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 Search for neutrinoless double beta (0νββ) decayExperiment

mν≠0
• Originally mν=0 in standard model

P (⌫̄e ! ⌫̄e) ⇠ 1� sin2(2✓) sin2

✓
�m2 L

4E

◆
�m2

ij = m2
i �m2

j,

Dirac neutrino

� �= �̄ � = �̄
Majorana neutrino MAJORANA

GOAL: < mν> ~ 0.02 -0.07 eVPNNL 
South Carolina University 
TUNL 
ITEP
Dubna 
NMSU 
Washington University

• Deep underground location 
WIPP/ Homestake

• ~$20M enriched 85% 76Ge
• 210 2kg crystals, 12 segments 
• Advanced signal processing
• ~$20M Instrumentation
• Special materials (low bkg)
• 10 year operation

Main concern:Main concern:
•• cost and time for i.e. cost and time for i.e. 7676GeGe
•• cosmogeniccosmogenic background background 
•• material selectionmaterial selection

PerkinPerkin --Elmer designElmer design

TT00νν > (0.4> (0.4 --2) x 102) x 10 2828 yy
in 10 years measurementin 10 years measurement

Aalseth CE et al. hep -ex/0201021

Lead or copper shield

Contacts

Conventional super - low bkg cryostat
(21 crystals)

Same mass for right and left-handed 
All leptons except for neutrino is Dirac type

Lepton number violation (ΔL = 2) 
Can be different mass for right and left-handed neutrino 

Q. Dirac or Majorana particle?

 Introduction



dramatic progress in our ability to compensate for high-
momentum physics that is cut out !see, e.g., Bogner et al.
"2003#$, but reliably correcting for low energy excitations
such as core polarization is a longstanding problem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, is helpful but apparently not
foolproof.

In the long term these issues will be solved. As al-
ready mentioned, the coupled-cluster approximation, an
expansion with controlled behavior, is being applied in
nuclei as heavy as 40Ca. With enough work on three- and
higher-body forces, on center-of-mass motion, and on
higher-order clusters, we should be able to handle 76Ge.
The time it will take is certainly not short, but may be
less than the time it will take for experimentalists to see
neutrinoless double beta decay, even if neutrinos are in-
deed Majorana particles and the inverted hierarchy is
realized. And the pace of theoretical work will increase
dramatically if the decay is seen. Observations in more
than one isotope will only make things better. Our opin-
ion is that the uncertainty in the nuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theorists are
capable of more than current work seems to imply.

VI. EXPERIMENTAL ASPECTS

A. Background and experimental design

Double beta decay experiments are searching for a
rare peak "see Fig. 5# upon a continuum of background.
Observing this small peak and demonstrating that it is
truly !!"0"# is a challenging experimental design task.
The characteristics that make an ideal !!"0"# experi-
ment have been discussed "Elliott and Vogel, 2002; Zde-
senko 2002; Elliott, 2003#. Although no detector design
has been able to incorporate all desired characteristics,
each includes many of them. "Section VII.C describes
the various experiments.# Here we list the desirable fea-
tures:

• The detector mass should initially be large enough to
cover the degenerate mass region "100–200 kg of iso-

tope# and be scalable to reach the inverted-hierarchy
scale region "%1 ton of isotope#.

• The !!"0"# source must be extremely low in radio-
active contamination.

• The proposal must be based on a demonstrated tech-
nology for the detection of !!.

• A small detector volume minimizes internal back-
grounds, which scale with the detector volume. It
also minimizes external backgrounds by minimizing
the shield volume for a given stopping power. A
small volume is easiest with an apparatus whose
source is also the detector. Alternatively, a very large
source may have some advantage due to self-
shielding of a fiducial volume.

• Though expensive, the enrichment process usually
provides a good level of purification and also results
in a "usually# much smaller detector.

• Good energy resolution is required to prevent the
tail of the !!"2"# spectrum from extending into the
!!"0"# region of interest. It also increases the signal-
to-noise ratio, reducing the background in the region
of interest. Two-neutrino double beta decay as back-
ground was analyzed by Elliott and Vogel "2002#.

• Ease of operation is required because these experi-
ments usually operate in remote locations and for
extended periods.

• A large Q!! usually leads to a fast !!"0"# rate and
also places the region of interest above many poten-
tial backgrounds.

• A relatively slow !!"2"# rate also helps control this
background.

• Identifying the daughter in coincidence with the !!
decay energy eliminates most potential backgrounds
except !!"2"#.

• Event reconstruction, providing kinematic data such
as opening angles and individual electron energies,
can reduce background. These data might also help
distinguish light- and heavy-particle exchange if a
statistical sample of !!"0"# events is obtained.

• Good spatial resolution and timing information can
help reject background processes.

• The nuclear theory is better understood in some iso-
topes than others. The interpretation of limits or sig-
nals might be easier for some isotopes.

Historically, most !! experiments have faced U and
Th decay-chain isotopes as their limiting background
component. A continuum spectrum arising from
Compton-scattered # rays, ! rays "sometimes in coinci-
dence with internal conversion electrons#, and $ par-
ticles from the naturally occurring decay chains can
overwhelm any hoped for peak from the !!"0"# signal.
This continuum is always present because U and Th are
present as contaminants in all materials. The level of
contamination, however, varies from material to mate-

FIG. 5. The distribution of the sum of electron energies for
!!"2"# "dotted curve# and !!"0"# "solid curve#. The curves
were drawn assuming that %0" is 1% of %2" and for a 1−&
energy resolution of 2%.

496 Avignone, Elliott, and Engel: Double beta decay, Majorana neutrinos, and …

Rev. Mod. Phys., Vol. 80, No. 2, April–June 2008
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TABLE II Target isotopes currently being pursued by leading 0⌫��-decay experiments. The reported 2⌫��-decay half-life
values are the most precise available in literature. The 0⌫��-decay half-life values are the most stringent 90% C.L. limits.

