and presentations of each col-
laboration. If not available, the values are assumed to
be the same of predecessor or similar experiments (e.g.
the instrumental e�ciency is usually not given prior to
the construction and operation of an experiment). Our
heuristic counting analysis is used to derive the sensitiv-
ity of each experiment for both a limit setting and a sig-
nal discovery analysis [35]. The collaborations typically
quote only the former, but this is enough to cross-check
– and possibly tune – the sensitive background and ex-
posure used for this work. Given the values in TABLE I,
our calculation reproduces the o�cial sensitivities quoted
by each experiment with 10-20% accuracy.

LEGEND [62, 63] is the successor of GERDA and
Majorana [51, 52]. The project consists of two
stages: LEGEND 200 and LEGEND 1k. In the first
phase, 200 kg of germanium detectors enriched at 87%
in 76Ge will be operated in the existing GERDA infras-
tructure. The background level measured in GERDA
Phase II is B=1.2·10�2 cts/(kgiso ROI yr) in average and
5.1·10�3 cts/(kgiso ROI yr) when only the new generation
BEGe-type detectors are considered [63]. Compared to
the results obtained with BEGe detectors, a further re-
duction of a factor ⇠3 is expected in LEGEND 200. For
LEGEND 1k, a new infrastructure able to host 1 ton of
target mass and a further 6-fold background reduction
are conceived. We assume the same resolution achieved
by the running experiments (⇠3 keV full width at half
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Energy resolution

• maybe the most relevant feature to identify the sharp 0νββ
peak over an almost flat background

• very useful also to keep under control the background
induced by the unavoidable tail of the 2νββ spectrum

• it represents a limiting factor in low resolving detectors

10 Oct 2002 10:51 AR AR172-NS52-04.tex AR172-NS52-04.SGM LaTeX2e(2002/01/18) P1: IBC

DOUBLE BETA DECAY 119

Figure 1 Illustration of the spectra of the sumof the electron kinetic energies Ke (Q is
the endpoint) for the ��(2⌫) normalized to 1 (dotted curve) and ��(0⌫) decays (solid
curve). The ��(0⌫) spectrum is normalized to 10�2 (10�6 in the inset). All spectra
are convolved with an energy resolution of 5%, representative of several experiments.
However, some experiments, notably Ge, have a much better energy resolution.

in Figure 2, which shows an essentially exponential improvement, by more than a
factor of four per decade, of the corresponding limits. If this trend continues, we
expect to reach the neutrino mass scale suggested by the oscillation experiments in
10–20 years. Given the typical lead time of the large particle physics experiments,
the relevant double beta decay experiments should begin the “incubation” process
now.

2. NEUTRINO MASS: THEORETICAL ASPECTS

2.1. Majorana and Dirac Neutrinos

Empirically, neutrino masses are much smaller than the masses of the charged
leptons with which they form weak isodoublets. Even the mass of the lightest
charged lepton, the electron, is at least 105 times larger than the neutrino mass
constrained by the tritium beta decay experiments. The existence of such large
factors is difficult to explain unless one invokes some symmetry principle. The
assumption that neutrinos are Majorana particles is often used in this context.
Moreover, many theoretical constructs invoked to explain neutrino masses lead to
the conclusion that neutrinos are massive Majorana fermions.
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Energy resolution and background
Good energy resolution needed

! mitigation of 2⌫�� and other backgrounds
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Isotopic Abundance

• another key ingredient in the
choice of the 0νββ isotope

• in most of the cases, the values
are in the few % range

• two significant extreme
exceptions: 130Te and 48Ca

- 130Te is the only case in which a
high sensitivity is possible even
with natural samples

- 48Ca natural abundance is well
below 1% Ü isotopic enrichment
is indispensable

• to limit the detector size and
since the background level scales
roughly with the total mass of the
detector, isotopic enrichment is a
necessity for almost all next
generation experiments

Table 3: Phase-space factors G0⌫ in units of 10�15 yr�1 [35] and specific phase space
H0⌫ [62] in units of tonne�1 y�1 eV�2 for ��(0⌫) candidate isotopes. Q-values and natural
isotopic abundances are reported in the second and third columns.

Isotope Q�� (keV) I.A.(%) G0⌫ H0⌫

48Ca 4272 0.187 24.81 826.2
76Ge 2039 7.8 2.36 49.6
82Se 2995 8.73 10.16 198.1
96Zr 3350 2.8 20.58 342.7
100Mo 3034 9.63 15.92 254.5
110Pd 2018 11.72 4.82 70.0
116Cd 2814 7.49 16.70 230.1
124Sn 2287 5.79 9.04 116.5
128Te 866 31.69 0.59 7.4
130Te 2527 33.8 14.22 174.8
136Xe 2458 8.9 14.58 171.4
148Nd 1929 5.76 10.10 109.1
150Nd 3371 5.64 63.03 671.7
154Sm 1215 22.7 3.02 31.3
160Gd 1730 21.86 9.56 95.5
198Pt 1047 7.2 7.56 61.0

challenging experimental physicists since about fifty years, justifying the enormous e↵orts
in searching for such an evanescent decay. The most suitable and best performing exper-
imental techniques have been designed to build massive detectors operating in the most
extreme conditions of low radioactivity. However, the discovery of neutrino oscillations
and the measurement of the oscillation parameters has dramatically changed the experi-
mental situation, fixing a clear target for next generation experiments whose primary goal
is to reach the needed sensitivity to study the inverted hierarchy of neutrino masses. The
intriguing claim of ��(0⌫) observation in 76Ge has further rocked the boat with a new
unexpected milestone.

