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How to search for 0νββ
• Isotope choice:  

• Highest Qββ value (lower backgrounds) 
• Highest abundance (lower cost) 

• Detector technology choice:  
• Best energy resolution 
• Lowest backgrounds 
• Most scalable
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from σ ¼ 114 to 60 keV. The upgrade includes the installation
of new light concentrators and PMTs with higher quantum
efficiency as well as purer liquid scintillator. A sensitive
background reduction by a factor of 20 over KLZ-800 is
expected for KL2Z, afforded primarily by the envisioned
improvement in the detector resolution. An effective back-
ground that is a factor of 0.45 times the predicted background
reproduces the expected KL2Z sensitivity.
SNOþ (Andringa et al., 2016; Albanese et al., 2021) is a

follow-up of the SNO experiment building on the SNO
infrastructure (Boger et al., 2000). It is a multipurpose
neutrino experiment, with a 130Te-based 0νββ-decay search
as one of its main physics goals. SNO’s acrylic sphere will
be filled with ∼780 tons of liquid scintillator, loaded with
tellurium, with the surrounding SNO cavern instrumented
as a water Cherenkov active veto. As of the time of writing,
SNO+ is filled with a liquid scintillator and taking data,
with Te loading scheduled to commence soon. A multistaged
approach is foreseen (Grant, 2020). Initially ∼1.3 tons of
130Te (0.5% natTe loading) will be used and an energy
resolution of σ ¼ 80 keV is expected. The predicted back-
ground corresponds to B ¼ 7.8 × 10−3 events=ðmol yrÞ and is
dominated by 8B solar neutrino elastic scatters. The goal of a
subsequent phase is to increase the 130Te mass to 6.6 tons
(2.5% natTe loading) and improve the energy resolution to
57 keV. This is achievable thanks to an improvement of the
light yield to 800 photoelectrons=MeV (Klein, 2017). The
predicted background corresponds to B ¼ 5.7 × 10−3 events=
ðmol yrÞ. A summary of the relevant parameters for
KamLAND-Zen and SNOþ is given in Table VII.

E. Cryogenic calorimeters

Cryogenic calorimeters, often referred to as bolometers, are
one of the most versatile types of detectors for rare event
searches. Their first development dates back to the 1980s, and
they have been successfully employed for 0νββ-decay and
dark-matter searches since then (Brofferio and Dell’Oro,
2018). Bolometers consist of crystals coupled to thermal
sensors measuring the phonons induced by particles imping-
ing on the crystal lattice, or the heat induced by phonon
recombination; see Fig. 25. Typically the crystals used in
0νββ-decay experiments have masses between 0.2 and 0.8 kg
and are operated at 10–20 mK. Their energy resolutions are
typically in the range σ ¼ 2–10 keV, and the containment
efficiency varies between 70% and 90%, depending on the
crystal type and size.

Bolometers have an active volume fraction of 100%,
which makes them sensitive to background due to α-decaying
isotopes on their surfaces or on the surfaces of nearby
materials. In scintillating crystals such as ZnSe or
Li2MoO4, it is possible to discriminate α from β=γ particles
by their different light yields. The scintillation light is detected
by a second bolometer placed in front of the crystal and
consisting of a Ge or Si wafer instrumented with the NTD,
TES, or KID sensors discussed in Sec. V.B.2. Alternatively,
surface events can be discriminated from bulk events via
pulse-shape analysis using crystals with an Al-film coating,
as is being pursued by the CROSS Collaboration

TABLE VII. Specific parameters for liquid scintillator experiments: isotope, total mass, fractional isotopic abundance, fractional mass of the
loaded material, effective background per kilogram (of isotope) in the fiducial volume, and the ratio R of that to the mean background in the
fiducial volume. Values from Andringa et al. (2016), Gando et al. (2016), Shirai (2017), Gando (2020), and Albanese et al. (2021).

Experiment Isotope mtot (kg) fiso Loading (wt %) Effective background [events=ðkeV kg yrÞ] R

KLZ-400 136Xe 378 0.91 2.9 1.8 × 10−4 1
KLZ-800 136Xe 745 0.91 3.0 1.1 × 10−4 1
KL2Z 136Xe 1000 0.91 2.7 1.1 × 10−5 0.45
SNOþ I 130Te 3825 0.91 0.5 2.5 × 10−4 1
SNOþ II 130Te 19 125 0.91 2.5 2.3 × 10−4 1

FIG. 25. Illustration of a cryogenic calorimeter and its 0νββ-
decay detection concept. Phonon and scintillation light signals
are read out through superconductive thermal sensors. Courtesy
of L. Manenti.
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Cryogenic bolometers

We note that plans were recently announced (Yue, 2021) for
a 0νββ-decay-focused branch of the CDEX effort (Wang
et al., 2017), culminating in a ton-scale 76Ge experiment. At
present public details for this project are insufficient for
estimating its sensitivity.

C. Xe time-projection chambers

TPCs were the first technology used to observe 2νββ
decay in real time (Elliott, Hahn, and Moe, 1987) and have
remained at the forefront of 0νββ-decay searches ever since.
In these detectors, a static electric field is applied in a region
containing a liquid or gaseous medium. As shown in Fig. 23,
the electrons and ions liberated by ionizing radiation drift to
analyzing planes that reconstruct their number and position
in the plane normal to the field. The position along the field is
derived from the drift durations. The event reconstruction
allows one to discriminate spatially localized 0νββ-decay
events from spatially extended ones, such as those produced
by multiple Compton scattering. Depending on the spatial
resolution, even the full 3D tracks of the two electrons
emitted in 0νββ decay can in principle be reconstructed,
making it possible to discriminate them from from single β
decays, γ-ray scattering and absorption, or nuclear recoils
from neutron scattering.
TPCs are particularly well suited to searches for the 0νββ

decay of 136Xe. The source itself is an inert noble element and
can be used directly in TPCs in its purified form as a liquid,
a gas, or both. In either phase, Xe exhibits vacuum ultraviolet
(VUV) scintillation emitted promptly with an energy depo-
sition. Experiments able to detect the scintillation light signal
can reconstruct the full 3D topology of the event using a single
analyzing plane. The intensity of the scintillation light also
provides a complementary measurement of energy whose
anticorrelation with the ionization signal can significantly
enhance the energy resolution (Conti et al., 2003).
If the electric field is strong enough, the collision between

drifting electrons and gas molecules results in the emission of

secondary scintillation light, called electroluminescence (EL).
Single-phase high-pressure gas TPCs [reviewed by Gomez-
Cadenas, Capilla, and Ferrario (2019)] shape the field near the
electrode to create a region where the incoming electrons
produce EL. Dual-phase TPCs obtain the same result using a
short gaseous EL layer at the top of the liquid volume. The EL
signal gives a precise measure of the number of ionization
electrons, thereby improving the energy resolution. With a
fine enough spatial resolution of the light collection, the EL
signal can also be used for track reconstruction. The energy
resolution of experiments reading out the electroluminescence
light is limited by fluctuations in the number of primary
ionization electrons. These fluctuations are small and inde-
pendent of fluid density up to about 0.6 g=cm3 (∼100 bar)
but above that pressure grow rapidly (Bolotnikov and
Ramsey, 1997).
Xe TPCs also potentially lend themselves to techniques

for observation of the ββ daughter Ba ion, as first suggested
by Moe (1991). Single-atom trapping and imaging was first
achieved with Ba (Neuhauser et al., 1980). Xe is a trans-
parent fluid, offering multiple options for tagging based on
fluorescence imaging techniques. The nEXO Collaboration
is pursuing a strategy using a cryogenic probe (Twelker
et al., 2014) to electrostatically attract the Ba ion in the
vicinity of a signal event and freeze it in a volume of Xe, then
transport it to a fluorescence imaging stage capable of single-
atom detection (Chambers et al., 2019). The NEXT
Collaboration aims to transport Baþþ ions to single-molecule
fluorescence imaging (SMFI) sensors, for example, using rf
carpets (Brunner et al., 2015; Jones et al., 2021). Single-Ba-
atom sensitivity with SMFI (McDonald et al., 2018) and an
implementation applicable to high-pressure gas Xe TPCs
(Rivilla et al., 2020) have been demonstrated. Both collab-
orations are still working to demonstrate that their tagging
schemes can be achieved with a sizable efficiency and in an
actual 0νββ-decay experiment. We do not discuss these
techniques further in this review.
Liquid Xe volumes operated in TPCs provide self-shielding

from external radiation, whose contribution to the background
drops exponentially with the distance from the outer Xe
surface. Of particular worry is the 214Bi gamma line at
2447.7 keV, just below the 136Xe Qββ at 2457.8 keV and
often not resolved. Xe-TPC experiments use a multivariate
analysis to handle the varying background rate throughout the
detector volume. However, the sensitivity of the experiment is
essentially driven by the innermost region of the detector,
while the outer region is used primarily to constrain the
background extrapolation to the detector center. A fiducial
volume may be defined or tuned to demark these regions,
leading to εact ¼ 10% − 60%, depending on the enrichment
level and the radioactivity of the structural materials. The
background in that fiducial volume is then treated as an
effective parameter that is tuned to reproduce the half-life
sensitivities reported by the experiments. The most sensitive
energy region of interest varies, depending on the background
level and whether the 214Bi gamma line is resolved.
Containment efficiencies are εact ∼ 100% for liquid Xe
TPCs after the effective fiducial volume cut, while they are
typically 70%–80% for gaseous detectors.