Isotope Daughter Q��
a

fnat
b

fenr
c

T
2⌫��
1/2

d
T

0⌫��
1/2

e

[keV] [%] [%] [yr] [yr]
48Ca 48Ti 4 267.98(32) 0.187(21) 16

�
6.4+0.7

�0.6(stat)
+1.2
�0.9(syst)

�
· 1019 > 5.8 · 1022

76Ge 76Se 2 039.061(7) 7.75(12) 92 (1.926± 94) · 1021 > 1.8 · 1026
82Se 82Kr 2 997.9(3) 8.82(15) 96.3

�
8.60± 0.03(stat)+0.19

�0.13(syst)
�
· 1019 > 3.5 · 1024

96Zr 96Mo 3 356.097(86) 2.80(2) 86 (2.35± 0.14(stat)± 0.16(syst)) · 1019 > 9.2 · 1021
100Mo 100Ru 3 034.40(17) 9.744(65) 99.5

�
7.12+0.18

�0.14(stat)± 0.10(syst)
�
· 1018 > 1.5 · 1024

116Cd 116Sn 2 813.50(13) 7.512(54) 82 2.63+0.11
�0.12 · 1019 > 2.2 · 1023

130Te 130Xe 2 527.518(13) 34.08(62) 92
�
7.71+0.08

�0.06(stat)
+0.12
0.15 (syst)

�
· 1020 > 2.2 · 1025

136Xe 136Ba 2 457.83(37) 8.857(72) 90 (2.165± 0.016(stat)± 0.059(syst)) · 1021 > 1.1 · 1026
150Nd 150Sm 3 371.38(20) 5.638(28) 91

�
9.34± 0.22(stat)+0.62

�0.60(syst)
�
· 1018 > 2.0 · 1022

a Values from (Alanssari et al., 2016b; Fink et al., 2012; Kolhinen et al., 2010; Kwiatkowski et al., 2014; Lincoln et al., 2013; Mount
et al., 2010; Rahaman et al., 2008; Rahaman, S. and Elomaa, V. V. and Eronen, T. and Hakala, J. and Jokinen, A. and Kankainen, A.
and Rissanen, J. and Suhonen, J. and Weber, C. and Äystö, J., 2011; Redshaw et al., 2009, 2007).

b Values from (Meija and other, 2016).
c Values from (Abgrall et al., 2021; Artusa et al., 2017; Barabash et al., 2014, 2011; Dafinei et al., 2017; Gando et al., 2012; JSC Isotope,
last accessed: Sep. 2020a,l,l; Kishimoto, 2018). Enrichment is performed via gas centrifuge for all isotopes except for 48Ca, for which
the unpublished report in (Kishimoto, 2018) used electrophoresis (Kishimoto et al., 2015). For 96Zr, 86% is commercially available
(JSC Isotope, last accessed: Sep. 2020a), however a 91% enrichment was achieved at smaller scale (Finch, 2015). For 116Cd, 82% is
the highest value used in a 0⌫��-decay experiment(Barabash et al., 2011), however enrichment up to 99.5% is possible(JSC Isotope,
last accessed: Sep. 2020d). For 150Nd, 91% is the highest value used in a 0⌫��-decay experiment(Barabash et al., 2018), however
enrichment up to 98% is possible(JSC Isotope, last accessed: Sep. 2020c).

d Values from (Agostini et al., 2015; Albert et al., 2014; Alduino et al., 2017b; Argyriades et al., 2010; Armengaud et al., 2019b; Arnold
et al., 2016a,b; Azzolini et al., 2019b; Barabash et al., 2018).

e 90% C.L. limits from (Adams et al., 2021b,c; Agostini et al., 2020b; Argyriades et al., 2010; Armengaud et al., 2021; Arnold et al.,
2016a; Azzolini et al., 2019d; Barabash et al., 2018; Gando et al., 2016; Umehara et al., 2008).
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FIG. 11 Theoretical spectra of 2⌫�� and 0⌫�� decays with
1.5% energy resolution (FWHM). The relative normalization
is for illustrative purpose only.

sum electron energy is a necessary condition for discov-
ery: the 0⌫�� decay will feature a peak atQ�� , the 2⌫��-
decay mode a continuum from zero to Q�� (Fig. 11).
In a high-resolution experiment free of other background
sources, energy measurement is also a su�cient condition
for discovery.

The measurement of energy is optimal if the candidate
isotope is part of the detector itself. This condition si-
multaneously maximizes the detection e�ciency (by op-
timizing containment) while minimizing any energy loss,
providing a clear signature for the signal as a 0⌫��-decay
peak over the background, with shape governed by the
energy resolution function of the detector. The resolu-
tion function is characterized by its full width at half-
maximum (FWHM), which is given by 2

p
2 ln 2� for a

Gaussian resolution function of width �, but can also
be used to characterize and compare less ideal detector
responses.
In many detectors, the measurement of energy also

identifies the time and sometimes the position of the en-
ergy deposition within the detector. These observables
further improve the 0⌫��-decay signal identification by
discriminating correlated or time-varying backgrounds as
well as background contributions with spacial distribu-
tions distinct from that of the parent isotope.
Particle tracking allows to independently measure the

single electron momenta and directions and consequently
their angular correlation. Precise tracking of electrons
with MeV-scale energies, including the measurement of
the decay location, is only achievable in low-pressure
gaseous detectors4 or highly pixelated solid detectors at
present. For the former, the quest to maximize the iso-
tope mass motivates the use of composite detectors with
solid sources sandwiched between gaseous tracking detec-
tors. Pixelated detectors on the other hand require small
surface to volume ratios. In either case, the passage of
the decay electrons through passive material near the de-
tection medium induces an unavoidable energy loss and
distorts the expected Q�� peak in the sum energy spec-

4 In this context, we define pressures ⇠ 1 bar as low, and in the
10� 20 bar range as high.

- No perfect isotope for double beta decay experiment
 Isotopes for double beta decay (Q-value > 2MeV)

“Toward the discovery of matter creation with neutrinoless double-beta decay”, arXiv:2202.01787v1 [hep-ex] 
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computed for one year of livetime. Ligher shades indicate experiments which are under construction or proposed.
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TABLE IX Other detector concepts. Existing experiments are marked with a dagger.