The size of the challenge is essentially the rarity of the decay which asks for increas-
ingly larger masses while maintaining an excellent performance and ultra-low background
environments. According to Fig. 3 a sensitivity to ��(0⌫) half-lifetimes in the range of
1026�27 yr is required to enter the inverted hierarchy region, |hm⌫i| ⇠ 50 meV. This is
equivalent to about a count per year in 104 moles of isotope, or in one tonne of iso-
topically enriched material on the average. Consequently, to record a sizable number of
��(0⌫) events over its operation time, an experiment needs to have a M�� of at least 100
kg if |hm⌫i| ⇠ 50 meV and few tonnes if |hm⌫i| is as low as the lower bound of the inverted
hierarchy (i.e. 10 meV).

On the other hand, the decay signature exploited by most experiment is simply based
on the monochromatic energy of the two emitted electrons (the sum kinetic energy of the
electrons is equal to the transition energy since nuclear recoil is negligible). Unfortunately,
as discussed later, there are several sources that can produce background counts in this
same energy region. Their fluctuations can easily hide very faint peaks like the ��(0⌫) one,

15

[O. Cremonesi and M. Pavan,
Adv.High Energy Phys. 2014 (2014) 951432,

arXiv: 1310.4692]
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The Background Index (BI)

• another fundamental ingredient

• the possibility to reach the zero-background region, i.e. linear dependence on

mββ and T 0νββ
1/2

is particularly appealing

• natural radioactivity of detector components (bulk or surface) is often the main
background source

• external backgrounds originated outside the detector have also to be taken into
account

• underground location is the
usual and fundamental recipe
to get rid of cosmic rays
induced background (i.e.
cosmogenic activations,
neutrons, . . .)

• a well designed effective
shields may compensate the
benefits of a very deep
laboratory

4
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FIG. 2: The measured residual muon fluxes in key underground facilities, which are consistent with predicted values
(black line). The sizes of the circles correspond to laboratory space by volume; red or blue denotes access by road

tunnels or shafts, respectively.

e↵orts [19–23]. The scientific goal of CDEX [5], one of the two founding experimental programs at CJPL, is to pursue
studies of light WIMPs with pPCGe.

A. First-Generation CDEX Experiments

The first-generation CDEX experiments adopted a baseline design [21, 22] of single-element 1-kg mass scale pPCGe
enclosed in NaI(Tl) crystal scintillator as an anti-Compton (AC) detector (Figure 3). These active detectors are
surrounded by passive shielding made of oxygen-free high-conductivity (OFHC) copper, boron-loaded polyethylene,
and lead. The setup is further shielded by additional OFHC copper and lead layers. The entire shielding and detector
system is installed inside a room with interior dimensions of 4 m ⇥ 8 m ⇥ 4 m (height) and walls constructed with
1-m-thick polyethylene.

The pilot CDEX-0 measurement was based on a 20-g prototype germanium detector at a 177-eVee threshold with
an exposure of 0.784 kg · day [25]. The CDEX-1 experiment adopted a pPCGe detector with a mass of 1 kg. The
first results [without the NaI(Tl) AC detector] were based on an analysis threshold of 400 eVee with an exposure
of 14.6 kg · day [26, 27]. Subsequent data taking incorporated the AC detector. After suppression of the anomalous
surface background events and measurement of their signal e�ciencies and background leakage factors with calibration
data [28, 29], all residual events were accounted for by known background models. The sensitivities were further
improved with a longer exposure of 335.6 kg · day, and new constraints on spin-independent and spin-dependent
�N couplings were derived [24]. The results (Figure 4) represent the most sensitive measurements made with the
point-contact high-purity germanium (HPGe) detector.

Figure 5a shows the dark matter constraints on �N spin-independent cross sections, along with other selected
benchmark results [20, 30–36]. In particular, the allowed region from the CoGeNT experiment [20] was probed and
excluded by the CDEX-1 results. The anomalous excess originated from the leakage of surface events into the bulk

arXiv: 1801.00587
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Double Beta Decay Experiments around the World

JinPing

Panda XFrejus
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LEGEND-200
GERDA
CUPID
CUORE

Canfranc

Next-100SURF

MJD

WIPP

EXO-200

Kamioka

KamLAND-ZenKamLAND-Zen

Korea

AMoRE

Sudbury

SNO+
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GERDA and Majorana 76Ge
• 76Ge has a long history in the search for 0νββ
• low isotopic abundance Ü need enrichment
• detector production is industrial standard
• superb energy resolution
• best result available from the GERDA experiment:

GERDA is the first background-free experiment in
0νββ searches

- lowest background ever:
5.2 · 10−4 counts/(keV kg yr)

- exposure: 127.2 kg yr ; T1/2 > 1.8 · 1026 yr
• the MAJORANA demonstrator experiment achieves

a similar result:
- background index: 6.2 · 10−3 counts/(keV kg yr)
- exposure: 65.5 kg yr; T1/2 > 8.3 · 1025 yr

6
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HPGe Detectors for 0νββ
• Easily available material, enrichment, and 

detector production

• Highly efficient: >90% 76Ge use, ~70% signal 
efficiency after all cuts

• Easy operation: low operating voltage (< 5 kV) 
and cryogenic requirements (77-90K)

• Many tools to reduce backgrounds
– Multiplicity, timing, active veto shielding

– Pulse-shapes used for event topology discrimination

– Demonstrated lowest (GERDA) and 2nd lowest (MJD) 
backgrounds

GeO2

• Solid basis for unambiguous discovery
• Superb energy resolution:   σ / Qββ = 0.05 %
• Therefore, no background peaks anywhere near the energy of interest
• Background is flat and well understood
• Background are measured, with no reliance on background modeling
• All this leads to an excellent likelihood that an observed signal will be convincing

Milano
St. Gotthard
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FIG. 2. Top: Energy distribution of GERDA Phase II events
before and after analysis cuts. The grey areas indicate regions
in which � lines are expected. The dashed lines mark the
edges of the analysis window. Bottom: Energy of the events
in the analysis window after analysis cuts. The blue peak
displays the expected 0⌫�� decay signal for T1/2 equal to the

lower limit, 1.8⇥1026 yr. Its width is the resolution �k of the
partition which contains the event closest to Q�� .

