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EXECUTIVE SUMMARY

The discovery of neutrinoless double beta decay (0νββ) would reshape our fundamental understanding of neutrinos
and of matter in the Universe. The search for 0νββ tests whether there is a fundamental symmetry of Nature
associated with Lepton Number, probes the quantum nature of neutrinos, and allows the measurement of their
effective mass. It is the only practical way to demonstrate if neutrinos are their own antiparticles, that is, if neutrinos
have a Majorana mass. The discovery of Majorana neutrinos would open the door to new physics beyond the discovery
of neutrino oscillation, and would signify a paradigm shift in our understanding of the origins of mass and matter.
The neutrino’s non-zero mass impacts the evolution of the Universe from the beginning of time to the formation of
large-scale structures in the present epoch, and Majorana neutrinos play a key role in viable scenarios that explain
the matter-antimatter asymmetry in our Universe.

Several experimental approaches are now available to search with high sensitivity and low backgrounds for neutri-
noless double beta decay in a variety of isotopes covering the entire region of the inverted mass ordering and beyond.
Ton-scale experiments using large bolometer arrays (CUPID), high-resolution Ge detectors (LEGEND), and a large-
volume liquid-Xe TPC (nEXO), have been identified as the leading next-generation experiments with US leadership.
All three experiments are based on international collaborations leveraging the strengths of international partnerships
and the world’s premier underground laboratory facilities. Those experiments are expected to extend the sensitivity
to 0νββ half lives by as much as two orders of magnitude. During 2021, CUPID, LEGEND, and nEXO were examined
in a double beta decay portfolio review organized by the DOE Office of Science Nuclear Physics to address the oppor-
tunity for discovery of neutrinoless double beta decay, covering the inverted ordering mass scale. All three experiments
were highly rated and judged to be worth pursuing. R&D challenges facing these three programs previously identified
by a 2015 NSAC sub-committee have been resolved and CUPID, LEGEND, and nEXO are now preparing to proceed
through the DOE Critical Decision process. The use of different isotopes and drastically different, yet robust and
mature techniques is essential for validating a discovery of 0νββ decay and mitigating any theoretical or experimental
systematics.

If 0νββ decay is discovered at the ton scale, advanced techniques will be required to probe the decay mechanism
via topological information and event identification. If 0νββ decay is not discovered, detectors that can reach greater
exposures with improved background rejection will be required to attain sensitivity beyond the inverted mass ordering.
A robust R&D program is pursuing detector technologies with these capabilities. Among others, these include NEXT,
which employs high pressure xenon gas time projection chambers with barium tagging, and Theia, a large-scale hybrid
Cherenkov/scintillation detector that is an evolution of the techniques explored by the SNO+ and KamLAND-Zen
experiments. With novel techniques and sensor technologies, rich reconstruction of event topologies, advanced particle
identification, and half-life sensitivities in excess of 1028 years. The new detection capabilities of this future generation
will also provide access to a wider physics program including probing CPT and baryon number violation, precision
low-energy solar neutrino measurements, sensitivity to supernova neutrinos, and a rich array of other opportunities.

Research directed toward ongoing experiments (CUORE, KamLAND-Zen, LEGEND-200, SNO+, NEXT-100, Su-
perNEMO Demonstrator), which will have data in advance of the start of the ton-scale program, will push current
limits for several isotopes, as well as acting as important test beds for techniques that can be used for experiments
beyond the ton-scale.

In the 2015 Long Range Plan, a ton-scale experiment to search for neutrinoless double beta decay was considered
the highest priority for new experiments in nuclear physics. Since then there has been great progress, including
an order of magnitude improvement in the half-life sensitivity of existing experiments as well as advances on the
various technologies yielding improved sensitivities. There has also been excellent progress in theory, towards the
understanding nuclear matrix elements (NMEs) as well as possible new physics mechanisms, including quantification
of the theoretical uncertainties. In addition, new detector technologies continue to be developed with the potential
to probe neutrino masses beyond the inverse mass ordering. This R&D is essential to maintain the leadership of US
nuclear physics in 0νββ science, and enable the next generation of discovery experiments.

To enable a US-led program of discovery science, jointly with international partners, that could elucidate the nature
of neutrinos and fundamentally alter our understanding of the origin of mass and matter in the Universe, we propose
the following recommendation for the 2023 Long Range Plan in Nuclear Physics:

• We recommend timely construction of ton-scale neutrinoless double beta decay experiments using
multiple isotopes.

• We recommend support for a robust research program in neutrinoless double beta decay that
includes the ongoing efforts in theory and experiment as well as a diverse R&D program exploring
multiple promising isotopes and technologies with sensitivity beyond the inverted mass ordering.
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I. SCIENTIFIC MOTIVATION

Neutrinoless double beta decay (0νββ) searches address, through a nuclear probe, a number of key open questions
in subatomic physics and cosmology. These include

• Is there a fundamental symmetry associated with Lepton Number?

• What is the origin of the neutrino’s mass? Are neutrinos Majorana fermions, i.e. their own antiparticles?

• Why is there more matter than antimatter in the present universe?

• What are the absolute masses of neutrinos, and how have they shaped the evolution of the universe?

In 0νββ decay two neutrons convert into two protons with emission of two electrons and no neutrinos, thus changing
the number of leptons by two units. Since lepton number L (more precisely, at the quantum level, the difference B−L
of baryon and lepton number), is conserved in the Standard Model, observation of 0νββ decay would be direct evidence
of new physics and would demonstrate that the neutrino mass has a Majorana component [1], implying that neutrinos
are self-conjugate, i.e. their own antiparticles. Observation of 0νββ decay would also point to new mechanisms for
mass generation, quite distinct from the one giving mass to other matter particles, and possibly originating at very
high energy scales. Finally, the observation of a “matter-creating” process such as 0νββ decay would corroborate and
probe the so-called leptogenesis scenarios for the generation of the matter-antimatter asymmetry in the universe [2].

Ton-scale 0νββ decay searches will probe at unprecedented levels a wide variety of mechanisms of lepton number
violation. These mechanisms range from the high-scale seesaw naturally associated with Grand Unified Theories, to
models affecting electroweak scale physics, hence close to the TeV scale, all the way down to light (eV scale) right-
handed neutrinos. This richness of physics enhances the discovery potential of 0νββ decay. At the same time, this
makes it hard to quantify the discovery potential of the planned experiments in terms of a universal single metric.
In this whitepaper we will use several quantities to characterize the physics reach. First, following standard practice
we will focus on a class of models in which 0νββ is mediated by the exchange of the three known light neutrinos,
assuming they are Majorana particles. In this case, the decay rate is proportional to G01|M0ν |2|mββ |2, where G01

is a phase space factor, M0ν is a nuclear matrix element and mββ=
∑3
i=1 U

2
eimi is the lepton number violating

parameter, expressed in terms of neutrino masses and elements Uei of the leptonic mixing matrix. mββ is partially
determined by neutrino oscillation data [3], up to unknown CP-violating phases, the overall neutrino mass scale, and
the normal or inverted ordering of the spectrum. Therefore, in this scenario, very concrete discovery targets arise.
Ton-scale experiments aim to cover the entire inverted ordering region, corresponding to mββ> (18.4± 1.3) meV, and
a discovery will be possible if the spectrum is inverted or mlightest > 50 meV, irrespective of the ordering. Moreover,
in this scenario, falsifiable correlation arise with other neutrino mass probes, such as single beta decay and cosmology.