Project Isosope(s) Detector technology, main features, and references

CANDLES† 48Ca
Array of scintillator crystals suspended in a volume of liquid scintillator.
Possible operation as cryogenic calorimeters.
Ajimura et al. (2021) and Yoshida et al. (2009)

COBRA†

70Zn, CdZnTe semiconductor detector array.
114,116Cd, Room temperature; multi-isotope; high granularity.
128,130Te Arling et al. (2021); Ebert et al. (2016a,b); and Zuber (2001)

Selena 82Se
Amorphous enrSe high resolution, high-granularity CMOS detector array.
3D track reconstruction (O(10µm) resolution); room temperature; minimal shielding.
Chavarria et al. (2017)

N⌫DEx 82Se
High-pressure gaseous 82SeF6 ion-imaging TPC.
. 1% energy resolution; precise signal topology; possible multi-isotope.
Mei et al. (2020) and Nygren et al. (2018)

R2D2 136Xe
Spherical TPC.
Single readout channel; inexpensive infrastructure.
Bouet et al. (2021)

AXEL 136Xe
High-pressure TPC operated in proportional scintillation mode.
High energy resolution; possible positive ion detection.
Obara et al. (2020)

JUNO —
Isotope loaded liquid scintillator.
20 ktons of scintillator; multi-isotope; multi-purpose.
Abusleme et al. (2021) and Zhao et al. (2017)

NuDot —
Liquid scintillator with quantum dots or perovskites as wavelength shifter for Cherenkov light.
Discriminate directional backgrounds; multi-isotope.
Gooding et al. (2018); Graham et al. (2019); Winslow and Simpson (2012); Aberle et al. (2013)

ZICOS 96Zr
Zr-loaded liquid scintillator.
Topology and particle discrimination via Cherenkov light readout.
Fukuda (2016) and Fukuda et al. (2020)

THEIA —
Water-based loaded liquid scintillator with Cherenkov light readout.
Topology and particle discrimination; multi-isotope; multi-purpose; 25 ktons of water.
Askins et al. (2020)

LiquidO —
Opaque isotope-loaded liquid scintillator with wavelength shifting fibers for event topology.
Room temperature; multi-isotope; multi-purpose.
Buck et al. (2019) and Cabrera et al. (2019)

2. Nuclear theory

The extraction of beyond-Standard-Model physics in-
formation from half-life measurements relies on NME cal-
culations, which currently di↵er from each other by about
a factor of three. NME calculations might also all be af-
fected by systematic o↵sets. Promising developments in
ab-initio methods and chiral EFT will reduce these un-
certainties. Calculations may still disagree due to the dif-
ferent approximations made, but systematic e↵ects (“gA
quenching”, the short-range NME contribution, etc.) are
expected to be under better control.

As the decay rate depends on the NME squared, nu-
clear theory uncertainties will likely remain larger than
experimental statistical or systematic uncertainties on
the half-life, representing the main limitation in the in-
terpretation of future results. These uncertainties will
be smaller in nuclei with simpler nuclear structure for
which calculations are more robust: an ideal example is

48Ca. Among the most interesting isotopes, NMEs would
probably be less reliable for nuclei with more complex
structure, such as 100Mo and 150Nd.
NMEs for other beyond-Standard-Model mechanisms

will likely carry similar uncertainties as for light neu-
trino exchange. Calculations of these matrix elements
do not pose di↵erent challenges, as even light neutrino
exchange has a short-range component. Nonetheless, a
careful treatment of short-range physics is probably more
relevant in these scenarios, where 0⌫�� decay is usually
mediated by the exchange of heavy particles.

3. Particle theory

At present, we lack reliable theory predictions for the
0⌫��-decay rate, the origin of the matter-antimatter
asymmetry, and the neutrino mass values. A large num-
ber of beyond-Standard-Model theories has been pro-
posed, but none can be tested with available data, and

 Experiments from arXiv:2202.01787v1 [hep-ex] 
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GERDA: Final 0νββ results published

MJD: New final exposure results 

LEGEND-200: Now in 
commissioning

LEGEND-1000: Conceptual design 
development continuing

From the Current Generation to the Ton Scale 

arXiv: 2107.11462
PRL 125, 252502 (2020)

• 76Ge (N.A. 7.6%, Q-value 2039 keV). Enriched material is available.  
• Excellent energy resolution O(0.1)%@Qvalue 
• HPGe detector array  

 Germanium detector

※Neutrino2022: ニュートリノ業界で一番大きい国際会議. 2年に一度開催. すべてplenary talk.
Neutrino2022 Gruszko



 GERDA
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Figure 6. Schematic view of the GERDA setup. Figure published by Nature, 2017 [62].

The water tank contains a 64 m3 vacuum-insulated stainless steel cryostat (diameter =
4 m), filled with LAr. The internal walls of the cryostat are covered with a 6 cm low-background
copper (Cu) layer to shield the g radioactivity originating from the steel.

The 40 germanium detectors employed in GERDA Phase II were arranged in seven strings,
each one surrounded by a nylon cylindrical vessel conceived to reduce the collection of 42K
ions, originating from the decay of 42Ar, onto the surface of the detectors. The array is lowered
in the LAr cryostat from the clean room above the tank through the lock system, as shown in
Figure 6.

During the upgrade between Phase I and Phase II, a cylindrical volume around the
detector string of about 1 m height and 0.5 m diameter was instrumented with a curtain of
wavelength-shifting fibers to detect the LAr scintillation light. The readout was performed
using 90 silicon photomultipliers (SiPMs) and 16 PMTs, arranged as shown on the right side
of Figure 6. Both water and LAr systems act simultaneously as a passive shield from external
radioactivity and neutrons and as active vetoes. This setup allows suppressing the external g
background at Qbb to less than 10�5 cts/(keV·kg·yr) [73], while the muon rejection efficiency
is > 99.9% [72].

While differing in size and geometry (see Figure 5), both semi-coaxials and BEGes are
p-type semiconductor detectors operated in reverse bias mode. They are fabricated from high
purity Ge crystals with an active net impurity concentration of around 1010 atoms/ cm3 [6].
The n+ contact is made of diffused lithium with a thickness of about 0.5 mm. The p+ contact
is made of ion-implanted boron with a thickness of the order of 100 µm. The semi-coaxial
diodes have a mass of the order of 2 kg and an enrichment fraction ranging from 85.5 to
88.3% [68]. The BEGes detectors have a diameter ranging from 58.3 to 79.3 mm and heights
from 22.9 to 35.3 mm [68], with a mass of the order of O(0.8) kg. The enrichment fraction is
87.8%. IC detectors have a mass of the order of 2 kg, a diameter ranging from 72.6 to 76.6 mm
and heights from 80.4 to 85.4 mm. The enrichment fraction is 88% [74].