10�4 counts/(keV kg yr), and met the design goal of
background-free performance: the mean background ex-
pected in the signal region (Q�� ± 2�) is 0.3 counts.

The statistical analysis is carried out also within
a Bayesian framework. The one-dimensional poste-
rior probability density function P (S|data) of the sig-
nal strength is derived by marginalizing over the other
free parameters by using the Bayesian analysis toolkit
BAT [35]. The prior distribution for S is assumed to
be constant between 0 and 10�24 1/yr, as in previous
GERDA works. The limit on the half-life from Phase I
and II together is T1/2 > 1.4 ⇥ 1026 yr (90% C.I.). A
stronger limit 2.3⇥1026 yr (90% C.I.) is obtained assum-
ing a priori equiprobable Majorana neutrino masses m��

(as S / m2
��), instead of equiprobable signal strengths.

Uncertainties on the energy reconstruction, energy
resolution, and e�ciencies are folded into the analy-
sis through additional nuisance parameters, each con-
strained by a Gaussian probability distribution. Their
overall e↵ect on the limit is at the percent level. Poten-
tial systematic uncertainties related to the fit model are
found to marginally impact the results. For instance, the
limit changes by a few percent if a linear energy distri-
bution is assumed for the background.

Fig. 3 shows the improvement achieved by GERDA
with increasing exposure for the measured lower limit
on the 0⌫�� decay half-life of 76Ge and for the sensi-
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FIG. 3. Circles: lower limit (90% C.L.) on the 0⌫�� decay
half-life of 76Ge set by GERDA as a function of the expo-
sure [3, 18, 33, 34]. Triangles: median expectation in the
assumption of no signal.

tivity. The background-free regime results in a linear
improvement of sensitivity vs. exposure. GERDA is the
experiment providing the best sensitivity and the most
stringent constraint on the half-life of any 0⌫�� decay.

The T1/2 limit can be converted into an upper limit
on the e↵ective Majorana neutrino mass under the as-
sumption that the decay is dominated by the exchange
of light Majorana neutrinos. Assuming a standard value
of gA = 1.27, the phase space factor and the set of
nuclear matrix elements from Refs. [36–46], a limit of
m�� < 79 � 180 meV at 90% C.L. is obtained, which is
comparable to the most stringent constraints from other
isotopes [9, 11, 12].

GERDA has been a pioneering experiment in the
search for 0⌫�� decay. GERDA improved the sensitivity
by one order of magnitude with respect to previous 76Ge
experiments [47, 48] and proved that a background-free
experiment based on 76Ge is feasible. Indeed, the LEG-
END Collaboration [49] is preparing a next generation
experiment with a sensitivity to the half-life of 0⌫�� de-
cay up to 1028 yr. In the first phase, LEGEND-200 has
taken over the GERDA infrastructure at LNGS and will
start data taking in 2021.

The data shown in Fig. 1 and the data relevant for
the GERDA Phase II statistical analysis are available in
ASCII format as Supplemental Material [50].

The GERDA experiment is supported financially by
the German Federal Ministry for Education and Research
(BMBF), the German Research Foundation (DFG), the
Italian Istituto Nazionale di Fisica Nucleare (INFN), the
Max Planck Society (MPG), the Polish National Sci-
ence Centre (NCN), the Foundation for Polish Science
(TEAM/2016-2/17), the Russian Foundation for Basic
Research, and the Swiss National Science Foundation
(SNF). This project has received funding/support from
the European Union’s Horizon 2020 research and innova-
tion programme under the Marie Sklodowska-Curie grant
agreements No 690575 and No 674896. The institu-

[PRL 125 (2020) 252502]

Germanium detectors

(A) (B) (C)

A. Semi-coaxial (Coax): 7 - 6
• typical mass 2-3 kg

B. Broad Energy Germanium (BEGe): 30

• average mass 670 g

• small p+ contact at bobom: good for PSD (Pulse 

Shape DiscriminaCon)

• excellent energy resoluCon

C. Inverted Coaxial (IC): 5

• Average mass 2 kg

• excellent energy resoluCon & PSD (like BEGe)
Eur. Phys. J. C. 79 11 978 (2019) Eur. Phys. J. C, 81 6 505 (2021)

9

65-80 mm

70-110 m
m

65-80 mm 25-50 m
m

75 mm

80 m
m

Lolian Shtembari XLI  ICHEP, Bologna, 9 July 2022

[EPJC 79 (2019) 11 / EPJC 81 (2021) 505]
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GERDA Cryostat and Active Veto 76Ge
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Courtesy of the GERDA Collaboration
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LEGEND: a staged approach 76Ge
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LEGEND-1000:
• 1000 kg, staged via individual payloads (~400 detectors)
• Timeline connected to review process
• Background goal <0.025 cts/(FWHM t yr),<1x10-5 cts/(keV kg yr)
• Location to be selected

LEGEND-200: 
• 200 kg, upgrade of existing GERDA 

infrastructure at Gran Sasso
• 2.5 keV FWHM resolution
• Background goal

< 0.6 cts/(FWHM t yr)          
< 2x10-4 cts/(keV kg yr)

• Now in commissioning, physics 
data starting in 2022

LEGEND Approach: Phased Deployment

arXiv: 2107.11462

0νββ (T1/2 = 1028 yr)

3-4 events 

76Ge: LEGEND-1000 designed for an unambiguous discovery

Even a signal at the bottom of 
the inverted ordering will be 

visible to the eye

No background peaks are 
expected close to Qββ (2039 keV)