While it is common to present the physics reach of 0νββ searches in terms of mββ it is important to realize that
this covers only one class of models for Majorana neutrino mass, in which lepton number violation (LNV) originates
at very high mass scale Λ and leaves behind mββ ∼ v2ew/Λ (vew ∼ 200 GeV is the Higgs expectation value) as the
only low-energy footprint. However, in many models that incorporate Majorana neutrinos, there exist other sources
of LNV that can lead to sizable contributions to 0νββ that are not directly related to the exchange of light neutrinos.
For example, in left-right symmetric models, apart from the exchange of light Majorana neutrinos, there appear
contributions from the exchange of heavy neutrinos, heavy W bosons, and charged scalars with masses in the few TeV
range. In full generality, at low-energy the effect of these heavy particles (in any model) is captured by a set of ∆L = 2
local operators of odd dimension (seven, nine, ...), which are suppressed by odd powers of the heavy mass scale Λ
associated with LNV (1/Λ3, 1/Λ5, ...). This is analogous to the familiar Fermi theory of weak interactions, in which
the effect of the W exchange is captured at low energy by the usual V −A current-current (dimension six) interaction
suppressed by 1/Λ2

ew, with Λew = 1/
√
GF . A systematic development of this effective field theory approach to LNV

can be found in Ref. [4]. In Fig. 1 we present the physics reach of current and future 0νββ searches in terms of both
mββ and the scale Λ associated to representative dimension-seven and dimension-nine operators [5], reaching well in
the hundreds of TeV region, inaccessible to any other probe.

In summary, given the breadth of mechanisms and scales associated with lepton number violation, ton-scale searches
for 0νββ have a significant discovery potential that goes beyond the “inverted mass ordering” region in mββ , corre-
sponding to a plethora of models across the landscape of particle physics. As a result, other non-0νββ decay exper-
imental efforts can complement results from 0νββ decay searches, but do not diminish the need for further progress
in 0νββ decay science.
Mass Ordering Determined –If the mass ordering is determined, the inverted mass ordering could either be

singled out or become irrelevant. Even in the latter case, the normal order branch still extends to high mββ values.
Furthermore, lepton-number-violating processes other than light neutrino exchange are not constrained by oscillations.
At present, even with the normal mass ordering, the probability of a discovery of 0νββ decay is significant [6].
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Cosmological Probes of Σ ≡
∑3
i=1mi –Future efforts in observational cosmology aim to perform a first mea-

surement of Σ. An observation of Σ < 100 meV would effectively rule out the inverted mass ordering. Cosmology,
however, does not discern the Majorana/Dirac character of the neutrino. A three-neutrino normal-ordering scenario
with Σ near its minimum would not constrain other potential lepton-number-violating processes that might contribute
to 0νββ decay. Cosmology, as a standard model of physics with many parameters to be deduced, must be tested in
all ways possible. There are few complementary laboratory measurements that can be done that directly test results
from cosmology. Laboratory measurements of neutrino properties may provide such tests.
Neutrino Mass Found –If neutrino mass is observed in β decay, it will make the observation/non-observation

of 0νββ decay even more exciting. A null 0νββ decay result might indicate Dirac neutrinos or, if lepton number
violation is additionally observed in collider experiments, alternative / interfering mediation mechanisms or flavor
symmetries driving mββ to be small.
Lepton Number Violation Observed at Collider Experiments –The LHC or other collider experiments

might observe lepton number violation consistent with a heavy neutrino, LR symmetry, or other BSM physics. Such
a result would be complementary to a discovery of 0νββ decay, leading to the interesting possibility of testing the
underlying physics.
Sterile Neutrinos –If a convincing demonstration of a sterile neutrino is found, it will fit well into the Majorana

neutrino paradigm. This will increase 0νββ decay interest. The new neutrino might contribute to 0νββ decay and
significantly alter predicted mββ curves. (See for example Ref. [7].) The sensitivity regions accessible to experiment
will remain.
Solar Mixing Angle –The interpretation of a limit or measurement of the rate of 0νββ decay in terms of neutrino

mass would be helped by better measurement of θ12.

A. A Scientific Opportunity with US Leadership

Many creative approaches to searches for 0νββ decay have been undertaken, and three have reached the maturity
and scale to be deployed as major projects in nuclear physics. The US scientists are playing leadership roles in many of
the experimental and theoretical efforts. The next milestone in this quest is the development of experiments deploying
isotopic mass on the ton scale, which will have the sensitivity to discover Majorana neutrinos with effective masses
(mββ) as low as 10-20 meV, in the so-called inverted ordering region of neutrino masses. Development of such an
ambitious ton-scale program is both timely and scientifically relevant, as emphasized in the 2015 Long Range Plan [8].

Tremendous progress in pursuit of 0νββ decay has been accomplished since the 2015 Long Range Plan. The limits
on the 0νββ half-lives and mββ have been improved by over an order of magnitude and a factor of 4, respectively, by
the current generation of experiments. In the 2021 Neutrinoless Double Beta Decay Portfolio Review [9], DOE-NP
identified three experiments ready for execution of the US-led ton-scale 0νββ decay program, consistent with the
2015 LRP (CUPID, LEGEND-1000, nEXO). At the same time, the clear consensus is that the quest for 0νββ decay
will not end with the ton-scale program. Discovery of 0νββ decay at this level will be a tremendous achievement,
and should be followed by a campaign of precision measurements in order to understand the decay mechanism. If
Nature is less kind, experiments with sensitivity to the normal ordering of the neutrino masses will be needed. This
realization drives a rich R&D program to prepare for the next-next-generation of discovery experiments.

II. PROGRESS SINCE LAST LONG RANGE PLAN

The efforts in 0νββ have made significant progress since the 2015 Long Range Plan [8]. Half life limits now exceed
1026 yr, ten times longer than those existing in 2015. The constraints on mββ now reach near the top of the inverted
ordering mass region and, for some isotopes and nuclear matrix element calculations, even extend a bit into this
region. The CUORE [10], EXO-200 [11], Gerda [12], KamLAND-Zen [13], Majorana Demonstrator [14], and
NEXT [15] have established experimental programs demonstrating that experiments at the ton-scale are feasible.
LEGEND-200 [16] is commissioning and plans physics data taking in late 2022 at LNGS. CUPID-Mo [17, 18] and
CUPID-0 [19] presented final experimental results. SNO+ has measured all of its detector-related backgrounds [20, 21]
and shown that it can load up to 3% Te by mass in its scintillator [22] with acceptable light yield. SuperNEMO [23]
has operated its demonstrator. The progress on isolating and detecting a lone Ba ion within a dense Xe environment
was substantially advanced by both the nEXO [24] and NEXT [25, 26] collaborations.