FIG. 23. Illustration of a Xe TPC and its 0νββ-decay detection
concept. Electron and hole clusters created by ionization are
collected to the electrodes by an electric field. In addition,
scintillation light is detected by light sensors, providing the
timing of the event. Courtesy of L. Manenti.
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Xenon TPC

experiments ever constructed. With typical mass-loading
fractions on the few percent level, a kton-scale scintillator
detector can reach ton-year exposures with relative ease.
Energy depositions within the detector generate scintillation
photons, which are detected by PMTs viewing the target
volume, as shown in Fig. 24. Event energy, position, and
topology reconstruction is performed using the number,
pattern, and timing of the detected photons. The position
reconstruction is particularly important for these self-shielding
detectors, whose inner volume has the lowest background and
drives the sensitivity. The effective fiducial volume fractions
range from εact ¼ 20% to 80% due to a combination of self-
shielding and whether the target isotope is spread through the
entire scintillator volume or confined to its central part.
Containment efficiencies are maximal in the fiducial volume
(εcont ¼ 100%).
The challenge for these detectors lies in their limited energy

resolution due to the relatively low number of scintillation
photons produced by energy depositions atQββ. Events due to

2νββ decay pose a problematic background in the energy
region of interest, and the extraction of a 0νββ-decay signal
relies on an energy spectral analysis sensitive to distortion at
the end point of the 2νββ-decay energy distribution. Such an
analysis requires a precise understanding of the detector
response and energy reconstruction systematic effects. The
0νββ-decay background reduces the optimal energy region of
interest to values above Qββ, with an effective 40%–60% loss
in detection efficiency. As in the case of Xe TPCs, an effective
background index for the fiducial volume was tuned to
reproduce published experimental sensitivities.
The large mass of the liquid scintillator also increases the

prevalence of solar neutrino backgrounds and cosmogenic
activation products. The latter includes in particular 10C,
which is readily generated in organic liquid scintillators.
Vetoing schemes based on proximity to muon tracks and
the detection of neutron capture gammas in delayed time
coincidence can reduce these background contributions by
roughly an order of magnitude at the cost of some exposure
loss [εmva ¼ 97%; see Gando et al. (2016)].
KamLAND-Zen (KLZ) is an upgrade of the KamLAND

apparatus (Eguchi et al., 2003) tailored to the search of 0νββ
decay: a nylon balloon is deployed in the active detector
volume and filled with liquid scintillator in which enriched Xe
has been dissolved. A successful first phase deployment,
KamLAND-Zen 400 (KLZ-400) with up to 340 kg of 136Xe,
led to the strongest half-life limits for its time despite an
unexpected background likely originating from fallout from
the Fukushima nuclear disaster (Gando et al., 2013, 2016).
The second phase KamLAND-Zen 800 (KLZ-800) is cur-
rently running with ∼680 kg of 136Xe redeployed in a larger,
cleaner balloon. With just 1.6 yr of data, KLZ-800 produced a
world-leading half-life limit T1=2 > 2.3 × 1026 yr at 90% C.L.
with a limit setting sensitivity of T1=2 ¼ 1.3 × 1026 yr (Abe
et al., 2023). The background measured in the KLZ-800
fiducial volume corresponds to B ¼ 5.5 × 10−3 events=
ðmol yrÞ. The KLZ-800 sensitivity is well reproduced by
the background-dominated approximation. The KamLAND-
Zen Collaboration is already preparing a follow-up phase
KamLAND2-Zen (KL2Z) (Shirai, 2017), in which ∼1 ton of
136Xe will be deployed. A major upgrade of the experiment is
conceived for KL2Z to improve the energy resolution at Qββ

TABLE VI. Specific parameters of Xe-TPC experiments: total mass, fractional isotopic abundance, phase, signal readout, effective
background index in units of events per kilogram of mass in the fiducial volume, and the ratio R between the effective background index used for
our sensitivity calculation and the mean background quoted by the experiments (when available). Values from Alvarez et al. (2012), Martín-
Albo et al. (2016), Chen et al. (2017), Al Kharusi et al. (2018), Anton et al. (2019), F. Agostini et al. (2020), Akerib et al. (2020), C. Adams
et al. (2021), and Adhikari et al. (2022).

Experiment mtot (kg) fiso (%) Phase Readout
Effective background
[events=ðkeV kg yrÞ] R

EXO-200 161 81 Liquid LAPPDsþ wires 1.8 × 10−3 1
nEXO 5109 90 Liquid Electrode tilesþ SiPMs 2.1 × 10−6 % % %
NEXT-100 97 90 Gas SiPMsþ PMTs 4.0 × 10−4 1
NEXT-HD 1100 90 Gas SiPMsþ PMTs 4.0 × 10−6 1
PandaX-III-200 200 90 Gas Micromegas 1.0 × 10−4 1
LZ-nat 7000 9 Dual-phase PMTs 1.1 × 10−4 0.4
LZ-enr 7000 90 Dual-phase PMTs 1.1 × 10−4 0.4
DARWIN 39 300 9 Dual-phase PMTs 3.4 × 10−6 0.85

FIG. 24. Illustration of a large liquid scintillator detector and its
0νββ-decay detection concept. The position of an event can be
reconstructed through the time of flight of the scintillation
photons. Courtesy of L. Manenti.
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Liquid Scintillator

The most sensitive tracking calorimeter to date was
NEMO-3, which set competitive constraints on a variety
of target isotopes, particularly 100Mo (Arnold et al., 2015).
Its successor SuperNEMO (Piquemal, 2006) builds on the
same design principles and is currently in preparation.
The SuperNEMO project is divided into two phases: the
SuperNEMO Demonstrator (SuperNEMO-D), consisting
of one module with 7 kg of 82Se, and a full-scale
experiment consisting of multiple modules for a total 82Se
mass of 100 kg. Future phases with different isotopes are
still open.
The energy resolution of a single calorimeter was

σ ∼ 100 keV for NEMO-3 and is expected to be ∼50 keV
for SuperNEMO thanks to improved light collection and the
use of PMTs with a higher quantum efficiency. Some fraction
of the energy emitted in a ββ-decay event is inevitably
released in the passive source foil: as a result, the 0νββ-decay
signature peaks below Qββ and features a low-energy tail that
significantly overlaps with the 2νββ-decay continuum spec-
trum. The optimal ROI strongly depends on the expected
number of background events at the end of the data taking: it
corresponds to ½−1.6; 1.1"σ for NEMO-3, and to an ∼4σ range
around the degraded peak below Qββ for SuperNEMO and
SuperNEMO Demonstrator.
In tracking calorimeters, the reconstructed event kinemat-

ics can be used to suppress most backgrounds, at the
cost of a lower signal efficiency. This was 11% in
NEMO-3 and is expected to reach 28% in SuperNEMO
thanks to the improved spacial resolution of the tracker.
The most significant residual backgrounds come from 222Rn
in the tracker and the β decays of 208Tl and 214Bi on the
source foil. SuperNEMO aims to suppress the last two by
factors of 50 and 30, respectively and has partially achieved
it thus far (Calvez, 2017; Povinec, 2017). In our calculation,
we use the design value for SuperNEMO of 9.8 ×
10−5 events=ðkeV kg yrÞ and the experimentally measured
contaminations for the Demonstrator (Calvez, 2017), giving
B ¼ 5.3 × 10−3 events=ðmol yrÞ. Given the particular shape
of the 0νββ- and 2νββ-energy distributions, a spectral fit
has a higher sensitivity than a simple counting analysis
does. By reducing the background to 20%, we match the
sensitivity quoted by the SuperNEMO Collaboration, which
corresponds to a 10 yr discovery sensitivity of 9×1024

and 8×1025yr for SuperNEMO-D and SuperNEMO,
respectively.