2νββ

Simulated example spectrum, after cuts, from 10 years of data

90% CL exclusion sensitivity @ 10 ton-yr 1.6 1028 yr

3σ discovery sensitivity @ 10 ton-yr 1.3 1028 yr

LEGEND-200 (1 ton-yr)
90% CL exclusion sensitivity : 1 · 1027 yr
3σ discovery sensitivity : 1 · 1027 yr
LEGEND-1000 (10 ton-yr)
90% CL exclusion sensitivity : 1.6 · 1028 yr
3σ discovery sensitivity : 1.3 · 1028 yr

A. Garfagnini (UniPD/INFN-PD) 15



CUORE / CUPID bolometers 130Te
CUORE with Particle ID = CUPID 

 or Cherenkov light in TeO2 

scintillating crystal 

CUORE   dominant BGND: surface α particles CUPID  rejection  of α particles by detecting 

                                              both heat and light 

Zn82Se …………………… CUPID-0 

Zn100MoO4................ LUCIFER, LUMINEU 

Li2
100MoO4…………..….dto 

40Ca100MoO4………..….AMoRE 

116Cd100MoO4…..……. KINR-ITEP-DAMA 

R&D for highly radiopure scintillating crystals 

Poda, Giuliani, arXiv:1711.01075 

α  

events 

A. Garfagnini (UniPD/INFN-PD) 16



CUORE 130Te
CUORE

May 31st, 2022 - Neutrino 2022 - I.Nutini (Milano Bicocca) 4

@10 mK 
ΔTcrystal ~ 100 µK/MeV ; ΔVNTD ~ 400 µV/MeV

Alduino C. et al. (CUORE collaboration), J. Inst. 11(07), P07009, (2016) 
https://doi.org/10.1088/1748-0221/11/07/p07009 

The CUORE detectors

Array of closely packed 988 TeO2 crystals 
arranged in 19 towers
High Mass of TeO2: 742 kg 
206 kg of 130Te, 188 kg of 128Te, 0.5 kg of 120Te

Adams D. et al. (CUORE collaboration), Nature 604 (2022) 7904, 53-58, 
https://www.nature.com/articles/s41586-022-04497-4  
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CUORE 130Te
CUORE

May 31st, 2022 - Neutrino 2022 - I.Nutini (Milano Bicocca) 
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Analysis Exposure - Nature 604, 53-58 (2022)

PRL 2018  
86.3 kg yr TeO2

PRL 2020  
372.5 kg yr TeO2

More than 1.8 tonne yr 
of raw exposure (up to now)!

Nature 2022 
1038.4 kg yr TeO2

6

• Data taking started in Spring 2017: detector commissioning and optimisation 
• Physics data taking since early 2019, at operating temperature 11-15 mK. Uptime ~90%. 

Data taking rate ~50 kg/month

Alduino C. et al. (CUORE collaboration), Phys. Rev. Lett. 120, 
132501, (2018), https://doi.org/10.1103/PhysRevLett.120.132501 

Alduino C. et al. (CUORE collaboration), Phys. Rev. Lett. 124, 
122501, (2020), https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.122501

Adams D. et al. (CUORE collaboration), Nature 604 (2022) 7904, 53-58, 
https://www.nature.com/articles/s41586-022-04497-4  

CUORE data-taking

Temperature stability of CUORE over 1 yr of continuous operation
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CUPID 130Te

15Latest results from CUPID-0 G. Fantini on behalf of the CUPID-0 Collaboration ICHEP 2022

CUPID baseline design
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CUPID goals (10 ton yr):

Background goal < 10−4counts/(keV·kg·yr) in the ROI

90% CL exclusion sensitivity: 9.1 · 1027 yr

3σ discovery sensitivity: 8 · 1027 yr
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KamLAND-Zen 136Xe

• KamLAND, in operation at Kamioka mine (Japan) since 2002

• 1-kton high purity LS in a 6.5 m radius balloon

• search for 0νββ in 136Xe : Q-value 2.458 MeV

• ballon at the centre of the detector with 136Xe loaded LS

• enrichment: 90%, dissolved at 3% in weight

 KamLAND-Zen

136Xe loaded LS  
into KamLAND center 

with inner balloon

Double beta decay isotope: 136Xe 
• Q-value 2.458 MeV 
• Dissolved into LS ~3% by weight 
• Enrichment ~90% 
• Half life of 2νββ decay is long (~1021 yr)

Modification of KamLAND

 KamLAND-Zen 800 KamLAND-Zen 400  KamLAND2-Zen
320-380 kg of Xenon 

Data taking in 2011 - 2015 
~750 kg of Xenon 

DAQ started in 2019
~1 ton of 136Xe 

Better energy resolution

Past Present Future

Reanalysis combined arXiv:2203.02139v1 [hep-ex]1st result  & Long paper in preparation5
A. Garfagnini (UniPD/INFN-PD) 20



KamLAND-Zen 800 results 136Xe
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Singles data 
(sensitive to 0νββ rate)

Long-lived product data 
(used to constrain the LL rate)

136Xe 0νββ decay rate for KamLAND-Zen 800 
Best fit rate = 0 
Upper limit (90% C.L.): < 7.9 events/Xe-LS(30.5 m3)

Livetime = 523.4 days Livetime = 49.3 days

Internal 10 volume bins (1.57-m-radius spherical volume) × 3 time bins

T1/2 > 2.0×1026 yr (90% C.L.)