The breadth of worldwide experimental efforts is truly impressive and demonstrates the community engagement
in 0νββ and excitement about its science. The most notable developments, including operating experiments, R&D
prototypes, and active proposals are listed in Table II in Appendix A. Following the release of the 2015 LRP, a 2015
subcommittee report to NSAC [27] listed a number of recommendations related to R&D challenges for a some of the
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key US experimental efforts and indicated goals they should accomplish. It is important to emphasize that these goals
have now been achieved. The specifics are listed in Appendix A.

CUPID [28], LEGEND-1000 [16], and nEXO [29, 30] were selected and reviewed in the 2021 DOE-NP 0νββ Decay
Portfolio Review [31] and all were highly rated and judged to be worth pursuing. The three experiments are now
preparing for the Critical Decision process. This review was followed up by a North America-Europe summit to
discuss the future of support for such projects by the various funding sponsors [32]. Pursuit of these three efforts was
endorsed by the APPEC (Astroparticle Physics European Consortium) double beta decay committee [33], which also
noted that NEXT [34] was an exciting future program with a need to demonstrate scalability.

The theoretical description of 0νββ decay has also made progress. At the time of the previous LRP, calculations of
the nuclear matrix elements (M0ν), the main nuclear structure input for the decay, had been performed in a variety of
many-body methods that employ empirical interactions, but results varied by factors of 2-3 for the candidate nuclei [35].
Since the employed interactions were tailored to specific methods, it was not possible to disentangle uncertainties due
to approximations in the many-body method from those due to the parameters of the input interactions. To overcome
this challenge, researchers from the Lattice QCD, effective field theory (EFT), and nuclear structure communities
initiated a joint effort under the umbrella of the recently concluded DOE Topical Collaboration for Fundamental
Symmetries and Neutrinoless Double Beta Decay. This effort led to advances in all involved domains, and it has
produced a first wave of M0ν values from multiple methods targeting the same candidate nucleus with the same
interactions and transition operators. Work is now underway towards a more consistent EFT treatment of interactions
and operators, as well as a full statistical uncertainty quantification at all stages of the theoretical description, which
will culminate in a next generation of precise M0ν values. More details can be found in Sec. IV, as well as the recent
reports [36, 37].

III. CURRENT EXPERIMENTAL PROGRAM

The importance of 0νββ decay is paramount but the experiments are challenging. If an experiment claims evidence
for 0νββ decay, a Nobel Prize winning result, a prompt confirmation would be necessary. The long time frame for
construction and operation necessitates that multiple experiments be pursued simultaneously. In addition, different
isotopes, studied with different techniques, will have different experimental uncertainties and different isotopes, with
different nuclear matrix elements, will have different theoretical uncertainties. They background conditions of the
various experimental approaches are also different. Furthermore results from different isotopes can help unravel the
underlying physics that mediates the process.

If lepton number violation is observed in 0νββ in more than one isotopes the different approaches will provide a
robust evidence for discovery. The US program is now ready to construct experiments at the ton-scale. The following
three experiments have undergone a DOE portfolio review and are preparing for the Critical Decision process.

A. Next-Generation Ton-scale Experiments

CUPID –The CUORE Upgrade with Particle Identification (CUPID) [28] is an upgrade to the operating CUORE
experiment aimed at searching for 0νββ in 100Mo in the region of the inverted mass ordering. The proposed CUPID
experiment builds on CUORE, the Cryogenic Observatory of Rare Events, at Gran Sasso National Laboratory (LNGS)
and leverages the extensive existing cryogenic and technical infrastructure built for CUORE. The baseline design for
CUPID features an array of 1596 scintillating crystal bolometers and 1710 light detectors, each instrumented with
germanium neutron transmutation doped (NTD) sensors, and organized into 57 towers. While the current design is
based on a full complement of enriched Li2MoO4 (LMO) crystals, one key scientific feature of the detector design
is its ability to flexibly incorporate multiple isotopes. Bolometric detectors are scalable, allowing gradual, phased
deployment. In principle, different double beta decay isotopes may be used in the same infrastructure in case of
a discovery. The total isotopic mass of CUPID will be 240 kg of 100Mo. The new detector will be installed in
an upgraded cryostat at LNGS, taking advantage of the existing infrastructure and facilities developed for use in
CUORE. CUPID builds on the success of years of stable operation of the CUORE detector at base temperatures of
10 mK as well as the CUPID-0, CUPID-Mo, and CROSS pathfinder experiments. With light and thermal readout,
the estimated background index for CUPID is < 10−4 c/kg/keV/year. The experiment will have discovery potential
in the entire inverted hierarchy region of neutrino masses. We estimate the half-life limit sensitivity (90%) C.L. at
1.4× 1027 yr and the half-life discovery sensitivity (3σ) of 1.0× 1027 yr. An expansion to a metric ton of 100Mo in a
larger cryostat or a configuration with multiple cryostats would enable an experiment with sensitivity to the normal
hierarchy region. The concept for CUPID-1T, a future ton-scale version of the CUPID concept, is under development.
CUPID and CUPID-1T both boast the potential to probe the entire region of the inverted hierarchy of the neutrino
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mass splitting, and sensitivity to a variety of beyond standard model processes, including symmetry violation and
dark matter searches. A future CUPID-1T experiment has the potential to reach into the normal-ordering region of
the neutrino mass splitting.
LEGEND – The Large Enriched Germanium Experiment for Neutrinoless ββ Decay (LEGEND-1000) experi-

ment [16] utilizes the demonstrated low background and excellent energy performance of high-purity p-type, inverted
coax, p-type point contact (ICPC) Ge semiconductor detectors, enriched to more than 90% in 76Ge. The background
rejection power of ICPC detectors begins with their superb energy resolution, demonstrated to have a full-width
at half-maximum (FWHM) resolution of 0.12% (0.05% σ) at Qββ . Pulse shape analysis of the signal distinguishes
bulk 0νββ decay energy depositions from surface events and backgrounds from γ rays with multiple interaction sites.
The granular nature of the Ge detector array allows rejection of background events that span multiple detectors.
Finally, background interactions external to the Ge detectors are identified by LAr scintillation light. About 400
ICPC detectors with an average mass of 2.6 kg each are distributed among four 250-kg modules to allow independent
operation and phased commissioning. In each module, the detectors are arranged into 14 vertical strings, supported
by ultra-clean materials, and read out using ultra-low-background ASIC-based electronics. The detector strings are
immersed in radiopure liquid Ar sourced underground and reduced in the 42Ar isotope. The underground-sourced
LAr is contained within an electroformed copper reentrant tube. Each of the four modules is surrounded by LAr
sourced from atmospheric Ar, contained within a vacuum-insulated cryostat. The LAr volumes are instrumented
with an active veto system comprised of optical fibers read out by Si photomultipliers. The cryostat is enveloped by
a water tank providing additional shielding. The baseline design assumes installation in SNOLAB. The LEGEND
collaboration aims to increase the sensitivity for the 76Ge 0νββ decay half-life in a first phase (LEGEND-200) to
1027 yr, and in a second phase (LEGEND-1000) to 1028 yr, both for setting a 90% C.L. half-life limit and for finding
evidence for 0νββ decay, defined as a 50% chance for a signal at 3σ significance. In LEGEND-200 about 200 kg of Ge
detectors will be operated in the existing infrastructure of the GERDA experiment at the LNGS laboratory in Italy.
LEGEND-200 is presently commissioning at LNGS and physics data is anticipated beginning in Fall 2022.
nEXO – nEXO [30] is based on a Time Projection Chamber (TPC) and the use of five tonnes of liquid xenon