G. Other detector concepts

Several additional projects exist that use technologies other
than the ones discussed thus far. Some technologies have
already led to proof-of-principle experiments, which, how-
ever, are not yet competitive in terms of sensitivity. In most
cases, the projects are still at an early research and develop-
ment phase, and a significant effort will be required to
demonstrate that the underlying technology can be scaled
to a 0νββ-decay experiment capable of covering the inverted-
ordering region or beyond. In Table IX we list a selection of
such projects appearing in the literature, highlighting their
isotope of choice (where defined) and key features.

VII. PROSPECTS AND EXPECTATIONS

In this section we bring together our expectations from
the theoretical and experimental landscape and address
some of the key questions related to 0νββ decay.
Section VII.A summarizes near-term prospects and how
ongoing efforts will shape the field. In Sec. VII.B, we
discuss what we would learn from a discovery under
different assumptions on the underlying theory framework.
Section VII.C addresses the question of how likely a
discovery is in the next round of experiments, also in
terms of nuclear and particle theory inputs. Section VII.D
reviews other discovery opportunities of 0νββ-decay
experiments not related to the lepton-number-violating
0νββ decay. Finally, Sec. VII.E speculates on the neutrino’s
role as a possible catalyst for the next paradigm shift in
fundamental physics, which may lead us to a new theory
beyond the standard model of particle physics.
This section aims at addressing in a comprehensive way

the most important questions of experts and nonexperts
alike. Its content was largely covered in previous sections,
but it is presented here while stressing the connections
between theory and experiment, as well as those between
particle and nuclear theory. We refer the interested reader to
the previous sections for more information and detailed lists
of references.

A. Where are we heading?

1. Experiment

In the next decade, several experiments will be constructed
to search for 0νββ decay at new uncharted half-life scales

FIG. 26. Illustration of a tracking-calorimeter detector and its 0νββ-decay detection concept. The charge, momentum, and energy of the
particles ejected by the source are measured through a combination of magnetic-field trackers and calorimeters. Courtesy of L. Manenti.
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Tracking calorimeters

operated in ultralow-background environments, surrounded
by shielding material and active veto systems.
HPGe detectors feature high 0νββ-decay detection efficien-

cies. The presence of conductive electrodes on the detector
surface reduces the active volume fraction to εact ∼ 90% and
leads to energy loss for a fraction of the 0νββ-decay events
(εcont ∼ 90%). The 0νββ-decay event tagging efficiency
εmva ∼ 80% − 90% is typically limited by signal-background
discrimination methods based on the analysis of the current
time structure. Given the low background level and high
resolution, the optimal energy ROI for 0νββ-decay searches is
Qββ ! 2σ, containing 95% of the signal. Specific parameter
values of 76Ge experiments are listed in Table V.
The GERDA experiment operated a compact array of

about 40 detectors in a cryostat containing 64 m3 of liquid
argon (LAr) (Agostini et al., 2018b). Several detector
geometries were used during the experiment, giving an
average 76Ge mass of ∼34 kg. The LAr acted as a passive
shielding against natural radioactivity from any contamina-
tion outside the cryostat and also attenuated background

produced by radioactive isotopes in the materials near the
detectors, such as the holders or cables. The LAr was also
used as an active veto system by detecting its scintillation
light produced when a background event deposits energy in
the argon volume. The average energy resolution achieved
during the second phase of the experiment (GERDA-II)
was σ ¼ 1.4 keV, and the average background index was
5.2þ1.6

−1.3 × 10−4 events=ðkeV kg yrÞ, which corresponds to
B¼4.2×10−4 events=ðmolyrÞ (M. Agostini et al., 2020a).
With these parameters, at present GERDA has achieved the
lowest sensitive background in the field. The remnant
background composition was traced to U and Th in the
material surrounding the detectors, and α- and β-decaying
isotopes on the detector surfaces (M. Agostini et al.,
2020c). The final result of GERDA is a constraint of
T1=2 > 1.8 × 1026 yr at 90% C.L., consistent with the
median upper limit expected for no signal, derived also
including the data from phase I of the experiment.
The MAJORANA DEMONSTRATOR (MJD) (Abgrall et al.,

2014) employed a compact array of up to 58 detectors
comprising both enriched and natural Ge. Arnquist et al.
(2022) used 27 kg of isotope in enriched detectors. The HPGe
crystals were deployed in two vacuum cryostats shielded from
the environmental background by a layer of underground-
electroformed copper, commercially obtained copper, and
high-purity lead. The detectors incorporated a pointlike
pþ electrode providing a low energy threshold and an
excellent energy resolution of σ ¼ 1.1 keV at Qββ, which
is currently the best in the field. With a sensitive background
of B ¼ 3.3 × 10−3 events=ðmol yrÞ, the experiment reported a
limit of T1=2 > 8.3 × 1025 yr at 90% C.L. with a limit setting
sensitivity of T1=2 ¼ 8.1 × 1025 yr. The background is domi-
nated by a distant source of thorium (Arnquist et al., 2022).
The next-generation Ge-based experiments will be real-

ized in the framework of the LEGEND project (Abgrall
et al., 2021), with two stages planned: LEGEND-200 and
LEGEND-1000. In the first, ∼200 kg of Ge detectors will be
operated in the GERDA setup after upgrading part of the
infrastructure. Compared to GERDA, a further reduction of
the background is anticipated thanks to the use of larger-
mass detectors (resulting in fewer cables and electronic
components), improved light readout, and materials with
improved radio purity, such as the electroformed copper
developed for the MAJORANA DEMONSTRATOR. An energy
resolution equal to or better than the one achieved in the
MAJORANA DEMONSTRATOR is expected. These improve-
ments would bring the LEGEND-200 background to
2 × 10−4 events=ðkeV kg yrÞ, which is less than a factor of
3 lower than what was achieved by GERDA. With a sensitive
background of B ¼ 1.0 × 10−4 events=ðmol yrÞ, LEGEND-
200 will achieve a discovery sensitivity of 1027 yr in 5 yr of
live time. For LEGEND-1000, a new infrastructure able to
host 1 ton of target mass will be realized. A further 20-fold
background reduction is expected with the usage of under-
ground argon and lower radioactivity levels in cables and
electronics. LEGEND-1000 expects a sensitive background
of B ¼ 4.9 × 10−6 events=ðmol yrÞ, leading to a discovery
sensitivity of T1=2 ¼ 1.3 × 1028 yr after 10 yr of operation.

FIG. 22. Illustration of a HPGe detector and its 0νββ-decay
detection concept. Electron and hole clusters created by ioniza-
tion are collected to the electrodes by an electric field. Courtesy of
L. Manenti.

TABLE V. Specific parameters of experiments using Ge detectors:
total detector mass, fractional isotopic abundance, shielding strategy,
and background index normalized over the entire detector mass. The
background index is what is historically quoted by these experiments
but, unlike our sensitive background, is not normalized over the
signal-detection efficiencies and detector resolution. The values are
from Alvis et al. (2019a), M. Agostini et al. (2020a), and Abgrall
et al. (2021) and averaged over multiple datasets for GERDA-II and
the MAJORANA DEMONSTRATOR.