The different readout electrode layout of semi-coaxial, BEGe and IC is at the basis of their
different mass and performance. The geometry of the p+ contact of a coaxial detector allows

arXiv:2109.07575v1 [hep-ex] 15 Sep 2021 

Completed
• Located at Laboratori Nazionali del Gran Sasso (Italy), ~3600 m.w.e.  
• 44.2 kg of up to 87% enriched 76Ge crystals 
• Energy resolution: ~3 keV FWHM @ 2039 keV 

- 64 m3 
- cooling 
- shielding 
- active veto

- 590 m3 
- Cherenkov 
detection - 41 detectors 

- 7 strings

(GERmanium Detector Array)



 Latest result of GERDA
• Phase II: 2015-2021, 103.7 kg-yr exposure 

Best value for Ge detector

GERDA Phase II data were collected between December
2015 and November 2019. The total exposure is 103.7 kg
yr (58.9 kg yr already published in Ref. [3] and 44.8 kg yr
of new data). Figure 1 shows the energy distribution
of all events before and after applying the analysis
cuts. At low energy, the counting rate is mostly accounted
for by the 2νββ decay of 76Ge with a half-life of
T2νββ
1=2 ¼ ð1.926 # 0.094Þ × 1021 yr [31].
The energy range considered for the 0νββ decay analysis

goes from 1930 to 2190 keV, with the exclusion of the
intervals (2104 # 5) and ð2119 # 5Þ keV that contain two
known background peaks (Fig. 2). No other γ line or
structure is expected in this analysis window according to
the background model [32]. After unblinding, 13 events are
found in this analysis window after all cuts (5 in coaxial, 7
in BEGe and 1 in IC detectors). These events are likely
due to α decays, 42K β decays, or γ decays from 238U and
232Th series. Coaxial detector data which were unblinded in
Ref. [33], when less effective PSD techniques against
surface events were available, and which were also
included in the analysis in Refs. [3,34], have been rean-
alyzed according to the new method. As a consequence,
three events—at energies 1968, 2061, and 2064 keV—that
were previously included in the analysis window are now
discarded.
The energy distribution of the events in the analysis

window is fitted to search for a signal due to 0νββ decay.
The fit model includes a Gaussian distribution for the
signal, centered at Qββ with a width corresponding to the
energy resolution, and a flat distribution for the back-
ground. The free parameters of the fit are the signal strength
S ¼ 1=T1=2 and the background index B. The expectation
value of the number of signal events scales with S as

μs ¼
ln 2N A

m76

εES; ð1Þ

where N A is Avogadro’s number, m76 the molar mass of
76Ge, E the exposure, and ε the total efficiency of detecting
0νββ decays. The average 0νββ decay detection efficiency

of each detector type and its breakdown in individual
components are listed in Table I. The mean number of
background events in the analysis window is given by

μb ¼ B × ΔE × E; ð2Þ

with ΔE ¼ 240 keV being the net width of the analysis
window. Data of each detector are divided in partitions,
i.e., periods of time in which parameters are stable. Each
partition k is characterized by its own energy resolution
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FIG. 1. Energy distribution of GERDA Phase II events between 1.0 and 5.3 MeV before and after analysis cuts; the exposure is
103.7 kg yr. The expected distribution of 2νββ decay events is shown assuming the half-life measured by GERDA [31]. The prominent γ
lines and the α population around 5.2 MeV are also labeled.

FIG. 2. Top: Enlarged view of the energy distribution of
GERDA Phase II events between 1900 and 2650 keV before
and after analysis cuts. This energy interval includes the analysis
window (edges marked by dashed lines) and the regions of
expected γ lines (marked by gray areas), among those the
prominent γ line at 2615 keV. Bottom: Result of the unbinned
extended likelihood fit: The blue peak displays the expected 0νββ
decay signal for T1=2 equal to the lower limit, 1.8 × 1026 yr. Its
width is the resolution σk of the partition which contains the event
closest to Qββ. Vertical lines indicate the energies of the events in
the analysis window after analysis cuts.

PHYSICAL REVIEW LETTERS 125, 252502 (2020)

252502-4

Phys. Rev. Lett. 125, 252502 (2020)

GERDA Phase I + II 
Exposure: 127. 2 kg yr

mββ < 79 − 180 meV 

 Limit (90% C.L.) 

T1/2 > 1.8 × 1026 yr

assuming gA ~ 1.27

GERDA Phase II data were collected between December
2015 and November 2019. The total exposure is 103.7 kg
yr (58.9 kg yr already published in Ref. [3] and 44.8 kg yr
of new data). Figure 1 shows the energy distribution
of all events before and after applying the analysis
cuts. At low energy, the counting rate is mostly accounted
for by the 2νββ decay of 76Ge with a half-life of
T2νββ
1=2 ¼ ð1.926 # 0.094Þ × 1021 yr [31].
The energy range considered for the 0νββ decay analysis

goes from 1930 to 2190 keV, with the exclusion of the
intervals (2104 # 5) and ð2119 # 5Þ keV that contain two
known background peaks (Fig. 2). No other γ line or
structure is expected in this analysis window according to
the background model [32]. After unblinding, 13 events are
found in this analysis window after all cuts (5 in coaxial, 7
in BEGe and 1 in IC detectors). These events are likely
due to α decays, 42K β decays, or γ decays from 238U and
232Th series. Coaxial detector data which were unblinded in
Ref. [33], when less effective PSD techniques against
surface events were available, and which were also
included in the analysis in Refs. [3,34], have been rean-
alyzed according to the new method. As a consequence,
three events—at energies 1968, 2061, and 2064 keV—that
were previously included in the analysis window are now
discarded.
The energy distribution of the events in the analysis

window is fitted to search for a signal due to 0νββ decay.
The fit model includes a Gaussian distribution for the
signal, centered at Qββ with a width corresponding to the
energy resolution, and a flat distribution for the back-
ground. The free parameters of the fit are the signal strength
S ¼ 1=T1=2 and the background index B. The expectation
value of the number of signal events scales with S as

μs ¼
ln 2N A

m76

εES; ð1Þ

where N A is Avogadro’s number, m76 the molar mass of
76Ge, E the exposure, and ε the total efficiency of detecting
0νββ decays. The average 0νββ decay detection efficiency

of each detector type and its breakdown in individual
components are listed in Table I. The mean number of
background events in the analysis window is given by

μb ¼ B × ΔE × E; ð2Þ

with ΔE ¼ 240 keV being the net width of the analysis
window. Data of each detector are divided in partitions,
i.e., periods of time in which parameters are stable. Each
partition k is characterized by its own energy resolution
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FIG. 1. Energy distribution of GERDA Phase II events between 1.0 and 5.3 MeV before and after analysis cuts; the exposure is
103.7 kg yr. The expected distribution of 2νββ decay events is shown assuming the half-life measured by GERDA [31]. The prominent γ
lines and the α population around 5.2 MeV are also labeled.