(LXe) enriched to 90% in 136Xe. The baseline location of the experiment is SNOLAB. This choice is directly derived
from the success of EXO-200 and is motivated by the ability of large homogeneous detectors to identify and measure
background and signal simultaneously. This approach is taking maximum advantage of the large linear dimensions
compared to the mean free path of γ-radiation. The nEXO TPC consists of a single cylindrical volume of LXe that
is instrumented to read out both ionization and scintillation signals in the LXe to obtain < 1% energy resolution [38]
and strong background rejection. The ionization signal is readout using charge-collection tiles at the top of the
TPC while scintillation light is collected with Silicon Photomultipliers (SiPMs) installed around the barrel of the
cylinder. The TPC vessel is made from ultra-radiopure custom electroformed copper and is surrounded by a bath of
HFE-7000 [39], which acts as a radiopure heat exchange fluid and an efficient γ-ray shield. The HFE-7000 cryostat
is located in an instrumented water tank that serves as a muon veto and additional shielding layer. Information
on particle interactions provided by the TPC includes several additional handles to reject backgrounds and improve
confidence in a potential discovery. Energy reconstruction, event topology (single vs multi-site interactions), position
reconstruction, and scintillation/ionization ratio, are combined using traditional and deep learning tools to effectively
discriminate between signal and backgrounds. The nEXO background projections are grounded in existing radioassay
data for most component materials and detailed particle tracking and event reconstruction simulations [29]. This
approach was validated by EXO-200, where the measured backgrounds closely matched the predictions [40]. Based
on these detailed evaluations, nEXO is projected to reach a 90% CL sensitivity of 1.35× 1028 yrs, covering the entire
inverted ordering parameter space, along with a significant portion of the normal ordering parameter space, for nearly
all values of the nuclear matrix elements. The use of a liquid target has several unique advantages in the case of a
discovery. nEXO could directly verify the discovery with a “blank” measurement by swapping the enriched xenon with
natural/depleted xenon. The enriched target could be reused with a different detector technology, e.g., a discovery
with nEXO may be followed by an investigation of energy and angular correlations in a gas TPC.

B. Ongoing and Future Experiments

In addition to the ton-scale experiments a number of complementary efforts with significant US contributions are
advancing the field. Some of these experiments already have data and some will be taking data soon, with results
expected before the start of the ton-scale program. Some also use isotopes different from those that will be used in the
ton-scale program, and many of these experiments provide paths toward much larger detectors that could go beyond
the ton-scale and start to probe the normal hierarchy region. Should 0νββ decay be discovered at the ton-scale,
techniques being developed in these experiments may provide ways of unraveling the 0νββ mechanism. We describe
each of these below.
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NEXT –The Neutrino Experiment with a Xenon TPC (NEXT) [34] is a sequence of high pressure xenon gas
time projection chambers (HPGXeTPC) targeting ultra-low background indices in high pressure xenon gas. The
virtues of HPGXeTPC technology include its excellent energy resolution relative to other xenon-based techniques
(intrinsic resolution FWHM/E=∼0.3% at the Q-value of 0νββ); topological imaging capabilities that can distinguish
two-electron signals from single-electron backgrounds; a combination of scalability and modularity; and potential to
implement barium daughter tagging in situ via single molecule fluorescence imaging (SMFI). The 10 kg NEXT-White
demonstrator at the LSC Laboratory has recently completed its run plan, demonstrating energy resolution below
1% FWHM in xenon (σE/E ∼ 0.4%); proving the background rejection power of topological discrimination using
both traditional methods and deep neural networks; validating the NEXT background model; and measuring 2νββ
based on event-by-event topological identification and direct subtraction between enriched and depleted xenon. The
NEXT-100 phase is now under construction with operation scheduled to begin in 2023. An expression of interest
for a first ton-scale module (NEXT-HD) with incremental improvements over NEXT-100 has been submitted to the
LSC laboratory, with projected start of construction in 2026. The NEXT Collaboration is also pursuing a more
disruptive approach based on the efficient detection of the Ba2+ ion produced in the double beta decay of 136Xe using
single-molecule fluorescence imaging (SMFI). NEXT R&D on barium tagging has seen major technological advances
in areas including in single molecule microscopy, organic chemosensor development, characterization of ion capture in
dry conditions and vacuum, and transport techniques. In particular, a US-based barium tagging demonstrator phase
called NEXT-CRAB is under development that will combine optical TPC readout and barium detection subsystems
with the goal of characterizing the efficiency and background levels using both barium ion beams and subsequently
the daughters from topologically identified 136Xe 2νββ in xenon gas. During the coming LRP period, the NEXT
Collaboration aims to demonstrate the viability of an ultra-low background, beyond-the-ton-scale detector concept
to reach toward the normal mass ordering region of 0νββ parameter space. The combination of tracking individual
electrons and barium tagging may also provide unique information to confirm a discovery and disentangle the dominant
decay mechanism, should a 0νββ signal be observed.
SNO+ – SNO+ uses a “loaded” liquid scintillator technique [21]. Natural tellurium, with a 34% isotopic abundance

of the ββ isotope 130Te, will be loaded into 780 tonnes of LAB-PPO scintillator, viewed by the original Sudbury
Neutrino Observatory (SNO) detector. The goal is a loading of up to 3% Te by mass in the scintillator, with light
yield good enough that backgrounds from the 2νββ decay are manageable. External backgrounds, mainly γ rays from
the acrylic vessel holding the scintillator, the light-water shield, and the photomultiplier tube array, are significantly
suppressed by the detector’s very large size and the imposition of a strict fiducial volume cut. Backgrounds from
internal radioactivity, primarily U and Th-chain decays of 214BiPo and 212BiPo, are mitigated by the coincidence of the
bismuth β and polonium α, as well as the separation based on the different time profiles of the βs and αs. Multi-site γ
events, like those from cosmogenic isotopes like 60Co, can be separated from a putative 0ν signal based on the spread
in their PMT time residuals, and underground purification of the Te is expected to render these backgrounds negligible
in any case. An initial test deployment of up to 0.5% Te by mass is planned in the next few years, with expected
sensitivities of mββ < 30− 180 meV after three years of data taking. The 0.5% Te has been underground and cooling
down for several years, adding to the suppression of any cosmogenic isotopes, even in advance of purification. SNO+
also has a broad program of other neutrino physics, including reactor antineutrino measurements of ∆m2