Experiment
mtot
(kg)

fiso
(%) Shield

Background
(events=keV kg yr)

GERDA-II 39 87 Liquid Ar 5.2 × 10−4

MJD 20 88 Cu and Pb 6.0 × 10−3

LEGEND-200 200 90 Liquid Ar 2 × 10−4

LEGEND-1000 1000 91 Liquid Ar 1 × 10−5
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from σ ¼ 114 to 60 keV. The upgrade includes the installation
of new light concentrators and PMTs with higher quantum
efficiency as well as purer liquid scintillator. A sensitive
background reduction by a factor of 20 over KLZ-800 is
expected for KL2Z, afforded primarily by the envisioned
improvement in the detector resolution. An effective back-
ground that is a factor of 0.45 times the predicted background
reproduces the expected KL2Z sensitivity.
SNOþ (Andringa et al., 2016; Albanese et al., 2021) is a

follow-up of the SNO experiment building on the SNO
infrastructure (Boger et al., 2000). It is a multipurpose
neutrino experiment, with a 130Te-based 0νββ-decay search
as one of its main physics goals. SNO’s acrylic sphere will
be filled with ∼780 tons of liquid scintillator, loaded with
tellurium, with the surrounding SNO cavern instrumented
as a water Cherenkov active veto. As of the time of writing,
SNO+ is filled with a liquid scintillator and taking data,
with Te loading scheduled to commence soon. A multistaged
approach is foreseen (Grant, 2020). Initially ∼1.3 tons of
130Te (0.5% natTe loading) will be used and an energy
resolution of σ ¼ 80 keV is expected. The predicted back-
ground corresponds to B ¼ 7.8 × 10−3 events=ðmol yrÞ and is
dominated by 8B solar neutrino elastic scatters. The goal of a
subsequent phase is to increase the 130Te mass to 6.6 tons
(2.5% natTe loading) and improve the energy resolution to
57 keV. This is achievable thanks to an improvement of the
light yield to 800 photoelectrons=MeV (Klein, 2017). The
predicted background corresponds to B ¼ 5.7 × 10−3 events=
ðmol yrÞ. A summary of the relevant parameters for
KamLAND-Zen and SNOþ is given in Table VII.

E. Cryogenic calorimeters

Cryogenic calorimeters, often referred to as bolometers, are
one of the most versatile types of detectors for rare event
searches. Their first development dates back to the 1980s, and
they have been successfully employed for 0νββ-decay and
dark-matter searches since then (Brofferio and Dell’Oro,
2018). Bolometers consist of crystals coupled to thermal
sensors measuring the phonons induced by particles imping-
ing on the crystal lattice, or the heat induced by phonon
recombination; see Fig. 25. Typically the crystals used in
0νββ-decay experiments have masses between 0.2 and 0.8 kg
and are operated at 10–20 mK. Their energy resolutions are
typically in the range σ ¼ 2–10 keV, and the containment
efficiency varies between 70% and 90%, depending on the
crystal type and size.

Bolometers have an active volume fraction of 100%,
which makes them sensitive to background due to α-decaying
isotopes on their surfaces or on the surfaces of nearby
materials. In scintillating crystals such as ZnSe or
Li2MoO4, it is possible to discriminate α from β=γ particles
by their different light yields. The scintillation light is detected
by a second bolometer placed in front of the crystal and
consisting of a Ge or Si wafer instrumented with the NTD,
TES, or KID sensors discussed in Sec. V.B.2. Alternatively,
surface events can be discriminated from bulk events via
pulse-shape analysis using crystals with an Al-film coating,
as is being pursued by the CROSS Collaboration

TABLE VII. Specific parameters for liquid scintillator experiments: isotope, total mass, fractional isotopic abundance, fractional mass of the
loaded material, effective background per kilogram (of isotope) in the fiducial volume, and the ratio R of that to the mean background in the
fiducial volume. Values from Andringa et al. (2016), Gando et al. (2016), Shirai (2017), Gando (2020), and Albanese et al. (2021).

Experiment Isotope mtot (kg) fiso Loading (wt %) Effective background [events=ðkeV kg yrÞ] R

KLZ-400 136Xe 378 0.91 2.9 1.8 × 10−4 1
KLZ-800 136Xe 745 0.91 3.0 1.1 × 10−4 1
KL2Z 136Xe 1000 0.91 2.7 1.1 × 10−5 0.45
SNOþ I 130Te 3825 0.91 0.5 2.5 × 10−4 1
SNOþ II 130Te 19 125 0.91 2.5 2.3 × 10−4 1

FIG. 25. Illustration of a cryogenic calorimeter and its 0νββ-
decay detection concept. Phonon and scintillation light signals
are read out through superconductive thermal sensors. Courtesy
of L. Manenti.
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Cryogenic bolometers

We note that plans were recently announced (Yue, 2021) for
a 0νββ-decay-focused branch of the CDEX effort (Wang
et al., 2017), culminating in a ton-scale 76Ge experiment. At
present public details for this project are insufficient for
estimating its sensitivity.

C. Xe time-projection chambers

TPCs were the first technology used to observe 2νββ
decay in real time (Elliott, Hahn, and Moe, 1987) and have
remained at the forefront of 0νββ-decay searches ever since.
In these detectors, a static electric field is applied in a region
containing a liquid or gaseous medium. As shown in Fig. 23,
the electrons and ions liberated by ionizing radiation drift to
analyzing planes that reconstruct their number and position
in the plane normal to the field. The position along the field is
derived from the drift durations. The event reconstruction
allows one to discriminate spatially localized 0νββ-decay
events from spatially extended ones, such as those produced
by multiple Compton scattering. Depending on the spatial
resolution, even the full 3D tracks of the two electrons
emitted in 0νββ decay can in principle be reconstructed,
making it possible to discriminate them from from single β
decays, γ-ray scattering and absorption, or nuclear recoils
from neutron scattering.
TPCs are particularly well suited to searches for the 0νββ

decay of 136Xe. The source itself is an inert noble element and
can be used directly in TPCs in its purified form as a liquid,
a gas, or both. In either phase, Xe exhibits vacuum ultraviolet
(VUV) scintillation emitted promptly with an energy depo-
sition. Experiments able to detect the scintillation light signal
can reconstruct the full 3D topology of the event using a single
analyzing plane. The intensity of the scintillation light also
provides a complementary measurement of energy whose
anticorrelation with the ionization signal can significantly
enhance the energy resolution (Conti et al., 2003).
If the electric field is strong enough, the collision between

drifting electrons and gas molecules results in the emission of

secondary scintillation light, called electroluminescence (EL).
Single-phase high-pressure gas TPCs [reviewed by Gomez-
Cadenas, Capilla, and Ferrario (2019)] shape the field near the
electrode to create a region where the incoming electrons
produce EL. Dual-phase TPCs obtain the same result using a
short gaseous EL layer at the top of the liquid volume. The EL
signal gives a precise measure of the number of ionization
electrons, thereby improving the energy resolution. With a
fine enough spatial resolution of the light collection, the EL
signal can also be used for track reconstruction. The energy
resolution of experiments reading out the electroluminescence
light is limited by fluctuations in the number of primary
ionization electrons. These fluctuations are small and inde-
pendent of fluid density up to about 0.6 g=cm3 (∼100 bar)
but above that pressure grow rapidly (Bolotnikov and
Ramsey, 1997).
Xe TPCs also potentially lend themselves to techniques

for observation of the ββ daughter Ba ion, as first suggested
by Moe (1991). Single-atom trapping and imaging was first
achieved with Ba (Neuhauser et al., 1980). Xe is a trans-
parent fluid, offering multiple options for tagging based on
fluorescence imaging techniques. The nEXO Collaboration
is pursuing a strategy using a cryogenic probe (Twelker
et al., 2014) to electrostatically attract the Ba ion in the
vicinity of a signal event and freeze it in a volume of Xe, then
transport it to a fluorescence imaging stage capable of single-
atom detection (Chambers et al., 2019). The NEXT
Collaboration aims to transport Baþþ ions to single-molecule
fluorescence imaging (SMFI) sensors, for example, using rf
carpets (Brunner et al., 2015; Jones et al., 2021). Single-Ba-
atom sensitivity with SMFI (McDonald et al., 2018) and an
implementation applicable to high-pressure gas Xe TPCs
(Rivilla et al., 2020) have been demonstrated. Both collab-
orations are still working to demonstrate that their tagging
schemes can be achieved with a sizable efficiency and in an
actual 0νββ-decay experiment. We do not discuss these
techniques further in this review.
Liquid Xe volumes operated in TPCs provide self-shielding

from external radiation, whose contribution to the background
drops exponentially with the distance from the outer Xe
surface. Of particular worry is the 214Bi gamma line at
2447.7 keV, just below the 136Xe Qββ at 2457.8 keV and
often not resolved. Xe-TPC experiments use a multivariate
analysis to handle the varying background rate throughout the
detector volume. However, the sensitivity of the experiment is
essentially driven by the innermost region of the detector,
while the outer region is used primarily to constrain the
background extrapolation to the detector center. A fiducial
volume may be defined or tuned to demark these regions,
leading to εact ¼ 10% − 60%, depending on the enrichment
level and the radioactivity of the structural materials. The
background in that fiducial volume is then treated as an
effective parameter that is tuned to reproduce the half-life
sensitivities reported by the experiments. The most sensitive
energy region of interest varies, depending on the background
level and whether the 214Bi gamma line is resolved.
Containment efficiencies are εact ∼ 100% for liquid Xe
TPCs after the effective fiducial volume cut, while they are
typically 70%–80% for gaseous detectors.