FIG. 2. Top: Enlarged view of the energy distribution of
GERDA Phase II events between 1900 and 2650 keV before
and after analysis cuts. This energy interval includes the analysis
window (edges marked by dashed lines) and the regions of
expected γ lines (marked by gray areas), among those the
prominent γ line at 2615 keV. Bottom: Result of the unbinned
extended likelihood fit: The blue peak displays the expected 0νββ
decay signal for T1=2 equal to the lower limit, 1.8 × 1026 yr. Its
width is the resolution σk of the partition which contains the event
closest to Qββ. Vertical lines indicate the energies of the events in
the analysis window after analysis cuts.
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BI: 5.2+1.6 -1.3 × 10−4 cts/(keV·kg·yr)



 MAJORANA Demonstrator

Neutrino 2018 - Heidelberg - 6 June 2018V. E. Guiseppe

The MAJORANA DEMONSTRATOR

Funded by DOE Office of Nuclear Physics, NSF Particle 
Astrophysics, NSF Nuclear Physics with additional contributions 

from international collaborators.

Energy resolution of 2.5 keV FWHM @ 2039 keV is the best of any ββ-decay 
experiment
Background Goal in the 0νββ peak after analysis cuts:

- With the achieved resolution: 2.5 counts/(FWHM t yr)
- Projected backgrounds based on assay results ≤ 2.2 counts/(FWHM t yr)

44.1-kg of Ge detectors
- 29.7 kg of 88% enriched 76Ge crystals
- 14.4 kg of natGe
- Detector Technology: P-type, point-contact.

2 independent cryostats
- Ultra-clean, electroformed Cu
- 22 kg of detectors per cryostat
- Naturally scalable

Compact Shield
- Low-background passive Cu and Pb  

shield with active muon veto

2

[N. Abgrall et al. Adv. High Energy Phys 2014, 365432 (2014)]

Operating underground at the 4850’ Sanford Underground Research Facility
- Demonstrating backgrounds low enough to justify building a tonne scale experiment. 

  - Establishing feasibility to construct & field modular arrays of Ge detectors. 
- Searching for additional physics beyond the standard model.

Goals:

• Located at Sanford Underground Research Facility (USA), ~4300 m.w.e. 
• 29.7 kg of 88% enriched 76Ge + 14.4 kg natural Ge detectors 
• Energy resolution: 2.5 keV FWHM @ 2039 keV 
• Low noise electronics 

54ton (90cm)

Tot. 2.7 ton

DBD search: 
Completed
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Results

Background Index: (6.2 ± 0.6) × 10-3 cts/(keV kg yr) 
Energy resolution: 2.5 keV FWHM @ Qββ

Frequentist Limit:
Median T1/2 Sensitivity: 8.1 × 1025 yr (90% C.I.)
65 kg-yr Exposure Limit: T1/2 > 8.3 × 1025 yr (90% C.I.)

Bayesian Limit: (flat prior on rate) 
65 kg-yr Exposure Limit: T1/2 > 7.0 × 1025 yr (90% C.I.) 

mββ < 113 - 269 meV

Preliminary

Preliminary

 Latest result of MAJORANA Demonstrator
• 2015-2021, 65 kg-yr exposure 

Neutrino2022 Gruszko
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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

 LEGEND

Neutrino2022 Gruszko

Target sensitivity for LEGEND-200: > 1027 yr (IO), LEGEND-1000: > 1028 yr (NO)

Soon / future
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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.

76Ge

136Xe

130Te

100Mo

82Se

 Experiments
Recent (  completed)
Future

from arXiv:2202.01787v1 [hep-ex] 



 CUORE (Cryogenic Underground Observatory for Rare Events )

L. Canonica - Status and prospects for CUORE 4
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t ⌧• operated in extreme conditions (low T, low 
noise environment)  

• excellent energy resolution (~0.2% FWHM) 

• no particle identification 

• slow, but ok for rare event searches

Ge-NTD

TeO2

Cu frames
PTFE 

supports

CUORE TeO2 bolometers

• 130Te (N.A. 34.2%, Q-value 2527keV).  
• Located at LNGS (Italy), ~3600 m.w.e. 
• TeO2 bolometers (988 crystals in 19 towers, 742 kg),  
• a total mass of 130Te = 206 kg, 188 kg of 128Te  
• Energy resolution ~8 keV FWHM @ Q-value

L. Canonica - Status and prospects for CUORE 4
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CUORE TeO2 bolometers

crystal: E→ΔT 
(𝛥T = E/C ~ 0.1 mK/MeV ) 
T sensor: ΔT→ΔV

E
/C

(T
)

CUORE cryostat

• ��� thermal stages
• ���K @ ambient temperature

• ��K @ PT first stage temperature

• �K @ PT second stage temperature

• Still @ ���mK

• HEX @ ��mK

• MC @ base T < ��mK

• TSP @ stabilized working T

• � vacuum chambers

• Fast Cooling System �

� Pulse Tubes � custom Dilution Unit

• � internal lead shields
• use of ancient Roman lead
• Spanish ingots from I century BCE

• ���Pb activity< �mBqkg��

40K

4K

Still

Heat
EXchan.

Mixing
Chamber Top

Lead

Tower
Support
Plate

300K

Internal
Lead
Shield

CUORE
detectors

Outer
Vacuum
Chamber

Dilution
Unit

Pulse
Tube

Inner
Vacuum
Chamber

Cryogenics ���, � (����)

S. Dell’Oro Latest results from the CUORE experiment Bologna – July �, ���� � / ��

5×5×5 cm3
↑

Operated at ~10 mK  
(7mK as lowest).  

Running

• Start DAQ in Apr. 2017 
• Goal of exposure: 3 t yr of TeO2 
   (~1 ton yr of 130Te) 



CUORE

May 31st, 2022 - Neutrino 2022 - I.Nutini (Milano Bicocca) 
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130Te 0νββ decay search

11

Half-life limit for 0vββ in 130Te (90%C.I. including syst.)  
 T0ν 1/2 (130Te) > 2.2 x 1025 yr 

mββ < 90 - 305 meV 

0νββ analysis 

130Te Qᵦᵦ= 2527.5 keV 

Reconstructed energy resolution at Qββ:  
7.8(5) keV FWHM 
ROI background index (B)   
~ 1.49(4) × 10-2 c/(keV⋅kg⋅yr)

Total exposure:  
1038.4 kg yr TeO2, 288 kg yr 130Te
Selection efficiencies: 92.4(2)%

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

Result published on Nature (2022)!