12, low-energy
8B solar neutrinos, geo-neutrinos, and supernova and other astrophysical neutrino sources. At a 3% loading, given
current in-situ background measurements, SNO+ sensitivity is expected to be mββ < 15− 40 meV after ten years of
running. A successful deployment of SNO+ will not only provide the most stringent limits on Te 0νββ decay (already
at 0.5%), and reach the bottom of the inverted hierarchy region (with 3%), it will serve as a demonstrator of a much
larger and affordable experiment that could probe the normal hierarchy region, like the proposed Theia experiment.
KamLAND-Zen –The KamLAND-Zen experiment searches for 0νββ decay in liquid scintillator loaded to 3% by

weight with Xe gas enriched to 90% in 136Xe. The Xe-loaded LS is deployed in a thin nylon balloon at the center of the
ultra-low background KamLAND detector. In two major phases, deploying up to 380 kg (KamLAND-Zen 400) and
750 kg (KamLAND-Zen 800) of enriched Xe, KamLAND-Zen reported world-leading half-life limits. The most recent
limit of T1/2 > 2.3× 1026 yr probes the top of the Inverted Ordering region for the first time for at least one nuclear
matrix element calculation method [13]. The background at Qββ is dominated by long-lived xenon spallation products
and by the 2νββ tail. An upgrade of the detector, dubbed KamLAND2-Zen [41], aims for a factor-of-two improvement
in energy resolution due to a combination of improved liquid scintillator and a refurbishment of the PMT array, using
higher-quantum-efficiency PMTs instrumented with light concentrators. An upgrade to the detector electronics aims
to further reduce spallation backgrounds. With 1 ton of enriched Xe, KamLAND2-Zen is expected to reach half-life
sensitivities in excess of 1027 yr.

Theia – The Theia experiment concept leverages both Cherenkov and scintillation light in a so-called “hybrid”
neutrino detector in order to achieve unprecedented levels of event and particle identification capabilities in a low-
threshold, low-background detector [42]. Directional information from the Cherenkov light will allow rejection of the
solar neutrinos that become a dominant background as experiments are scaled to larger sizes. A combination of the
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scintillation time profile, Cherenkov / scintillation ratio, and multi-site discrimination allow additional background
rejection, resulting in sensitivities at the meV scale, for conservative levels of loading of either natural Te or Xe. A
suite of prototype detectors are being constructed to demonstrate the capabilities of this technology, leveraging a
decade of bench-top scale development of novel scintillators, fast photon detectors, and spectral sorting [22, 43–54]. A
four hundred kg deployment of WbLS in the Booster Neutrino Beam at ANNIE [55] will allow the first demonstration
of high-energy neutrino event reconstruction with this technology. Brookhaven National Laboratory (BNL) has a ton-
scale deployment ongoing, allowing performance and stability testing with cosmogenic muons [56]. A 30-ton vessel is
also planned at BNL, which will be the first large-scale deployment. The Eos detector is being constructed at Berkeley,
with a 4-ton fiducial volume, to demonstrate the event reconstruction capabilities, and the impact of different detector
configuration choices [57]. A proposal is underway to construct Theia at the Long Baseline Neutrino Facility in South
Dakota, a deep underground location that would offer a broad program of low energy physics – including percent-level
precision on a measurement of CNO neutrinos, probes of the MSW transition region, supernova and solar neutrinos,
geoneutrinos, and sensitivity into the normal ordering region for a 0νββ search – as well as CP violation sensitivity
from exposure to the high-energy neutrino beam from FermiLab. The impact of this technology to this rich program
of physics is explored in papers such as [42, 58–63].
SuperNEMO – The SuperNEMO Experiment continues to demonstrate a technique originated by the NEMO-3

Experiment [64] of using thin isotopic foils surrounded by a wire drift chamber for 3D particle tracking in a 25G
magnetic field, and scintillator blocks to measure the electron energy. The detector reconstructed the topology, energy,
and timing features of nuclear decays. This unique technique provides several observables for each registered event
offering a powerful means to identify double beta decays and to reject background processes. This method allows
some freedom of choice of the isotopic sources but suffers from necessity of large detector footprint although there
are ideas to overcome this shortcoming. The SuperNEMO Demonstrator Module is currently being commissioned in
the Laboratoire Souterrain de Modane in the 4,800m.w.e. deep Fréjus tunnel in France. The physics program of the
SuperNEMO Demonstrator Module consists of precision measurements of the 2νββ decay mode to constrain nuclear
and BSM physics, as well as the best limits on 0νββ, for the isotope 82Se. Studies are ongoing how to extend the
unique tracker-calorimeter technique to explore the mechanism of 0νββ should it be discovered in another experiment
for another isotope.

The richness and excitement of the worldwide 0νββ decay program is summarized in Table II, and the best limits
to date are given in Table I.

TABLE I. A list of the best 0νββ decay T 0ν
1/2 limits at 90% confidence level for several isotopes. The mββ limits are those

quoted by the authors using the matrix elements of their choice.

Isotope Technique T 0ν
1/2 mββ (eV) Year Published

48Ca CaF2 scint. crystals > 5.8× 1022 y <3.5-22 2008 [65]
76Ge 76Ge detectors > 1.8× 1026 y <0.079-0.180 2020 [12]
82Se Zn82Se bolometers > 4.6× 1024 y <0.263-0.545 2022 [19]
96Zr Thin metal foil within TPC > 9.2× 1021 y <3.9 - 19.5 2009 [66]

100Mo Li2100MoO4 bolometers > 1.8× 1024 y <0.28-0.49 2022 [18]
116Cd 116CdWO4 scint. crystals > 2.2× 1023 y <1.0-1.7 2018 [67]
128Te TeO2 bolometers > 3.6× 1024 y <1.5-4.0 2022 [68]
130Te TeO2 bolometers > 2.2× 1025 y <0.090-0.305 2022 [69]
136Xe Liquid Xe scintillators > 2.3× 1026 y <0.036-0.156 2022 [13]
150Nd Thin metal foil within TPC > 2× 1022 y 1.6-5.3 2016 [70]

Figure. 1 shows a comparison of the sensitivities of various recent and future 0νββ efforts [5].

C. Beyond Next-Generation Ton-Scale Experiments

The field of neutrinoless double beta decay will continue beyond the current, ton-scale experiments. Should 0νββ
decay be discovered and confirmed by several ton-scale experiments, a Nobel-Prize-worthy result, the next step would
be to identify the mechanism behind LNV. Sensitivity to different models of new LNV physics could be achieved by
precision measurements of the half-lives of different isotopes, and by measuring the event topology, such as energy
and angular distributions of the decay electrons.