136Xe Half-life limit (KL-Zen 800)

9

[Azusa Gando, talks at Neutrino 2022 and ICHEP 2022]
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KamLAND2Zen 136Xe Future: KamLAND2-Zen KamLAND → KamLAND2

Winston cone（集光ミラー）
光被覆率 >  x2
光収集量 >  x1.8

カムランド液体シンチレータ 8,000 光子/MeV
標準的な液体シンチレータ 12,000 光子/MeV  

x1.4

17” PMT 20” PMT

液体シンチレータ改良

導入部拡大
いろいろな装置を導入できる。
CaF2, CdWO4, 144Ce, NaI 他

KamLAND2-Zen

1000kg 濃縮キセノン
目標感度　~20meV/5年

σ(2.6MeV)= 4% →　2.5％

30

Enlarge opening 
General use: accommodate various devices such 
as CdWO4, NaI, CaF2 detectors

1 ton of 136Xe

σ(2.6MeV) = 4% → ~2% 
Target ⟨mββ⟩ ~20 meV in 5 yrs

Winstone cone & High QE PMT

Brighter LS

Improve light collection efficiency and 
photo coverage

Current LS ~8,000 photon/MeV 
LAB based new LS ~12,000 photon/MeV

Scintillation inner balloon

New electronics

BG reduction from Xe-LS container

To improve background suppression. 
Tagging long lived isotope from cosmic ray 
spallation.

13

[Azusa Gando, talks at Neutrino 2022 and ICHEP 2022]
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mββ current limits

Most stringent limits

GERDA

T 0ν
1/2

(76Ge) > 1.8 · 1026 yr

S0ν
1/2

(76Ge) > 1.8 · 1026 yr

⇒
∣∣mββ∣∣ < (79− 180) meV

KamLAND-Zen

T 0ν
1/2

(136Xe) > 2.3 · 1026 yr

S0ν
1/2

(136Xe) > 1.5 · 1026 yr

→
∣∣mββ∣∣ < (36− 156) meV

CUORE

T 0ν
1/2

(130Te) > 2.2 · 1025 yr

→
∣∣mββ∣∣ < (90− 305) meV

5

TABLE I: Summary of the estimated and best-fit background
contributions for the frequentist and Bayesian analyses in the
energy region 2.35 < E < 2.70 MeV within the 1.57-m-radius
spherical volume. In total, 24 events were observed.

Background Estimated Best-fit

Frequentist Bayesian
136Xe 2⌫�� - 11.98 11.95

Residual radioactivity in Xe-LS
238U series 0.14 ± 0.04 0.14 0.09
232Th series - 0.84 0.87

External (Radioactivity in IB)
238U series - 3.05 3.46
232Th series - 0.01 0.01

Neutrino interactions
8B solar ⌫ e� ES 1.65 ± 0.04 1.65 1.65

Spallation products

Long-lived 7.75 ± 0.57 † 12.52 11.80
10C 0.00 ± 0.05 0.00 0.00
6He 0.20 ± 0.13 0.22 0.21
137Xe 0.33 ± 0.28 0.34 0.34

† Estimation based on the spallation MC study. This event
rate constraint is not applied to the spectrum fit.

the Bayesian framework, assuming a flat prior for T 0⌫��
1/2 .

The Bayesian limit and sensitivity are 2.1 ⇥ 1026 yr and
2.0 ⇥ 1026 yr (90% C.L.), respectively.

We investigated the stability of the results by com-
paring the limits with di↵erent analysis conditions and
background models. Alternatively, we also performed
the analysis including the high-background period in the
data with floated background contributions from 60Co
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FIG. 3: Allowed region of the 136Xe 0⌫�� rate and the long-
lived spallation background rate in the energy region 2.35 <
E < 2.70 MeV (0⌫�� window). The contour lines correspond
to 1�, 90%, 95%, 99% C.L. The horizontal band indicates the
MC-based prediction.

FIG. 4: E↵ective Majorana neutrino mass hm��i as a function
of the lightest neutrino mass. The dark shaded regions are
predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal ordering (NO) and the inverted order-
ing (IO), and the light shaded regions indicate the 3� ranges
calculated from oscillation parameter uncertainties [23, 24].
The regions below the horizontal lines are allowed at 90%
C.L. with 136Xe from KamLAND-Zen (this work) consider-
ing an improved phase space factor calculation [25, 26] and
commonly used nuclear matrix element estimates, EDF [27–
29] (solid lines), IBM [30, 31] (dashed lines), SM [32–34]
(dot-dashed lines), QRPA [35–39] (dotted lines). The side-
panel shows the corresponding limits for 136Xe, 76Ge [40],
and 130Te [41], and theoretical model predictions on hm��i,
(a) Ref. [2], (b) Ref. [3], and (c) Ref. [4] (shaded boxes), in
the IO region.

and 214Bi. This data is separated into �-like and �-like
events, using particle identification provided by Kam-
Net, and simultaneously fit to provide slightly improved

half-life limits of T 0⌫��
1/2 > 2.7 ⇥ 1026 yr and T 0⌫��

1/2 >

2.4 ⇥ 1026 yr (90% C.L.), respectively.

Figure 3 shows the allowed region of the 136Xe 0⌫��
rate and the long-lived spallation background rate from
a combined fit of the KamLAND-Zen 400 and 800
datasets with the frequentist analyses, giving a limit
of 2.3 ⇥ 1026 yr (90% C.L.). The best-fit scaling pa-
rameter for the long-lived spallation background rate is
↵BG = 1.35 ± 0.23, indicating good consistency between
the MC-based prediction and the LD analysis. This com-
bined analysis has a sensitivity of 1.5 ⇥ 1026 yr, and the
probability of obtaining a stronger limit is 23%. From
the combined half-life limits, we obtain a 90% C.L. upper
limit of hm��i < (36 – 156) meV using the phase space
factor calculation from [25, 26] and commonly used nu-
clear matrix element estimates [27–39] assuming the ax-
ial coupling constant gA ' 1.27. Figure 4 illustrates the
allowed range of hm��i as a function of the lightest neu-

[S. Abe et al., KamLAND-Zen Collab., arXiv 2203.02139]

Some results are better than sensitivity: sometimes luck plays a role
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nEXO 136Xe
• Monolithic TPC with 5 tons of 90% enriched 136Xe

• Located at Cryopit at SNOLAB

• Active water Cherenkov muon veto

• energy resolution required: ≤ 1.2%nEXO TPC design

Charge Tiles
Charge Tiles Support

SiPMs

SiPM Staves

Field Shaping Rings

Support Rods 
and Spacers

Cathode

Dr
ift

 le
ng

th
 =

 1
18

.3
 cm

Charge sensing tile and in-LXe cold electronics

VUV silicon photomultipliers (SiPMs)

• Charge detection: anode plane 
of modular charge tiles (10 cm 
long and 6 mm pitch), readout 
with ASIC in LXe.