 Latest result of CUORE



• 130Te (N.A. 34.2%, Q-value 2527keV).  
• Located at SNOLab (Canada), ~5890 m.w.e. 
• 130Te loaded liquid scintillator (LAB/PPO with 0.5% natTe).  
• Target sensitivity for Phase I: IO (~ 4 ton), Phase II: NO (~20 ton)

 SNO+ Phase I

im Menü über: 
Start > Absatz > Listenebene 

Folie in Ursprungsform 

Wechsel des Folienlayouts 

Christian Weinheimer – Neutrino Mass and Nature – ICHEP 2022Christian Weinheimer – Neutrino Mass and Nature – ICHEP 2022

is an operating neutrino detector at SNOLab with 780 t  
of liquid scintillator (2.2 g/L PPO in LAB)

Water Phase: completed
- set world-leading limits on invisible nucleon decay
- measured the 8B solar neutrino flux with very low backgrounds

Pure Scintillator Phase: now
- detecting low energy 8B solar neutrinos
- detecting reactor (and geo) antineutrinos to independently 

measure ∆#-'
'

- supernova neutrino live

Double Beta Decay Phase: 
- add up to 4,000 kg of 130Te to the detector
- with sensitivity in the IM Ordering parameter space
- Tellurium systems are built ready for operation:

Full-scale test batches in 2022 and 2023
- Goal: Begin loading Te in the detector in 2024

8

SNO+

courtesy: Christine Kraus

Telluric acid purification.        Te-diol synthesis

Original: Neutrino oscillation experiment with heavy water, SNO. Nobel prize in 2015

Soon

ICHEP 2022, Weinheimer

~780 ton LS
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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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from arXiv:2202.01787v1 [hep-ex] 



CUPID: past and future

• jljd

CUORE: first ton-scale 
DBD experiment at 10 mK

No particle ID

CUPID-Mo

CUPID demonstrators: 
ɑ rejection with light

Best limits on 
100Mo and 82Se 0ν2β

New demonstrators for 
deeper investigations of 
normal mass ordering

(CUPID-1T) 
9

DEMETER
Poster 186

Poster 291

 CUPID (Cuore Upgrade with Particle ID)

• CUORE’s BG: from alpha particles (~90%) 
• Background rejection with PID -> Scintillating bolometer 
• Target sensitivity: 12 - 20 meV



CUPID: Zn82Se

• 82 Se embedded in ZnSe scintillating bolometers 

• Q-value:  2998 keV  

• CUPID-0 Se demonstrator now operating at LNGS See L. M. Pattivina’s talkCUPID-0
CUPID-0 is the first array of scintillating bolometers 

for the investigation of 82Se 0νββ

30 cm

•  82Se Q-value 2998 keV 

•  95% enriched Zn82Se bolometers 

•  26 bolometers (24 enr + 2 nat) arranged in 5 towers 
•  10.5 kg of ZnSe 
•  5.17 kg of 82Se -> Nββ = 3.8x1025 ββ nuclei 

•  LD: Ge wafer operated as bolometer 

•  Simplest modular detector ➜ scale up 
•  Copper structure (ElectroToughPitch) 
•  PTFE holders  
•  Light Reflector (VIKUITI 3M)

CUPID-0 Coll., Eur. Phys. J. C (2018) 78:428. 8

CUPID-0
CUPID-0 is the first array of scintillating bolometers 

for the investigation of 82Se 0νββ

This design has the main goal of
Minimize mass of passive materials

Cu ~22% - PTFE/Vik. ~0.1% - ZnSe+Ge ~78%

CUPID-0 Coll., Eur. Phys. J. C (2018) 78:428.

•  82Se Q-value 2998 keV 

•  95% enriched Zn82Se bolometers 

•  26 bolometers (24 enr + 2 nat) arranged in 5 towers 
•  10.5 kg of ZnSe 
•  5.17 kg of 82Se -> Nββ = 3.8x1025 ββ nuclei 

•  LD: Ge wafer operated as bolometer 

•  Simplest modular detector ➜ scale up 
•  Copper structure (ElectroToughPitch) 
•  PTFE holders  
•  Light Reflector (VIKUITI 3M)
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 CUPID-0

Latest Results from the CUORE Experiment

NEUTRINO 2018, Heidelberg, Germany June 6, 2018

CUORE Upgrade with Particle ID (CUPID) R&D
▸ Next generation of 0νββ decay experiments seek to be sensitive to 

the full IH region (mββ ~ 6 - 20 meV, T1/2 ~ 10
27

 yr) 

▸ ~1000 enriched light emitting bolometers mounted in the CUORE 
cryostat 

▸ Nearly zero background goal of ~ 0.1 cnts/(ROI∙yr) 

▸ Worldwide effort focused on demonstrating readiness to construct a 
tonne-scale bolometric experiment

21

Detector installation

13

In March 2017 the commissioning was 
finalized and the data taking has started

Detector installed in the former Qino/C0 cryostat 
with major upgrades: 

• Double stage pendulum for low vibrational 
noise 
• LD performance 

• Cryostat wiring: can host up to 120 channels 
• CUPID-0 uses 67 chns

CUPID-0/Se at LNGS 
Zn82Se

CUPID-Mo at Modane 
Li2100MoO4
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�DH&C�?D$G(N(L��D�9$A(L
‣ Ir/Au TES on 2 inch wafer sputtered at 

room temperature 
‣ Tc consistent with that obtained with films 
‣ AC current bias using Magnicon squid with 

a local Nb can on squid 
‣ Working on noise mitigation, measurement 

of Gep and testing of Ir/Pt towards using 
lower Tc recipes found on films already

Neganov-Luke and 
TES-based light 

detectors for TeO2

➡Talk: Andrea Giuliani

Exposure (100Mo) 1.17 kg yr 
T1/2 >  1.5×1024 yr,  

mββ < 0.31 - 0.54 eV 

• A demonstrator for CUPID 
• Target isotope 100Mo (Q-value 3034 keV)  
    in Li2100MoO4 (scintillating bolometer) 
• Total of 2.26 kg of 100Mo 

•

mββ < 263 – 545 meV 

82Se (N.A. 8.7%, Q-value 2998keV) 
95% enriched Zn82Se bolometer 
Operated at LNGS

Exposure 16.59 kg yr 
T1/2 > 4.6 × 1024 yr (90% C.L.)

arXiv:2206.05130 [nucl-ex]
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events belonging to the same peak to evaluate the selec-
tion e�ciency and obtained ✏selection = (92.3 ± 0.7)%.
This value was cross-checked at other energies using the
40K and 208Tl peaks and obtained consistent results.