If 0νββ decay is not observed with the half-lives consistent with the inverted ordering of neutrino masses, increasing
the scale and sensitivity of the experiments will be of paramount importance. Such experiments will require even
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FIG. 1. Discovery sensitivities of current- and next-generation 0νββ-decay experiments for various mechanisms of lepton
number violation, dominated by effective operators of dimension 5 (top panel), i.e., light neutrino exchange, and of dimension
7 (lower left panel) and dimension 9 (lower right panel). Values of mββ larger than the marked values are tested at higher
CL. Values of Λ smaller than the marked values are tested at higher CL. At dimension 7 and 9, we show the reach for a single
operator, the one that is least suppressed by chiral and electroweak scales [4]. The size of the bar indicates the spread of the
nuclear matrix elements (NMEs) and should be understood as a conservative range, not a standard deviation. The nuclear
matrix elements are taken from [71–85]. Some matrix elements [73, 74] include an initial estimate of quenching mechanisms
that require further work. The IO minimum is taken from [86]. Figure adapted from Ref. [5].

larger isotopic masses, typically at or above the ton scale and very low, ideally negligible, backgrounds. Reconstructing
topology of the events would be important. Several concepts for experiments with the sensitivity below the inverted
mass ordering scale and well into the normal hierarchy region exist, as discussed above. It is important to support
R&D to identify the most promising technologies over the next decade or so in order to be ready to mount the
ambitious next-next-generation experiments by the time the ton-scale experiments complete their operations.

IV. STATUS OF THEORETICAL PROGRAM

The interpretation of 0νββ decay experiments and, in case of discovery, the identification of the underlying mech-
anism behind a signal require an ambitious theoretical program, with several interconnected components, ranging
from lepton number violating (LNV) phenomenology to the calculation of the relevant hadronic and nuclear matrix
elements with quantified uncertainties. The breadth and depth of this program is captured by the recent reports
found in Refs. [36] and [37], which also offer a detailed bibliography. Here we summarize some of the salient features.
LNV phenomenology: In this area the need exists to further explore models of LNV and neutrino mass that

go beyond the high-scale see-saw paradigm, and test them against the results of current and future 0νββ decay
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experiments and other probes across energy scales. These probes include other low-energy neutrino experiments,
high energy colliders, astrophysics, and cosmology (e.g. connection of TeV-scale LNV with leptogenesis mechanisms).
Recent highlights [87–90] and future prospects are discussed in detail in Ref. [36].
Hadronic and nuclear matrix elements: In this broad program, the goal is to compute 0νββ decay rates

with minimal model dependence and quantified theoretical uncertainty by advancing progress in particle and nuclear
effective field theories (EFTs), lattice quantum chromodynamics (QCD), and ab-initio nuclear-many-body methods.

At the time of the 2015 LRP, nuclear matrix elements from a wide variety of many-body approaches — the QRPA,
the Shell Model, DFT and the IBM — had been computed, but results for important nuclei varied by factors 2-3,
with no guarantee that the correct matrix elements were within the spread (see [35] and a more recent update in
[5]). It is difficult to assess the quality of any of these calculations and to compare them because, for example, they
each use empirical interactions that are not appropriate for other methods, and they each make ad-hoc assumptions
about the effects of short-range correlation effects on the transition. To tackle such problems, the Lattice-QCD, EFT
and nuclear-structure communities launched a collaborative effort to develop a consistent, systematically improvable
framework for ab initio matrix elements: EFT to specify the form of the decay operator, a combination of lattice
QCD, modeling, and fitting to determine the constants that multiply particular terms in the operator, and ab initio
nuclear-structure theory to solve the nuclear many-body problem and compute the final matrix element. Encouraging
progress has been made in the last few years on the EFT and lattice QCD (LQCD) aspects of the problem. The
EFT framework for 0νββ has been developed for the light Majorana neutrino exchange [91–93] and the TeV-scale
mechanisms [4, 94, 95], with the inclusion of sterile neutrinos [96]. Progress has been made in LQCD for the
π−π− → ee process [97–100] and towards two-nucleon amplitudes [101, 102]. The error in each of these steps (EFT
truncation, effective couplings, and nuclear structure) can in principle be quantified, and will eventually lead to a
matrix element with a meaningful uncertainty.

The upper panel of Figure 2 illustrates a first-generation application of this framework to the matrix element for the
decay 48Ca→48 Ti. Results in blue come from a variety of methods that use empirical or semi-empirical interactions
and different ad-hoc prescriptions for short-range correlation effects. By contrast, the ab initio results in green employ
the same interaction and transition operator as input for several complementary many-body methods (see [37] and
references therein for details). The shaded areas are not full uncertainty estimates; they indicate only the sensitivity
of the matrix element to certain parameters in the calculation and neglect, e.g., EFT uncertainties that would make
them larger. The uncertainty estimates for phenomenological results in blue cannot easily be improved, but those for
the ab initio calculations can, as we discuss below.
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FIG. 2. Nuclear matrix elements (M0ν) for the 0νββ decay 48Ca →48 Ti. Blue symbols are results from a variety of many-
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the calculation, not complete theoretical error bars. Figure adapted from the recent report [37], courtesy of R. Stroberg — for
additional details, see original reference and references therein.
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An important result from the effort to develop consistent EFT interactions and transition operators is the dis-
covery that the exchange of high-momentum virtual neutrinos between nucleons contributes non-negligibly to the
decay, and in ways that cannot simply be modeled by nucleon form factors or short-range correlations between
nucleons. In the systematic EFT approach, this physics manifests itself as an additional term in the 0νββ decay
operator with zero range [92]. Recently, a calculation of the nn→ pp amplitude near threshold has been carried out
with dispersion-theory techniques truncated to the elastic two-nucleon channel [103, 104]. This has allowed nuclear-
structure practitioners [105] to determine the coefficient of the contact term and implement it in calculations, where
it leads to a non-negligible and robust enhancement of the NMEs.

Nuclear-structure theory itself has seen a number of important developments. Ab inito techniques seem to have
almost fully explained the systematic quenching of single-β decay rates that goes by the moniker “gA quenching.”
A combination of correlations that have escaped phenomenological models (such as the shell model and the QRPA)
and two-body weak currents (corresponding to meson exchange during the decay) are responsible. Both mechanisms
have been investigated within 0νββ decay. Correlations reduce those matrix elements as well, and the effects of
two-body currents are still not fully quantified. The pieces we can compute have mostly small effects, but another
zero-range term with an unknown coefficient has yet to be assessed. Theory is now moving beyond the matrix elements
summarized in Fig. 2; matrix elements for 76Ge and 82Se are starting to come in as well. The new matrix elements,
especially in Ge, are smaller than those produced by phenomenological models, but just how much smaller they are
is an open question because theoretical uncertainty is still significant.

What are the next steps [37] in the theory program?

• First, the ab initio methods must continue to improve. These approaches are defined through truncation schemes
that provide systematic convergence to an exact result. However, improved truncations also imply significantly
increased computational costs; this is the main reason current truncations are more restrictive than we would
like.