FIG. 23. Illustration of a Xe TPC and its 0νββ-decay detection
concept. Electron and hole clusters created by ionization are
collected to the electrodes by an electric field. In addition,
scintillation light is detected by light sensors, providing the
timing of the event. Courtesy of L. Manenti.
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Xenon TPC

experiments ever constructed. With typical mass-loading
fractions on the few percent level, a kton-scale scintillator
detector can reach ton-year exposures with relative ease.
Energy depositions within the detector generate scintillation
photons, which are detected by PMTs viewing the target
volume, as shown in Fig. 24. Event energy, position, and
topology reconstruction is performed using the number,
pattern, and timing of the detected photons. The position
reconstruction is particularly important for these self-shielding
detectors, whose inner volume has the lowest background and
drives the sensitivity. The effective fiducial volume fractions
range from εact ¼ 20% to 80% due to a combination of self-
shielding and whether the target isotope is spread through the
entire scintillator volume or confined to its central part.
Containment efficiencies are maximal in the fiducial volume
(εcont ¼ 100%).
The challenge for these detectors lies in their limited energy

resolution due to the relatively low number of scintillation
photons produced by energy depositions atQββ. Events due to

2νββ decay pose a problematic background in the energy
region of interest, and the extraction of a 0νββ-decay signal
relies on an energy spectral analysis sensitive to distortion at
the end point of the 2νββ-decay energy distribution. Such an
analysis requires a precise understanding of the detector
response and energy reconstruction systematic effects. The
0νββ-decay background reduces the optimal energy region of
interest to values above Qββ, with an effective 40%–60% loss
in detection efficiency. As in the case of Xe TPCs, an effective
background index for the fiducial volume was tuned to
reproduce published experimental sensitivities.
The large mass of the liquid scintillator also increases the

prevalence of solar neutrino backgrounds and cosmogenic
activation products. The latter includes in particular 10C,
which is readily generated in organic liquid scintillators.
Vetoing schemes based on proximity to muon tracks and
the detection of neutron capture gammas in delayed time
coincidence can reduce these background contributions by
roughly an order of magnitude at the cost of some exposure
loss [εmva ¼ 97%; see Gando et al. (2016)].
KamLAND-Zen (KLZ) is an upgrade of the KamLAND

apparatus (Eguchi et al., 2003) tailored to the search of 0νββ
decay: a nylon balloon is deployed in the active detector
volume and filled with liquid scintillator in which enriched Xe
has been dissolved. A successful first phase deployment,
KamLAND-Zen 400 (KLZ-400) with up to 340 kg of 136Xe,
led to the strongest half-life limits for its time despite an
unexpected background likely originating from fallout from
the Fukushima nuclear disaster (Gando et al., 2013, 2016).
The second phase KamLAND-Zen 800 (KLZ-800) is cur-
rently running with ∼680 kg of 136Xe redeployed in a larger,
cleaner balloon. With just 1.6 yr of data, KLZ-800 produced a
world-leading half-life limit T1=2 > 2.3 × 1026 yr at 90% C.L.
with a limit setting sensitivity of T1=2 ¼ 1.3 × 1026 yr (Abe
et al., 2023). The background measured in the KLZ-800
fiducial volume corresponds to B ¼ 5.5 × 10−3 events=
ðmol yrÞ. The KLZ-800 sensitivity is well reproduced by
the background-dominated approximation. The KamLAND-
Zen Collaboration is already preparing a follow-up phase
KamLAND2-Zen (KL2Z) (Shirai, 2017), in which ∼1 ton of
136Xe will be deployed. A major upgrade of the experiment is
conceived for KL2Z to improve the energy resolution at Qββ

TABLE VI. Specific parameters of Xe-TPC experiments: total mass, fractional isotopic abundance, phase, signal readout, effective
background index in units of events per kilogram of mass in the fiducial volume, and the ratio R between the effective background index used for
our sensitivity calculation and the mean background quoted by the experiments (when available). Values from Alvarez et al. (2012), Martín-
Albo et al. (2016), Chen et al. (2017), Al Kharusi et al. (2018), Anton et al. (2019), F. Agostini et al. (2020), Akerib et al. (2020), C. Adams
et al. (2021), and Adhikari et al. (2022).

Experiment mtot (kg) fiso (%) Phase Readout
Effective background
[events=ðkeV kg yrÞ] R

EXO-200 161 81 Liquid LAPPDsþ wires 1.8 × 10−3 1
nEXO 5109 90 Liquid Electrode tilesþ SiPMs 2.1 × 10−6 % % %
NEXT-100 97 90 Gas SiPMsþ PMTs 4.0 × 10−4 1
NEXT-HD 1100 90 Gas SiPMsþ PMTs 4.0 × 10−6 1
PandaX-III-200 200 90 Gas Micromegas 1.0 × 10−4 1
LZ-nat 7000 9 Dual-phase PMTs 1.1 × 10−4 0.4
LZ-enr 7000 90 Dual-phase PMTs 1.1 × 10−4 0.4
DARWIN 39 300 9 Dual-phase PMTs 3.4 × 10−6 0.85

FIG. 24. Illustration of a large liquid scintillator detector and its
0νββ-decay detection concept. The position of an event can be
reconstructed through the time of flight of the scintillation
photons. Courtesy of L. Manenti.
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Liquid Scintillator

The most sensitive tracking calorimeter to date was
NEMO-3, which set competitive constraints on a variety
of target isotopes, particularly 100Mo (Arnold et al., 2015).
Its successor SuperNEMO (Piquemal, 2006) builds on the
same design principles and is currently in preparation.
The SuperNEMO project is divided into two phases: the
SuperNEMO Demonstrator (SuperNEMO-D), consisting
of one module with 7 kg of 82Se, and a full-scale
experiment consisting of multiple modules for a total 82Se
mass of 100 kg. Future phases with different isotopes are
still open.
The energy resolution of a single calorimeter was

σ ∼ 100 keV for NEMO-3 and is expected to be ∼50 keV
for SuperNEMO thanks to improved light collection and the
use of PMTs with a higher quantum efficiency. Some fraction
of the energy emitted in a ββ-decay event is inevitably
released in the passive source foil: as a result, the 0νββ-decay
signature peaks below Qββ and features a low-energy tail that
significantly overlaps with the 2νββ-decay continuum spec-
trum. The optimal ROI strongly depends on the expected
number of background events at the end of the data taking: it
corresponds to ½−1.6; 1.1"σ for NEMO-3, and to an ∼4σ range
around the degraded peak below Qββ for SuperNEMO and
SuperNEMO Demonstrator.
In tracking calorimeters, the reconstructed event kinemat-

ics can be used to suppress most backgrounds, at the
cost of a lower signal efficiency. This was 11% in
NEMO-3 and is expected to reach 28% in SuperNEMO
thanks to the improved spacial resolution of the tracker.
The most significant residual backgrounds come from 222Rn
in the tracker and the β decays of 208Tl and 214Bi on the
source foil. SuperNEMO aims to suppress the last two by
factors of 50 and 30, respectively and has partially achieved
it thus far (Calvez, 2017; Povinec, 2017). In our calculation,
we use the design value for SuperNEMO of 9.8 ×
10−5 events=ðkeV kg yrÞ and the experimentally measured
contaminations for the Demonstrator (Calvez, 2017), giving
B ¼ 5.3 × 10−3 events=ðmol yrÞ. Given the particular shape
of the 0νββ- and 2νββ-energy distributions, a spectral fit
has a higher sensitivity than a simple counting analysis
does. By reducing the background to 20%, we match the
sensitivity quoted by the SuperNEMO Collaboration, which
corresponds to a 10 yr discovery sensitivity of 9×1024

and 8×1025yr for SuperNEMO-D and SuperNEMO,
respectively.