After performing a selection on the quality of bolomet-
ric pulses, the analysis followed two di↵erent paths for the
decay to the ground and excited states. Concerning the
decay to the ground state, we adopted the strategy out-
lined in Refs [47, 48, 53]. We selected only events in which
a single ZnSe crystal triggered, as Table I shows that in
the vast majority of cases the two electrons are contained
within the crystal where the decay occurred. Figure 1
shows the spectrum obtained using the 22 enriched crys-
tals with better performance, i.e. discarding two enriched
crystals that have shown a poor bolometric performance
due to a di↵erent growth procedure. The total 82Se expo-
sure is 8.82 kg⇥yr, corresponding to 16.59 kg⇥yr in ZnSe
(see Supplemental Material for the spectrum in a wider
energy range).
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FIG. 1. Physics spectrum with a 82Se exposure of 8.82 kg⇥yr
(16.59 kg⇥yr in ZnSe). Grey: spectrum of pulses selected ac-
cording to their bolometric quality, with the additional condi-
tion that a single ZnSe detector triggered the event. Orange:
same spectrum after rejecting ↵ events. Blue: events surviv-
ing the delayed coincidence veto with potential 212Bi parents.
Green line: 90% C.I. Bayesian upper limit (see text) super-
imposed to the measured background.

Since in the region of interest we expected a dominant
background contribution stemming from ↵ particles, we
exploited the particle identification capability o↵ered by
scintillating bolometers to further select the events. In
CUPID-0, the particle identification is done exploiting
the shape of the light pulses. The scintillation light emit-
ted by �/� events, indeed, has a significantly slower time-
development compared to the scintillation light emitted
by ↵ particles [30]. Furthermore, the time-development
of scintillation pulses does not depend on the detector.
We defined a parameter very sensitive to the shape of
light pulses [53] and we applied a cut procedure using
such parameter (common to all detectors) in order to
preserve the 98% signal e�ciency while suppressing the

↵ background to a negligible level (the probability for
an ↵ particle to survive this selection criterion is smaller
than 10�7). The resulting spectrum is reported in Fig-
ure 1 - orange.

Finally, we applied a time veto to reject high-energy
�/� events emitted by 208Tl decays. This isotope can be
tagged by searching for the signature of its parent, 212Bi.
The ↵ particle emitted by a 212Bi decay can be identi-
fied by CUPID-0 even at low energy (in case it loses a
fraction of energy before interacting in the crystal). Ex-
ploiting the short half-life of 208Tl (3.05min) we rejected
potential interactions due to this isotope by vetoing all
events occurring within 7 half-lives after the detection of
an ↵ particle. This further data selection, allowed us to
obtain the energy spectrum shown in Figure 1 - blue.

To estimate the number of 0⌫DBD signals and back-
ground events in the region of interest, we performed
a simultaneous un-binned extended maximum likelihood
(UEML) fit. The signal was modelled with the detector
response function (a bi-Gaussian line shape, as explained
in the Supplemental Material), with position fixed at the
Q-value and dataset-dependent resolution. In addition,
the signal e�ciency was evaluated on a dataset basis and
treated as a dataset-specific parameter in the fit. Aver-
aging over the exposure of the 13 datasets, it resulted in
(69.2±1.2)%. This value comprises: the trigger and en-
ergy reconstruction e�ciency (99.2%), the selection e�-
ciency of �/� events against ↵ events (98%), the selection
of high-quality bolometric pulses (92.3% that, combined
with the delayed coincidence veto, diminished to 87.9%),
and the containment e�ciency (81.0%).

The background was added as a flat component with
di↵erent values for phase-I and phase-II. To include sys-
tematic uncertainties on energy scale, detector response
function, e�ciency and exposure, we weighted the likeli-
hood with a Gaussian probability density function (fixing
the mean and RMS to the mean value and uncertainty
of each nuisance parameter). After a numerical integra-
tion of the likelihood, we obtained a 90% C.I. Bayesian
upper limit on the decay width �0⌫ : 1.5⇥10�25 yr�1 cor-
responding to a lower limit on the half-life T0⌫

1/2(
82Se)

>4.6⇥1024 yr. This result is slightly worse than the ex-
perimental median sensitivity of 7.0⇥1024 yr 90% C.I..
However, the discrepancy can be explained by the sta-
tistical fluctuations of the background level that, unfor-
tunately, presented an over fluctuation in the region of
interest (Fig. 1). Such statistical fluctuations dominate
the global uncertainty on the limit, while other system-
atic uncertainties can be considered negligible.

The resulting background index is
(3.5±1.0)⇥10�3 counts/keV/kg/yr in phase-I and
(5.5±1.5)⇥10�3 counts/keV/kg/yr in phase-II. Using
the most updated values of the phase space factor [60, 61]
and nuclear matrix elements [62–67] we converted the
limit on T1/2 into a lower limit on the neutrino Majo-

Phys. Rev. Lett. 126, 181802

- Higher energy resolution  
  (7.4 vs 20 keV)  
- Low radioimpurity  
  (ZnSe crystals ~30 times higher  
   U/Th contamination)  
- Easier crystal growth  

Completed

 CUPID-Mo

(First pilot detector for CUPID)

CUPID-Mo features
• Excellent  internal radiopurity of crystals: 210Po and U/Th well 

within CUPID requirements

15

https://arxiv.org/abs/2206.05130
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 Experiments
Recent (  completed)
Future

from arXiv:2202.01787v1 [hep-ex] 



• 136Xe (N.A. 9.6%, Q-value 2458 keV). Located at WIPP (U.S.), ~1600 m.w.e. 
• ~175 kg of liquid Xe (80.6% enriched) in a time projection chamber 
• Energy resolution ~1.2% FWHM after electronic upgrade 

>	25	cm	

25	mm	ea	

High	purity		
Heat	transfer	fluid	
HFE7000		
>	50	cm	

1.37	mm	Wall	

VETO	PANELS	

Use liquid Xenon TPC to search for 0νββ  4 

- 8kV Charge collection 

e- 

e- 

e- 
e- 

e- 
e- 

e- 
e- 

e- 
e- 

e- 
e- 

e- 

Ionization Scintillation 

Example of TPC schematics (EXO-200) 

       Advantage of Xenon: 
� Xenon is used both as the source 

and detection medium. 
� 136Xe enrichment is easier and safer. 
� Easily scale to tonne scale. 
� Low background -- No long lived 

radioactive isotopes and can be 
continuously purified. 
 