• In addition, the structure couplings of the EFT decay operators must be fully specified, including those that
appear in sub-leading order in the nuclear EFT, such as in the two-body currents. This program can be carried
out by studying systems of two and three nucleons through a combination of EFT, dispersive methods, and
ultimately lattice QCD.

• Hadronic and nuclear matrix elements relevant for TeV-scale LNV mechanisms require more dedicated study.
The nuclear-structure community has thus far focused almost exclusively on light-neutrino exchange.

• The community must carry out a robust uncertainty-quantification program, as laid out in detail in Ref. [37].
This in itself will require several steps:

– Quantifying the EFT truncation error by performing nuclear calculations with interactions and transition
operators truncated at different orders.

– Developing “emulators” for the ab initio methods — surrogates that can approximate the results of the
method they emulate in much less time. That step will allow the community to examine correlations
between observables, vary Bayesian priors, construct posteriors, etc. Emulators exist for some methods
but for others their development will require more work.

– Deciding how to combine the predictions of various methods to produce a single matrix element with an
uncertainty that reflects the community’s confidence in each method. Here an analysis of the ability of
methods to reproduce observables correlated with M0ν is essential. Carrying it out means first quantifying
the correlations, then examining the predictions of each model, which can be “scored” so that one can
decide how much weight to give its predictions for M0ν .

Carrying out the multi-pronged theoretical program outlined in this section is an integral part of a successful US-led
0νββ decay science campaign. Seeing it through will require more resources than we have at present, in the form
both of person power and of computational power.

V. WORKFORCE DEVELOPMENT, DIVERSITY, EQUITY, AND INCLUSION

Experimental and theoretical collaborations in neutrino physics represent diverse and multi-cultural teams of scien-
tists from across the world. The variety of detector technologies, size of collaborations, and experimental backgrounds
provide unique opportunities for creative scientific growth of our students and postdocs and excellent training for the
next generation of nuclear scientists. Seizing these opportunities while providing a nurturing, supportive, respectful,
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inclusive, and accessible environment is an important part of our mission. Collaborations in double beta decay science
can play an important role in the endeavour.

Double beta decay experiments and associated R&D efforts offer a variety of opportunities and pathways for students
and pathways from a range of backgrounds. In particular, modern science experiments and large and diverse scientific
collaborations that operate them, enable opportunities at institutions that do not traditionally have access to big
science. Including undergraduate-only institutions, emerging research institutions, and minority-serving institutions
in the 0νββ decay scientific collaborations is an opportunity to grow our field and attract a broader cross section
of the population into nuclear science. Recent initiatives like FAIR [106] and RENEW [107] in the Office of Science
and similar initiatives at the NSF and at institutions are excellent opportunities for the 0νββ decay collaborations.
Several institutions already play an important role in these programs and offer in training and mentoring for the
next-generation of undergraduates, postbac students and graduate students.

The long timescales and distributed nature of the current and next-generation of 0νββ decay experiments do present
challenges in workforce development. These create obstacles to a fully inclusive and diverse environment, and we must
strive to mitigate them to the greatest extent possible. In particular, while participating in construction and operation
of the next-generation projects, the 0νββ decay collaborations have the responsibility to provide early career scientists
with opportunities for scientific productivity, creative development of new ideas through both targeted and blue-sky
R&D efforts, and for visibility and leadership both within their collaborations and institutions as well as on the global
stage. Providing these opportunities require adequate material, financial, and administrative support for the research
programs.

Several aspects of our work that we take as given add pressure on the work-life balance, family responsibilities,
and mental health of early-career scientists. These include collaborations spread across many time zones, necessity of
international travel and deployment at remote sites away from the supportive environment of the home institutions,
unregulated work hours, and project duration exceeding typical timescales for a PhD or postdoc appointments. These
pressures affect the disadvantaged and vulnerable segments of our scientific population most and contribute to career
impediments. The field and the individual collaborations needs to be mindful of these pressures. Remote and hybrid
meetings need to be carefully designed to allow full and inclusive participation, including by persons with disabilities.

The 0νββ decay collaborations have taken an active approach in developing explicit policies that uphold the core
principles and values of supporting diversity, inclusion, and equity. These are consistent with guidance from the APS
and the funding agencies, but may need to go further. Procedures to handle cases of harassment, intimidation, and
micro-aggressions need to be implemented carefully and with commitment to fairness, due process, and protection of
the survivors. This is particularly sensitive for multi-cultural international collaborations.

A summary of the HEP Climate, prepared for the Snowmass Community Engagement Frontier report [108], sum-
marizes most issues of work force development, diversity, inclusion, and equity for the particle physics community.
Most of these issues are common to nuclear physics, and the recommendations are broadly applicable. Initiatives
across the divisions of the APS and across the funding agencies to promote diversity, equity, and inclusion, to ensure
fair, accessible, and equitable work environment, and to empower early career researchers are being pursued. The
0νββ decay collaborations can take a leading role in these efforts. Such broad efforts would reinforce the common set
of values and expectations across the APS, and would allow sharing of ideas, learning from best practices, and help
move all fields forward.
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VI. CONCLUSION

If 0νββ is established, the implications will be profound. We will immediately know that neutrinos are their
own antiparticles, that lepton number is not conserved, and hence will have direct evidence of physics beyond the
Standard Model. These conclusions would be independent from theoretical arguments. The discovery would also offer
one necessary condition and a plausible explanation for the observed matter-antimatter asymmetry in the universe.
Measurement of the rate would probe the neutrino mass scale, provide a terrestrial constraint on the standard cosmo-
logical model, and yield insights into mass generation. Such extraordinary results require correspondingly convincing
evidence. No single experiment based on a particular isotope will be sufficient. What is required is independent
observations in multiple isotopes, with different experimental methods and systematics. Since the 2015 Long Range
Plan, the US nuclear physics community, in collaboration with our international partners, has developed a new gener-
ation of ton-scale experiments capable of probing the inverted ordering parameter space and answering this challenge.
Three international experiments, CUPID, LEGEND, and nEXO, based on three different isotopes and technologies,
all with significant US involvement, were deemed ready to proceed following a comprehensive DOE Portfolio Review
carried out during the summer of 2021. Accordingly, and consistent with the 2015 Long Range Plan recommendation
II, recommending the timely development and deployment of a US-led, jointly with international partners, ton-scale
neutrinoless double beta decay experiment, we propose the following recommendation for the 2023 Long Range Plan:

We recommend timely construction of ton-scale neutrinoless double beta decay experiments using
multiple isotopes.

We note that mounting three experiments with three different isotopes can only be accomplished with both sig-
nificant US involvement and support as well as significant collaboration with and contributions from international
partners.