G. Other detector concepts

Several additional projects exist that use technologies other
than the ones discussed thus far. Some technologies have
already led to proof-of-principle experiments, which, how-
ever, are not yet competitive in terms of sensitivity. In most
cases, the projects are still at an early research and develop-
ment phase, and a significant effort will be required to
demonstrate that the underlying technology can be scaled
to a 0νββ-decay experiment capable of covering the inverted-
ordering region or beyond. In Table IX we list a selection of
such projects appearing in the literature, highlighting their
isotope of choice (where defined) and key features.

VII. PROSPECTS AND EXPECTATIONS

In this section we bring together our expectations from
the theoretical and experimental landscape and address
some of the key questions related to 0νββ decay.
Section VII.A summarizes near-term prospects and how
ongoing efforts will shape the field. In Sec. VII.B, we
discuss what we would learn from a discovery under
different assumptions on the underlying theory framework.
Section VII.C addresses the question of how likely a
discovery is in the next round of experiments, also in
terms of nuclear and particle theory inputs. Section VII.D
reviews other discovery opportunities of 0νββ-decay
experiments not related to the lepton-number-violating
0νββ decay. Finally, Sec. VII.E speculates on the neutrino’s
role as a possible catalyst for the next paradigm shift in
fundamental physics, which may lead us to a new theory
beyond the standard model of particle physics.
This section aims at addressing in a comprehensive way

the most important questions of experts and nonexperts
alike. Its content was largely covered in previous sections,
but it is presented here while stressing the connections
between theory and experiment, as well as those between
particle and nuclear theory. We refer the interested reader to
the previous sections for more information and detailed lists
of references.

A. Where are we heading?

1. Experiment

In the next decade, several experiments will be constructed
to search for 0νββ decay at new uncharted half-life scales

FIG. 26. Illustration of a tracking-calorimeter detector and its 0νββ-decay detection concept. The charge, momentum, and energy of the
particles ejected by the source are measured through a combination of magnetic-field trackers and calorimeters. Courtesy of L. Manenti.
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Tracking calorimeters

operated in ultralow-background environments, surrounded
by shielding material and active veto systems.
HPGe detectors feature high 0νββ-decay detection efficien-

cies. The presence of conductive electrodes on the detector
surface reduces the active volume fraction to εact ∼ 90% and
leads to energy loss for a fraction of the 0νββ-decay events
(εcont ∼ 90%). The 0νββ-decay event tagging efficiency
εmva ∼ 80% − 90% is typically limited by signal-background
discrimination methods based on the analysis of the current
time structure. Given the low background level and high
resolution, the optimal energy ROI for 0νββ-decay searches is
Qββ ! 2σ, containing 95% of the signal. Specific parameter
values of 76Ge experiments are listed in Table V.
The GERDA experiment operated a compact array of

about 40 detectors in a cryostat containing 64 m3 of liquid
argon (LAr) (Agostini et al., 2018b). Several detector
geometries were used during the experiment, giving an
average 76Ge mass of ∼34 kg. The LAr acted as a passive
shielding against natural radioactivity from any contamina-
tion outside the cryostat and also attenuated background

produced by radioactive isotopes in the materials near the
detectors, such as the holders or cables. The LAr was also
used as an active veto system by detecting its scintillation
light produced when a background event deposits energy in
the argon volume. The average energy resolution achieved
during the second phase of the experiment (GERDA-II)
was σ ¼ 1.4 keV, and the average background index was
5.2þ1.6

−1.3 × 10−4 events=ðkeV kg yrÞ, which corresponds to
B¼4.2×10−4 events=ðmolyrÞ (M. Agostini et al., 2020a).
With these parameters, at present GERDA has achieved the
lowest sensitive background in the field. The remnant
background composition was traced to U and Th in the
material surrounding the detectors, and α- and β-decaying
isotopes on the detector surfaces (M. Agostini et al.,
2020c). The final result of GERDA is a constraint of
T1=2 > 1.8 × 1026 yr at 90% C.L., consistent with the
median upper limit expected for no signal, derived also
including the data from phase I of the experiment.
The MAJORANA DEMONSTRATOR (MJD) (Abgrall et al.,

2014) employed a compact array of up to 58 detectors
comprising both enriched and natural Ge. Arnquist et al.
(2022) used 27 kg of isotope in enriched detectors. The HPGe
crystals were deployed in two vacuum cryostats shielded from
the environmental background by a layer of underground-
electroformed copper, commercially obtained copper, and
high-purity lead. The detectors incorporated a pointlike
pþ electrode providing a low energy threshold and an
excellent energy resolution of σ ¼ 1.1 keV at Qββ, which
is currently the best in the field. With a sensitive background
of B ¼ 3.3 × 10−3 events=ðmol yrÞ, the experiment reported a
limit of T1=2 > 8.3 × 1025 yr at 90% C.L. with a limit setting
sensitivity of T1=2 ¼ 8.1 × 1025 yr. The background is domi-
nated by a distant source of thorium (Arnquist et al., 2022).
The next-generation Ge-based experiments will be real-

ized in the framework of the LEGEND project (Abgrall
et al., 2021), with two stages planned: LEGEND-200 and
LEGEND-1000. In the first, ∼200 kg of Ge detectors will be
operated in the GERDA setup after upgrading part of the
infrastructure. Compared to GERDA, a further reduction of
the background is anticipated thanks to the use of larger-
mass detectors (resulting in fewer cables and electronic
components), improved light readout, and materials with
improved radio purity, such as the electroformed copper
developed for the MAJORANA DEMONSTRATOR. An energy
resolution equal to or better than the one achieved in the
MAJORANA DEMONSTRATOR is expected. These improve-
ments would bring the LEGEND-200 background to
2 × 10−4 events=ðkeV kg yrÞ, which is less than a factor of
3 lower than what was achieved by GERDA. With a sensitive
background of B ¼ 1.0 × 10−4 events=ðmol yrÞ, LEGEND-
200 will achieve a discovery sensitivity of 1027 yr in 5 yr of
live time. For LEGEND-1000, a new infrastructure able to
host 1 ton of target mass will be realized. A further 20-fold
background reduction is expected with the usage of under-
ground argon and lower radioactivity levels in cables and
electronics. LEGEND-1000 expects a sensitive background
of B ¼ 4.9 × 10−6 events=ðmol yrÞ, leading to a discovery
sensitivity of T1=2 ¼ 1.3 × 1028 yr after 10 yr of operation.

FIG. 22. Illustration of a HPGe detector and its 0νββ-decay
detection concept. Electron and hole clusters created by ioniza-
tion are collected to the electrodes by an electric field. Courtesy of
L. Manenti.

TABLE V. Specific parameters of experiments using Ge detectors:
total detector mass, fractional isotopic abundance, shielding strategy,
and background index normalized over the entire detector mass. The
background index is what is historically quoted by these experiments
but, unlike our sensitive background, is not normalized over the
signal-detection efficiencies and detector resolution. The values are
from Alvis et al. (2019a), M. Agostini et al. (2020a), and Abgrall
et al. (2021) and averaged over multiple datasets for GERDA-II and
the MAJORANA DEMONSTRATOR.