Advantage of liquid Xenon TPC: 
� Simultaneous collection of both 

ionization and scintillation signals. 
� Full 3D reconstruction of all energy 

depositions in LXe. 
�Monolithic detector structure with 

excellent background rejection 
capabilities. 

� Background free measurements – 
Ba tagging. 

 EXO-200

• Scintillation collected by APDs 
• Amount and position of charge 

collected by 2 wire grids

40cm

Large area Avalanche Photo Diodes 

Topological classification of event (single site/multi site) → signal/background discrimination

Completed



investigated for each fit observable (see Figs. 1 and 3). In
these studies, the shapes of the γ-originated background
components are corrected by using the residual differences
between calibration source data and simulation, while the
shapes of the SS β components are corrected by using the
residual differences of the measured background-subtracted
2νββ spectrum. A large number of simulated data sets were
drawn from the best-fit background model using the
corrected probability density functions, and were fit with
the original simulated shapes. The resulting bias between the
fitted and true value of backgrounds near Qββ is included as
an additional systematic error on the normalization of the
background components. Toy studies indicate that these
shape errors are 2.1% (1.7%) for Phase I (Phase II). The
contribution to this error caused by spatial and temporal
energy resolution variations that are not fully accounted for

by the MC simulation was determined to be 1.5% (1.2%) in
Phase I (Phase II).
U, Th, and Co background components simulated at

locations different from the default ones were individually
inserted into the fit, and the resulting variation in the
number of expected events nearQββ was determined. These
studies estimate the error due to uncertainty in the location
of the background model components to be 5.6% (5.9%) in
Phase I (Phase II). All sources of systematic uncertainty on
the background model near Qββ are treated as uncorrelated
and result in a total error of 6.2% for both Phase I and
Phase II, as summarized in Table I.
Two final constraints on the measured radon concen-

tration in the LXe and relative rate of cosmogenically
produced backgrounds were included in the fit, but verified
to be unchanged from previous analyses [5] for both
Phase I and Phase II.
The analysis further accounts for a possible difference

in the reconstructed energy for β-like events Eβ, relative to
the energy scale determined from the γ calibration sources
Eγ . This difference is expressed through a multiplicative
constant B that scales the energy for all β-like components,
Eβ ¼ BEγ , which is allowed to float freely in the fit. B is
highly constrained by the 2νββ spectrum, and consistent
with unity to the subpercent level.
After “unblinding” the combined data set, no statistically

significant evidence for 0νββ was observed. A lower
limit on the half-life of T1=2 > 1.8 × 1025 yr at the

TABLE I. Systematic errors on the determination of the number
of events near Qββ.

Source Phase I Phase II

Signal detection efficiency 3.0% 2.9%

Background errors
Spectral shape agreement 2.1% 1.7%
Background model 5.6% 5.9%
Energy scale and resolution 1.5% 1.2%

Total 6.2% 6.2%

FIG. 4. Best fit to the low-background data SS energy spectrum for Phase I (top left) and Phase II (bottom left). The energy bins are 15
and 30 keV below and above 2800 keV, respectively. The inset shows a zoomed-in view around the best-fit value for BQββ. Top right:
Projection of events within BQββ " 2σ on the BDT fit dimension. Bottom right: MS energy spectra above the 40K γ line.

PHYSICAL REVIEW LETTERS 120, 072701 (2018)

072701-5

 Final result of  EXO-200

EXO-200 Limit (90% C.L.) 

T1/2 > 3.5 × 1025 yr
mββ < 93 − 286 meV 

Phys. Rev. Lett. 123, 161802 (2019)

• Phase I Sep. 2011 -2014 (122 kg yr), Phase II 2016-2018 (55.6 kg yr).

= single site



 nEXO
• ~5 ton of Xenon 
• Target energy resolution: ~46 keV FWHM @ Q-value 
• Target sensitivity  ~ 1.35×1028 yr, 5-20 meV (10yr)

im Menü über: 
Start > Absatz > Listenebene 

Folie in Ursprungsform 

Wechsel des Folienlayouts 

Christian Weinheimer – Neutrino Mass and Nature – ICHEP 2022Christian Weinheimer – Neutrino Mass and Nature – ICHEP 2022 11

nEXO: a single phase 136Xe-enriched LXe TPC
EXO-
200

courtesy Giorgio Gratta

nEXO: LXe TPC
enriched 136Xe:     5 t 
energy resolution: ≈ 46 keV (FWHM)
background index: > = 7 ) 10,; counts/(FWHM kg yr)
➞ expected sensitivity (10 yr):   B3/(56 > D. QR ) DF(: yr (90% C.L.)
➞ expected sensitivity (10 yr):   %%% < R − PF meV

G Adhikari et al. (nEXO Coll.) J. Phys. G: 49 (2022) 015104

talk by Zepeng Li

ICHEP 2022, Weinheimer

Future



 KamLAND-Zen
136Xe loaded  

liquid scintillator  
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 (reactor-, geo-, solar-, astro-nu etc)

 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 1st	result
(Feb. 2019 - May 2021)

• Double amount of Xe 
• Bigger, cleaner Xe-LS 

container 
• Improved spallation 

rejection method 
• Simultaneous fitting of 

single event and long-
lived products

T1/2 > 2.0×1026 yr(next page)

1000 ton LS
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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: 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)
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Limit on the effective neutrino mass

〈mββ〉< 36-156 meV   

Theoretical predictions: 
(a) Phys. Rev. D 86, 013002 
(b) Phys. Lett. B 811, 135956 
(c) Euro. Phys. J. C 80, 76

Experimental limit for Ge & Te: 
(Ge) GERDA: Phys.Lett. 125 252502 
(Te) CUORE: arXiv: 2104.06906v1 

�
T 0�

1/2

⇥�1
= G0� |M0� |2�m�⇥2

First search for inverted 
mass ordering

NME (M0ν) : 1.11–4.77 
assuming gA ~ 1.27

Near future improvement 
• Upgraded electronics 
• PID with neural networks

T1/2 > 2.3×1026 yr

KL-Zen 400 + 800 limit 
 (90% C.L.)

arXiv:2203.02139v1 [hep-ex]

https://arxiv.org/abs/2203.02139


 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.
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 Summary
Neutrinoless double beta decay is a key to search for 
physics beyond the Standard Model.  

Very active field: various isotopes and technologies. 

Present experiment half life limit: 1025-26 yr with a few ten 
to hundreds kg of isotopes. 

Next target: to explore inverted hierarchy (1026-27 yr). 