• Light detection: 4.5 m2 of VUV 
SiPMs with ASIC readout in LXe.

• Electron lifetime: 10 ms
• Electric field: 400 V/cm

6ICHEP 2022, July 2022

136Xe: nEXO

5/31/22 Neutrino 2022 - S. Schönert, TUM 9

5t enrXe

Charge & light readout: 232Th source simulation

Energy resolution at Qbb (s): 1.2% (req.), 0.8% (goal) 

Courtesy G. Gratta
[Zepeng Li, talk at ICHEP 2022]
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nEXO 136Xe

• nEXO completely explores the inverted mass ordering in almost all cases

• sensitivity to Majorana neutrino mass: mββ = 4.7–20.3 meVPhysics reach of nEXO

13

10°4 10°3 10°2 10°1

mmin [eV]

10°3

10°2

10°1

100

hm
Ø
Ø
i[

eV
]

N.O.

EXO-200
PRL 123, 161802 (2019)

nEXO
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10 Years

• nEXO completely explores the inverted mass ordering in almost 
all cases.

• Sensitivity to Majorana neutrino mass: m!!≈ 4.7 – 20.3 meV.

Note: NMEs are not statistical...there is only one 
correct value. But calculations are challenging. 

ICHEP 2022, July 2022

[Zepeng Li, talk at ICHEP 2022]
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SNO+ natTe

• 780t LS (2.2 g/L PPO in LAB)

• currently data taking with unloaded LS

• 0νββ phase: natural Te (34% 130Te)
loaded as metal organic complex (Te-diol)

• Te-systems ready for operations

• Full-scale Te-diol batches in 2022/23

• following demonstration of operations and
approvals by SNOLAB, begin Te-loading
in 2024

• original plan: load 0.5% (3.9t nat Te):
T1/2 > 2 · 1026 yr

• R&D on higher (up to 3%) Te-loading
ongoing

• 0.5% loading phase critical to assess
performance and Te-related backgrounds

natTe-loaded liquid scintillator: SNO+
• 780t LS (2.2 g/L PPO in LAB)

• Currently data taking with unloaded LS
• low energy 8B solar-n, reactor & geo anti-ne,  ∆!2

12
, supernova-n

• 0nbb phase: natural Te (34% 130Te) loaded as metal 
organic complex (Te-diol) 

• Te-systems ready for operations

• Full-scale Te-diol batches in 2022/23

• Following demonstration of operations and approvals by 
SNOLAB, begin Te-loading in 2024

• Original plan: load 0.5% (3.9t nat Te): T1/2 > 2⨉1026 yr

• R&D on higher (up to 3%) Te-loading ongoing

• 0.5% loading phase critical to assess performance and 
Te-related backgrounds

5/31/22 Neutrino 2022 - S. Schönert, TUM 6

Telluric acid 
purification

Te-diol synthesis

SNO+

Courtesy M. Chen

Courtesy Mark Chen
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JUNO 0νββ future plans natTe/136Xe

• The Jiangmen Underground Neutrino
Observatory (JUNO) has been designed for
mass ordering determination Ü (see Dmitry’s talk)

• but JUNO has a rich physics program
https://doi.org/10.1016/j.ppnp.2021.103927

• after completing the main physics program,
upgrade for 0νββ searches with natTe or 136Xe

• huge target mass (100 t scale) and aspired low
background

• very high PMT coverage (78%), 3% energy
resolution an 1 MeV

• R&D studies on Te-diol based LS:

- best performance so far with 0.6% Te-loading

- NO measurable difference compared to purified
LAB (Att. length > 20 m)

- NO degradation after 6 months

- Relative light output: 60% - 70% w.r.t
un-loaded LS

• Ambitious goal: exploration of normal mass
ordering

August 2022

Courtesy Yifang Wang
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DARWIN natXe

• main goal of the experiment: dark matter
detection

• Out of 50 t natXe, 40 t as TPC active
target, 3.6 t of 136Xe

• employs a double-walled cryostat and TPC

• predicted sensitivity (10 yr exposure, 5 t
fiducial mass)

S0ν
1/2

(136Xe) > 2.4 · 1027 yr

3

massive particles (WIMPs) as dark matter candidates.
Other physics goals include the search for the 0⌫��-
decay, the real-time detection of solar pp neutrinos via
electron scattering, the observation of supernova and

solar 8B neutrinos via coherent neutrino nucleus scat-
tering and the search for solar axions, galactic axion-like
particles and dark photons.

The DARWIN detector is described in detail in [11].
In the baseline scenario, the detector is a cylindrical,

two-phase (liquid and gas) xenon TPC with 2.6 m di-
ameter and 2.6 m height. The TPC will be placed in a
low-background, double-walled cryostat surrounded by
an instrumented water tank to shield it from the en-

vironmental radioactivity and to record the passage of
cosmic muons and their secondaries as well as for neu-
tron thermalization.