Experiment
mtot
(kg)

fiso
(%) Shield

Background
(events=keV kg yr)

GERDA-II 39 87 Liquid Ar 5.2 × 10−4

MJD 20 88 Cu and Pb 6.0 × 10−3

LEGEND-200 200 90 Liquid Ar 2 × 10−4

LEGEND-1000 1000 91 Liquid Ar 1 × 10−5
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Semi-conductors

Drawings: Laura ManentiM. Agostini, et al., (2023) Rev. Mod. Phys. 95, 025002

No perfect candidate! 
They all have advantages & disadvantages

We need to pursue several of them
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** This plot is just one example of parameter space… It does not mean that is exactly where the Majorana neutrino is! ** 
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Not all parameter space has the same probability!
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KamLAND-Zen

See I. Shimizu’s talk  

CUORE

See C. Bucci’s talk  

LEGEND-200

See L. Pertoldi’s talk  



Current (almost) running experiments

16

SNO+ SUPERNEMO

NEXT-100
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• Isotope of 130Te → highest abundance, good Qββ (2.53MeV)
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2017-2019 2020 2022-2025 2025-

Thanks to J. Maneira, S.Biller and M.Chen for input

SNO+

Posters: 
• 544 / D. Cookman / Measuring Solar Neutrino Oscillations in the SNO+ Detector 
• 416 / G. Milton / First Indications of  CC Solar Neutrino Interactions on Carbon-13 
• 525 / S. Andringa / Reactor Antineutrino Oscillations and Geoneutrinos in SNO+ 

• 255 / A. Inácio and R. Hunt-Stokes / Time-based event discrimination methods for solar neutrino analyses in the 
SNO+ liquid scintillator phase 

• 483 / J. Page / Event by Event classification of  alpha-n and IBD Interactions at SNO+ 
• 593 / C. Hewitt and M. Anderson / Machine learning for fast event reconstruction in the SNO+ scintillator phase 

• 581 / B. Tam and S. Manecki / The SNO+ Tellurium Deployment Programme

Poster 581:

Te loading: 
Phase 1: 0.5% 
Phase 2: 1.5% 
Phase 3: 3%

13
Required Deployment Facilities

Benjamin Tam – IOP 2024

4 Chemical Plants Required:
• Scintillator Purification Plant

• Built and commissioned
• Used during scintillator fill

• TeA purification plant
• Built and commissioned
• Initial full-scale test started March 

2024, near completion

• DDA Molecular Still
• Built, currently commissioning

• TeBD Synthesis plant
• Built, currently commissioning

Scintillator Plant TeA Plant

TeBD Synthesis PlantDDA Still

under commissioning

Great advantage to study backgrounds without the target

See J. Maneira’s talk on Thursday for more details on SNO+ capabilities



SNO+

• Isotope of 130Te → highest abundance, good Qββ (2.53MeV)

18Thanks to J. Maneira, S.Biller and M.Chen for input

SNO+

Posters: 
• 544 / D. Cookman / Measuring Solar Neutrino Oscillations in the SNO+ Detector 
• 416 / G. Milton / First Indications of  CC Solar Neutrino Interactions on Carbon-13 
• 525 / S. Andringa / Reactor Antineutrino Oscillations and Geoneutrinos in SNO+ 

• 255 / A. Inácio and R. Hunt-Stokes / Time-based event discrimination methods for solar neutrino analyses in the 
SNO+ liquid scintillator phase 

• 483 / J. Page / Event by Event classification of  alpha-n and IBD Interactions at SNO+ 
• 593 / C. Hewitt and M. Anderson / Machine learning for fast event reconstruction in the SNO+ scintillator phase 

• 581 / B. Tam and S. Manecki / The SNO+ Tellurium Deployment Programme

Poster 581:

Te loading: 
Phase 1: 0.5% 
Phase 2: 1.5% 
Phase 3: 3%

13
Required Deployment Facilities

Benjamin Tam – IOP 2024

4 Chemical Plants Required:
• Scintillator Purification Plant

• Built and commissioned
• Used during scintillator fill

• TeA purification plant
• Built and commissioned
• Initial full-scale test started March 

2024, near completion

• DDA Molecular Still
• Built, currently commissioning

• TeBD Synthesis plant
• Built, currently commissioning

Scintillator Plant TeA Plant

TeBD Synthesis PlantDDA Still

under commissioning

See J. Maneira’s talk on Thursday for more details on SNO+ capabilities

14
SNO+ 0νββ Prospects

• Initial loading of 0.5% natTe
• 130Te has a natural abundance of 34%

• Corresponds to 1.3 tonnes 130Te

• Tellurium deployment expected 2025

• Sensitive to T!/#$% = 2	×10#&	 yr after 3 years 
data taking

SNO+ Advantages:

• Only planned tonne-scale search using Te

• Backgrounds can be well understood 
through target out analysis

• Highly and affordably scalable
• Loading of up to 3% possible and planned

• This would probe below inverted ordering space

Benjamin Tam – IOP 2024

SNO+ sensitivity
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• Modular concept that builds on predecessor NEMO-3 located at LSM (France)
• (Nearly) isotope-agnostic 

• Full topological reconstruction and particle ID 

• Unique 2νββ measurements: 
• nuclear effects  
• exotic decays & new physics 

• Could probe 0νββ mechanism if discovered 

• Proof of concept for future tracking detectors
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Poster #41
Identification, measurement, and 

mitigation strategy
SuperNEMO’s background model, and a new 

measurement of the γ background at LSM 
using SuperNEMO

Poster #397
Reconstructing particle 
energies from measured 

charges and track topologies

Poster #382
More detail on SuperNEMO’s 

capabilities and status

Poster #451

Thanks to Cheryl Patrick for the slides!



NEXT-100
• High pressure xenon gas TPC with electroluminescence
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•High Pressure Xenon TPC 
(operation 10-20 bar)

•EL amplification to achieve 
excellent energy resolution 
(~0.5 % FWHM appears 
possible)

•Topological signature 
(observation of two 
electrons) to further 
suppress the backgrounds.

•Is built with radio pure 
materials. 
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ionization

The NEXT concept

All demonstrated by NEXT-White

Goal of NEXT-100

✓ Gas → great energy resolution (sub-percent FWHM)  
✓ Kr calibration 
✓ Tracking plane → topological signal/background separation 
✓ Background control → runs with depleted/enriched Xe 
✓ Scalability

JHEP 10 (2019) 51,Phys. Rev. C 105, 055501 (2022), JHEP 09 (2023) 190 

JINST 13 (2018) P10014

JHEP 07 (2021) 146, JHEP 01 (2021) 189, JHEP 10 (2019) 052

JHEP 10 (2019) 230

NEXT-100 sensitivity: 4.1 x 1025 yr
JHEP 1605 (2015) 159

JHEP 07 (2021) 146

2νββ candidate Background 
candidate

NEXT-White data



Status of NEXT-100

• Detector fully built and under commissioning! 
• First runs in Ar gas in May 2024 
• Xenon runs to start shortly

Field cage

Tracking plane

Energy plane

22

Vessel

Poster 362: Searching for the neutrinoless double beta decay with NEXT-100 by P.Novella



Status of NEXT-100
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a next Preliminary a next Preliminary
Distribution of alpha events

Lifetime measurement

a next Preliminary

Poster 362: Searching for the neutrinoless double beta decay with NEXT-100 by P.Novella

Very recent detector response on alpha particles from 222Rn

• Detector fully built and under commissioning! 
• First runs in Ar gas in May 2024 
• Xenon runs to start shortly



Coming soon: CDEX-300ν

• Enr-Ge detectors test started in 2022 @ CJPL-I 
• Test and operate LAr test facility in early 2024 
• Hall C1 ready for experiment this June 
• Experimental setup in 2024 
• First batch of Ge detector installation and test in 2024 
• Expected 1.3×1027 yr half-life sensitivity with 5 yr running

24Thanks to Hao Ma for the slide!



Current generation sensitivity

• Unless we are lucky, this generation may not get there…

25Adapted from the Long Range Plan for Nuclear Physics 2023: arxiv:2304.03451 

Inverted ordering

Normal ordering



Next step: Conquer the Inverted Ordering
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Need tonne-scale experiments!

— Inverted mass ordering 

— Normal mass ordering

Riv. Nuovo Cim. 46, 619–692 (2023).

** This plot is just one example of parameter space… It does not mean that is exactly where the Majorana neutrino is! ** 
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Conquering the inverted ordering
• Currently proposed tonne-scale experiments:

27

nEXO NEXT-HD

CUPID

See C. Bucci’s talk  

LEGEND-1000

See L. Pertoldi’s talk  



nEXO

• Builds (directly extrapolated) on successful EXO-200 predecessor 
• 5 tonnes of enriched LXe TPC (136Xe) 

28Thanks to G. Gratta for the slides!

Posters # 478, 447, 294



nEXO

29

New readout technologies

Thanks to G. Gratta for the slides!