These efforts must be in conjunction with support for a healthy nuclear theory program which is vital for provid-
ing the needed physics underpinning, interpretation, and planning base for this effort. Given the importance and
impact of discovering 0νββ it is essential that the community continues to actively explore and develop improved
experimental approaches beyond the ton scale experiments. Such R&D will be essential for either interpreting the
discovery in terms of the underlying physics, or reaching beyond the inverted mass ordering, should that be needed.
Correspondingly, we propose the accompanying recommendation for the 2023 Long Range Plan

We recommend support for a robust research program in neutrinoless double beta decay that in-
cludes the ongoing efforts in theory and experiment as well as a diverse R&D program exploring
multiple promising isotopes and technologies with sensitivity beyond the inverted mass ordering.
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Appendix A: Progress Since 2015 NSAC Report

A 2015 subcommittee report to NSAC [27] listed a number of recommendations related to R&D challenges for
a number of the key US experimental efforts and indicated goals they should accomplish. These goals have been
achieved and are listed here.

1. SNO+ background model is now understood [20, 21]

2. SNO+ has found a path to 3% loading of Te [22].

3. SNO+ has demonstrated the required 200 photoelectrons/MeV light collection requirement [21].

4. NEXT has demonstrated a projected background in a ton-scale project below 1 cts/(FWHM t yr) [109, 110].

5. NEXT has demonstrated improvements in track resolution yielding reduced gamma ray backgrounds [111–113].

6. NEXT has demonstrated viability of operation with diffusion-reducing gas mixtures [114–116]

7. NEXT has made significant progress on detecting a lone Ba ion within a Xe volume [25, 26, 117, 118].

8. PandaX has satisfactorily installed a module to evaluate the concept for 0νββ [119].

9. PandaX has developed a radio-pure high pressure vessel [120].

10. PandaX should show a sub-1% resolution. The Collaboration has reached 3% FWHM [120].

11. Majorana has demonstrated robust radiopure cables and connectors [14].

12. Majorana demonstrated that its nearby parts are radiopure [121, 122].

13. nEXO demonstrated a cathode voltage of 50 kV and an electric field of 400 V/cm [30].

14. nEXO has identified two commercial photodetectors with high quantum efficiency for VUV photons [29].

15. nEXO has identified suitable high radiopurity, cryogenically compatible readout electronics [29] and further
improved the understanding of the anticipated background [40].

16. nEXO has made significant progress on detecting a lone Ba ion within a Xe volume [24].

17. nEXO has developed an electroformed copper vessel design, further reducing the projected backgrounds [29].

18. CUORE has shown efficient operation of a bolometric ton-scale detector [69].

19. CUPID has shown that the use of scintillating bolometers removes the α background [17].

20. CUPID has shown that γ background from internal parts of the detector is sufficiently low [28].

21. CUPID has shown that cosmogenic background is sufficiently low [28].

22. CUPID has shown that TeO2 has an acceptable level of bulk radioactivity and the added light sensors do not
add to the background. This was shown for the LMO crystals in Ref. [28].

23. CUPID has found an acceptable supplier for their crystals. A few possible producers were identified in Ref. [28].

24. Kamland-Zen has proposed a viable path to improving its energy resolution by a factor of two with the
KamLAND2-Zen upgrade [41].

25. Kamland-Zen has improved its 10C tagging and reduced that background by an order of magnitude [13, 123].
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Table II lists the large number of ongoing, proposed, or R&D efforts in double beta decay. The variety of technologies
and isotopes demonstrates the creativity and enthusiasm of this community.

TABLE II. A summary list of the 0νββ ongoing and proposed experiments. The mass values are detector mass. The dark
matter focused experiments (LZ, PandaX-4T, XENONnT, Darwin, R2D2) are optimized for those searches, but would have an
opportunity to investigate 0νββ, especially if they use enriched Xe.

Experiment Isotope Mass Technique Present Status Location
CANDLES-III [124] 48Ca 305 kg natCaF2 scint. crystals Operating Kamioka

CDEX-1 [125] 76Ge 1 kg enrGe semicond. det. Prototype CJPL
CDEX-300ν [125] 76Ge 225 kg enrGe semicond. det. Construction CJPL
LEGEND-200 [16] 76Ge 200 kg enrGe semicond. det. Commissioning LNGS
LEGEND-1000 [16] 76Ge 1 ton enrGe semicond. det. Proposal

CUPID-0 [19] 82Se 10 kg ZnenrSe scint. bolometers Prototype LNGS
SuperNEMO-Dem [126] 82Se 7 kg enrSe foils/tracking Operation Modane

SuperNEMO [126] 82Se 100 kg enrSe foils/tracking Proposal Modane
Selena [127] 82Se enrSe, CMOS Development
IFC [128] 82Se ion drift SeF6 TPC Development

CUPID-Mo [17] 100Mo 4 kg LienrMoO4,scint. bolom. Prototype LNGS
AMoRE-I [129] 100Mo 6 kg 40Ca100MoO4 bolometers Operation YangYang
AMoRE-II [129] 100Mo 200 kg 40Ca100MoO4 bolometers Construction Yemilab
CROSS [130] 100Mo 5 kg Li2100MoO4, surf. coat bolom. Prototype Canfranc
BINGO [131] 100Mo LienrMoO4 Development LNGS
CUPID [28] 100Mo 450 kg LienrMoO4,scint. bolom. Proposal LNGS

China-Europe [132] 116Cd enrCdWO4 scint. crystals Development CJPL
COBRA-XDEM [133] 116Cd 0.32 kg natCd CZT semicond. det. Operation LNGS
Nano-Tracking [134] 116Cd natCdTe. det. Development

TIN.TIN [135] 124Sn Tin bolometers Development INO
CUORE [10] 130Te 1 ton TeO2 bolometers Operating LNGS
SNO+ [136] 130Te 3.9 t 0.5-3% natTe loaded liq. scint. Commissioning SNOLab
nEXO [29] 136Xe 5 t Liq. enrXe TPC/scint. Proposal

NEXT-100 [137] 136Xe 100 kg gas TPC Construction Canfranc
NEXT-HD [137] 136Xe 1 ton gas TPC Proposal Canfranc
AXEL [138] 136Xe gas TPC Prototype

KamLAND-Zen-800 [13] 136Xe 745 kg enrXe disolved in liq. scint. Operating Kamioka
KamLAND2-Zen [41] 136Xe enrXe disolved in liq. scint. Development Kamioka

LZ [139] 136Xe 600 kg Dual phase Xe TPC, nat./enr. Xe Operation SURF
PandaX-4T [119] 136Xe 3.7 ton Dual phase nat. Xe TPC Operation CJPL
XENONnT [140] 136Xe 5.9 ton Dual phase Xe TPC Operating LNGS
DARWIN [141] 136Xe 50 ton Dual phase Xe TPC Proposal LNGS
R2D2 [142] 136Xe Spherical Xe TPC Development

LAr TPC [143] 136Xe kton Xe-doped LR TPC Development
NuDot [144] Various Cherenkov and scint. in liq. scint. Development
Theia [145] Xe or Te Cherenkov and scint. in liq. scint. Development
JUNO [146] Xe or Te Doped liq. scint. Development

Slow-Fluor [147] Xe or Te Slow Fluor Scint. Development
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