Interactions in the TPC will give rise to a prompt
signal (S1) from photons and a delayed, proportional

scintillation signal (S2) from electrons transported by
a homogeneous drift field and extracted into the gas
phase. Both signals will be detected by photosensor ar-

rays (made of photomultiplier tubes (PMTs), silicon
photomultiplier (SiPM), or new types of sensors), pro-
viding the x-y-z-coordinates of an interaction, as well as
its energy with < 1% 1� resolution for MeV energy de-

positions. Interactions separated by more than 15 mm
are assumed to be individually identified in event re-
construction. This allows for separation between sin-

gle scatters (as expected from 0⌫��-decays and dark
matter particle interactions) and multiple scatters (as
expected from many sources of backgrounds), as well
as the definition of an inner (fiducial) volume with re-

duced background levels. The high density of the liquid
xenon (⇠3 g/cm3) ensures a short attenuation length
for �-rays.

The final location of the DARWIN experiment is
yet to be decided. A good candidate is the Gran Sasso

Underground Laboratory (LNGS) in Italy. We will use
its overburden in this study.

2.1 Monte Carlo model of the detector

For the Monte Carlo event generation and particle prop-
agation in geant4 we use a realistic model of the DAR-
WIN detector. Its details are described in the following.

The TPC is enclosed within the outer and inner ti-
tanium cryostat (shown in Fig. 1), including torispher-

ical domes, flanges and sti↵ening rings to minimize the
amount of material. A dome-shaped pressurizable ti-
tanium vessel is placed on the inner cryostat floor to
reduce the volume to be filled with liquid xenon while

keeping the material budget low. A study based on

Fig. 1: Drawing of DARWIN’s double-walled cryostat

and TPC, showing all components considered in the
simulation.

previously-measured specific activities of cryostat ma-
terials [13,14] showed that a cryostat made of titanium
yields a lower background rate than a stainless steel

cryostat of equal mechanical properties.

The inner cryostat contains the liquid xenon volume
and the TPC. The TPC walls are formed by PTFE
reflectors of 3 mm thickness with high reflectivity for
the vacuum ultra-violet (VUV) scintillation light, sur-

rounded by 92 cylindrical copper field shaping rings.
The structure is reinforced with 24 PTFE support pil-
lars. Titanium frames at the bottom and top of the

TPC support the electrodes to establish drift and ex-
traction fields. Two photosensor arrays are located at
the top and bottom of the TPC cylinder, consisting of

a structural copper support, a PTFE reflector disk, the
VUV-sensitive photosensors and the sensors’ cold elec-
tronics. Because the final sensor type is yet to be chosen
for DARWIN and R&D on light sensor options [15,16,

17,18] is ongoing, the top and bottom sensors have, for
the majority of simulations, been simplified to two disks
which properly account for the material budget and the

associated activities of radioactive isotopes. This allows
for a direct comparison between a baseline scenario with
PMTs and an alternative based on SiPMs.

All the major components included in the simula-
tions are listed in Table 1. The assumed radioactivity

levels of the materials are discussed in Sect. 4 and listed
in Table 2.

3 0⌫�� signal events in liquid xenon

In a 0⌫��-decay, the energy Q�� is released mainly in

the form of kinetic energy of the two electrons. In liquid
xenon, the electrons thermalize within O(mm) result-

8

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 (0.1 µBq/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: Background rate in the ROI versus fiducial mass.

External contributions are combined. Fiducial volume

independent intrinsic sources are shown per contribu-

tion. Bands indicate ±1� uncertainties. At 5 t, the ex-

ternal sources contribute at the same level as the com-

bined intrinsic background.

trum overlaps negligibly with the ROI, but dominates

the background toward lower energies.

The model-estimated background indices for all con-

tributions are summarized in Table 3. To validate the

analytic model introduced in Sect. 5.2, we compare the

background model estimate with the values derived by

weighted event counting in the 5 t fiducial mass data

from Monte Carlo. Both results are in agreement within

the statistical errors. The model-derived uncertainty on

the background, however, is a factor of 4 lower than

the Poissonian statistics error in the simple counting

approach. The uncertainties on intrinsic background

sources account for statistical errors, the variation of

the overlap with the 0⌫��-ROI based on the energy

resolution and systematic uncertainties from (theory-

driven) input parameters. The dominant contributions

are the ⌫e survival probability and the neutrino flux

(8B ⌫-e� scattering), the 136Xe neutron capture cross-

section (governing the 137Xe production rate) and the

half-life of 136Xe (2⌫�� decay).

Fig. 7: 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.

10

spatial separation threshold ✏, intrinsic and external
background rates. Fig. 9 translates the half-life limit
sensitivity to the e↵ective Majorana neutrino mass m��

using Eq. (1), where the m�� range corresponds to the

range of published nuclear matrix elements [36]. Un-
der the conservative baseline assumptions, DARWIN
reaches a m�� limit of [18-46 meV]. The neutrino dom-

inated scenario yields a limit in the [11-28 meV] range.
Future dedicated neutrinoless double beta decay exper-
iments using either 136Xe or other isotopes are aiming

for a similar science reach as DARWIN, as shown for
comparison in Table 4 and in Fig. 8 (bottom).

Fig. 8: DARWIN median T 0⌫
1/2 sensitivity at 90% C.L. as

a function of fiducial volume mass for 10 years of expo-
sure (top) as well as of the exposure time for the opti-
mized fiducial volume (bottom). The baseline design is

compared with di↵erent optimistic scenarios. The latter
assume a reduction of the external (ext.) and the intrin-
sic (int.) backgrounds and improved spatial separation
threshold of 10mm (red, blue) or 5 mm (green). Sen-

sitivity projections for future 136Xe 0⌫�� experiments
are shown for comparison [8,9,10,37].

The objective of detecting particle dark matter with
a sensitivity down to the neutrino floor requires the
DARWIN observatory to be an ultra-low background
experiment. It additionally features a high 136Xe tar-

get mass, excellent energy resolution and single site
discrimination capability. In the presented baseline sce-
nario DARWIN will reach a sensitivity that approaches

that of the tonne-scale proposed 0⌫�� experiments. Un-
der more optimistic assumptions, requiring adaptations
to the baseline design, DARWIN will explore the full
inverted hierarchy and will compete with the most am-

bitious proposed 0⌫�� projects.