Great self-shielding power with LXe

Signal vs background



NEXT-HD (and NEXT-BOLD)

• Module(s) of 1 tonne of 136Xe building in NEXT technologies (NEXT-HD) 
• Designed to accommodate future Ba tagging (NEXT-BOLD)

30

NEXT Collaboration, JHEP 164 (2021) 08

Barium ion is only produced in a true ββ decay, not in any other radioactive 
event !Identification of Ba ion with ~1% FWHM energy measurement would 

give a background-free experiment.

136Xe 136Ba++

e-

e-

Daughter tagging:

Letter of Intent to be submitted in 2025 to LSC

Poster 430: Optical Time Projection Chamber for the Realization of a 
Ton-Scale Neutrinoless Double Beta Decay Demonstratorby L. Rogers



Very recent progress in Ba tagging

31

NEXT has built microscopy 
systems capable of imaging 
individual barium ions in high 
pressure xenon gas environments.

The NEXT approach uses single molecule fluorescence imaging (SMFI) to identify barium interacting the specially 
designed organic molecules.

Multidisciplinary effort with 
physicists, chemists, 

material scientists

Poster 377: BOLD: three strategies for detecting single Ba ions in NEXT 
using molecular indicators by P. Herrero Gomez

Poster 391: Advancements in Single Barium Ion Capture and Imaging for 
Barium Tagging Sensors in NEXT Neutrinoless Double Beta Decay Studies 

by K. Navarro



Conquering the inverted ordering

• Next generation will cover the inverted ordering 

32Adapted from arxiv:2304.03451 (Whitepaper for the 2023 NSAC Long Range Plan)
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Next next step: Attempt the Normal Ordering
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(significant) 

technological advances! 

** This plot is just one example of parameter space… It does not mean that is exactly where the Majorana neutrino is! ** 

— Inverted mass ordering 

— Normal mass ordering

Riv. Nuovo Cim. 46, 619–692 (2023).
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Next next step: Attempt the Normal Ordering

34

Inverted ordering

Normal ordering

Adapted from arxiv:2304.03451 (Whitepaper for the 2023 NSAC Long Range Plan)

MANTIS



Next next step: Attempt the Normal Ordering

35

Inverted ordering

Normal ordering

MANTIS

Adapted from arxiv:2304.03451 (Whitepaper for the 2023 NSAC Long Range Plan)

JUNO

Thanks to Liangjian Wen  for the slide!

poster #299 

Chinese Phys. C 41 053001

MANTIS 
Modular Approach for Nββ with Tellurium In Scintillator

Taken from A.McDonalds’ talk  at 2nd Summit on the 
Future of Neutrinoless Double-beta Decay (2023)

Beyond ton-scale DBD, G. D. Orebi Gann

THEIA

9

• Hybrid Cherenkov / scintillation detector 
improves background rejection via PID and event 
topology

• Scalable, ultra-clean liquid detector

• Potential to deploy a 25-kton THEIA module at 
LBNF, in a Module of Opportunity

• Mass sensitivity of ~4—22 meV 

• Broad program of other physics

SNO+ Collaboration

Background 
reduction via 
event imaging: 
PID, multi-site, 
directionality

Builds on critical developments by KLZ & SNO+ collaborations

See end for citations

Beyond ton-scale DBD, G. D. Orebi Gann

THEIA

9

• Hybrid Cherenkov / scintillation detector 
improves background rejection via PID and event 
topology

• Scalable, ultra-clean liquid detector

• Potential to deploy a 25-kton THEIA module at 
LBNF, in a Module of Opportunity

• Mass sensitivity of ~4—22 meV 

• Broad program of other physics

SNO+ Collaboration

Background 
reduction via 
event imaging: 
PID, multi-site, 
directionality

Builds on critical developments by KLZ & SNO+ collaborations

See end for citations

THEIA

Thanks to G. Orebi Gann  for the slide!

Posters #578, 596 



Adapted from arxiv:2304.03451 (Whitepaper for the 2023 NSAC Long Range Plan)

Next next step: Attempt the Normal Ordering

36

Inverted ordering

Normal ordering

MANTIS

ORIGIN-X 
Observing Rare Interactions with a GIaNt Xenon experiment

12

A. Avasthi et al. Phys. Rev. D 104, 112007 (2021)

R&D on more efficient 
Xe extraction solutions

More details at Workshop on Xenon 
Detector 0nbb searches: Steps 
towards the kilotonne scale

Kilotonne Xe detector 
(Limited by Xe procurement)



And many more ideas

37

I did not have time to discuss these, 
but they all have unique features….

Opportunistic searches with Dark Matter 
experiments: L. Baudis’ talk on Friday

arXiv:2212.11099



Reminder of the challenges ahead

• Very ambitious (technical) goals for the ton-scale experiments

38

Sensitive background and exposure for recent and future experiments 

5/31/22 Neutrino 2022 - S. Schönert, TUM 24Agostini, Benato, Detwiler, Menendez, Vissani, arXiv:2202.01787

FIG. 21. Sensitive background and exposure for recent and future experiments. The gray dashed lines show specific discovery
sensitivity values on 0νββ-decay half-lives, and colored dashed lines 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 QRPA NME value listed in
Table I. For completed experiments the final reported exposure is used; otherwise, a 10 yr lifetime is assumed.
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FIG. 20. Fundamental parameters driving the sensitive background and exposure, and hence the sensitivity, of recent and future phases
of existing experiments; see Eq. (38). Red bars are used for 76Ge experiments, orange bars are used for 136Xe, blue bars are used for 130Te,
green bars are used for 100Mo, and sepia bars are used for 82Se. Similar exposures are achieved with high mass but poorer energy
resolution and efficiency using gas and liquid detectors, or with small mass but high resolution and efficiency by solid-state detectors.
The sensitive exposure is computed for 1 yr of live time. Lighter shades indicate experiments that are either under construction or
proposed.

Matteo Agostini et al.: Toward the discovery of matter creation …

Rev. Mod. Phys., Vol. 95, No. 2, April–June 2023 025002-48

We need to continue our R&D efforts to develop mature technologies 



Reminder of the challenges ahead

• Very ambitious (technical) goals for the ton-scale experiments 

• Radiopurity requirements are pushing the limits of radioassay capabilities

39

Radioassay @ Boulby, UK 

Radioassay @ LSC, Spain 

We can build a strong network of facilities



Reminder of the challenges ahead

• Very ambitious (technical) goals for the ton-scale experiments 

• Radiopurity requirements are pushing the limits of radioassay capabilities 

• Working with industry is becoming more and more challenging (and expensive)

40

pngtree.com

We can build a strong network of reliable companies



Reminder of the challenges ahead

• Very ambitious (technical) goals for the ton-scale experiments 

• Radiopurity requirements are pushing the limits of radioassay capabilities 

• Working with industry is becoming more and more challenging (and expensive) 

• Funding situations for fundamental research across the globe is much lower than our 
scientific ambitions

41

Let’s avoid to duplicate efforts 



Reminder of the challenges ahead

• Very ambitious (technical) goals for the ton-scale experiments 

• Radiopurity requirements are pushing the limits of radioassay capabilities 

• Working with industry is becoming more and more challenging (and expensive) 

• Funding situations for fundamental research across the globe is much lower than our 
scientific ambitions 

• Community(ies) need to come together to be stronger, while pushing on new technology 
development

42

www.istockphoto.com



Pushing the instrumentation frontier together
• Need for instrumentation development recognized worldwide

43

Basic Research Needs for 
HEP Detector R&D 

(2019) 

ECFA Detector R&D 
Roadmap 

(2021) SNOWMASS Process (2021) 
→ P5 Report (2023) 

And more…. 



Pushing the instrumentation frontier together

• Need for instrumentation development recognized worldwide 

• Creation of new Detector R&D Collaborations (2023) (approved by CERN council) 

• Example: DRD2 - Liquid Detectors

44

Consider joining the DRD efforts!



Closing remarks

• Understanding the nature of neutrinos is of the utmost importance  

• The next generation of experiments will cover the inverted neutrino mass ordering, but 
it will be technologically challenging 

• To reach the normal neutrino mass ordering, transformative technologies are needed 

• We need to continue to cast a wide net and explore different isotopes and 
technologies 

• Given the technological limitations, the community needs to work together to avoid 
duplication of scarce ressources

45



Closing remarks
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