Fig. 9: E↵ective Majorana neutrino mass vs. lightest
neutrino mass. The sensitivity reach after 50 t⇥yr of
exposure is shown for the baseline and the optimistic
neutrino dominated scenario. The horizontal bands

stem from the range of nuclear matrix elements [36].
Global sensitivity according to [38], oscillation param-
eters from [39,40].
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NEXT 136Xe
• High Pressure Gaseous Xenon Time Projection Chamber with Electroluminescent

Amplification

Helena Almazán 
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NEXT 136Xe
• High Pressure Gaseous Xenon Time Projection Chamber with Electroluminescent

Amplification
• 3D reconstruction of events is possible Ü improve background rejection

Helena Almazán 
11
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Fully active and 
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→ source = detector 
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136Xe Isotope: High enough abundance  
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Noble gas → ideally suited to detection 
technology (TPC) 

The            detector concept 

EL region

Cathode Anode

TRACKING
 PLANE (SiPM

s)EN
ER

G
Y 

PL
AN

E 
(P

M
Ts

)

Gas Xe

⃗E

Primary Scintillation  
S1

TPC

Helena Almazán 
12

High Pressure Gaseous Xenon Time Projection Chamber with Electroluminescent Amplification 

Fully active and 
homogenous detector 
→ source = detector 
Great intrinsic energy 

resolution in gas

More isotope in the 
same volume

136Xe Isotope: High enough abundance  
Qββ = 2.5 MeV 

Noble gas → ideally suited to detection 
technology (TPC) 

The            detector concept 

EL region

Cathode Anode

TRACKING
 PLANE (SiPM

s)EN
ER

G
Y 

PL
AN

E 
(P

M
Ts

)

Gas Xe

⃗E

TPC

Electroluminiscence  
S2

e−

e−

e−

e−

e−

Helena Almazán 
13
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TPC allows 3D event reconstruction → 
improvement signal over background 

Search for 0νββ requires: 
• Great energy resolution 
• Extremely low background 
• Scalability
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Comparison of future experiments sensitivities and parameters
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Isotopes / Backgrounds / Exposures
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FIG. 16 Fundamental parameters driving the sensitive background and exposure, and consequently the sensitivity, of recent
and future phases of existing experiment. Red bars are used for 76Ge experiments, orange for 136Xe, blue for 130Te, green for
100Mo, and sepia for 82Se. Similar exposures are achieved with high mass but poorer energy resolution and e�ciency by gas
and liquid detectors, or with small mass but high resolution and e�ciency by solid state detectors. The sensitive exposure is
computed for one year of livetime. Ligher shades indicate experiments which are under construction or proposed.
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FIG. 17 Sensitive background and exposure for recent and future experiments. The grey dashed lines indicate specific discovery
sensitivity values on the 0⌫��-decay half-life. The colored dashed line indicate the half-life sensitivities required to test the
bottom of the inverted ordering scenario for 76Ge, 136Xe, 130Te 100Mo, and 82Se, assuming for each isotope the largest NME
value among the QRPA calculations listed in Tab. I. A livetime of 10 yr is assumed except for completed experiments, for which
the final reported exposure is used.
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Sensitive Backgrounds and Exposures
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sensitivity values on the 0⌫��-decay half-life. The colored dashed line indicate the half-life sensitivities required to test the
bottom of the inverted ordering scenario for 76Ge, 136Xe, 130Te 100Mo, and 82Se, assuming for each isotope the largest NME
value among the QRPA calculations listed in Tab. I. A livetime of 10 yr is assumed except for completed experiments, for which
the final reported exposure is used.

[M. Agostini, et al., arXiv:2202.01787]
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A World-wide effort towards double beta decay searches

The European and North-American Process

5/31/22 Neutrino 2022 - S. Schönert, TUM 26

https://science.osti.gov/np/nsac

• Oct 2019: Roadmap document for 

the APPEC SAC on the future 0nbb
decay experimental programme in 

Europe

• 0nbb town meeting London

• Roadmap update 2022, town 

meeting in Berlin, June 2022

DOE NP Portfolio Review 
July 2021
CUPID

LEGEND-1000
nEXO

https://arxiv.org/abs/1910.04688 https://agenda.infn.it/event/27143/

• Outcome: Realize international 

portfolio LEGEND-1000, nEXO and 

CUPID with European partners

• LEGEND-1000 was evaluated 

extremely positively at the Portfolio 

review. Now being funded by DOE to 

move to the next step, CD-1

“We recommend the timely 

development and deployment of a 

U.S.-led ton-scale neutrinoless

double beta decay experiment.”

“The international stakeholders in 

neutrino-less double beta decay 

research do agree in principle that the 

best chance for success is an 

international campaign with more 

than one large ton-scale experiment 

implemented in the next decade, with 

one ton scale experiment in Europe 

and the other in North America. “

[S. Schoenert, talk at Neutrino 2022]
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Summary

• the quest for neutrinoless double beta decay started more than 50 years ago and
several techniques have been developed and refined over the decades

• an acceleration towards a ton-scale experiment happened in the last two years

• so far only limits have been set on several isotopes. The most stringent are on:
76Ge, 130Te, and 136Xe

• over the last two years, a down-selection procedure has started in
North-Americare and Europe to convergence on a set of experiments contingent
on funding: the current competitors are LEGEND-1000, nEXO and CUPID (see
S. Schoenert talk at Neutrino 2022)

• several important experiments (and R&D) are planned in Asia as well: KL2Z,
Amore, PandaX, and JUNO

• availability / costs of DBD isotopes plays an important role

• but the path to the bottom of the NO band is not clear and looks difficult. The
performances and results of the current planned ton-scale experiment will
definitely help to set the path

A. Garfagnini (UniPD/INFN-PD) 35


